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ABSTRACT OF THE DISSERTATION

Fe-S Clusters as Targets for Drug Discovery: Studies of the Interaction Between NEET Protein
MiNT and Caged Xanthones

by

Gary Edward Arevalo

Doctor of Philosophy in Chemistry

University of California San Diego, 2022

Professor Emmanuel A. Theodorakis, Chair
Professor Joseph M. O’Connor, Co-Chair

According to the World Health Organization, almost 10 million people worldwide died of
cancer in 2020, a number that is expected to rise to over 16 million annually by 2040. As a result,
there is a pressing need for drugs that effectively eliminate cancer in new and innovative ways.
This dissertation addresses this challenge by first discussing an improved method for the extraction
and purification of gambogic acid (GBA), a highly cytotoxic compound that is part of a family of
synthetic and natural products collectively known as caged Garcinia xanthones (CGXs) . We next
identify novel CGXs with improved cytotoxicity in several breast cancer cell lines. Lastly, we

identified novel drug leads for proteins that have not been previously identified as amenable to

XiX



pharmaceutical modulation. Specifically, we developed an in vitro model that identified new
CGXs that can bind to the surface of the mitochondrial NEET protein MiNT and modulate the
release of its Fe-S clusters. We identified an improved method for the expression and purification
of MiNT, and by utilizing various spectroscopic methods, we measured binding constants of CGXs
to MINT and determined that they have a stabilizing effect on its Fe-S clusters as seen in
spectroscopic measurements of their decay. In addition, we identified structural changes of MiNT
that occur due to binding of xanthone ligands and their contribution to the stability of MiNT Fe-S
clusters. Taken together, our results demonstrate that CGXs are highly cytotoxic in numerous
cancer cell lines, and that one of their protein targets, the Fe-S protein MiNT, is a novel promising

target for anticancer pharmaceutical development, specifically with CGXs.
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Chapter 1

Gram-Scale Extraction & Synthesis of
Caged Xanthones

1.1 Introduction

Gambogic acid (GBA) is a complex, poly-prenylated natural product that is part of the
caged Garcinia xanthone (CGX) family known for its unique chemical structure and myriad of
biological activities.!"'?> Aside from its striking chemical architecture, GBA has been shown to
have a potent antitumor profile as evidenced by its ability to inhibit cancer cell growth, invasion,
metastasis and angiogenesis in various cell-based assays.!?? Although the biological mode of
action of GBA is still under study, recent proteomic studies have shown that GBA targets or affects
the expression of several proteins that are involved in cancer growth and development.!'!%-124
Moreover, pharmacological and toxicity studies in animal models have shown that GBA has

minimal effects on cardiovascular and respiratory functions suggesting a favorable safety profile



and acceptable therapeutic index.!” In fact, GBA has entered clinical trials in China for the
treatment of colon, non-small cell lung, and renal cancers.’* Albeit promising, these studies have
identified certain challenges in developing GBA as a drug that may stem from its limited stability
and suboptimal pharmacokinetics.'? In principle, these challenges can be overcome by evaluating
analogs, conjugates, and delivery systems for GBA.!?® However, these studies have been hindered

by the limited availability of this natural product.

gambogic acid (GBA): R stereo @ C2

gamboge epi-gambogic acid (epi-GBA): S stereo @ C2

Figure 1.1: Chemical structures of gambogic acid (GBA) and its C2 epimer epi-gambogic acid
(epi-GBA) available from natural gamboge (yellow powder). The cage motif of these compounds
and related CGXs is shown in red.

At present, gambogic acid is obtained from gamboge via extraction as its pyridinium salt
followed by acidification. This approach is not streamlined and results in GBA that is expensive
and primarily available in milligram amounts. More importantly, commercially available GBA is
typically contaminated with various amounts of its C2 epimer, a compound known as epi-
gambogic acid (epi-GBA, Figure 1.1). In continuation of our studies on the chemistry and biology
of CGXs, we present an efficient method to isolate GBA from readily available gamboge as a
single isomer in greater than 97% purity. We also show that GBA can undergo a thermal
isomerization to epi-GBA via a process that involves formation of an ortho-quinone methide

intermediate and results in a nearly 6:4 ratio of the two compounds. This stereochemical erosion



at the C2 stereocenter hints to inherent stability issues of this natural product. Nonetheless, we
found that both GBA and epi-GBA show similar cytotoxicity effects in MDA-MB-231 breast
cancer cells suggesting that the ubiquitous C2 isomerization does not significantly impact the
bioactivity of this natural product. Moreover, we demonstrate that GBA can be converted to novel

amide derivatives with improved cytotoxicity relative to GBA.

1.2 A Brief History of Gamboge

Tropical trees of the genus Garcinia, grown mainly in Southeast Asia, Brazil and India,
are widely known not only for their high value as sources of food, but also for their impact in arts
and sciences.!? For instance gamboge, the yellow resin from Garcinia spp., has been used as a
colorant for various artifacts and paintings around the world.'?” Also known as “rongthong” (gold
resin) gamboge has been used in Eastern ethnomedicine for its anti-infective and anti-parasitic
properties.!?8 Efforts to isolate the bioactive constituents of gamboge led to the identification of
gambogic acid (GBA, Figure 1.1), an unusual polyprenylated metabolite structurally defined by a
tricyclic xanthone backbone (A-B-C ring system) of which the C ring has been converted into a
cage structure.! The seemingly inconspicuous xanthone motif is further decorated by peripheral
substitutions and oxidations to produce an ever-growing family of natural products collectively

referred to as caged Garcinia xanthones (CGXs).

1.3 Chemical Composition of Gamboge

Although GBA has been extensively studied in biological systems, it remains an expensive

natural product, likely due to the difficulty of its isolation and purification. Extracts of gamboge



resin are typically composed of ~30% water-soluble components and ~70% water-insoluble
components, which can be extracted with organic solvents such as DCM or MeOH. The average
composition of the water insoluble components is typically 30% GBA, 25% epi-GBA, and various
amounts of other non-identified compounds. This composition was consistent across three

different sources of gamboge that we analyzed spectroscopically (Figure 1.2).

A)

DN

12.85 12.80 12.75 12.70 12.65
ppm
Figure 1.2: Various sources of gamboge. Partial 'H NMR spectra of three different sources of
gamboge resin showing the different signals of the C6 hydroxy group of the various components
present in gamboge. A) gamboge sourced from Metropolitan Music Company B) gamboge from
WoodFinishing Enterprises and C) gamboge from Kremer Pigmente. The representative C6
hydroxy group of GBA appears at 12.75 ppm and that of epi-GBA at 12.76 ppm in CDCls.

1.4 Multigram-Scale Extraction & Purification of GBA

To obtain pure GBA (as a single epimer), gamboge resin in its powder form was first mixed
with 300 mL of MeOH (Figure 1.3). The resulting mixture was stirred for 10 minutes and filtered
to remove all insoluble components. The off-white solids were washed twice with 100 mL of
MeOH, and the filtrate was concentrated to dryness. Overall, 500 mL of MeOH per 100 grams of
gamboge were utilized. After extraction and concentration, 70-73 grams of crude gamboge extract

were obtained as an amorphous, orange solid. Although MeOH is a nucleophilic solvent known to



yield conjugate addition products of GBA, the high solubility of gamboge in MeOH and easier
filtration when using this solvent allowed us to quickly extract and concentrate the extract to
dryness in our workflow, which prevented possible chemical modification of GBA by the solvent

as determined by '"H NMR spectroscopy.

extraction concentration

with MeOH, of MeOH
10 min, rt; extracts
filtration

crude GBA (~70 g)

crystallization
pyr/H,O: 85/15

concentration ‘ oy washing with repeat
of Et,0 extracts Tt E 15% HCI; crystallization
g ¢ ¢ (x2)
.\w extraction
3 A with Et,0
/. 723
pure GBA (~13 g) GBA-pyr (~15 g)

Figure 1.3: Workflow for the isolation of GBA from commercially available gamboge resin. Step
1 (green) involves extraction, filtration, and concentration of crude GBA. Step 2 (red) involves
(re)crystallization and isolation of gambogic acid as its pyridinium salt (GBAepyr). Step 3 (blue)
involves neutralization of the pyridinium salt of gambogic acid followed by
extraction/concentration to yield pure GBA.

Previous studies have indicated that prolonged exposure of GBA to hydroxylated solvents
like MeOH give rise to conjugate addition products (i.e., Michael addition of MeOH to the a,p-
unsaturated carbonyl moiety of GBA).!? We therefore explored the possibility of extracting
gamboge with non-nucleophilic solvents like acetone, ACN, DCM, and Et,O. We found, however,

that these solvents were not as effective at extracting GBA from gamboge as MeOH (Table 1.1).

We performed test extractions with various solvents, and out of 25 g of gamboge, 7 g of extract



were obtained when using Et2O. Acetone, ACN, and DCM yielded 12.6-13.8 g of extract from
gamboge resin. When utilizing DCM as the extraction solvent, however, the insoluble gum was
difficult to remove by filtration compared to all other solvents as swelling of the insoluble materials
was observed, which severely hindered filtration using various techniques. When utilizing MeOH
as the extraction solvent, the maximum amount of extract was obtained, and we therefore utilized

it as part of our purification workflow as show above.

Table 1.1: Extraction of gamboge with various solvents identified MeOH as the best solvent for
multigram-scale extraction of gamboge.

Amount Solvent Utilized Amount Crude GBA Obtained

Solvent (mL) @
Acetone 300 13.8
ACN 500 12.6
Diethyl Ether 450 7
DCM 500 13.7
MeOH 200 18

After concentration of the methanolic extract, the amorphous orange solid was dissolved
in 125 mL of a mixture containing 20% water in pyridine and heated at 60 °C until completely
dissolved (~10 min). After removal from heat, formation of orange crystals was quickly observed
in the solution, which was allowed to sit overnight at room temperature to ensure complete
crystallization of GBA as a pyridinium salt (GBAepyr, Figure 1.4A). The orange crystals were
then filtered and dried to yield 22.9 g, which after spectroscopic evaluation, was determined to be
composed of 76% GBA-pyr, 18% epi-GBAepyr, and 6% of a non-identified compound (Figure
1.4C). GBA-pyr was then recrystallized by dissolving in 63 mL of 20% water in pyridine at 60 °C
(~10 min) and allowing the solution to cool at room temperature overnight. The enriched crystals

were then filtered and dried to yield 15.8 g of GBAe<pyr in 89% purity (Figure 1.4D). A third



recrystallization under identical conditions as the second yielded 14.9 g of 97% GBAe<pyr and 3%
epi-GBA-«pyr as bright orange crystals. These crystals were then dissolved in Et,O (200 mL) and
washed with 15% aqueous HCI (200 mL). The phases were partitioned, and the organic phase was
concentrated to dryness to yield 13.3 g composed of 97% GBA and 3% of epi-GBA as confirmed

by '"H NMR spectroscopy (Figure 1.4E).
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Figure 1.4: Profiling the purification of GBA from gamboge. A) Chemical structure of GBAe<pyr,
the pyridinium salt of GBA B) partial 'H NMR spectrum showing the representative C6 hydroxy
groups of the various components in crude gamboge extract and C-E) spectra of GBA during and
after several rounds of pyr/water crystallizations, which result in > 97% pure GBA. Spectra C-E
are of acidified samples of GBA<pyr for 'H NMR analysis.

Overall, our improved method for the extraction and purification of GBA from gamboge
is reproducible, easy, and cost-effective, yielding multigram quantities of GBA in 97% purity as
confirmed by 'H NMR spectroscopy. It should be noted that we did not observe further
improvement in purity with more crystallizations than what we utilized for our purification
workflow. Considering only reagents, we estimate that the cost of extracting and purifying GBA

from commercially available gamboge using our method is marginal when compared to the cost

of commercially available pure GBA (i.e., Sigma-Aldrich).



1.5 Epimerization Studies of GBA

Among the many unique chemical features of GBA is its benzopyran moiety, also known
in this case as a 2,2-dialkyl chromene. The chromene system is a common motif found in numerous
bioactive synthetic and natural products, including Likonide B, Cannabichromenic acid,
Mahanimbine, and Panduratin B, which all possess chirality at C2 (Figure 1.5). In GBA, the C2
quaternary center in the benzopyran ring gives rise to two epimers: GBA having the (R)

stereochemical configuration, and epi-GBA having the (S) configuration (Figure 1.1).
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Figure 1.5: Chemical structures of chromene-containing bioactive compounds.

Puzzled by the presence of epi-GBA in all fractions, we wondered whether GBA could
isomerize to epi-GBA, and if this is due to an in-situ isomerization of the C2 stereocenter that is
located on the chromene ring system. In addition, we also wondered how readily this isomerization

can occur. It is known that isomerization of 2,2-dialkyl chromenes can occur under photochemical



and thermal conditions, such as that observed by Kolc and Becker during their study of the
spectroscopic and photochromic properties of spiropyran (Figure 1.6).!*° However, it is not known
whether a similar isomerization can occur in the chromene system of GBA. This observation led
us to consider the thermal stability of GBA and its potential to isomerize at C2 into epi-GBA under
heat conditions, especially during heating in pyridine/water to form GBAe<pyr crystals, a key step

in our multigram scale isolation and purification of GBA discussed earlier.

spiropyran merocyanine
Figure 1.6: A) Proposed mechanism of reversible photochromic and thermal ring-opening of

chromenes and B) reversible ring-opening of spiropyran to merocyanine.

To determine if GBA undergoes a thermal ring-opening that results in epimerization to epi-
GBA, we heated solutions of GBA in various deuterated solvents that enabled us to monitor
epimerization by "H NMR spectroscopy. Our initial studies on the epimerization of GBA in CDCl3
showed that GBA, in fact, epimerizes to epi-GBA under heat conditions. We tested several
solvents to determine the influence of the solvent on the epimerization, and our results showed that
GBA epimerizes faster in DMSO-d6 and CsDsN than it does in CDCI3 (Figure 1.7). After four
hours of heating at 100 °C, solutions of GBA in DMSO-d6 and pyridine-d5 resulted in a ratio of
GBA:epi-GBA of 58:42 and 61:39, respectively. Under the same conditions, in CDCls, the ratio
of GBA:epi-GBA was observed to be 73:27. Although DMSO is the most polar of the three
solvents we tested, the epimerization occurs similarly in both DMSO and pyridine, which have a

polarity approximately equal to chloroform.!*! Heating GBA in CDCl; at higher temperatures,



however, achieved the same epimerization ratio observed in DMSO and in pyridine at a

comparable rate.
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Figure 1.7: Solvent effect on the epimerization of GBA to epi-GBA. A) Solvent studies on the
epimerization of GBA at 100 °C and B) '"H NMR of the phenolic moiety of GBA in CDCI3
representing the epimerization of GBA to epi-GBA at C2.

To further probe the epimerization of GBA, we settled on DMSO-d6 as our model solvent
due to its high boiling point and ability to fully epimerize GBA in a reasonable timeframe. Since
GBA is a Bronsted acid, we wondered whether the carboxylic acid moiety is responsible for and/or
contributes to the epimerization rate considering that the calculated value for the pK. of the
carboxyl proton is 4.58 (determined using ACD/PhysChem Suite 2021). Since the phenolic beta-
hydroxy moiety is also acidic, with a calculated pK. value of 8.90, we wondered whether this
proton could also facilitate the epimerization. To test our hypothesis, we first replaced the
carboxylic acid moiety of GBA with an amide moiety, such as the thiomorpholine moiety seen in

1 and heated a solution of 1 in DMSO-d6 at 100 °C for four hours. Eliminating the carboxylic acid

moiety caused an insignificant change in the epimerization of GBA: the epimerization of 1 was
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nearly identical to that of GBA where the final ratio of GBA:epi-GBA was observed to be 58:42
and the final ratio of 1:epi-1 was observed to be 59:41 (Figure 1.8).

Since almost no change in the epimerization of GBA was observed when converting the
carboxylic acid to ester 1, we wondered whether eliminating both acidic protons—the carboxylic
and phenolic protons—would hinder the epimerization of GBA. Therefore, we synthesized
compound 2 where both acidic protons have been replaced with a methyl group. We determined
that under the same conditions as GBA and 1, 2 epimerizes at a much slower rate. In the case of
2, the ratio of 2:epi-2 after four hours of heating at 100 °C was observed to be 89:11 by 'H NMR,

a remarkable difference compared to GBA and 1.
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Figure 1.8: Evaluation of the effect of acidic protons on the epimerization of GBA. A) Chemical
structure of compounds 1 and 2 and B) a graphical representation of the epimerization of GBA, 1,
and 2 in DMSO-d6 at 100 °C over 4 h.

1.6 Proposed Epimerization Mechanism of GBA to epi-GBA

Our initial studies on the epimerization of GBA to epi-GBA lead us to believe that the

epimerization was likely occurring by an acid-facilitated process. We envisioned a mechanism
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where the chromene oxygen is first protonated, which causes the C-O bond between the chromene
oxygen and C2 to break. This, in turn, could cause formation of a carbocation, which is especially
stabilized by its tertiary and allylic character. This mechanism was corroborated when we observed
little epimerization of 2 under the same conditions as GBA and 1. However, upon heating of 2 in
DMSO-d6 at 150 °C for 30 minutes, a 52:48 epimerization ratio of 2 to epi-2 was observed.
Consequently, we propose a different mechanism previously observed in simpler chromene

systems.

GBA [ortho-quinone methide] epi-GBA

Figure 1.9: Proposed oxa-6n electrocyclic thermal isomerization mechanism of GBA to epi-GBA.

Due to our observation of the epimerization of 2, we propose that the epimerization of GBA
likely occurs through the formation of an ortho-quinone methide, which is subsequently converted
to epi-GBA via a thermal oxa-67 electrocyclic mechanism (Figure 1.9).!32 Our studies demonstrate
that the epimerization of GBA to epi-GBA occurs at a significantly higher rate at mild temperatures
when acid is present. At elevated temperatures (150 °C or higher), the epimerization occurs readily
without a Bronsted acid. Although we cannot preclude the possibility that both mechanisms occur
simultaneously with or without acid, it is highly likely that under acid-free conditions, the

pericyclic mechanism predominates.
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1.7 Biological Evaluation of GBA & epi-GBA

Inspired by several accounts of different bioactivities between several natural product
isomers, we set out to determine if there is a difference in the biological activity of pure GBA and
a mixture of GBA and epi-GBA.*" 133 GBA was isolated according to our protocol mentioned
previously, and a clean mixture of GBA and epi-GBA was prepared by heating 1 g of GBA in 10
mL of CHCIls. Our previous studies on the epimerization of GBA showed that 100 °C is an ideal
temperature to study GBA spectroscopically. However, GBA can be heated to 120 °C, which
ensures a faster isomerization without affecting the final ratio of GBA and epi-GBA observed at
lower temperatures (Figure 1.10). After heating, CHCI3 is removed under reduced pressure to

afford a 60:40 mixture of GBA:epi-GBA as an orange, amorphous solid in quantitative yield.

A)
J !M ‘
B I I JL i) A A N T, MLJLL\L o

ppm

Figure 1.10: Comparison of pure GBA and as a mixture of epimers by 'H NMR spectroscopy. A)
GBA as one epimer and B) a 60:40 mixture of GBA:epi-GBA (equilibrated GBA) prepared on a
1 g scale. Equilibrated GBA can be readily prepared by heating pure GBA in chloroform at 120
°C using a sealed vessel.

Our lab previously established that GBA is bioactive in the triple negative breast cancer
cell line MDA-MB-231.!2 Therefore, in order to determine if there is a difference in bioactivity

between pure GBA (> 97%), a mixture of GBA:epi-GBA (60:40), and GBAepyr, our collaborators,

Maria Theodoraki and coworkers, obtained brightfield microscopy images of MDA-MB-231 cells
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treated with each 1 uM of each compound after 24h (Figure 1.11). The images demonstrated that
all three compounds are cytotoxic, showing clear and evident cell death in cells treated with 1 pM

GBA, its pyridinium salt, and a mixture of epimers compared to the control, cells were treated with

50 uM of our compound delivery solvent, DMSO.
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Figure 1.11: Images of MDA-MB-231 TNBC cells after 24h 1ncubat10n w1th 50 |,LM DMSO (red)
and 1 uM each of GBA (blue), GBA:epi-GBA (green), and GBA<pyr (orange). Images were
obtained using a brightfield microscope at 20x objective.

Inspired by this result, we conducted further ATP viability assays using MDA-MB-231
cells that were treated with each compound at concentrations of 0.2, 0.5, 1, 5, 10, and 20 uM
(Figure 1.12) and incubated for 24 h. At 20 uM treatment with each compound, nearly no cell
viability is observed. At 5 and 10 uM, a similar viability was observed for all three compounds,
which was between 1-3%. A similar trend was observed at 1, 0.5, and 0.25 uM where all three

compounds showed similar cytotoxicity of 12-14%, 38-39%, and 81-91%, respectively.
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Figure 1.12: ATP assay portraying percent viability of MDA-MB-231 cells treated with each
compound at various concentrations after 24 h exposure. Statistical analysis using ANOVA single
factor was performed to determine statistically significant differences between each GBA form.

Given the effect of gambogic acid formulations on the morphology and viability of the
MDA-MB-231 cell line (Figures 1.11 and 1.12), we further investigated the kinetics of induction
of apoptosis. To that end, activation of the executioner caspases 3/7 was studied after 3, 6, 12, and
24 h of treatment with 1 pM of each GBA formulation (Figure 1.13A). All three formulations led
to a similar increase in the activity of executioner caspases 3/7 with maximum activity reached
after 12 h of exposure to 1 M of each formulation, indicating similar performance in induction of
cell death via apoptosis.

Activation of the executioner caspases leads to proteolytic cleavage of effector proteins
and degradation of cellular components. A well-known substrate targeted by activated caspases is
poly (ADP-ribose) polymerase-1 (PARP-1), and its proteolytic processing by caspases 3/7
generates a catalytic fragment with 89 kDa size (cPARP) that is considered a molecular hallmark
of apoptosis. With this in mind, we sought to verify the induction of the apoptotic pathway by

western blot detection of cleaved PARP (Figure 1.13B). Treatment of MDA-MB-231 breast cancer

cells with 1 uM of the equilibrated mixture, GBAe<pyr or >97% GBA for 24 h was sufficient to
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allow detection of the cleaved large fragment (89 kDa) of human PARP asserting apoptotic cell

death.
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Figure 1.13: Kinetics of induction of apoptosis in MDA-MB-231 cells by GBA formulations. A)
Time course analysis of caspases 3/7 activity in MBA-MB-231 cells upon incubation with 1 uM
of various GBA formulations. Data presented are mean + SD (n=3) B) Detection of cleaved PARP
(cPARP) via western blot analysis. MDA-MB-231 cells treated with 0.5 and 1.0 uM of GBA
formulations were lysed after 24 h; 20 pg of total protein was used for gel electrophoresis. After
transfer, the membrane was probed with anti-cPARP; actin was used as a loading control.

From our experimental result, we concluded that there is no statistical difference in the
bioactivity of GBA, its pyridinium salt or a roughly equal mixture of GBA:epi-GBA in our MDA-
MB-231 TNBC cell assay. However, these results do not preclude the possibility of a difference
in bioactivity in other in vitro or in vivo models. Therefore, we highly encourage a thorough

examination of the quality of GBA from any source prior to biological studies, and we recommend

our purification method for multigram quantities of high quality GBA at an affordable rate.

1.8 Synthesis & Biological Evaluation of Synthetic CGX
MAD28

Previous work in our lab demonstrated that MAD2S8, a synthetic derivative of GBA, is

bioactive against triple negative (TNBC) and inflammatory breast (IBC) cancer cells.!* 123 In
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collaboration with the Jennings (UCSD) and Nechushtai (HUJI) labs, we identified MAD2S as a
selective binder to NEET proteins, which are proteins known to be overexpressed in IBC and
TNBC."** Binding of MAD28 to NEET protein mitoNEET, for example, causes the protein to
release iron within cancer cells, which leads to ROS damage and eventually cell death. This was
observed in the selective cytotoxicity of MAD28 on the TNBC cell line MDA-MB-231 over
normal human breast MCF-10A control cells. One of the most promising aspect this work is that
accumulation of MAD28 in TNBC and IBC cells is selective, which was shown to be, in part, the
result of NEET protein upregulation in cancer cells.!*

Due to promising results obtained from our previous studies of the interaction between
MAD28 and NEET proteins, we hypothesized that targeting a newly identified and yet undrugged
NEET protein isoform MiNT with caged xanthones will afford an additional pathway in the search
for a treatment of cancers like TNBC and IBC, which is the topic of chapters 2 and 3.

To elucidate the binding profile of MAD28 to NEET protein MiNT, the synthesis of
MAD?28 must be optimized to efficiently produce high quantities of MAD28 for biological studies.
Structurally, MAD28 does not contain the chromene or carboxyl moieties of GBA, however, it
does contain the cage and xanthone backbone (Figure 1.14 in red). Since we can easily obtain
multigram quantities of GBA, its direct derivatization to MAD28 would be ideal. However,
because of the chemical complexity of GBA, we determined that a more chemically feasible option
is to synthesize MAD28 from inexpensive and commercially available building blocks. Our
strategy would incorporate optimized chemistry previously developed in our laboratory, including
the synthesis of the cage motif in MAD28 from an O-allylated xanthone backbone that undergoes

a Claisen rearrangement followed by a Diels-Alder reaction (Figure 1.14 in blue).
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Figure 1.14: Mechanism for the formation for the cage moiety of caged xanthones. GBA and
MAD28 have a common core structure, a cage and xanthone backbone (red). Both GBA and
MAD28 can be synthesized from an O-allylated xanthone, which undergoes a Claisen
rearrangement followed by a Diels-Alder reaction (blue).

Our MAD28 synthetic strategy began with the synthesis of acid chloride 3, obtained in
quantitative yields by treating 2,6-dimethoxybenzoic acid with oxalyl chloride in DCM at room
temperature (not shown). 3 is then treated with 1,2,3-trimethoxybenzene to generate 4 via a
Friedel-Crafts acylation reaction utilizing AICI3 as the Lewis acid (Figure 1.15). Since this reaction
is exothermic, it is initially performed at 0 °C and is allowed to slowly warm to room temperature.
Once complete, the Lewis acid was quenched, and the solution was concentrated to dryness. To
avoid utilizing column chromatography and further increase the efficiency of our synthetic
strategy, we opted to recrystallize 4 in MeOH, which afforded 15 g of 4 in > 99% purity as
confirmed by '"H NMR, and 80% yield. In addition, the connectivity of the hydroxy group of 4 was
dubious as it was not known whether the acid chloride or 1,2,3-trimethoxybenzene underwear
demethylation during the reaction. Our purification strategy allowed us to obtain X-ray quality

crystals of 4, which we used to confirm that it is 1,2,3-trimethoxybenzene that undergoes

demethylation to produce 4 (appendix Tables 1.2-1.6).
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Figure 1.15: Synthesis of 4 via a Friedel-Crafts acylation reaction.

Previous strategies for the subsequent step, formation of 5, were challenging as the base-
induced cyclization was difficult to reproduce. The cyclization of 4 to 5 was previously achieved
by heating 4 in a mixture of MeOH/H>O to reflux temperatures under basic conditions for three
days. Despite vigorous refluxing for prolonged periods of time and testing of various MeOH/H>O
solvent combinations, we could only obtain 5 in modest yields (40%). We determined that MeOH
is not necessary for the reaction, which was likely utilized previously due to the poor solubility of
4 in water. 5 can in fact be synthesized by using only water as the solvent since heating under basic
conditions to 120 °C for 12 hours in a pressure vessel fully solubilizes 4 and allows the cyclization
to readily occur (Figure 1.16). Our strategy reproducibly afforded 14 g of 5 with > 99% purity and
quantitative yields, and utilized recrystallization as the purification method, which further obviated
the need for column chromatography. The high efficiency, low reaction time, and environmentally
friendly synthesis of 5 was largely possible by conducting the reaction in a heated pressure vessel

instead of refluxing at ambient pressure for three days.
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Figure 1.16: Synthesis of xanthone 5 via an intramolecular cyclization of 4.
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Deprotection of 5 under acidic conditions to afford xanthone 6 was also previously
challenging as the reaction would yield a mixture of mono-, di-, and fully deprotected xanthones,
which afforded 6 in only modest yields (42%) after purification. Our strategy for the synthesis of
6 involved the heating of 5 under acidic conditions and further utilization of a pressure vessel to
perform the reaction (Figure 1.17). As the reaction mixture was allowed to cool, 6 precipitated
from the acidic solution as a glittery gold solid, which was filtered and dried without further

purification to afford 6 (10 g, 87% yield) in > 99% purity as confirmed by "H NMR spectroscopy.
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Figure 1.17: Synthesis of trihydroxy xanthone 6 via deprotection of trimethyl xanthone 5. An
image of the dissolution of § after heating (left) and of a cooled pressure vessel after the reaction
is complete (right), which highlights the precipitation of 6 as a gold solid that can be easily isolated
via filtration.

A complex aspect of our MAD28 synthetic strategy is a palladium-catalyzed O-allylation
of 6 using diallyl carbonate 7 to form 9. Pd-catalyzed O-allylations are notoriously challenging
and typically successful only on a small scale. Our strategy, however, reproducibly afforded diallyl
xanthone 9 in multigram quantities (Figure 1.18). Previous attempts to generate 9 often led to
mixed results, with mono-allylation and O-prenylation observed as competing side reactions. We
determined, however, that the purity of the palladium catalyst, PdPPhs, is highly variable

depending on the source, likely due to its air-sensitive nature, and that for the reaction to work

effectively with minimal side products, the palladium complex must be a bright yellow color,
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which typically signifies high catalyst purity. We found that the highest quality of Pd(PPh3)s can

be obtained from Strem Chemicals, Inc.
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Figure 1.18: Palladium-catalyzed double O-allylation of xanthone 6 and the various colors of
Pd(PPh3)s4, which in pure form bright yellow (left circle) and brown when impure (right circle).

Despite utilizing high purity Pd(PPh3)4, the reaction initially yielded a mixture of mono-
and di-O-allylated products. We subsequently determined that the reaction is heavily
concentration-dependent, and that to consistently produce di-allylated compound 9 with few or no
side products, the reaction must be conducted at a concentration of 0.01 M based on 6. The reaction
is initially translucent and green, but at higher concentrations of 6, we observed the formation of
an unidentified precipitate, which we speculate is a metal chelate of the palladium catalyst that
cannot perform O-allylation. We ultimately obtained 1.2 g of 9 in > 99% purity and 65% yield.
Since 9 is a viscous and labile yellow liquid, we purified 9 using column chromatography, which
is the only instance we employ this purification technique in our synthetic strategy of MAD2S8.

A drawback of our palladium-catalyzed O-allylation is that the reaction utilizes an excess
of 7 (10 mol eq.). Fortunately, 7 was easily synthesized by first reacting 1,1'-carbonyldiimidazole
with 2-methyl-3-buten-2-ol in DCM at room temperature to afford 8, which was subsequently
reacted with deprotonated 2-methyl-3-buten-2-ol at lower temperatures to afford 13 g of 7 as a

colorless liquid with > 99% purity and 85% yield after purification (Figure 1.19). The purification
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of 7 was efficiently achieved by utilizing vacuum distillation at 30 °C, which had not been

previously attempted with this substrate due to its lability.
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Figure 1.19: Diallyl carbonate 7 is synthesized in a two-step process that begins with 2-methyl-3-
buten-2-ol and 1,1'-carbonyldiimidazole.

The final step of our MAD28 synthesis employed a thermal rearrangement of 9 involving
a Claisen rearrangement followed by a Diels-Alder reaction. To generate the cage moiety of
MAD28, 9 was heated in DMF at 100 °C for three hours (Figure 1.20). Although the reaction is
faster at 120 °C, we observed approximately 10% formation of neo-MAD28 at or above this
temperature. To mitigate formation of the neo product, we opted to perform the reaction at 100 °C.
MAD28 was isolated as a yellow crystalline solid in > 99% purity by first dissolving MAD28 in
DCM (50 mg/mL) then adding five times the quantity of hexanes by volume above the DCM layer

without mixing the two solvents and allowing the crystallization to occur slowly overnight.
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Figure 1.20: Formation of the cage moiety of MAD28. The final step in our synthesis of MAD28
involves a Claisen rearrangement followed by a Diels-Alder reaction, which affords MAD28 and
neo-MAD 28 in a 9:1 ratio, respectively when performed at 120 °C. At 100 °C, the reaction affords
only MAD2S.

1.9 Synthesis of Biologically Active CGX Natural Product
Forbesione

Forbesione is a bioactive natural product that has a similar chemical structure to GBA,
notably the cage and xanthone backbone, and is a hydroxylated version of MAD28. Previous
studies in our lab identified forbesione as a potent and selective cytotoxic agent in TNBC and IBC
cell lines. Unlike GBA, however, a broad understanding of its bioactivity has not been achieved
as forbesione is found in significantly lower quantities in nature compared to GBA. As a result,
the extraction of forbesione is not an easy or practical option for obtaining high quantities for
biological evaluation. To solve the issue of supply, we optimized a method for the synthesis of
forbesione that utilizes similar chemical strategies in our synthesis of MAD2S.

The total synthesis of forbesione, first achieved by Tisdale et al., afforded 60 mg of pure
product.!3% 137 Although this strategy yielded more forbesione than its extraction from natural
sources likely would, obtaining larger quantities of forbesione remained an issue. This is likely a

result of the difficulty in achieving efficient and selective O-allylated products, which in this case
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are necessary precursors for the tandem Claisen/Diels-Alder rearrangement that affords the cage
motif.

To form xanthone 10, we initially employed the strategy we utilized to for xanthone 6
(Figure 1.21A). Under the same conditions, however, the analogous starting materials, 1,2,3-
trimethoxybenzene and 2,4,6-trimethoxybenzoyl chloride, proved to be poor substrates for the
Friedel-Crafts reaction as it afforded the para-methoxy analogue of 4 in only 20% yield. In
addition, the cyclization and deprotection steps proved to be low-yielding, especially the
deprotection step as it yielded a mono-methylated product and 10 in equal amounts (not shown).
Therefore, we opted to employ the strategy previously developed by Tisdale et al. for the synthesis
of 10, which utilized a zinc chloride mediated condensation of 1,3,5-trihydroxybenzene with 2,3,4-
trihydroxybenzoic acid in POCl; (Figure 1.21B).13¢ Although this strategy utilizes POCls, we

isolated 5 g of 10 as a brown solid in 60% yield. Efforts to circumvent POCIl; are ongoing.

A) S o e OH O
OO G =2 00
—>
(I) (I) o~ HO o) OH

(10) OH
POC|3 ZnCI2 OH Q
Jf:fL @E — LI
HO (0] OH
(10) OH

Figure 1.21: A) General scheme for the synthesis of tetrahydroxy xanthone 10 utilizing the multi-
step synthetic strategy for 6 B) A one-pot zinc-mediated Friedel-Crafts acylation between 2,3,4-
trihydroxybenzoic acid and 1,3,5-trihydroxybenzene followed by cyclization utilizing POCl; as
the solvent/dehydrating agent yields 10. Although not ideal, B is a higher-yielding synthetic
strategy than A.

Tisdale et al. achieved O-allylation of xanthone 10 in a two-step process that employed a

copper-catalyzed propargylation of the C3, C5, and C6 hydroxy groups of 10 with 2-chloro-2-
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methylbutyne under basic conditions, which afforded tri-propargyl 11 in 25% yield (Figure
1.22A).13¢ A subsequent Lindlar hydrogenation of 11 yielded the O-allylated precursor 12. Our
approach to 12, however, utilized a one-step palladium-catalyzed O-allylation of 10 with carbonate
7 (Figure 1.22B), which afforded gram quantities of 12 in 63% yield. A drawback of our approach
is that, like the O-allylation of MAD28 precursor 9, the O-allylation of 10 must be performed at
low concentrations of xanthone (0.01M) to be reproducible. In addition, an excess of carbonate 7
(10 mol eq.) is still required to drive the allylation reaction forward, although synthesizing gram

quantities of 7 is easily achievable as discussed previously.

A) 10% Pd(PPhg),
0.01 M 10, THF,

FooCRRE PP
(o o ™ #j j %

(12)
Cul, Mel,
CKOZ%OHS) H,, Lindlar,
3)2 EtOAc
2%
(10) OH |

II
(11) (12)

Figure 1.22: One-pot formation of triallyl xanthone 12. A) Synthesis of forbesione-precursor 12
by Tisdale et al. O-allylation of 10 was previously achieved via tri-propargylation to yield 11,
which was hydrogenated to form tri-O-allylated forbesione precursor 12 and B) our approach to
12 is a one-step palladium-catalyzed O-allylation.

The final step in our synthesis of forbesione involved a tandem Claisen/Diels-

Alder/Claisen rearrangement by heating 12 to 120 °C in DMF for two hours (Figure 1.23). We

found that heating at 100 °C made the reaction slower without changing the ratio of forbesione to
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iso-forbesione. To mitigate the formation of iso-forbesione, Tisdale at al. previously acetylated the
C1 hydroxy group of 12 to create steric hindrance around C2 and mitigate its prenylation resulting
from a Claisen rearrangement, which after deprotection, yielded forbesione exclusively. We did
not employ this strategy, however, as the crystallinity/solubility of forbesione and iso-forbesione
differ sufficiently in the DCM/hexanes crystallization we employed for MAD28 such that the two
isomers can be efficiently resolved by this method. In addition, generation of iso-forbesione was
also of interest to as its biological activity is largely unknown. Overall, our synthetic strategy
afforded 310 mg and 200 mg of forbesione and iso-forbesione, respectively, which can be

synthesized on a multigram scale.

OH O
O O DMF, 120 °C HO
0] o (0]
ﬁ © |
I =

(12) forbesione iso-forbesione
Figure 1.23: Compound 12 undergoes a thermal Claisen/Diels-Alder/Claisen rearrangement to
afford forbesione and iso-forbesione in a 6:4 ratio, respectively.

Future studies of forbesione and of our CGXs library of compounds will be geared at
further probing the biology of our compounds. Therefore, to perform studies such as “protein
stapling” or in vivo azide-alkyne cycloaddition reactions, we developed a method to synthesize
alkyne analogues of our CGXs. As an example, p-toluenesulfonyl chloride was reacted with 4-
pentyn-1-ol to produce. sulfonate ester 13 in 79% yield. We then utilized the ester to synthesize
14, which is an alkyne derivative of acetylforbesione (Figure 1.24). Studies are ongoing to

determined novel protein targets of our CGXs through protein stapling.

26



A DMAP, pyr,

) oso DCM oso

/© A HTYy —> /© TN
(13)

Ko,CO3, DMF,
r.t.

acetylforbesione (14)

Figure 1.24: The synthesis of alkyne analogues of CGXs for biological studies. p-toluenesulfonyl
chloride is reacted with 4-pentyn-1-ol to yield 13, which was utilized for the synthesis of 14, a
CGX alkyne analogue for biological evaluation.

1.10 Synthesis & Biological Evaluation of Novel Amide
Derivatives of GBA

Our previous attempts to improve the cytotoxicity of GBA led us to determine that
converting the carboxylic acid group of GBA into an amide (Figure 1.25) yielded derivatives with
improved cytotoxicity in cell-based assays. We identified DAP19, a GBA amide derivative
containing a morpholino moiety to be particularly inhibiting on cell growth. When triple-negative
breast cancer cell line MDA-MB-231 was treated with 0.5 uM of DAP19, for example, after 24 h
we observed a relative cell growth of 4.5% compared to our control. In contrast, GBA, which is a
known cytotoxic natural product (and our benchmark compound in this study), showed a relative

cell growth of 58% under the same concentration (Figure 1.26).
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Figure 1.25: Chemical structure of amide derivatives of GBA synthesized previously in our lab,
which were tested for bioactivity in the triple-negative breast cancer cell line MDA-MB-231. The
most cytotoxic compound here, DAP19, served as the inspiration for the synthesis of novel GBA
analogues.

Cytotoxicity by Compound (0.5 pM)
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Figure 1.26: Bioactivity of GBA amide derivatives in breast cancer cell line MDA-MB-231.
MDA-MB-231 cells was treated with several derivatives of GBA at a concentration of 0.5 uM.
DAP19 was identified as the most cytotoxic followed by ORA-17.

When replacing the morpholino moiety with a group containing an ethyl linked to a fert-

butyl carbamate moiety, we observed a relative breast cancer cell growth of 45%, which is a mild
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improvement in cytotoxicity compared to GBA. All other derivatives, however, had a significantly
lower inhibitory effect on growth, affording a relative cell growth between 75-93%. Although our
less cytotoxic derivatives have potentially higher solubility, our studies suggest that converting the
carboxylic acid moiety of GBA to amide groups bigger than morpholine reduces its cytotoxicity.

We wondered whether the inhibitory/cytotoxic effect of DAP19 was consistent across
several breast cancer cell lines, including BT-474, an invasive ductal carcinoma cell line; MCF-7,
MDA-MB 468, and SKBR-3, all metastatic adenocarcinoma breast tissue; as well as MDA-MB-
231, triple-negative breast cancer tissue (Figurel.27). When each breast cancer cell line was
treated with DAP19 at a concentration of 5 uM, nearly complete cell death was observed across
all cell lines. At a concentration of 2 uM, DAP19 was most effective in the breast cancer cell lines
MDA-MB-231 and SKBR-3 with a cell death of 87% and 81%, respectively. This pattern was
similarly observed at a concentration of 1 uM of DAP19 with a cell death of 80% and 47% for
MDA-MB-231 and SKBR-3, respectively.

In contrast, at a concentration of 0.5 uM, cell growth was observed across all breast cancer
cell lines except MDA-MB 468, which showed a 2% cell death. Unsurprisingly, at a 0.25 uM
concentration, the lowest concentration we tested, cell growth was observed across all cell lines.
At this concentration, there was no inhibition of cell growth observed in MDA-MB-231, which is

a stark contrast to when this cell line is treated with 1 uM or higher of DAP19. The lowest

percentage of cell growth at 0.25 uM DAP19 was observed in the BT-474 cell line.
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DAP19 Cytotoxicity By Cell Line and Concentration
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Figure 1.27: Bioactivity of DAP19 in various breast cancer cell lines. DAP19 was assessed for its
broad-spectrum potential. Several breast cancer cell lines were treated with DAP19 at various
concentrations.

Inspired by our findings on the cytotoxicity of DAP19, we constructed a library of several
amide derivatives containing similar moieties to DAP19 that are biologically relevant in known
pharmaceuticals. This includes replacing the morpholino group with substituents having various
polarities, hydrogen bonding capabilities, and increased size at the site where the oxygen atom in
the morpholino moiety resides. Some examples include a trifluoromethyl (compound 115),
dimethyl (compound 118), 1-methylpiperazinyl (compound 130), thiomorpholinyl (compound

135), and various other substituents (Figure 1.28).
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Figure 1.28: Synthesis of novel amide derivatives of GBA. The reaction between GBA and
various amines via amide coupling reagent HATU affords compounds 115-122, 130, and 135.

Working with collaborators (HUJI), we were able to determine the cytotoxicity of several
of our compounds, including GBA, 118, and 130. There results showed that all three compounds
are cytotoxic. Notably, 118 (Figure 1.30) and 130 (Figure 1.31) were cytotoxic in a dose-dependent
manner, whereas GBA (Figure 1.29) was not. In addition, all three compounds showed a high
selectivity for cancer cells over normal cells. Both 118 and 130 showed high cytotoxicity,
especially at higher concentrations. The most cytotoxic compound, however, is 130, which also
has a higher cytotoxicity relative to DAP19. This indicates that modifications to the morpholino
ring can improve cytotoxicity. Work is ongoing to determine the mode of action of these

compounds, and specifically how they target NEET proteins.
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Figure 1.29: Cytotoxicity of GBA on breast cancer cell line MDA-MB-231 vs. normal human
breast cell line MCF-10A. Effect of GBA on the viability of cancer cells (MDA-MB-231 in blue)
and normal cells (MCF-10A in red) after 24h treatment at various concentrations (5 uM, 2 uM, 1
uM, 0.8 uM, 0.640 uM, 0.512 uM, 0.219 uM) and untreated cells (control). *P < 0.01, **P <
0.001, **P < 0.0001 compared to MCF-10 cells on the same condition; Student's t-test.
Cytotoxicity was measured in relative units (R.U.). This figure was obtained with permission from
H. B. Margault and R. Nechushtai (HUJI).
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Figure 1.30: Cytotoxicity of 118 on breast cancer cell line MDA-MB-231 vs. normal human breast
cell line MCF-10A. Effect of 118 on the viability of cancer cells (MDA-MB-231 in blue) and
normal cells (MCF-10A in red) after 24h treatment at various concentrations (5 uM, 2 uM, 1 uM,
0.8 uM, 0.640 uM, 0.512 uM, 0.219 puM) and untreated cells (control). *P < 0.01, **P < 0.001,
**P < 0.0001 compared to MCF-10 cells on the same condition; Student's t-test. This figure was
obtained with permission from H. B. Margault and R. Nechushtai (HUJI).
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Figure 1.31: Cytotoxicity of 130 on breast cancer cell line MDA-MB-231 vs. normal human breast
cell line MCF-10A. Effect of 130 on the viability of cancer cells (MDA-MB-231 in blue) and
normal cells (MCF-10A in red) after 24h treatment at various concentrations (5 uM, 2 uM, 1 uM,
0.8 uM, 0.640 uM, 0.512 uM, 0.219 puM) and untreated cells (control). *P < 0.01, **P < 0.001,
**P <0.0001 compared to MCF-10 cells on the same condition; Student's t-test. This figure was
obtained with permission from H. B. Margault and R. Nechushtai (HUJI).
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1.11 Appendix

Experimental Procedures & Spectroscopic Data

Commercially available reagents were obtained from Acros, AKSci, Alfa Aesar, Chem
Science, Combi-Blocks, Matrix Scientific, Sigma Aldrich, Synthonix, or TCI and used without
further purification. All anhydrous solvents were dispensed from a solvent purification system that
passes the solvent through two columns of dry neutral alumina. Anhydrous ACN was purchased
from Alfa Aesar. GBA was extracted from gamboge resin obtained from Kremer Pigmente,
WoodFinishing Enterprises or Metropolitan Music Corporation.

All reactions were performed in oven-dried and argon- purged glassware (including 20 mL
vials fitted with caps) equipped with Teflon-coated magnetic stirbars. All 'H spectra were recorded
at ambient temperature using a JEOL ECA 500 spectrometer (400 or 500 MHz). All 13C spectra
were recorded at ambient temperature using a Varian VX-500 spectrometer (125 MHz) equipped
with a Xsens two-channel cold probe. The 'H spectral data is reported as follows: chemical shift
in parts per million (ppm) downfield from tetramethylsilane on the 8 scale, multiplicity (s, singlet;
d, doublet; t, triplet; q, quartet; s, septet; m, multiplet; dd, doublet of doublets; dt, doublets of
triplets; td, triplet of doublets; and b, broadened), coupling constants (Hz), and integration. *C
NMR chemical shifts are reported in ppm from tetramethylsilane with the solvent reference
employed as the internal standard (deuterochloroform, CDCls, at 77.3 ppm).

Compounds were analyzed for HRMS on an Agilent Technologies 6230 TOF Mass
Spectrometer (Santa Clara, CA) using electrospray in the positive ion mode at > 60,000 resolution
and using typical ESI source values, which resulted in mass accuracies < Ippm. The jet stream
source was operated under positive ionization mode with the following parameters: VCap: 3500

V; fragmentor voltage: 175 V; nozzle voltage: 500 V; drying gas temperature: 325 °C, sheath gas
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temperature: 325 °C, drying gas flow rate: 7.0 L/min; sheath gas flow rate: 10 L/min; nebulizer
pressure: 40 psi.

When indicated, the progress of reactions was monitored by analytical thin layer
chromatography using glass plates pre-coated with SiliCycle, Inc. 250 um F254 silica gel and
visualized with UV light (254 nm). Flash chromatography was performed on SiliCycle, Inc.
SiliaFlash P60 40-63 pm (230-400 mesh size) 60 A grade silica gel. All chromatography solvents

were acquired from Fisher Scientific and used as is.

Commercial Sources of Gamboge Resin
Commercially available gamboge was purchased from Kremer Pigments
(https://www.kremer-pigmente.com/ Lot No: 37050), Metropolitan Music
(https://www.metmusic.com/ Lot No: 27320), and WoodFinishing Enterprises

(https://woodfinishingenterprises.com/ Lot No: 14-1720).

Isomerization Studies of GBA to epi-GBA
GBA (10 mg) was dissolved in CDCI3 (0.6 mL) and the resulting orange solution was
placed in an NMR tube. The tube was sealed and placed in a heating bath at respective temperatures

(80, 100, 120, and 150 °C). "H NMR spectra were recorded at predetermined times.

Cell Culture and Compound Assays
The MDA-MB-231 cell line was obtained from ATCC (HTB-26) and was cultured in
RPMI 1640 media (Gibco 21-870-092) supplemented with 10% heat inactivated FBS (Gibco,

10438-026), 2mM L-Glutamine (Gibco, 25030-081), and 100 U/mL penicillin, 100 pg/mL
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streptomycin (Gibco, 15140-122). The cell cultures were maintained at 37°C in a humidified
atmosphere with 5% CO- and subcultured using trypsin (Gibco, 25300-054) after reaching 80%
confluency. The three formulations of GBA (equilibrated GBA, GBA*pyr, or >97% GBA) were
dissolved in DMSO to a stock concentration of 10 mM. For microscopy studies, the cells were

treated at 70% confluency with 1 uM of each formulation or DMSO for 24 h.

ATP Assay

Cell viability was assessed by ATP quantification of metabolically active cells using a
CellTiter-Glo 3D kit (Promega, G9682) in multiwell plates according to the manufacturer’s
instructions. Briefly, MDA-MB-231 cells at a density of 10*/well were seeded in opaque 96-well
tissue culture plates and allowed to adhere overnight. The three formulations of gambogic acid
(equilibrated GBA, GBAepyr or >97% GBA) were then added to final concentrations of 0.25, 0.5,
1, 5, 10 and 20 pM in quadruplicates. DMSO was used as a control and all treatments were
performed for 24 h at 37 °C. After one hour of equilibration at room temperature, CellTiter-Glo
3D reagent at a 1:1 ratio was added to each well. The plates were mixed on a plate shaker for 10
min and end-point luminescence values were recorded with a FilterMax F-5 multimode microplate

reader. Percent viability was calculated as (RLU post-treatment/RLU of DMSO)*100.

Caspase 3/7 Activity
Initiation of apoptosis via induction of caspase 3/7 activity was measured as above using
the Caspase-Glo 3/7 kit (Promega, G8981). Cells in triplicates were treated with 1 uM of >97%
GBA, GBA-«pyr or equilibrated GBA for 3, 6, 12, and 24 h. Wells with media only were used as

blanks, and wells with untreated cells only were used as controls for background luminescence

36



measurements. Relative light units (RLU) were recorded one hour after the addition of the
Caspase-Glo 3/7 reagent at a 1:1 ratio and fold change was calculated at each time point using the

following equation: Fold change = (treatment RLU - blank RLU) / negative control RLU.

Western Blotting

MDA-MB-231 cells treated with DMSO or gambogic acid formulations (>97% GBA,
GBA-«pyr or equilibrated GBA) at 0.5 and 1 uM for 24 h were lysed using RIPA buffer
(ThermoFisher, 89901). Total protein extract was quantified using a BCA protein assay kit
(ThermoFisher, 23225), and 20 pg of protein were loaded and analyzed on a 4-12% Bis-Tris Mini
Protein Gel. Following gel electrophoresis, the proteins were transferred to a PVDF membrane
using an iBlot2 dry blotting system. Membranes were blocked with 5% dry fat-free milk in TTBS
and incubated with primary antibodies overnight at 4 °C. The primary antibodies used were anti-
PARP (Cell Signaling Technology, 9546) and anti-GAPDH (Invitrogen, MAS5-15738). Secondary
antibodies conjugated to IRDye 680RD or IRDye 800CW (LI-COR Biosciences) were used to
visualize the proteins of interest on a LI-COR Odyssey FC Imaging system, which were quantified

using Image Studio software.
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GBA + epi-GBA
(mixture of epimers)

4-(8-hydroxy-2,2,11-trimethyl-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-4,7-

dioxo-1,2,5,7-tetrahydro-11H-1,5-methanofuro[3,2-g]pyrano|3,2-b]xanthen-3a(4H)-yl)-2-

methylbut-2-enoic acid (GBA + epi-GBA, mixture of epimers): To a 500 mL beaker was added
gamboge powder (100 g) and 300 mL of MeOH. The mixture was stirred for 10 minutes at room
temperature and subsequently filtered. The solids obtained were washed with MeOH (200 mL,
x2), the organic filtrates were combined, and concentrated under reduced pressure. The resulting
crude orange extract was then dried under high vacuum for 6 h. Next, the crude extract was
combined with 200 mL of 15% deionized water in pyridine (v:v). The mixture was heated to 60
°C until all the solids were dissolved (~10 min). The resulting dark red solution was allowed to sit
overnight at room temperature. The orange crystals formed were then collected by filtration and
subsequently dissolved in 200 mL of Et,O, which was washed with 200 mL of 15% HCI (v:v).
The organic phase was partitioned and concentrated to dryness to afford a mixture of GBA:epi-

GBA as an amorphous orange solid (23 g, ~4:1 ratio of GBA:epi-GBA).

'"H NMR (500 MHz, CDCL3) § 12.77 (d, J = 7.6 Hz, 1H), 7.55 (d, J = 6.7 Hz, 1H), 6.58 (d, J =
10.1 Hz, 1H), 6.18 — 6.02 (m, 1H), 5.45 — 5.28 (m, 1H), 5.19 — 4.94 (m, 2H), 3.48 (s, 1H), 3.33 —
3.27 (m, 1H), 3.13 (d, J = 10.4 Hz, 1H), 3.02 — 2.84 (m, 2H), 2.52 (d, /= 9.1 Hz, 1H), 2.32 (d, J
= 13.2 Hz, 1H), 2.11 — 1.97 (m, 2H), 1.85 — 1.69 (m, 10H), 1.69 — 1.59 (m, 7H), 1.58 (s, 1H), 1.54

(s, 2H), 1.41 — 1.36 (m, 3H), 1.34 (s, 1H), 1.29 (s, 3H), 1.25 (s, 1H).
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GBA
4-(8-hydroxy-2,2,11-trimethyl-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-4,7-

dioxo-1,2,5,7-tetrahydro-11H-1,5-methanofuro[3,2-g]pyrano|3,2-b]xanthen-3a(4H)-yl)-2-

methylbut-2-enoic acid (GBA): High purity GBA purified in the same way as previously
mentioned. After the first crystallization, the orange powder was combined with 60 mL of 15%
deionized water in pyridine (v:v) and stirred at 60 °C until completely dissolved (~15 min). The
dark red solution was allowed to sit overnight, and the resulting orange crystals were filtered and
recrystallization once more under the same conditions. The resulting orange crystals were then
collected by filtration, dried under reduced pressure then dissolved in 200 mL of Et,O, which was
washed with 200 mL of 15% HCI (v:v). The organic phase was partitioned and concentrated to

dryness to afford GBA as an amorphous orange solid (13 g, > 97% pure).

'H NMR (500 MHz, CDCL3) § 12.73 (s, 1H), 7.53 (d, J = 6.9 Hz, 1H), 6.55 (d, J = 10.1 Hz, 1H),
6.10 (t, J=8.1 Hz, 1H), 5.34 (d, J= 10.1 Hz, 1H), 5.07 — 4.97 (m, 2H), 3.47 (dd, J = 6.6, 4.1 Hz,
1H), 3.28 (dd, J = 14.6, 8.2 Hz, 1H), 3.11 (dd, J = 14.6, 5.1 Hz, 1H), 2.97 (d, J = 7.4 Hz, 2H), 2.50
(d, J=9.3 Hz, 1H), 2.30 (dd, J = 13.4, 4.7 Hz, 1H), 1.99 (h, J=9.5, 9.0 Hz, 2H), 1.76 — 1.71 (m,
4H), 1.70 (s, 3H), 1.68 (s, 3H), 1.63 (s, 3H), 1.61 (s, 3H), 1.59 — 1.54 (m, 1H), 1.53 (s, 3H), 1.40
— 1.35 (m, 1H), 1.34 (s, 3H), 1.28 (s, 3H), 1.24 (s, 1H). 3C NMR (125 MHz, CDCL) § 203.39,
178.84, 171.66, 161.47, 157.53, 157.32, 138.39, 135.29, 133.34, 131.77, 131.48, 127.57, 124.42,
123.85, 122.24, 115.87, 107.54, 102.69, 100.40, 90.91, 83.87, 83.80, 81.26, 48.98, 46.78, 41.97,

29.85,29.70, 29.25, 28.88, 27.68, 25.66, 25.17, 22.73, 21.59, 20.73, 18.07, 17.62.
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2,6-dimethoxybenzoyl chloride (3): To an oven-dried 250 mL round-bottom flask equipped with

a magnetic stirbar was added anhydrous DCM (123.2 mL), 2,6-dimethoxybenzoic acid (5.00 g,
27.45 mmol, 1 eq.), and oxalyl chloride (11.7 mL, 137.23 mmol, 5 eq.). The mixture was allowed
to stir at room temperature for 12 h. Next, the mixture was concentrated under reduced pressure
and kept under an inert atmosphere argon. The resulting solid was dried under high vacuum for 24

hours to afford 3 as an off-white solid, which was utilized without further purification.

SO0 O OH

AICl3, Et,0,
CﬁLCI @:O\ 0°C —>rt., 12h O\
+ %
(0] (0] (0] (0]

(3) ! ! (4 |
(2,6-dimethoxyphenyl)(2-hydroxy-3,4-dimethoxyphenyl)methanone (4): To a 250 mL round

bottom flask containing 3 (5.507 g, 27.45 mmol, 1 eq.) and a magnetic stirbar under an inert
atmosphere of argon was added 1,2,3-trimethoxybenzene (4.848 g, 28.82 mmol, 1.05 eq.), and
anhydrous Et2O (150 mL). When all the contents in solution were completely dissolved, the
mixture was cooled to 0 °C and AICl; (10.98 g, 82.35 mmol, 3 eq.) was added in two equal portions.
The mixture turned a bright yellow color and formation of a yellow solid was observed. The
mixture was allowed to warm to room temperature and was stirred for 10 hours. Next, the mixture
was transferred to a 1 L separatory funnel and ethyl EtOAc (200 mL) and 2M aqueous HCI (200
mL) was added. The aqueous phase was removed, and the organic phase was washed with
deionized water (200 mL) and saturated brine (200 mL). The organic phase was collected, treated

with sodium sulfate, filtered, and concentrated under reduced pressure. The resulting solid was
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placed in a 100 mL beaker and 75 mL of MeOH were added. The solution was vigorously boiled
until the solids were completely dissolved. The solution was then slowly cooled to room
temperature and yellow crystals began to form. The crystals were filtered and dried under reduced

pressure to afford 4 as a yellow, crystalline solid (7.4 g, > 99% pure, 85% yield).

'H NMR (500 MHz, CDCls) § 12.41 (s, 1H), 7.36 (t, J = 8.2 Hz, 1H), 7.08 — 7.02 (m, 1H), 6.62

(d, J= 8.2 Hz, 2H), 6.38 (d, J = 8.8 Hz, 1H), 3.94 (s, 3H), 3.90 (s, 3H), 3.74 (s, 6H).
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1,5,6-trimethoxy-9H-xanthen-9-one (5): To a 350 mL pressure vessel equipped with a magnetic

stirbar was added 4 (15.0 g, 47.12 mmol, 1 eq.), KOH (26.44 g, 471.21 mmol, 10 eq.), and
deionized water (170 mL). The pressure vessel was sealed, and the mixture was stirred until all the
contents were dissolved and turned a bright yellow color. Next, the pressure vessel was heated to
110 °C for 24 h. The vessel was then allowed to cool to room temperature and the resulting yellow
slurry was filtered and the solids were washed with deionized water (50 mL, x4) until they were
off-white in color. The solids were subsequently dried under reduced pressure and recrystallized

in MeOH to afford 5 as a white, crystalline solid (13.067 g, > 99% pure, 97% yield).

'H NMR (300 MHz, CDCL3) & 8.05 (d, J = 9.0 Hz, 1H), 7.59 (t, J = 8.4 Hz, 1H), 7.14 (d, J = 8.4

Hz, 1H), 6.97 (d, J=9.1 Hz, 1H), 6.80 (d, J = 8.2 Hz, 1H), 4.02 (s, 6H), 4.00 (s, 3H).
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1,5,6-trihydroxy-9H-xanthen-9-one (6): To a 350 mL pressure vessel equipped with a magnetic
stirbar was added 48% aqueous hydrobromic acid (66 mL), acetic acid (210 mL), and 5 (7.0 g,
24.45 mmol, 1 eq.). The mixture was heated to 120 °C and stirred at this temperature for 24 hours.
The solution was allowed to cool to room temperature and formation of a gold solid was observed.
The solid was filtered, washed with deionized water (100 mL, x2), and dried under reduced

pressure to afford 6 as a brilliant gold solid (5.2 g, > 99% pure, 87% yield).

'H NMR (500 MHz, CD;0OD) 8 7.66 — 7.59 (m, 2H), 7.04 (d, J = 8.3 Hz, 1H), 6.92 (d, J = 8.7 Hz,

1H), 6.73 (d, J= 8.2 Hz, 1H).
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1-hydroxy-5,6-bis((2-methylbut-3-en-2-yl)oxy)-9H-xanthen-9-one (9): To an oven-dried 250

OH O

mL round-bottom flask equipped with a magnetic stirbar kept under an inert atmosphere of argon
was added 6 (500 mg, 2.05 mmol, 1 eq.), anhydrous THF (200 mL), and carbonate 7 (4.06 g, 20.5
mmol, 10 eq.). Next was added high purity tetrakis(triphenylphosphine)-palladium(0) (237 mg,
0.2 mmol, 0.1 eq.) and the resulting mixture was allowed to stir at room temperature. Within five
minutes, the solution turned a dark green color, which was allowed to stir for a total of three hours.
The resulting yellow/green mixture was then concentrated to dryness under reduced pressure and
immediately purified by silica gel column chromatography with a gradient eluent of 0% to 10%
EtOAc in hexanes to afford 9 as a pale-yellow liquid that coeluted with carbonate 7. The isolated
mixture of 7 and 9 was then dried under reduced pressure to afford 9 as a viscous yellow liquid

(563 mg, > 90% pure, 65% yield).

'H NMR (500 MHz, CDCls) § 12.75 (s, 1H), 7.86 (d, J = 9.0 Hz, 1H), 7.55 (t, J = 8.3 Hz, 1H),

7.14 (d, J = 8.8 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H), 6.78 (d, J = 8.2 Hz, 1H), 6.22 (ddd, J = 36.1,

17.6, 10.9 Hz, 2H), 5.25 — 5.17 (m, 3H), 5.03 (d, J = 10.7 Hz, 1H), 1.58 (s, 6H), 1.58 (s, 6H).
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(9) MAD28
8-hydroxy-2,2-dimethyl-3a-(3-methylbut-2-en-1-yl)-1,2-dihydro-1,5-methanofuro[2,3-

d]xanthene-4,7(3aH,5H)-dione (MAD28): To an oven-dried 25 mL round-bottom flask equipped
with a magnetic stirbar was added 9 (500 mg, 1.31 mmol, leq.) and anhydrous DMF (26 mL). The
flask was equipped with a reflux condenser and the resulting solution was stirred at 100 °C until
completion as determined by TLC (40% EtOAc in hexanes). The mixture was then cooled to room
temperature and concentrated to dryness under reduced pressure. The residue was purified via
silica gel column chromatography using a gradient eluent of 0 to 20% EtOAc in hexanes, and the
resulting yellow solid was recrystallized in a 1:5 DCM:hexanes system to afford MAD28 as a

yellow, crystalline solid (280 mg, > 99% pure, 56% yield).

'H NMR (500 MHz, CDCl3) § 12.09 (s, 1H), 7.49 (d, J = 6.9 Hz, 1H), 7.40 (t, J = 8.3 Hz, 1H),
6.57 — 6.49 (m, 2H), 4.43 — 4.38 (m, 1H), 3.55 - 3.51 (m, 1H), 2.63 (d, J = 9.9 Hz, 2H), 2.46 (d, J
= 9.7 Hz, 1H), 2.36 (dd, J = 13.7, 4.6 Hz, 1H), 1.70 (s, 3H), 1.37 (s, 3H), 1.30 (s, 3H), 1.01 (s,

3H).
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1,3,5,6-tetrahydroxy-9H-xanthen-9-one (10): To an oven-dried 100 mL pressure vessel

equipped with a magnetic stirbar kept under an inert atmosphere of argon was added 1,3,5-
trihydroxybenzene (2.5 g, 19.82 mmol, 1 eq.), 2,3,4-trihydroxybenzoic acid (3.54 g, 20.82 mmol,
1.05 eq.), and phosphoryl chloride (50 mL). Next was added portion-wise anhydrous zinc chloride
(13.51 g, 99.12 mmol, 5 eq.) and the vessel was appropriately sealed. The mixture was
subsequently stirred overnight at 100 °C. After 1 hour of heating, the mixture began to turn dark
red. Next, the vessel was allowed to cool to room temperature, and in increments of ~5 mL, was
carefully quenched by pouring into a 500 mL beaker containing 200 mL of crushed ice. The
mixture was then poured into a 1L separatory funnel and EtOAc (300 mL), and deionized water
(200 mL) were added. The organic phase was partitioned and washed with deionized water (100
mL, x3) and dried over sodium sulfate. The mixture was then filtered and concentrated to dryness
under reduced pressure to yield an orange/red solid. The solid was dried under high vacuum and
then dissolved in EtOAc (150 mL). The red solution was then passed through a plug of silica and
the resulting brown solution was concentrated under reduced pressure to afford 10 as a brown,

amorphous solid (5.3 g, > 99% pure, 60% yield).

'H NMR (300 MHz, CD;OD) 5 7.58 (d, J = 8.8 Hz, 1H), 6.88 (d,J= 8.8 Hz, 1H), 6.44 (d, J=2.2

Hz, 1H), 6.17 (d, J= 2.2 Hz, 1H).
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1-hydroxy-3,5,6-tris((2-methylbut-3-en-2-yl)oxy)-9H-xanthen-9-one (12): To an oven-dried

500 mL round-bottom flask equipped with a magnetic stirbar kept under an inert atmosphere of
argon was added 10 (1 g, 3.84 mmol, 1 eq.), anhydrous THF (384 mL), and carbonate 7 (7.6 g,
38.4 mmol, 10 eq.). Next was added high purity tetrakis(triphenylphosphine)-palladium(0) (444
mg, 0.38 mmol, 0.1 eq.) and the resulting mixture was allowed to stir at room temperature. Within
five minutes, the solution turned a dark green color, which was allowed to stir for a total of three
hours. The resulting yellow/green mixture was then concentrated to dryness under reduced
pressure and immediately purified by silica gel column chromatography using a gradient eluent of
0% to 20% EtOAc in hexanes to afford 12 as a yellow liquid coeluting with carbonate 7. The
isolated mixture of 7 and 12 was then dried under reduced pressure to afford 12 as a viscous yellow

liquid (1.2 g, 94% pure, 63% yield).
'"H NMR (500 MHz, CDCl3) & 12.81 (s, 1H), 7.80 (d, J = 8.9 Hz, 1H), 7.09 (d, J = 9.0 Hz, 1H),

6.53 (d,J=2.2 Hz, 1H), 6.42 (d, J = 2.3 Hz, 1H), 6.26 — 6.13 (m, 3H), 5.30 — 5.16 (m, 5H), 5.02

(dd, J=10.9, 1.0 Hz, 1H), 1.57 (s, 6H), 1.57 (s, 6H), 1.55 (s, 6H).
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3,5,6-tris((2-methylbut-3-en-2-yl)oxy)-9-oxo0-9H-xanthen-1-yl acetate (12b): To an oven-dried

50 mL round-bottom flask equipped with a magnetic stirbar was added 12 (600 mg, 1.29 mmol, 1
eq.) and anhydrous DCM (25 mL). Next was added pyridine (2.6 mL, 32.3 mmol, 25 eq.), 4-
(dimethylamino)pyridine (16 mg, 0.13 mmol, 0.1 eq.), and acetic anhydride (3 mL, 32.3 mmol, 25
eq.). The mixture was heated to 35 °C and stirred overnight. The reaction mixture was then
quenched with saturated aqueous NaHCOs3 and partitioned with DCM. The organic phase was
washed with brine, dried over sodium sulfate, filtered, and concentrated to dryness under reduced
pressure. The resulting mixture was subsequently purified by silica gel column chromatography
using a gradient eluent of 0% to 20% EtOAc in hexanes to afford 12b as a clear, viscous liquid

(536 mg, > 99% pure, 82% yield).

'H NMR (500 MHz, CDCl3) 8 7.78 (d, J = 9.0 Hz, 1H), 7.04 (d, J= 9.0 Hz, 1H), 6.96 (d, J=2.4
Hz, 1H), 6.58 (d,J=2.4 Hz, 1H), 6.24 (dd, J=17.5, 10.8 Hz, 1H), 6.19 (dd, J= 10.9, 2.9 Hz, 1H),
6.15 (dd, J = 10.9, 3.0 Hz, 1H), 5.30 (d, J= 17.7 Hz, 1H), 5.27 (d, J = 10.9 Hz, 1H), 5.20 (d, J =
3.8 Hz, 1H), 5.17 (d, J= 4.1 Hz, 1H), 5.16 (d, J= 3.2 Hz, 1H), 5.02 (d, J= 10.8 Hz, 1H), 2.46 (s,

3H), 1.58 (s, 6H), 1.54 (s, 8H), 1.54 (s, 6H).
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8,10-dihydroxy-2,2-dimethyl-3a,11-bis(3-methylbut-2-en-1-yl)-1,2-dihydro-1,5-
methanofuro[2,3-d]xanthene-4,7(3aH,5H)-dione (forbesione) and 8,10-dihydroxy-2,2-
dimethyl-3a,9-bis(3-methylbut-2-en-1-yl)-1,2-dihydro-1,5-methanofuro|2,3-d|xanthene-
4,7(3aH,5H)-dione (iso-forbesione): To an oven-dried 50 mL pressure vessel equipped with a
magnetic stirbar was added 12 (500 mg, 1.08 mmol, leq.) and anhydrous DMF (22 mL). The
vessel was sealed and stirred in a preheated oil bath at 120 °C for two hours. The mixture was then
cooled to room temperature and concentrated to dryness under reduced pressure. The resulting
yellow residue was purified by silica gel column chromatography using a gradient eluent of 0 to
20% EtOAc in hexanes to afford a mixture of forbesione and iso-forbesione (425 mg, 60%
forbesione and 40% iso-forbesione). The resulting yellow solid was then crystallized in a 1:5
DCM:hexanes system and formation of forbesione crystals were observed after 18h. The crystals
were filtered, washed with hexanes (5 mL, x2), and dried under reduced pressure to afford
forbesione as a yellow, crystalline solid (170 mg, > 99% pure, 34% yield). The resulting mother
liquid was concentrated to dryness under reduced pressure and crystalized in a 1:5 EtOAc:hexanes
system and formation of iso-forbesione crystals were observed after 18h. The crystals were
filtered, washed with hexanes (5 mL, x2), and dried under reduced pressure to afford iso-

forbesione as a yellow, crystalline solid (67 mg, 95% pure, 13% yield).
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Forbesione: 'H NMR (500 MHz, CDCl3) § 12.60 (s, 1H), 7.46 (d, J = 6.9 Hz, 1H), 6.05 (s, 1H),
6.04 (s, 1H), 5.26 — 5.22 (m, 1H), 4.42 (s, 1H), 3.52 — 3.49 (m, 1H), 3.43 (t, J = 6.7 Hz, 2H), 2.56
(d, J=10.1 Hz, 2H), 2.48 (d, J = 9.5 Hz, 1H), 2.34 (dd, J = 13.6, 4.7 Hz, 1H), 1.81 (s, 3H), 1.76

(s, 3H), 1.68 (s, 3H), 1.37 (s, 3H), 1.29 (s, 3H), 1.04 (s, 3H).

iso-Forbesione: 'H NMR (500 MHz, CDCL3) & 12.83 (s, 1H), 7.41 (d, J = 7.0 Hz, 1H), 6.22 (s,
1H), 6.03 (s, 1H), 5.24 (t, J= 7.1 Hz, 1H), 4.44 (t, J = 7.7 Hz, 1H), 3.50 — 3.47 (m, 1H), 3.38 (s,
1H), 3.37 (s, 1H), 2.61 (s, 1H), 2.59 (s, 1H), 2.40 (d, J = 9.5 Hz, 1H), 2.32 (dd, J = 13.6, 4.5 Hz,

1H), 1.83 (s, 3H), 1.77 (s, 3H), 1.67 (s, 3H), 1.39 (s, 3H), 1.29 (s, 3H), 1.11 (s, 3H).

50



Ac,0, DMAP, —
pyr DCM O

Soelgc
5o

(12b) acetylforbesione
10-hydroxy-2,2-dimethyl-3a,11-bis(3-methylbut-2-en-1-yl)-4,7-dioxo-1,2,3a,4,5,7-

hexahydro-1,5-methanofuro[2,3-d]xanthen-8-yl acetate (acetylforbesione): To an oven-dried
50 mL pressure vessel equipped with a magnetic stirbar was added 12b (500 mg, 1 mmol, leq.)
and anhydrous DMF (20 mL). The vessel was sealed and stirred in a preheated oil bath at 120 °C
for two hours. The mixture was then cooled to room temperature and concentrated to dryness under
reduced pressure. The resulting yellow residue was purified by silica gel column chromatography
using a gradient eluent of 0 to 20% EtOAc in hexanes to afford acetylforbesione as a yellow solid

(258 mg, 93% acetylforbesione and 7% iso-acetylforbesione, 48% yield).

'H NMR (300 MHz, CDCl3) § 7.34 (d, J = 6.9 Hz, 1H), 6.57 (s, 1H), 6.24 (s, 1H), 5.27 (t, J = 7.0
Hz, 1H), 4.51 — 4.40 (m, 1H), 3.56 — 3.41 (m, 3H), 2.60 — 2.43 (m, 3H), 2.38 (s, 3H), 2.30 (dd, J
= 13.6, 4.8 Hz, 1H), 1.81 (s, 3H), 1.76 (s, 3H), 1.67 (s, 3H), 1.61 (s, 1H), 1.38 (s, 3H), 1.27 (t, J =

3.6 Hz, 6H), 1.05 (s, 3H).
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GBA (115)
8-hydroxy-2,2,11-trimethyl-3a-(3-methyl-4-0x0-4-(4-(trifluoromethyl)piperidin-1-yl)but-2-

en-1-yl)-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-1,2-dihydro-11H-1,5-

methanofuro[3,2-g|pyrano|3,2-b]|xanthene-4,7(3aH,SH)-dione (115): To an oven-dried 20 mL
scintillation vial equipped with a magnetic stirbar kept under an inert atmosphere of argon was
added gambogic acid (100 mg, 0.16 mmol, 1 eq.), HATU (67 mg, 0.17 mmol, 1.1 eq.), and
anhydrous ACN (2.5 mL). To the mixture was then added N-ethyldiisopropylamine (68 pL, 0.4
mmol, 2.5 eq.) and the resulting mixture was allowed to stir at room temperature for 10 minutes.
Next, was added 4-(trifluoromethyl)piperidine hydrochloride (30 mg, 0.16 mmol, 1 eq.) and the
reaction was allowed to stir at room temperature until complete as determined by TLC (product Ry
= 0.3, 40% EtOAc in hexanes). The reaction mixture was then diluted with EtOAc (10 mL) and
washed with deionized water (5 mL, x2) and saturated brine (5 mL, x2). The organic phase was
then treated with magnesium sulfate, filtered, and concentrated under reduced pressure. The
resulting crude mixture was then purified by silica gel column chromatography using a gradient

eluent of 20% to 40% EtOAc in hexanes to afford 115 as an orange solid (105 mg, 86% yield).

'H NMR (500 MHz, CDCls) § 12.86 (m, 1H), 7.52 (m, 1H), 6.67 (d, J = 10.1 Hz, 1H), 5.43 (m,
2H), 5.06 (m, 2H), 4.59 (t, J = 12.8 Hz, 1H), 3.67 (m, 1H), 3.42 (s, 1H), 3.27 (m, 2H), 2.84-2.69
(m, 1H), 2.51-2.02 (m, 8H), 1.86 (d, J = 13.3 Hz, 1H), 1.81-1.73 (m, 8H), 1.66 (d, J= 11.3 Hz,

9H), 1.58 (s, 2H), 1.55 (s, 2H), 1.43 (s, 3H), 1.36 (s, 3H), 1.24 (s, 3H). °C NMR (125 MHz,
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CDCl3) 6 174.98, 165.74, 153.76, 131.43, 129.51, 127.96, 127.70, 120.95, 120.75, 119.76, 118.57,
118.43, 118.16, 98.77, 79.62, 78.91, 77.44, 44.92, 40.79, 38.06, 35.64, 26.12, 25.41, 25.29, 24.81,
23.89,21.79,21.72,21.43,20.25,18.76, 17.75, 16.78, 14.20, 13.67. HRMS: Exact mass calculated

for [C44Hs3F3NO7]", 764.3763. Found 764.3769.
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GBA (116)
8-hydroxy-2,2,11-trimethyl-3a-(3-methyl-4-oxo-4-(piperidin-1-yl)but-2-en-1-yl)-13-(3-

methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-1,2-dihydro-11H-1,5-methanofuro|[3,2-

glpyrano|3,2-b]xanthene-4,7(3aH,SH)-dione (116): To an oven-dried 20 mL scintillation vial
equipped with a magnetic stirbar kept under an inert atmosphere of argon was added gambogic
acid (100 mg, 0.16 mmol, 1 eq.), HATU (67 mg, 0.17 mmol, 1.1 eq.), and anhydrous ACN (2.5
mL). To the mixture was then added N-ethyldiisopropylamine (41 puL, 0.24 mmol, 1.5 eq.) and the
resulting mixture was allowed to stir at room temperature for 10 minutes. Next, was added
piperidine (16 pL, 0.16 mmol, 1 eq.) and the reaction was allowed to stir at room temperature until
complete as determined by TLC (product Ry= 0.2, 40% EtOAc in hexanes). The reaction mixture
was then diluted with EtOAc (10 mL) and washed with deionized water (5 mL, x2) and saturated
brine (5 mL, x2). The organic phase was then treated with magnesium sulfate, filtered, and
concentrated under reduced pressure. The resulting crude mixture was then purified by silica gel
column chromatography using a gradient eluent of 20% to 40% EtOAc in hexanes to afford 116

as an orange solid (90 mg, 81% yield).

'H NMR (500 MHz, CDCls) & 12.88 (s, 1H), 7.53 (d, J = 6.8 Hz, 1H), 6.68 (d, J = 10.2 Hz, 1H),
5.44 (d, J=10.1 Hz, 1H), 5.40 (t, J = 6.5 Hz, 1H), 5.08 (q, J = 8.2 Hz, 2H), 3.56 — 3.48 (m, 1H),
3.43 (t,J = 5.8 Hz, 1H), 3.38 — 3.32 (m, 1H), 3.31 — 3.23 (m, 2H), 3.15 — 3.07 (m, 2H), 2.50 (d, J

= 9.4 Hz, 1H), 2.42 (dd, J = 16.1, 6.3 Hz, 1H), 2.29 (dd, J = 13.5, 4.8 Hz, 1H), 2.22 (dd, J = 16.1,
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7.7 Hz, 1H), 2.14 - 2.01 (m, 2H), 1.82 — 1.72 (m, 7H), 1.69 — 1.64 (m, 9H), 1.59 (s, 1H), 1.56 (s,
4H), 1.50 — 1.42 (m, 5H), 1.40 — 1.29 (m, 4H), 1.25 (s, 3H). '3C NMR (125 MHz, CDCls) 5 199.46,
175.08, 165.47, 157.64, 153.73, 153.63, 131.60, 129.94, 129.07, 127.95, 127.65, 120.64, 119.77,
118.20, 117.49, 111.90, 103.66, 98.67, 96.50, 87.02, 79.55, 78.89, 77.38, 44.94, 43.06, 42.92,
38.08, 37.74, 26.13, 25.41, 24.79, 23.95, 22.80, 21.80, 21.72, 21.52, 21.42, 20.61, 18.78, 17.75,

16.88, 14.21, 13.68. HRMS: Exact mass calculated for [C43Hs4NO7]", 696.3891. Found 696.3895.
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4-(8-hydroxy-2,2,11-trimethyl-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-4,7-
dioxo-1,2,5,7-tetrahydro-11H-1,5-methanofuro[3,2-g|pyrano|3,2-b]xanthen-3a(4H)-yl)-2-
methyl-N-(tetrahydro-2H-pyran-4-yl)but-2-enamide (117): To an oven-dried 20 mL
scintillation vial equipped with a magnetic stirbar kept under an inert atmosphere of argon was
added gambogic acid (100 mg, 0.16 mmol, 1 eq.), HATU (67 mg, 0.17 mmol, 1.1 eq.), and
anhydrous ACN (2.5 mL). To the mixture was then added N-ethyldiisopropylamine (41 uL, 0.24
mmol, 1.5 eq.) and the resulting mixture was allowed to stir at room temperature for 10 minutes.
Next, was added 4-aminotetrahydropyran (16 puL, 0.16 mmol, 1 eq.) and the reaction was allowed
to stir at room temperature until complete as determined by TLC (product Rr= 0.4, 40% EtOAc in
DCM). The reaction mixture was then diluted with EtOAc (10 mL) and washed with deionized
water (5 mL, x2) and saturated brine (5 mL, x2). The organic phase was then treated with
magnesium sulfate, filtered, and concentrated under reduced pressure. The resulting crude mixture
was then purified by silica gel column chromatography using a gradient eluent of 20% to 40%

EtOAc in DCM to afford 117 as an orange solid (62 mg, 55% yield).

'H NMR (500 MHz, CDCl3) § 12.84 (s, 1H), 7.55 (d, J = 6.9 Hz, 1H), 6.85 (d, J = 7.6 Hz, 1H),
6.68 (d,J=10.1 Hz, 1H), 5.46 (d, J= 10.1 Hz, 1H), 5.21 (t, J = 8.4 Hz, 1H), 5.11 — 4.97 (m, 2H),
4.00 — 3.90 (m, 3H), 3.46 (t, J = 10.7 Hz, 3H), 3.31 (dd, J = 14.6, 7.9 Hz, 1H), 3.16 (d, J= 17.9

Hz, 1H), 2.73 (dd, J = 15.2, 9.3 Hz, 1H), 2.54 (d, J= 9.4 Hz, 1H), 2.31 (dd, J = 13.5, 4.6 Hz, 1H),

56



2.20 (dd, J= 15.4, 7.9 Hz, 1H), 2.16 (s, 1H), 2.10 — 1.99 (m, 2H), 1.89 (t, J = 14.1 Hz, 2H), 1.79
(s, 4H), 1.72 (s, 3H), 1.68 (s, 3H), 1.63 (d, J="7.1 Hz, 7H), 1.57 — 1.45 (m, 5H), 1.43 (s, 2H), 1.40
(dd, J = 9.8, 3.5 Hz, 1H), 1.30 (s, 3H). 3C NMR (125 MHz, CDCL3) § 204.12, 178.98, 168.50,
162.14, 157.98, 157.34, 136.53, 135.93, 133.37, 132.22, 132.11, 125.16, 123.91, 122.18, 116.03,
108.03, 103.11, 100.59, 91.35, 84.49, 83.73, 81.81, 67.21, 67.11,49.23, 47.05, 45.90, 42.31, 33.26,
32.95, 30.22, 29.34, 29.24, 28.15, 25.98, 25.94, 25.41, 22.97, 21.82, 21.44, 18.39, 17.91. HRMS:

Exact mass calculated for [C43Hs3NOs]", 712.3844. Found 712.3838.
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3a-(4-(4,4-dimethylpiperidin-1-yl)-3-methyl-4-oxobut-2-en-1-yl)-8-hydroxy-2,2,11-

trimethyl-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-1,2-dihydro-11H-1,5-

methanofuro[3,2-g|pyrano|3,2-b]|xanthene-4,7(3aH,SH)-dione (118): To an oven-dried 20 mL
scintillation vial equipped with a magnetic stirbar kept under an inert atmosphere of argon was
added gambogic acid (100 mg, 0.16 mmol, 1 eq.), HATU (67 mg, 0.17 mmol, 1.1 eq.), and
anhydrous ACN (2.5 mL). To the mixture was then added N-ethyldiisopropylamine (68 pL, 0.4
mmol, 2.5 eq.) and the resulting mixture was allowed to stir at room temperature for 10 minutes.
Next, was added 4,4-dimethylpiperidine hydrochloride (24 mg, 0.16 mmol, 1 eq.). The reaction
was allowed to stir at room temperature until complete as determined by TLC (product Ry= 0.2,
40% EtOAc in hexanes). The resulting yellow solution was diluted with EtOAc (10 mL) and
washed with deionized water (5 mL, x2) and saturated brine (5 mL, x2). The organic phase was
then treated with magnesium sulfate, filtered, and concentrated under reduced pressure. The
resulting yellow solid was then purified by silica gel column chromatography using a gradient

eluent of 20% to 40% EtOAc in hexanes to afford 118 as an orange solid (91 mg, 79% yield).

'H NMR (500 MHz, CDCls)  12.87 (s, 1H), 7.52 (d, J = 6.9 Hz, 1H), 6.66 (d, J= 10.1 Hz, 1H),
5.43(d,J=10.2 Hz, 1H), 5.36 (t, J = 7.0 Hz, 1H), 5.09 — 5.03 (m, 2H), 3.65 — 3.54 (m, 1H), 3.42
(dd, J= 6.8, 4.4 Hz, 1H), 3.33 — 3.23 (m, 3H), 3.15 — 3.05 (m, 2H), 2.48 (d, J = 9.3 Hz, 1H), 2.42

(dd, 1H), 2.28 (dd, J = 13.5, 4.7 Hz, 1H), 2.22 (dd, J = 15.7, 7.3 Hz, 1H), 2.03 (h, J = 7.9 Hz, 2H),
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1.80 — 1.75 (m, 1H), 1.73 (s, 3H), 1.72 (d, J = 1.4 Hz, 3H), 1.67 (s, 3H), 1.64 (s, 6H), 1.64 — 1.55
(m, 7H), 1.55 (s, 3H), 1.43 (s, 3H), 1.41 — 1.27 (m, 2H), 1.24 (s, 4H), 1.09 (s, 2H), 0.91 (s, 3H),
0.91 (s, 3H). 13C NMR (125 MHz, CDCl3) & 203.50, 179.10, 169.53, 161.77, 157.83, 157.69,
135.61, 134.02, 133.14, 131.98, 131.70, 124.72, 123.88, 122.32, 121.74, 116.00, 107.76, 102.82,
100.57, 91.10, 83.56, 83.04, 81.44, 49.08, 47.14, 42.66, 42.16, 39.55, 38.13, 37.48, 30.19, 29.46,
29.25, 28.87, 28.53, 27.94, 26.99, 25.83, 25.76, 25.53, 22.80, 21.81, 20.94, 18.24, 17.72, 0.10.

HRMS: Exact mass calculated for [C4sHssNO7]*, 724.4208. Found 724.4204.
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NH,
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GBA (119)
N-(1,1-dioxidotetrahydro-2 H-thiopyran-4-yl)-4-(8-hydroxy-2,2,11-trimethyl-13-(3-

methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-4,7-dioxo-1,2,5,7-tetrahydro-11H-1,5-

methanofuro[3,2-g]pyrano|3,2-b]|xanthen-3a(4H)-yl)-2-methylbut-2-enamide (119): To an
oven-dried 20 mL scintillation vial equipped with a magnetic stirbar kept under an inert
atmosphere of argon was added gambogic acid (100 mg, 0.16 mmol, 1 eq.), HATU (67 mg, 0.17
mmol, 1.1 eq.), and anhydrous ACN (2.5 mL). To the mixture was then added N-
ethyldiisopropylamine (68 pL, 0.4 mmol, 2.5 eq.) and the resulting mixture was allowed to stir at
room temperature for 10 minutes. Next, was added 4-aminotetrahydro-2H-thiopyran 1,1-dioxide
hydrochloride (30 mg, 0.16 mmol, 1 eq.) and the reaction was allowed to stir at room temperature
until complete as determined by TLC (product Ry = 0.4, 40% EtOAc in DCM). The reaction
mixture was then diluted with EtOAc (10 mL) and washed with deionized water (5 mL, x2) and
saturated brine (5 mL, x2). The organic phase was then treated with magnesium sulfate, filtered,
and concentrated under reduced pressure. The resulting crude mixture was then purified by silica
gel column chromatography using a gradient eluent of 20% to 40% EtOAc in DCM to afford 119

as an orange solid (78 mg, 64% yield).

'H NMR (500 MHz, CDCl5)  11.88 (d, J= 4.3 Hz, 1H), 7.52 (d, /= 7.1 Hz, 1H), 6.69 — 6.61 (m,

1H), 5.89 (dt, J=12.0, 6.1 Hz, 1H), 5.47 (dd, J= 13.4, 10.1 Hz, 1H), 5.12 — 5.03 (m, 1H), 4.98 (d,
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J= 6.6 Hz, 1H), 4.16 — 4.11 (m, 1H), 3.98 (dd, J = 4.0, 1.8 Hz, 1H), 3.32 (dd, J = 14.6, 8.8 Hz,
1H), 3.23 — 3.16 (m, 2H), 3.15 — 3.07 (m, 6H), 2.99 — 2.91 (m, 3H), 2.81 (d, J= 7.2 Hz, 1H), 2.56
(td, J=9.5, 8.5, 4.3 Hz, 2H), 2.48 (q, J = 6.6, 6.0 Hz, 2H), 2.37 (d, J= 17.0 Hz, 3H), 1.94 (s, 3H),
1.72 (s, 3H), 1.66 (d, J = 7.0 Hz, 6H), 1.42 (s, 1H), 1.37 — 1.32 (m, 5H), 1.19 (s, 3H). '*C NMR
(125 MHz, CDCls) 8 209.89, 169.06, 161.84, 156.72, 155.33, 136.39, 132.26, 131.66, 125.64,
123.89, 122.74, 116.00, 109.00, 103.33, 101.99, 89.40, 87.16, 83.52, 81.49, 50.76, 49.74, 49.60,
49.32, 48.82, 45.38, 44.39, 43.40, 42.03, 30.43, 30.04, 30.02, 30.00, 29.93, 29.73, 29.32, 28.56,
28.14, 27.89, 27.39, 25.95, 25.93, 25.91, 25.89, 23.12, 22.87, 21.68, 20.94, 20.91, 18.34, 18.31,

17.92, 17.87. HRMS: Exact mass calculated for [C43HssaNOoS]*, 760.3514. Found 760.3517.
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GBA (120)
8-hydroxy-2,2,11-trimethyl-3a-(3-methyl-4-(4-morpholinopiperidin-1-yl)-4-oxobut-2-en-1-

yl)-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-1,2-dihydro-11H-1,5-

methanofuro[3,2-g|pyrano|3,2-b]|xanthene-4,7(3aH,SH)-dione (120): To an oven-dried 20 mL
scintillation vial equipped with a magnetic stirbar kept under an inert atmosphere of argon was
added gambogic acid (100 mg, 0.16 mmol, 1 eq.), HATU (67 mg, 0.17 mmol, 1.1 eq.), and
anhydrous ACN (2.5 mL). To the mixture was then added N-ethyldiisopropylamine (41 pL, 0.24
mmol, 1.5 eq.) and the resulting mixture was allowed to stir at room temperature for 10 minutes.
Next, was added 4-morpholinopiperidine (27 mg, 0.16 mmol, 1 eq.) and the reaction was allowed
to stir at room temperature until complete as determined by TLC (product Rr= 0.5, 10% MeOH in
DCM). The reaction mixture was then diluted with EtOAc (10 mL) and washed with deionized
water (5 mL, x2) and saturated brine (5 mL, x2). The organic phase was then treated with
magnesium sulfate, filtered, and concentrated under reduced pressure. The resulting crude mixture
was then purified by silica gel column chromatography using a gradient eluent of 0% to 10%

MeOH in DCM to afford 120 as an orange solid (80 mg, 64% yield).

'H NMR (500 MHz, CDCl3)  12.88 (d, J= 9.1 Hz, 1H), 7.53 (d, J = 6.6 Hz, 1H), 6.68 (d, J=9.9
Hz, 1H), 5.59 — 5.22 (m, 3H), 5.07 (s, 2H), 4.46 (dd, J = 35.3, 12.2 Hz, 1H), 3.71 (s, 4H), 3.58 (s,

1H), 3.44 (s, 1H), 3.28 (s, 2H), 2.77 (dt, J = 33.8, 10.3 Hz, 1H), 2.68 — 2.55 (m, 1H), 2.51 (s, 6H),
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2.30 (d, J=9.1 Hz, 4H), 2.05 (d, J = 7.4 Hz, 2H), 1.80 (s, 2H), 1.74 (s, 3H), 1.72 (s, 3H), 1.69 —
1.64 (m, 8H), 1.61 — 1.54 (m, 4H), 1.44 (s, 3H), 1.39 — 1.31 (m, 3H), 1.25 (s, 3H). 3C NMR (125
MHz, CDCl3) § 203.76, 179.22, 169.55, 161.92, 157.95, 157.72, 135.76, 134.03, 133.25, 132.16,
131.86, 124.91, 123.96, 122.37, 122.12, 116.10, 107.86, 102.93, 100.71, 91.19, 83.73, 83.15,
81.61, 67.50, 62.27, 61.98, 50.08, 49.97, 49.19, 47.21, 45.40, 45.10, 42.27, 42.07, 40.31, 40.09,
30.30, 29.49, 29.32, 29.04, 28.16, 27.46, 26.01, 25.93, 25.61, 22.98, 21.97, 21.11, 21.06, 18.41,

17.89. HRMS: Exact mass calculated for [C47He1N2Os]", 781.4422. Found 781.4415.
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HATU, DIPEA,
ACN r.t.

GBA (121)
4-(8-hydroxy-2,2,11-trimethyl-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-4,7-

dioxo-1,2,5,7-tetrahydro-11H-1,5-methanofuro[3,2-g]pyrano|3,2-b]xanthen-3a(4H)-yl)-2-

methyl-N-morpholinobut-2-enamide (121): To an oven-dried 20 mL scintillation vial equipped
with a magnetic stirbar kept under an inert atmosphere of argon was added gambogic acid (100
mg, 0.16 mmol, 1 eq.), HATU (67 mg, 0.17 mmol, 1.1 eq.), and anhydrous ACN (2.5 mL). To the
mixture was then added N-ethyldiisopropylamine (41 puL, 0.24 mmol, 1.5 eq.) and the resulting
mixture was allowed to stir at room temperature for 10 minutes. Next, was added 4-
aminomorpholine (15 pL, 0.16 mmol, 1 eq.) and the reaction was allowed to stir at room
temperature until complete as determined by TLC (product Ry = 0.2 40% EtOAc in DCM). The
reaction mixture was then diluted with EtOAc (10 mL) and washed with deionized water (5 mL,
x2) and saturated brine (5 mL, x2). The organic phase was then treated with magnesium sulfate,
filtered, and concentrated under reduced pressure. The resulting crude mixture was then purified
by silica gel column chromatography using a gradient eluent of 20% to 40% EtOAc in DCM to

afford 121 as an orange solid (68 mg, 60% yield).

'H NMR (500 MHz, CDCls) & 12.84 (s, 1H), 7.75 (s, 1H), 7.57 (d, J = 6.8 Hz, 1H), 6.69 (d, J =
9.9 Hz, 1H), 5.47 (d, J = 9.8 Hz, 1H), 5.26 (t, J = 8.4 Hz, 1H), 5.09 — 4.99 (m, 2H), 3.83 (s, 4H),
3.53 — 3.47 (m, 1H), 3.35 — 3.30 (m, 1H), 3.16 (d, J = 14.7 Hz, 1H), 2.86 (s, 4H), 2.71 (dd, J =

15.1,9.3 Hz, 1H), 2.56 (d, /=9.4 Hz, 1H), 2.33 (dd, /= 13.4,4.5 Hz, 1H), 2.18 (dd, J=15.4, 7.6
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Hz, 1H), 2.07 —2.00 (m, 2H), 1.81 (s, 3H), 1.73 (s, 3H), 1.71 (s, 3H), 1.68 — 1.63 (m, 8H), 1.56 (s,
3H), 1.45 (s, 3H), 1.33 (s, 3H), 1.26 (t, J = 6.7 Hz, 1H). 3C NMR (125 MHz, CDCL) & 204.07,
178.89, 166.57, 162.19, 157.99, 157.25, 135.94, 135.30, 133.33, 132.23, 132.18, 125.22, 124.15,
123.90, 122.13, 115.99, 108.01, 103.17, 100.57, 91.35, 84.68, 83.63, 81.88, 66.67, 56.15, 49.22,
47.04, 42.31, 30.26, 29.46, 29.32, 28.18, 25.98, 25.94, 25.41, 22.97, 21.81, 21.43, 18.39, 17.92.

HRMS: Exact mass calculated for [C42Hs3N20s]*, 713.3796. Found 713.3793.
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—>
N
H
GBA (122)

8-hydroxy-3a-(4-(4-hydroxypiperidin-1-yl)-3-methyl-4-oxobut-2-en-1-yl)-2,2,11-trimethyl-
13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-1,2-dihydro-11H-1,5-
methanofuro[3,2-g|pyrano[3,2-b]xanthene-4,7(3aH,5H)-dione (122): To an oven-dried 20 mL
scintillation vial equipped with a magnetic stirbar kept under an inert atmosphere of argon was
added gambogic acid (100 mg, 0.16 mmol, 1 eq.), HATU (67 mg, 0.17 mmol, 1.1 eq.), and
anhydrous ACN (2.5 mL). To the mixture was then added N-ethyldiisopropylamine (41 uL, 0.24
mmol, 1.5 eq.) and the resulting mixture was allowed to stir at room temperature for 10 minutes.
Next, was added 4-hydroxypiperidine (16 mg, 0.16 mmol, 1 eq.) and the reaction was allowed to
stir at room temperature until complete as determined by TLC (product Rr= 0.1 40% EtOAc in
DCM). The reaction mixture was then diluted with EtOAc (10 mL) and washed with deionized
water (5 mL, x2) and saturated brine (5 mL, x2). The organic phase was then treated with
magnesium sulfate, filtered, and concentrated under reduced pressure. The resulting crude mixture
was then purified by silica gel column chromatography using a gradient eluent of 20% to 40%

EtOAc in DCM to afford 122 as an orange solid (97 mg, 85% yield).

'H NMR (500 MHz, CDCls) 5 12.84 (d, J = 39.6 Hz, 1H), 7.55 (t, J = 7.8 Hz, 1H), 6.68 (d, J =
10.1 Hz, 1H), 5.54 — 5.35 (m, 2H), 5.07 (s, 2H), 3.81 (d, J = 40.0 Hz, 1H), 3.49 (d, J = 14.1 Hz,
1H), 3.45 - 3.41 (m, 1H), 3.36 — 3.20 (m, 2H), 3.19 — 2.85 (m, 2H), 2.51 (d, J= 9.2 Hz, 1H), 2.48

—2.38 (m, 1H), 2.30 (d, J = 13.6 Hz, 1H), 2.25 - 2.15 (m, 1H), 2.10 — 2.00 (m, 2H), 1.88 — 1.79
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(m, 2H), 1.74 (s, 7H), 1.68 (s, SH), 1.66 (s, 6H), 1.60 (s, 1H), 1.56 (s, 2H), 1.45 (s, 3H), 1.38 (s,
1H), 1.37 — 1.29 (m, 2H), 1.26 (s, 4H). 1*C NMR (125 MHz, CDCl;3) § 203.83, 179.26, 169.91,
162.19, 157.95, 136.34, 135.90, 133.93, 133.57, 133.15, 132.20, 125.00, 123.98, 122.32, 116.05,
108.00, 107.95, 102.98, 100.69, 91.28, 84.04, 83.01, 81.78, 68.06, 67.42, 49.10, 47.35, 43.87,
43.28, 42.32, 38.83, 38.21, 35.81, 35.09, 34.57, 34.02, 30.35, 29.65, 29.03, 28.25, 25.95, 25.44,
23.00, 21.97, 20.97, 18.43, 17.91. HRMS: Exact mass calculated for [C43Hs4sNOs]", 712.3844.

Found 712.3838.
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GBA (130)
8-hydroxy-2,2,11-trimethyl-3a-(3-methyl-4-(4-methylpiperazin-1-yl)-4-oxobut-2-en-1-yl)-

13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-1,2-dihydro-11H-1,5-

methanofuro[3,2-g|pyrano|3,2-b]|xanthene-4,7(3aH,SH)-dione (130): To an oven-dried 20 mL
scintillation vial equipped with a magnetic stirbar kept under an inert atmosphere of argon was
added gambogic acid (100 mg, 0.16 mmol, 1 eq.), HATU (67 mg, 0.17 mmol, 1.1 eq.), and
anhydrous ACN (2.5 mL). To the mixture was then added N-ethyldiisopropylamine (41 uL, 0.24
mmol, 1.5 eq.) and the resulting mixture was allowed to stir at room temperature for 10 minutes.
Next, was added 4-methylpiperazine (18 pL, 0.16 mmol, 1 eq.) and the reaction was allowed to
stir at room temperature until complete as determined by TLC (product Rr= 0.6, 10% MeOH in
DCM). The reaction mixture was then diluted with EtOAc (10 mL) and washed with deionized
water (5 mL, x2) and saturated brine (5 mL, x2). The organic phase was then treated with
magnesium sulfate, filtered, and concentrated under reduced pressure. The resulting crude mixture
was then purified by silica gel column chromatography using a gradient eluent of 0% to 10%

MeOH in DCM to afford 130 as an orange solid (73 mg, 64% yield).

'H NMR (500 MHz, CDCls) & 12.88 (s, 1H), 7.54 (d, J = 6.9 Hz, 1H), 6.68 (d, J = 10.1 Hz, 1H),
5.49 — 5.41 (m, 2H), 5.12 — 5.04 (m, 2H), 3.63 (s, 1H), 3.48 — 3.40 (m, 2H), 3.33 — 3.20 (m, 4H),
2.80 (s, 1H), 2.51 (d, J= 9.3 Hz, 1H), 2.41 (dd, J = 15.7, 6.6 Hz, 1H), 2.38 — 2.26 (m, 3H), 2.26 —

2.17 (m, 6H), 2.15 — 2.02 (m, 3H), 1.74 (s, 6H), 1.69 (s, 3H), 1.67 — 1.60 (m, 7H), 1.56 (s, 2H),
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1.44 (s, 2H), 1.39 — 1.33 (m, 2H), 1.26 (s, 3H). '3C NMR (125 MHz, CDCL) & 203.75, 179.14,
169.82, 161.89, 157.93, 157.76, 135.79, 133.49, 133.23, 132.13, 131.86, 124.86, 123.96, 122.46,
122.38, 116.09, 107.87, 102.92, 100.65, 91.24, 83.83, 83.02, 81.60, 55.83, 54.86, 49.12, 47.25,
46.25, 46.02, 42.27, 40.97, 30.33, 29.68, 29.00, 28.14, 25.99, 25.92, 25.61, 22.97, 21.95, 21.04,

18.40, 17.87. HRMS: Exact mass calculated for [C43HssN207]", 711.4004. Found 711.4002.
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S.  HATU, DIPEA,
O/ o +[] ACN, rit.
—>

GBA (135)
8-hydroxy-2,2,11-trimethyl-3a-(3-methyl-4-oxo-4-thiomorpholinobut-2-en-1-yl)-13-(3-

methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-1,2-dihydro-11H-1,5-methanofuro|[3,2-

glpyrano|3,2-b]xanthene-4,7(3aH,SH)-dione (135): To an oven-dried 20 mL scintillation vial
equipped with a magnetic stirbar kept under an inert atmosphere of argon was added gambogic
acid pyridinium salt (100 mg, 0.14 mmol, 1 eq.), HATU (59 mg, 0.16 mmol, 1.1 eq.), and
anhydrous ACN (2.5 mL). To the mixture was then added N-ethyldiisopropylamine (36 pL, 0.21
mmol, 1.5 eq.) and the resulting mixture was allowed to stir at room temperature for 10 minutes.
Next, was added thiomorpholine (14 pL, 0.14 mmol, 1 eq.) and the reaction was allowed to stir at
room temperature until complete as determined by TLC (product Ry= 0.3, 40% EtOAc in hexanes).
The reaction mixture was then diluted with EtOAc (10 mL) and washed with deionized water (5
mL, x2) and saturated brine (5 mL, x2). The organic phase was then treated with magnesium
sulfate, filtered, and concentrated under reduced pressure. The resulting crude mixture was then
purified by silica gel column chromatography using a gradient eluent of 20% to 40% EtOAc in

hexanes to afford 135 as an orange solid (86 mg, 86% yield).

'H NMR (500 MHz, CDCls) & 12.87 (s, 1H), 7.54 (d, J = 6.8 Hz, 1H), 6.68 (d, J = 10.1 Hz, 1H),
5.45(d,J=10.1 Hz, 1H), 5.39 (td, J= 7.1, 1.6 Hz, 1H), 5.11 — 5.03 (m, 2H), 3.89 (s, 1H), 3.66 (s,
1H), 3.52 — 3.41 (m, 3H), 3.34 — 3.23 (m, 2H), 2.61 — 2.52 (m, 2H), 2.51 (d, J = 9.4 Hz, 1H), 2.50

—2.43 (m, 2H), 2.40 (ddd, J = 15.8, 7.0, 1.6 Hz, 1H), 2.30 (dd, J = 13.5, 4.7 Hz, 1H), 2.23 (ddd, J
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= 15.8, 7.4, 1.5 Hz, 1H), 2.05 (h, J = 7.9 Hz, 2H), 1.82 — 1.77 (m, 1H), 1.75 (s, 3H), 1.73 (d, J =
1.5 Hz, 3H), 1.68 (s, 3H), 1.66 (d, J= 1.4 Hz, 6H), 1.65 — 1.55 (m, 4H), 1.4 (s, 3H), 1.39 — 1.34
(m, 1H), 1.26 (s, 3H). 3C NMR (125 MHz, CDCls) § 203.74, 179.23, 170.12, 161.95, 158.01,
157.77, 135.75, 133.69, 133.38, 132.17, 131.94, 124.94, 124.02, 122.63, 122.45, 116.12, 107.89,
102.99, 100.73, 91.24, 83.84, 83.16, 81.69, 77.55, 77.30, 77.05, 49.22, 48.70, 47.27, 43.40, 42.33,
30.36, 29.66, 29.05, 28.62, 28.18, 27.74, 26.01, 25.93, 25.65, 23.00, 21.99, 21.13, 18.43, 17.89.

HRMS: Exact mass calculated for [C42HsiNO7S]", 714.3459. Found 714.3456.
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pyr, DCM

(118) (143)
3a-(4-(4,4-dimethylpiperidin-1-yl)-3-methyl-4-oxobut-2-en-1-yl)-2,2,11-trimethyl-13-(3-

methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-4,7-dioxo-1,2,3a,4,5,7-hexahydro-11H-
1,5-methanofuro[3,2-g|pyrano|3,2-b]xanthen-8-yl acetate (143): To a 20 mL scintillation vial
equipped with a magnetic stirbar kept under an inert atmosphere of argon was added 3a-(4-(4,4-
dimethylpiperidin-1-yl)-3-methyl-4-oxobut-2-en-1-yl)-8-hydroxy-2,2,11-trimethyl-13-(3-
methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-1,2-dihydro-11H-1,5-methanofuro|3,2-
glpyrano[3,2-b]xanthene-4,7(3aH,5H)-dione (100 mg, 0.14 mmol, 1 eq.) and anhydrous DCM (2.5
mL). Next were added pyridine (280 pL, 3.46 mmol, 25 eq.), 4-(dimethylamino)pyridine (2 mg,
0.01 mmol, 0.1 eq.), and acetic anhydride (327 pL, 3.46 mmol, 25 eq.). The reaction was allowed
to stir at room temperature until complete as determined by TLC (product Ry= 0.2, 40% EtOAc in
hexanes). The reaction mixture was then quenched with saturated sodium bicarbonate and
partitioned with DCM. The organic phase was washed with brine, dried over magnesium sulfate,
filtered, and concentrated under reduced pressure. The resulting crude mixture was purified by
silica gel column chromatography using a gradient eluent of 20% to 40% EtOAc in hexanes to

afford 143 as a pale yellow, amorphous solid (30 mg, 28% yield).

'H NMR (500 MHz, CDCls) § 7.41 (d, J = 6.9 Hz, 1H), 6.42 (d, J= 10.2 Hz, 1H), 5.59 (d,J= 10.2
Hz, 1H), 5.30 (s, 1H), 5.11 (t, J = 6.6 Hz, 1H), 5.04 (t, J= 7.1 Hz, 1H), 3.57 (s, 1H), 3.44 — 3.29

(m, 4H), 3.11 (s, 2H), 2.49 (d, J = 9.3 Hz, 2H), 2.42 (s, 3H), 2.26 (dd, J = 13.5, 4.7 Hz, 1H), 2.24
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—2.17 (m, 1H), 2.03 (q, J = 7.6 Hz, 2H), 1.81 — 1.76 (m, 1H), 1.75 (s, 3H), 1.73 (s, 3H), 1.66 (s,
3H), 1.66 — 1.64 (m, 7H), 1.63 — 1.59 (m, 1H), 1.55 (s, 3H), 1.46 (s, 3H), 1.36 — 1.30 (m, 1H), 1.29
—1.26 (m, 2H), 1.24 (s, 3H), 1.24 — 1.09 (m, 3H), 0.92 (s, 3H), 0.92 (s, 3H). *C NMR (125 MHz,
CDCls) 5 169.52, 159.60, 158.87, 144.63, 134.79, 134.56, 132.22, 132.14, 128.85, 123.68, 121.56,
115.82, 114.45,109.84, 91.26, 83.42, 83.15, 81.10, 49.08, 47.06, 42.70, 42.07, 39.52, 38.11, 37.49,
30.18, 29.46, 29.27, 28.91, 27.87, 25.81, 25.74, 25.68, 22.74, 22.36, 21.17, 20.97, 18.28, 17.73.

HRMS: Exact mass calculated for [C47HsoNOs]", 766.4313. Found 766.4306.
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CO(CHg3),

(118) (149)
3a-(4-(4,4-dimethylpiperidin-1-yl)-3-methyl-4-oxobut-2-en-1-yl)-8-methoxy-2,2,11-

trimethyl-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-1,2-dihydro-11H-1,5-
methanofuro[3,2-g|pyrano|3,2-b]|xanthene-4,7(3aH,SH)-dione (149): To a 20 mL scintillation
vial equipped with a magnetic stirbar was added 3a-(4-(4,4-dimethylpiperidin-1-yl)-3-methyl-4-
oxobut-2-en-1-yl)-8-hydroxy-2,2,11-trimethyl-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-
en-1-yl)-1,2-dihydro-11H-1,5-methanofuro[3,2-g|pyrano[3,2-b]xanthene-4,7(3aH,5H)-dione (50
mg, 0.07 mmol, leq.), acetone (1.5 mL), potassium carbonate (38 mg, 0.28 mmol, 4 eq), and
methyl iodide (172 pL, 2.76 mmol, 40 eq.). The reaction was allowed to stir at 35 °C until complete
as determined by TLC (product Ry = 0.2, 40% EtOAc in hexanes). Next, the solution was cooled
to room temperature and washed with water (5 mL, x2). The mixture was then partitioned,
concentrated under reduced pressure, and purified by silica gel column chromatography using a
gradient eluent of 20% to 40% EtOAc in hexanes to afford 149 as a pale yellow, amorphous solid

(13 mg, 25% yield).

'H NMR (500 MHz, CDCL3) & 7.43 (d, J = 6.8 Hz, 1H), 6.67 (d, J= 10.2 Hz, 1H), 5.55 (d, J=10.2
Hz, 1H), 5.34 (t, J= 6.2 Hz, 1H), 5.12 (t, J = 6.8 Hz, 1H), 5.06 (t, J = 7.1 Hz, 1H), 3.82 (s, 3H),
3.59 (s, 1H), 3.39 (dd, J = 6.8, 4.4 Hz, 1H), 3.37 — 3.29 (m, 3H), 3.18 — 3.11 (m, 2H), 2.53 — 2.45
(m, 2H), 2.27 (dd, J = 13.4, 4.6 Hz, 1H), 2.21 (dd, J = 16.2, 6.9 Hz, 1H), 2.04 (q, J = 7.8 Hz, 2H),

1.76 (s, 3H), 1.73 (s, 3H), 1.67 (s, 3H), 1.65 (s, 6H), 1.63 — 1.59 (m, 4H), 1.55 (s, 3H), 1.45 (s,
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3H), 1.25 (s, 6H), 0.93 (s, 6H). '*C NMR (125 MHz, CDCL) § 204.12, 174.78, 169.56, 159.84,
159.33, 155.51, 135.58, 134.02, 133.98, 132.01, 131.97, 127.51, 123.85, 121.95, 121.86, 116.75,
112.81,110.22, 107.41,91.01, 83.46, 83.19, 80.73, 62.22, 49.03, 47.06, 42.76, 42.12, 39.54, 38.15,
37.48,30.21, 29.81, 29.56, 29.27, 28.91, 27.83, 25.84, 25.82, 25.75, 22.76, 22.30, 20.99, 18.28,

17.71. HRMS: Exact mass calculated for [C4sHsoNO7]", 738.4364. Found 738.4366.
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Ac,0, DMAP,
pyr, DCM

GBA (142)
4-(8-acetoxy-2,2,11-trimethyl-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-yl)-4,7-

dioxo-1,2,5,7-tetrahydro-11H-1,5-methanofuro[3,2-g]pyrano|3,2-b]xanthen-3a(4H)-yl)-2-

methylbut-2-enoic acid (142): To a 20 mL scintillation vial equipped with a magnetic stir bar was
added gambogic acid (100 mg, 0.16 mmol, 1 eq.) and anhydrous DCM (3 mL). Next were added
pyridine (322 pL, 3.98 mmol, 25 eq.), 4-(dimethylamino)pyridine (2 mg, 0.02 mmol, 0.1 eq.), and
acetic anhydride (376 pL, 3.98 mmol, 25 eq.). The reaction was allowed to stir at room temperature
until complete as determined by TLC (product Ry = 0.2, 40% EtOAc in hexanes). The reaction
mixture was then quenched with saturated sodium bicarbonate and partitioned with DCM. The
organic phase was washed with brine, dried over magnesium sulfate, filtered, and concentrated
under reduced pressure. The resulting crude mixture was purified by silica gel column
chromatography using a gradient eluent of 20% to 40% EtOAc in hexanes to afford 142 as a

yellow, amorphous solid (16 mg, 15% yield).

'H NMR (500 MHz, CDCL:) 8 7.46 (d, J = 6.9 Hz, 1H), 6.38 (d, J = 10.0 Hz, 1H), 6.16 (s, 1H),
5.58 (d,J=10.1 Hz, 1H), 5.12 — 4.96 (m, 2H), 3.47 — 3.36 (m, 2H), 3.17 (s, 1H), 2.52 (d, J=9.3
Hz, 1H), 2.41 (s, 3H), 2.28 (dd, J = 13.4, 4.7 Hz, 1H), 2.04 — 1.95 (m, 2H), 1.87 — 1.71 (m, 8H),
1.69 (s, 3H), 1.65 (s, 3H), 1.64 (s, 3H), 1.54 (s, 3H), 1.43 (s, 3H), 1.39 — 1.31 (m, 2H), 1.29 (s,
3H), 1.27 — 1.18 (m, 2H). 13C NMR (125 MHz, CDCls) & 203.86, 174.14, 159.23, 158.77, 144.27,

134.55, 132.18, 132.09, 129.09, 127.68, 123.72, 121.52, 115.64, 114.58, 110.04, 105.62, 91.39,
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83.99, 81.17, 49.13, 46.74, 41.94, 29.91, 29.80, 29.18, 28.92, 27.86, 25.75, 25.22, 22.89, 22.79,
22.16, 21.21, 20.94, 18.20. HRMS: Exact mass calculated for [C4H4709]", 671.3215. Found

671.3215.
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Mel, KzCO3,
CO(CHg3),

GBA-pyr (1)
Methyl-4-(8-hydroxy-2,2,11-trimethyl-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-

yD)-4,7-dioxo-1,2,5,7-tetrahydro-11H-1,5-methanofuro(3,2-g|pyrano[3,2-b]xanthen-3a(4H)-

yl)-2-methylbut-2-enoate (1): To a 20 mL scintillation vial equipped with a magnetic stirbar was
added Gambogic acid pyridinium salt (100 mg, 0.14 mmol, leq.), acetone (3 mL), potassium
carbonate (78 mg, 0.57 mmol, 4 eq.), and methyl iodide (176 pL, 2.83 mmol, 20 eq.). The reaction
was allowed to stir at room temperature until complete as determined by TLC (product Ry= 0.6,
40% EtOAc in hexanes). Next, the mixture was diluted with EtOAc and washed with water (5 mL,
x2). The organic phase was partitioned, dried over magnesium sulfate, filtered, and concentrated
under reduced pressure. The resulting crude mixture was then purified by silica gel column
chromatography using a gradient eluent of 30% to 40% EtOAc in hexanes to afford 1 as an orange,

amorphous solid (60 mg, 67% yield).

'H NMR (500 MHz, CDCL3) § 12.85 (s, 1H), 7.54 (d, J = 6.9 Hz, 1H), 6.68 (d, J = 10.1 Hz, 1H),
5.94 (td, J= 7.4, 1.4 Hz, 1H), 5.44 (d, J=10.1 Hz, 1H), 5.09 — 5.00 (m, 2H), 3.48 (dd, J= 6.9, 4.5
Hz, 1H), 3.43 (s, 3H), 3.31 (dd, J = 14.6, 8.1 Hz, 1H), 3.15 (dd, J = 14.6, 5.3 Hz, 1H), 2.99 (qdd,
J=164,74, 1.4 Hz, 2H), 2.52 (d, J= 9.3 Hz, 1H), 2.31 (dd, J = 13.4, 4.7 Hz, 1H), 2.06 — 2.01
(m, 2H), 1.81 — 1.76 (m, 1H), 1.74 (s, 3H), 1.69 (s, 3H), 1.67 (s, 3H), 1.65 (s, 3H), 1.64 (s, 3H),
1.63 — 1.59 (m, 1H), 1.55 (s, 3H), 1.44 (s, 3H), 1.44 — 1.32 (m, 2H), 1.29 (s, 3H). 13C NMR (126

MHz, CDCl3) 6 203.68, 179.12, 167.44, 161.40, 157.65, 136.17, 135.13, 133.65, 131.99, 131.65,
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127.89, 124.58, 123.85, 122.27, 116.00, 107.61, 102.56, 100.54, 90.99, 83.97, 83.81, 81.37, 60.51,
51.21, 49.14, 46.92, 42.15, 31.69, 29.98, 29.22, 28.93, 28.12, 25.78, 25.75, 25.19, 22.83, 22.76,

21.70,20.96, 18.18,17.72, 14.30, 14.23. HRMS: Exact mass calculated for [C39H4703]", 643.3265.

Found 643.3261.
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Mel, K2C03,
CO(CHg3),

GBA-«pyr (2)
Methyl-4-(8-methoxy-2,2,11-trimethyl-13-(3-methylbut-2-en-1-yl)-11-(4-methylpent-3-en-1-

yD)-4,7-dioxo-1,2,5,7-tetrahydro-11H-1,5-methanofuro(3,2-g|pyrano[3,2-b]xanthen-3a(4H)-

yl)-2-methylbut-2-enoate (2): To a 20 mL scintillation vial equipped with a magnetic stirbar was
added gambogic acid pyridinium salt (300 mg, 0.42 mmol, leq.), acetone (4.7 mL), potassium
carbonate (293 mg, 2.12 mmol, 5 eq.), and methyl iodide (1.3 mL, 21.2 mmol, 50 eq.). The mixture
was allowed to stir for six days (product Ry= 0.5, 40% EtOAc in hexanes). The mixture was then
filtered and concentrated under reduced pressure. The resulting crude mixture was then purified
by silica gel column chromatography using a gradient eluent of 30% to 40% EtOAc in hexanes to

afford 2 as a yellow, amorphous solid (163 mg, 59% yield).

'H NMR (500 MHz, CDCl3) 4 7.42 (d, J = 6.9 Hz, 1H), 6.65 (d, J = 10.1 Hz, 1H), 5.94 (td, J =
7.2,1.6 Hz, 1H), 5.53 (d,J=10.2 Hz, 1H), 5.12 — 5.06 (m, 1H), 5.06 —4.99 (m, 1H), 3.80 (s, 3H),
3.48 —3.33 (m, 5H), 3.23 (dd, J = 14.6, 5.4 Hz, 1H), 3.02 - 2.90 (m, 2H), 2.50 (d, /= 9.3 Hz, 1H),
2.28 (dd, J=13.4,4.7 Hz, 1H), 2.01 (q, J = 7.9 Hz, 2H), 1.74 (s, 3H), 1.68 (s, 3H), 1.67 (s, 3H),
1.64 (s, 6H), 1.58 (s, 2H), 1.53 (s, 3H), 1.43 (s, 3H), 1.38 (dd, J=13.4, 9.5 Hz, 1H), 1.28 (s, 3H).
3C NMR (125 MHz, CDCl3) 8 204.22, 174.74, 167.45, 159.77, 158.89, 155.35, 136.36, 135.91,
133.72, 132.02, 131.94, 127.62, 127.32, 123.80, 121.92, 116.73, 112.69, 109.91, 107.44, 90.98,
83.89, 83.70, 80.65, 62.21, 51.12, 49.07, 46.83, 42.13, 30.00, 29.43, 28.99, 27.99, 25.78, 25.75,
25.54,22.75,22.21,20.94, 18.24, 17.70. HRMS: Exact mass calculated for [C40H4903]", 657.3422.

Found 657.3426.
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DMAP, pyr,
0. .0 DCM 0..0

(13)
Pent-4-yn-1-yl 4-methylbenzenesulfonate (13): To an oven-dried 100 mL round-bottom flask

equipped with a magnetic stirbar was added anhydrous DCM (25 mL) and 4-pentyn-1-o0l (1.5 g,
17.83 mmol, 1 eq.). The mixture was cooled to 0 °C and pyridine (1.44 mL, 19.61 mmol, 1 eq.),
4-(dimethylamino)pyridine (436 mg, 3.57 mmol, 0.2 eq.), and p-toluenesulfonyl chloride (3.74 g,
19.61 mmol, 1.1 eq.) were added. The reaction mixture was allowed to warm to room temperature
and stirred overnight (product Rf = 0.6, 40% EtOAc in hexanes). Next, deionized water (10 mL)
was added, and the organic and aqueous phases were partitioned. The aqueous phase was extracted
with DCM (20mL, x3) and the combined organic phases were washed with saturated brine (10
mL). The organic phase was separated, treated with magnesium sulfate, filtered, and concentrated
under reduced pressure. The resulting mixture was then purified by silica gel column
chromatography using a gradient eluent of 0% to 40% EtOAc in hexanes to afford 13 as a clear

liquid (3.37 g, 79% yield).
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0. .0 cho3t, DMF,
°g” r.

S .
N Y
O+/© O/\/\\\

(13)

acetylforbesione (14)

10-(but-3-yn-1-yloxy)-2,2-dimethyl-3a,11-bis(3-methylbut-2-en-1-yl)-4,7-dioxo-1,2,3a,4,5,7-

hexahydro-1,5-methanofuro[2,3-d]xanthen-8-yl acetate (14): To an oven-dried 10 mL round-
bottom flask equipped with a magnetic stirbar was added 70% acetylforbesione (250 mg, 0.49
mmol, leq.), DCM (5 mL) and 13 (235 mg, 0.99 mmol, 2 eq.). The reaction mixture was allowed
to stir at room temperature overnight. The mixture was then diluted with DCM (20 mL) and
washed with deionized water (20 mL, x2). The organic and aqueous phases were partitioned, and
the aqueous phase was washed with DCM (20 mL, x2). The organic phases were combined,
washed with brine (20 mL), partitioned, dried over sodium sulfate, filtered, and concentrated under
reduced pressure. The resulting mixture was subsequently purified by silica gel column
chromatography using a gradient eluent of 20% to 40% EtOAc in hexanes (Ry= 0.5, 40% EtOAc

in hexanes) to afford 14 as a white solid (165 mg, 66% yield ).
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HR-ESI-TOFMS Positive Ion Mode
Mass Measured Theoretical Mass Delta (ppm) Composition

764.3763 764.3769 -0.8 [C4aHs3 F3 N O7]"

x10 5 | *ESI Scan (0.681-0.847 min, 11 scans) Frag=175.0V GA01-115-2-a.d Subtract

95 764.3763

9 [M+H]+

8.5

7.5

6.5

55

45

765.3788

3.5

25

15 766.3844

05 ‘ 767.3908
‘ “ I

759 760 761 762 763 764 765 766 767 768 769 770 771 772
Counts vs. Mass-to-Charge (m/z)
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HR-ESI-TOFMS Positive Ion Mode
Mass Measured Theoretical Mass Delta (ppm) Composition

696.3891 696.3895 -0.6 [C43Hsa N O7]"

%105 +ESI Scan (0.710-0.877 min, 11 scans) Frag=175.0V GA01-116-2-a.d Subtract

696.3891
8.75

8.25 [M—}-H]+

7.75
75
7.25

6.75
6.25
5.75
525

4.75

4.5
4.25
697.3916
3.75

35
3.25

275
25
225

1.75
1.5
1.25
1 698.3962
0.75
0.5
0.25 ‘ ‘

‘ 699.4012
|

698 699 700 701 702 703 704

691 692 693 694 695 696 697
Counts vs. Mass-to-Charge (m/z)
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HR-ESI-TOFMS Positive Ion Mode

Mass Measured Theoretical Mass

712.3838 712.3844

x10 5
2.7
2.6
25
24
23
22
21

1.9
1.8
1.7
1.6
1.5
14
1.3
1.2
1.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Delta (ppm) Composition

-0.8 [Ca3 Hs4 N Og]*

+ESI Scan (0.197-0.330 min, 9 scans) Frag=175.0V 1-117-2-a.d Subtract

712.3838

[M+H]"

713.3873

714.3925

706 707 708 709 710 711 712

I
714 715 716 717 718 719 720 721
e

13
Counts vs. Mass-to-Charge (m/z)
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HR-ESI-TOFMS Positive Ion Mode

Mass Measured Theoretical Mass Delta (ppm) Composition

724.4207 724.4208 -0.1 [Cas Hss N O7]"

+ESI Scan (0.448-0.597 min, 10 scans) Frag=175.0V 1-118-2-a.d Subtract
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[M+H]"

725.4238

726.4286

718 719 720 721 722 723 724 725 726 727 728 729 730 731 732 733
Counts vs. Mass-to-Charge (m/z)
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(119)

HR-ESI-TOFMS Positive Ion Mode

Mass Measured

760.3517

x10 5

1.2
1.154
1.1
1.05

0.95+
0.9+
0.85+
0.8+
0.75+
0.7+
0.65+
0.6+
0.55+
0.5+
0.45+
0.4
0.35+
0.3+
0.25+
0.2
0.15+
0.1
0.05+

Theoretical Mass Delta (ppm) Composition

760.3514 0.4

[C43Hsa N O9 ST*

+ESI Scan (0.146-0.262 min, 8 scans) Frag=175.0V 1-119-2-a.d Subtract

760.3517

[M+H]"

761.3565

762.3570

760 761 762 763 764 765 766 767 768 769 770
Counts vs. Mass-to-Charge (m/z)

752 753 754 755 759
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HR-ESI-TOFMS Positive Ion Mode

Mass Measured

781.4415

x10 5
7.75

7.5
7.25

6.75
6.5
6.25

5.75
55
525

4.75
4.5
4.25

3.75
3.5
3.25

275
25
2.25

1.75
1.5
1.25

0.75
0.5
0.25

Theoretical Mass

781.4422

(120)

Delta (ppm)

-0.9

Composition

[C47He1 N2 Os]"

+ESI Scan (0.281-0.380 min, 7 scans) Frag=175.0V 2-6-10-a.d Subtract

781.4415

[M+H]"

782.4443

783.4491

776 777 778 779 780 781

782 8
Counts vs. Mass-to-Charge (m/z)

784 785 786 787 788
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(121)

HR-ESI-TOFMS Positive Ion Mode
Mass Measured Theoretical Mass Delta (ppm) Composition

713.3793 713.3796 -0.4 [Ca2Hs3 N2 Os]"

%105 +ESI Scan (0.253-0.386 min, 9 scans) Frag=175.0V 1-121-2-a.d Subtract

6.2 713.3793

5.8 [M+H]+

5.6
5.4
52

4.8
4.6
4.4
4.2

3.8
3.6
3.4
3.2

2.8
26
24
22

714.3824

1.8
1.6
1.4
1.2

08 715.3874
0.6

0.4
0.2 ‘ ‘
Il |

Il L
707 708 709 710 711 712 713 714 715 _ 716 717 718 719 720 721 722 723
Counts vs. Mass-to-Charge (m/z)
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HR-ESI-TOFMS Positive Ion Mode
Mass Measured Theoretical Mass Delta (ppm) Composition

712.3838 712.3844 -0.8 [C43 Hsa N Os]”

%105 +ESI Scan (0.195-0.261 min, 5 scans) Frag=175.0V 1-122-2-a.d Subtract

8.5
8.25

775 [M+H]"

7.5
7.25

712.3838

6.75
6.5
6.25

5.75
55
525

4.75
4.5
4.25

3.75 713.3865
35

3.25

275
25
225

175

15
1.25
1 714.3914
0.75

05
0.25

707 707.5 708 708.5 709 709.5 710 7105 711 711.5 712 7125 713 7135 714 7145 715 7155 716 7165 717 7175 718 7185 719 7195
Counts vs. Mass-to-Charge (m/z)
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HR-ESI-TOFMS Positive Ion Mode

Mass Measured Theoretical Mass

711.4002 711.4004

x105
5.8
5.6
54
5.2

4.8
4.6
4.4
4.2

3.8
3.6
3.4
3.2

2.8
26
24
22

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

(130)

Delta (ppm) Composition

-0.3 [C43Hss N2 O7]"

+ESI Scan (0.189-0.272 min, 6 scans) Frag=175.0V GA-01-130-a.d Subtract

711.4002

[M+H]"

712.4027

713.4065

706 707 708 709 710 711

713 714 715 716 717 718

2
Counts vs. Mass-to-Charge (m/z)
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(135)

HR-ESI-TOFMS Positive Ion Mode
Mass Measured Theoretical Mass Delta (ppm) Composition

714.3456 714.3459 -0.4 [C2Hs2 N O7S]*

X105 +ESI Scan (0.447-0.463 min, 2 scans) Frag=175.0V GA1-135-a.d Subtract

6 714.3456
5.8
[M+H]*
54
5.2

4.8
4.6
4.4
4.2

3.8
3.6
3.4
3.2

2.8
26
24
22

715.3489

1.8
1.6
1.4
12
o8 716.3505
06
04

|

‘ 717.3566

707 708 709 710 711 712 713 714 715 716 717 718 719 720 721 722 723
Counts vs. Mass-to-Charge (m/z)
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HR-ESI-TOFMS Positive Ion Mode

Mass Measured Theoretical Mass

766.4306 766.4313

x10 5

6.2

58
56
5.4
52

48
46
44
4.2

3.8
3.6
3.4
3.2

2.8
26
24
22

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Delta (ppm) Composition

-0.9 [C47Heo N Og]"

+ESI Scan (0.233-0.332 min, 7 scans) Frag=175.0V 1-143-a.d Subtract

766.4306

[M+H]"

767.4332

768.4378

761 762 763 764 765 766

767

Il L
768 769 770 771 772 773 774

Counts vs. Mass-to-Charge (m/z)

139

775




HR-ESI-TOFMS Positive Ion Mode

Mass Measured Theoretical Mass

766.4306 766.4313

x10 5
6.6
6.4
6.2

5.8
56
54
5.2

4.8
4.6
4.4
4.2

3.8
3.6
3.4
3.2

2.8
26
24
22

1.8
1.6
14
1.2

0.8
0.6
0.4
0.2

Delta (ppm) Composition

-0.9 [C47Heo N Og]"

+ESI Scan (0.199-0.249 min, 4 scans) Frag=175.0V 01-149-a.d Subtract

738.4366

[M+H]"

739.4397

740.4439

733 734 735 736 737 738

739

740 741 742 743 744 745 746

Counts vs. Mass-to-Charge (m/z)
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HR-ESI-TOFMS Positive Ion Mode
Mass Measured Theoretical Mass Delta (ppm) Composition

671.3215 671.3215 0.0 [Ca0Ha7 Oo]"

%105 +ESI Scan (0.227-0.243 min, 2 scans) Frag=175.0V 01-142-a.d Subtract

671.3215
4.8

46 [1\/[—}-H]+

44

4.2

3.8
3.6
3.4
3.2

2.8
26
24
22
672.3247
1.8
1.6
1.4
12

0.8
06 673.3284
0.4

0.2

667 667.5 668 668.5 669 669.5 670 670.5 671 6715 672 6725 673 6735 674 6745 675 6755 676 6765 677 6775 678 6785
Counts vs. Mass-to-Charge (m/z)
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HR-ESI-TOFMS Positive Ion Mode
Mass Measured Theoretical Mass Delta (ppm) Composition

643.3261 643.3265 -0.6 [C39 Ha7 Os]"

%105 +ESI Scan (0.409-0.475 min, 5 scans) Frag=175.0V 150-4-5-a.d Subtract

5.2 643.3261

48 [M+H]+
46
44
42

3.8
3.6
3.4
3.2

2.8
26
24
22

2 644.3292
1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

645.3332

0 L
638.5 639 639.5 640 640.5 641 6415 642 6425 643 6435 644 6445 645 6455 646 646.5 647 647.5 648 648.5 649 649.5 650
Counts vs. Mass-to-Charge (m/z)
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HR-ESI-TOFMS Positive Ion Mode
Mass Measured Theoretical Mass Delta (ppm) Composition

657.3426 657.3422 0.6 [Ca0 Hag Os]"

%105 +ESI Scan (0.394-0.460 min, 5 scans) Frag=175.0V 150-10-a.d Subtract

9.5 657.3426

[M+H]"

85

7.5
6.5
55
4.5
658.3454
35

2.5

1.5

1 659.3491

0.5

652.5 653 653.5 654 654.5 655 655.5 656 656.5 657 657.5 658 658.5 659 659.5 660 660.5 661 661.5 662 662.5 663 663.5 664 664.5
Counts vs. Mass-to-Charge (m/z)
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Table 1.2: Crystal data and structure refinement for 4.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°

compound 4

C17H1506

318.31

100.15 K

0.71073 A

Monoclinic

C2/c

a=18.7695(14) A o =90°.
b=11.3506(9) A B =94.269(2)°.
c=14.3247(10) A Y =90°.
3043.3(4) A3

8

1.389 mg/m?

0.106 mm!

1344

0.33x 0.31 x 0.29 mm?

2.098 to 28.307°.

-23<=h<=24, -12<=k<=15, -19<=1<=18
11689

3778 [R(int) = 0.0482]

100.0 %
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Table 1.2: Crystal data and structure refinement for 4 (continued).

Absorption correction None

Max. and min. transmission 0.7457 and 0.6862
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 3778 /71225

Goodness-of-fit on F? 1.019

Final R indices [[>2sigma(])] R1=0.0434, wR2=0.1139

R indices (all data) R1=0.0537, wR2 =0.1228
Extinction coefficient N/A

Largest diff. peak and hole 0.414 and -0.297 e.A"3
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Table 1.3: Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (A2 x 10%)
for 4. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
o(1) 7492(1) 8937(1) 4202(1) 23(1)
0(2) 8045(1) 7777(1) 1224(1) 22(1)
0(3) 7083(1) 9927(1) 2235(1) 21(1)
0(4) 5875(1) 9751(1) 1291(1) 20(1)
0(5) 4802(1) 8331(1) 562(1) 26(1)
0(6) 4777(1) 6079(1) 961(1) 21(1)
C(1) 7990(1) 8410(1) 3695(1) 17(1)
C(2) 8639(1) 7961(1) 4073(1) 19(1)
C@3) 9092(1) 7420(1) 3481(1) 19(1)
C(4) 8922(1) 7324(1) 2526(1) 19(1)
C(5) 8271(1) 7775(1) 2155(1) 16(1)
C(6) 7800(1) 8310(1) 2735(1) 15(1)
C(7) 7695(1) 9210(2) 5161(1) 27(1)
C(8) 8401(1) 7005(2) 627(1) 35(1)
C(9) 7118(1) 8841(1) 2309(1) 15(1)
C(10) 6524(1) 8080(1) 1979(1) 14(1)
C(11) 6537(1) 6856(1) 2111(1) 16(1)
C(12) 5969(1) 6151(1) 1786(1) 18(1)
C(13) 5370(1) 6668(1) 1306(1) 17(1)
C(14) 5354(1) 7881(1) 1133(1) 16(1)
C(15) 5921(1) 8588(1) 1476(1) 15(1)
C(16) 4750(1) 4834(1) 1103(1) 24(1)
C(17) 4359(1) 9176(2) 968(1) 36(1)
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Table 1.4: Bond lengths [A] and angles [°] for 4.

O(1)-C(1)
O(1)-C(7)
0(2)-C(5)
0(2)-C(®)
0(3)-C(®)
O(4)-H(4)
0(4)-C(15)
0(5)-C(14)
0(5)-C(17)
0(6)-C(13)
0(6)-C(16)
C(D-C(2)
C(D)-C(6)
C(2)-H(2)
C(2)-CG3)
C(3)-HB)
CR3)-C4)
C(4)-H(4A)
C4)-C(5)
C(5)-C(6)
C(6)-C(9)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)
C(9)-C(10)
C(10)-C(11)
C(10)-C(15)
C(11)-H(11)
C(11)-C(12)
C(12)-H(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)

1.3641(16)
1.4326(17)
1.3681(16)
1.4244(18)
1.2382(17)
0.8400
1.3472(16)
1.3708(15)
1.4228(19)
1.3609(16)
1.4292(17)
1.3927(19)
1.3993(18)
0.9500
1.389(2)
0.9500
1.387(2)
0.9500
1.3930(19)
1.3952(18)
1.5035(17)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.4606(18)
1.4024(19)
1.4187(17)
0.9500
1.3843(19)
0.9500
1.4022(18)
1.3983(19)
1.3923(19)
0.9800
0.9800
0.9800
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Table 1.4: Bond lengths [A] and angles [°] for 4 (continued).

C(17)-H(17A)
C(17)-H(17B)
C(17)-H(17C)

C(D-O(D)-C(7)
C(5)-0(2)-C(8)
C(15)-O(4)-H(4)
C(14)-0(5)-C(17)
C(13)-0(6)-C(16)
O(1)-C(D)-C(2)
O(1)-C(1)-C(6)
C(2)-C(1)-C(6)
C(D)-C(2)-H(2)
C(3)-C2)-C(1)
C(3)-C(2)-H(2)
C(2)-C(3)-H(3)
C(4)-CE)-C(2)
C(4)-C(3)-H3)
C(3)-C(4)-H(4A)
CR3)-C(H-CO)
C(5)-C(4)-H(4A)
0(2)-C(5)-C(4)
0(2)-C(5)-C(6)
C(4)-C(5)-C(6)
C(D)-C(6)-C()
C(5)-C(6)-C(1)
C(5)-C(6)-C()
O(1)-C(7)-H(7A)
O(1)-C(7)-H(7B)
O(1)-C(7)-H(7C)
H(7A)-C(7)-H(7B)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
0(2)-C(8)-H(8A)
0(2)-C(8)-H(8B)
0(2)-C(8)-H(8C)
H(8A)-C(8)-H(8B)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)

0.921(10)
0.922(11)
0.923(11)

117.46(11)
117.34(11)
109.5
116.52(11)
118.08(11)
124.59(12)
115.16(12)
120.23(12)
120.6
118.82(13)
120.6
119.0
122.08(13)
119.0
120.7
118.60(13)
120.7
124.81(12)
114.58(11)
120.58(12)
120.81(12)
119.68(12)
119.39(11)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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Table 1.4: Bond lengths [A] and angles [°] for 4 (continued).

0(3)-C(9)-C(6)
0(3)-C(9)-C(10)
C(10)-C(9)-C(6)
C(11)-C(10)-C(9)
C(11)-C(10)-C(15)
C(15)-C(10)-C(9)
C(10)-C(11)-H(11)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11)
C(11)-C(12)-H(12)
C(11)-C(12)-C(13)
C(13)-C(12)-H(12)
0(6)-C(13)-C(12)
0(6)-C(13)-C(14)
C(14)-C(13)-C(12)
0(5)-C(14)-C(13)
0(5)-C(14)-C(15)
C(15)-C(14)-C(13)
0(4)-C(15)-C(10)
0(4)-C(15)-C(14)
C(14)-C(15)-C(10)
0(6)-C(16)-H(16A)
0(6)-C(16)-H(16B)
0(6)-C(16)-H(16C)
H(16A)-C(16)-H(16B)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
0(5)-C(17)-H(17A)
0(5)-C(17)-H(17B)
0(5)-C(17)-H(17C)
H(17A)-C(17)-H(17B)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)

118.14(12)
121.80(12)
120.05(11)
122.50(12)
118.46(12)
119.00(12)
119.3
121.45(12)
119.3
120.3
119.47(12)
120.3
125.24(12)
114.43(11)
120.32(12)
118.54(12)
121.32(12)
119.94(12)
122.35(12)
117.34(12)
120.29(12)
109.5
109.5
109.5
109.5
109.5
109.5
115.5(8)
110.9(14)
101.6(16)
109.6(3)
109.4(3)
109.4(3)
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Table 1.5: Anisotropic displacement parameters (A2 x 10%) for 4. The anisotropic displacement
factor exponent takes the form: -2rn%[ h? a*?U!! + ... + 2 hk a* b* U'?].

ull U22 U33 U23 ul3 ul2
O(1) 18(1) 34(1) 16(1) -4(1) -1(1) 2(1)
0(2) 22(1) 28(1) 15(1) -2(1) 0(1) 8(1)
0Q3) 19(1) 15(1) 27(1) -1(1) -4(1) 1(1)
04) 20(1) 14(1) 26(1) 2(1) -7(1) 1(1)
O(5) 26(1) 20(1) 28(1) -5(1) -16(1) 8(1)
0(6) 17(1) 16(1) 30(1) -3(1) -8(1) 0(1)
C(1) 16(1) 17(1) 17(1) 0(1) 0(1) -3(1)
CQ2) 16(1) 19(1) 19(1) 3(1) -5(1) -5(1)
C(3) 14(1) 14(1) 29(1) 4(1) -5(1) -1(1)
C4) 14(1) 16(1) 26(1) 0(1) 2(1) 1(1)
C(5) 17(1) 16(1) 16(1) 1(1) -1(1) -1(1)
C(6) 13(1) 15(1) 18(1) 1(1) -2(1) -1(1)
C(7) 28(1) 38(1) 16(1) -5(1) 0(1) -3(1)
C(8) 31(1) 49(1) 24(1) -14(1) 0(1) 15(1)
C) 15(1) 17(1) 13(1) -1(1) 1(1) 1(1)
C(10) 14(1) 16(1) 12(1) -1(1) 0(1) 3(1)
Cn 14(1) 18(1) 16(1) 1(1) -1(1) 4(1)
C(12) 17(1) 13(1) 21(1) 1(1) -1(1) 2(1)
C(13) 16(1) 18(1) 16(1) -3(1) -2(1) 1(1)
C(14) 15(1) 17(1) 16(1) -1(1) -4(1) 4(1)
C(15) 16(1) 14(1) 13(1) 0(1) 0(1) 3(1)
C(16) 22(1) 17(1) 32(1) -1(1) -6(1) -2(1)
C@7) 23(1) 59(1) 27(1) 7(1) 1(1) 21(1)
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Table 1.6: Hydrogen coordinates (x 10*) and isotropic displacement parameters (A2 x 10°)
for 4.

X y z U(eq)
H(4) 6218 10103 1580 30
H(2) 8769 8023 4725 22
H(3) 9533 7107 3739 23
H(4A) 9242 6958 2132 23
H(7A) 8105 9746 5195 41
H(7B) 7825 8482 5501 41
H(7C) 7294 9587 5444 41
H(8A) 8162 7031 -4 52
H(8B) 8386 6199 871 52
H(8C) 8899 7255 605 52
H(11) 6944 6502 2430 19
H(12) 5985 5324 1888 21
H(16A) 4302 4521 808 37
H(16B) 4777 4665 1776 37
H(16C) 5155 4460 824 37
H(17A) 4381(9) 9183(15) 1613(7) 87(9)
H(17B) 3890(7) 9100(20) 735(11) 72(8)
H(17C) 4541(12) 9874(16) 756(13) 170(19)

Chapter 1, in part, is currently being prepared for submission for publication of the
material, Arevalo, G. E.; Frank, M. K.; Decker, K. S.; Theodoraki, M. A.; Theodorakis, E. A. The

dissertation author was the primary researcher and author of this material.
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Chapter 2

Mitochondrial NEET Proteins as Novel
Drug Targets

2.1 Introduction: Mitochondria Give & Take Life

Mitochondria are the powerhouse of eukaryotic cells, and as such, are indispensable to cell
survival and life as we know it.!3® In addition to powering cells by ATP production through
oxidative phosphorylation, mitochondria are also responsible for regulating pathways that lead to
cell death.!3® Proper function of mitochondria is therefore critical to human health, and their
dysregulation usually has severe pathological consequences, including cancer, cardiovascular
disease, diabetes, and neurodegenerative diseases.'*’ For example, numerous cancers are the result
of the mitochondria’s inability to initiate cell death via apoptosis.!*! On the other hand,

neurodegenerative diseases such as Alzheimer’s dementia and Parkinson’s disease, and
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amyotrophic lateral sclerosis are largely the result of superfluous cell death.'*? As a result,

manipulation of the mitochondria is of considerable pharmaceutical interest.!*?

2.2 General Anatomy & Physiology of the Mitochondria

Mitochondria are believed to have evolved from the phagotization of either bacteria or a

prokaryotic cell precursor.!*

Rather than the normal digestive pathways taking effect, the cell
likely allowed the organism to survive within itself, which explains the anatomy and physiology
of the mitochondria. For example, mitochondria have an outer membrane and an inner membrane
where the outer membrane is very reminiscent of eukaryotic plasma cell membrane, and the inner
membrane is reminiscent of prokaryotic plasma cell membrane. This ancient symbiotic event is
supported, in part, by the fact that mitochondria contain their own DNA (mtDNA), which is distinct
from that of the cell containing them.!* In addition, mitochondria replicate by fission, which is a
process that occurs independently of the cell cycle and is reminiscent of bacterial division.

Mitochondria are highly dynamic structures that are composed of various compartments or
regions with distinct and important roles (Figure 2.1).!4¢ The outer mitochondrial membrane
(OMM), for example, separates the intermembrane space from the cytosol and is the barrier that
controls the diffusion of metabolites into and out of the mitochondria, which communicate with
the cell. The OMM also contains channel proteins called porins, which form passages that allow
diffusion of ions, molecules, and small proteins between 2-6 kDa in size into the intermembrane
space (IMS).!'4

The IMS, as its name suggests, is the region between the inner and outer membranes and

it is the compartment where coordination of cellular activities, such as regulation of respiration

and of the metabolism of amino acids, lipids, and nucleotides occur.!*® Many constituents of the
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IMS (i.e., Bcl-2, cytochrome c, cytochrome ¢ heme lyase, and Mia40) are also critical for cellular
activities, including the transport of proteins, electrons, or metal ions, assembling of proteins for

the inner membrane, and storage of components that activate cell death upon release.!*

Protein import

and processing ER

Membrane
architecture

and dynamics Signalling and

redox processes

9
14 L

Cytosol
Inner Respiratory Matrix ’
membrane chain

ATPase Msp1

Protein qualit
Energy metabolism @AAA control gnd Y
pathways @ degradation

Outer — :
Mitoph
membrane m el
Transport of § E3 ~_Phagophore
metabolites and ions Ub

Mitochondrial gene

Biosynthesis of Fe-S expression and translation
clusters and cofactors

Metabolism of amino acids,
lipids and nucleotides

Figure 2.1: Cartoon representation of the mitochondria and its key cellular functions.

The inner mitochondrial membrane (IMM) is the mitochondrial membrane which separates
the mitochondrial matrix from the intermembrane space.!®® It contains five major protein
complexes where in aerobic respiration the energy of oxygen is released and enables the synthesis
of ATP via chemiosmosis.

Cristae are infoldings in the inner mitochondrial membrane whose plasticity and
dimensions modulate the kinetics of chemical reactions and the structure of protein complexes,

and it is where energy production occurs. Their shape is maintained by the cooperation of
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mitochondrial-shaping proteins and their integrity is critical for correct mitochondria
functioning.!>!

The mitochondrial matrix is the innermost compartment, which is surrounded by the inner
membrane and has a pH of 7.9 to 8. The high pH of the mitochondrial matrix is responsible for the
trans-membrane electrochemical gradient that drives the production of ATP. The mitochondrial
matrix is also where mtDNA replication, transcription, protein biosynthesis and various other
enzymatic reactions occur. The biosynthetic reactions that take place in the matrix include those
of the citric acid cycle and other reactions that facilitate oxidative phosphorylation, oxidation of
pyruvate, and the beta oxidation of fatty acids. Since every reaction is catalyzed by its own enzyme,
the mitochondrial matrix is highly dense, containing of up to 500 mg/mL of protein.!>? The matrix
is where the NEET protein MiNT resides and is responsible for iron and ROS regulation within

the mitochondrial matrix.!>3

2.3 Introduction to NEET Proteins & Their Relevance in
Health & Disease

Iron is essential for numerous fundamental metabolic and biological processes including
oxygen and electron transport, gas sensing and DNA synthesis.!>* Disruption of iron homeostasis
has been shown to result in iron deficiency or iron overload, which can both contribute to various
diseases including anemia, hemochromatosis and neurodegeneration.!>>!5¢ Despite its essential
role, free iron is highly toxic to cells due to its ability to catalyze the formation reactive oxygen
species (ROS) via Fenton chemistry.!>” As iron readily interconverts between the reduced ferrous
(Fe*") and the oxidized ferric (Fe3+) forms, it disrupts the cellular redox equilibrium and causes

oxidative stress that is associated with tissue injury, disease and death.!>® !> Thus, organisms have
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developed sophisticated pathways to import, process, and export this metal. For instance, iron is
transported as Fe?* inside cells by diferric transferrin (Tf), which is internalized in endosomes upon
binding to its receptor (TfR1) where it is then released as Fe**.!1®* Moreover, in mitochondria, iron
is extensively used for the synthesis of heme and [2Fe-2S] cluster-containing proteins that are
involved in energy transduction and oxidative phosphorylation.!6!:162

NEET proteins are a unique class of [2Fe-2S] proteins found in the mitochondria that are
involved in energy production via iron shuttling and ROS production and maintaining their
homeostasis.!>* As such, NEETs are known to be key players in human health and several human
diseases.!*> Mutations in NAF-1, for example, result in the autosomal recessive disorder Wolfram
Syndrome Type 2 (WFS2), a disorder resulting from mitochondria dysfunction due to excessive
iron accumulation in the mitochondria that results in increased cell death.'®> Moreover, studies on
cardiac tissue of NEET-deficient mice were shown to have a reduced oxidative capacity,
suggesting that NEETs are important iron-containing proteins involved in the control of maximal
mitochondrial respiratory rates.!®*!® In addition, NEETs were found to be important for
maintaining mitochondrial integrity and for regulating key cellular processes like autophagy and
apoptosis, by acting as sensors or transducers of iron, and by regulating Fe/ROS trafficking
between the cytosol and mitochondria. 66167

The NEET family of proteins consists of mitoNEET, NAF-1, and MiNT. MitoNEET and
NAF-1 are found in the outer mitochondrial membrane, in addition, NAF-1 is also located in the
ER of cells.!* MiNT, however, is only found in the inner mitochondrial matrix.!>* As 3Cys:1His
2Fe-2S binding proteins, NEETs have a redox-active metal cluster that reversibly binds to the

protein. NEETs are defined by a unique CDGXH amino acid sequence in their [2Fe-2S] cluster-

binding domain where X can be A/S/T.!®® Previous structural studies of various NEET family
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members revealed a homo-dimeric structure for the family, in which two protomers intertwine to
form the unique “NEET fold” such as that seen in mitoNEET (Figure 2.1A) and the equivalent
fold in NAF-1 (Figure 2.1B).!%%17% Each protomer contains a labile [2Fe-2S] cluster coordinated
by the NEET cluster fingerprint ligand of 3Cys:1His (Figure 2.2 highlighted in orange). Due to
their unique 3Cys: 1His Fe-S coordination, however, NEETs are known to be more labile compared

to other Fe-S proteins like ferredoxins.!>3
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Figure 2.2: NEET Protein sequences. Shown are the amino acid sequences and secondary structure
details of A) mitoNEET B) NAF-1 and C) DM MiNT. Whereas mitoNEET and NAF-1 are nearly
identical homodimers, MiNT is a monomer. In green rods denote -loops, pink arrows represent
-sheets, and in blue are a-helices.

A sequence alignment of mitoNEET, NAF-1, and MiNT revealed that mitoNEET and

NAF-1 are 62% similar, whereas mitoNEET and NAF-1 each share with MiNT a 26% and 23%
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identity, respectively. Whereas mitoNEET and NAF-1 are dimers, MiNT is a monomer. The
monomeric nature of MiNT makes it especially dynamic and, as a result, it’s 2Fe-2S clusters are

especially labile compared to mitoNEET and NAF-1.

1 11 21
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Figure 2.3: Sequence alignment of mitoNEET, NAF-1, and MiNT. Conserved residues are boxed
in red or blue. Highlighted with blue are the CDG(A/S/T)H motif common to all NEET proteins.

2.4 Structure of Mitochondrial NEET Protein MiNT

NEET proteins differ from typical [2Fe-2S] metal cluster proteins due, in part, to how labile
the clusters are. When metal cluster are as labile as that of NEET proteins, there can be an
overaccumulation of iron in the cell.'*> It has been shown, for example, that that NAF-1 is
overexpressed in breast cancer and that its ability to shuttle iron within the mitochondria of cancer
cells rapidly contributes to cancer cell proliferation.!”! In this study, the wildtype NAF-1 cluster

binding site consisted of 3Cys:1His. It is believed that the histidine residue is largely responsible
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for the lability of its metal clusters as it is the His ligand which enables fast cluster release and
tuning of its redox potential.!”>!”3 A NAF-1 double mutant where each metal cluster is ligated by
4Cys residues is significantly more stable than the wildtype, and when cancer cells overexpressed

the NAF-1 double mutant, a significant reduction in cancer cell proliferation was observed.!’#!7

VS.

[N

mito-NEET NAF-1 MiNT (DM)
Figure 2.4: Secondary protein structures of mitoNEET and NAF-1 compared to MiNT. The

secondary protein structure of A) mitoNEET (2QH7), B) NAF-1 (3FNV), and C) DM MIiNT
(6AVJ]). mitoNEET and NAF-1 share 62% identity whereas mitoNEET and NAF-1 share a 26%
and 23% identity to MiNT, respectively. Whereas mitoNEET and NAF-1 are dimers, MiNT is a
monomer. Highlighted in shades of blue are a-helices and in pink are B-sheets. Loops are denoted
in green.

In the family of NEET proteins, MiNT is the most unique in that it is a pseudo symmetrical
monomeric protein that contains two distinct Fe-S cluster-binding motifs with especially labile Fe-
S clusters.!> Previous studies revealed that wild-type holo-MiNT is relatively short-lived (ti2 =
110 min). To extend its half-life, our lab previously created a double-mutant (DM) that replaced
the 3Cys:1His cluster binding sites with 4Cys, which resulted in significantly more stable holo-
MiINT. We therefore utilized DM MIiNT to probe the interaction between MIiNT and caged

xanthones as it afforded us a better timescale to adequately quantify the effects of caged xanthones

on the Fe-S cluster stability of MiNT. Furthermore, the integrity of DM MiNT was significantly
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higher during its expression and purification, which is discussed below. We utilized UV/Vis
spectroscopy to determine the decay of the Fe-S clusters of MiNT and circular dichroism to track
its aromatic residues (Figure 2.5) and determine if there are any conformational change on MiNT

caused by CGXs or when the clusters decay, which is the topic of chapter 3.

/

&

Figure 2.5: Structural representation of the asymmetry of monomeric MiNT and the location of
its aromatic residues. Aromatic amino acid residues most reside on one side of the protein, which
is likely the cause of the difference in stability between the two clusters.
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2.5 Modulation of Iron: Making a Case for Too Much or Too
Little Iron

Previous studies established that CGXs can modulate the stability of the Fe-S clusters of
NEETs.!* Upon binding to the NEET protein mitoNEET and NAF-1, for example, CGXs were
shown to destabilize its Fe-S cluster, which lead to release of free iron into the mitochondria.!?*
Free iron then caused excessive ROS production, lipid peroxidation, and eventually cell death
(Figure 2.6).13* Subsequent studies (not shown) demonstrated that CGXs are less effective when
applied to cancer cells with suppressed levels of mitoNEET or NAF-1. In addition, CGXs were
shown to be selective for cancer cells over normal cells (Figure 2.7). These studies demonstrate

the potential of CGXs as less toxic alternatives for antitumor chemotherapy treatments.!
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Figure 2.6: CGXs cause selective release of iron in the mitochondria of MDA-MB-231 breast
cancer cells vs. MCF-10A cells as seen in A) RPA fluorescence microscopy images and B)
quantification of RPA fluorescence loss (ImagelJ). Control studies were performed by pretreating
cells with DFP at 50-100 uM. Error bars represent SD obtained from three individual replicates,
*#*P < ().001. Data for this figure was obtained from E. Theodorakis.'3*
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MDA-MB 231 vs. Normal Cells Treated with CGX MAD28
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Figure 2.7: Selective cytotoxicity of CGX MAD28. The effects of MAD28 (1.25 uM) on normal
human breast cells (MCF-10A) were significantly lower compared to human epithelial breast
cancer cells (MDA-MB-231). Results were obtained using alamarBlue cell viability measurements
at 2, 3 and 6 days of drug exposure. Error bars represent SD obtained from three individual
replicates, **P<0.01, ***P<(.001. Data for this figure was obtained from E. Theodorakis.'3*

With these results in mind, we wondered whether caged xanthones can bind to the
mitochondrial matrix-localized mitochondrial inner NEET protein (MiNT) as it has yet to be
evaluated for its potential as a drug target. MiNT is a valuable target as it is known to be
overexpressed in cancer and is only found in the inner mitochondria.!’® This prompted us to
develop an in vitro model that can readily identify CGXs that can manipulate the stability of MiNT
(Figure 2.8). By utilizing recombinant expression of MiNT followed by treatment of MiNT with
CGXs, we measured the decay of MiNT’s iron clusters using UV/Vis and circular dichroism

spectroscopy, the latter which is the topic of chapter 3.
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Figure 2.8: A visual representation of the potential for CGX NEET binders to cause selective
cancer cell death. The green arrow process demonstrates what happens when cancer cells are
treated with NEET binders and the black arrows represent the potential process by which cancer
cell death occurs.

Overall, NEET proteins are valuable targets for anticancer drug discovery and

development. The NEET protein MiNT is an attractive target as it is localized in the inner

mitochondria and thus has the potential to be specifically targeted, specifically with CGXs.

2.6 Expression, Purification, & Spectroscopic
Characterization of DM MiNT

To test our hypothesis that CGXs bind to the NEET protein MiNT, and to determine
whether they stabilize, destabilize, or have no effect on MiNT, we designed an in vitro model that
takes advantage of recombinant protein expression, which afforded DM MiNT in high purity, high
yield, and in soluble and functional form. Our strategy for the recombinant expression of MiNT
(Figure 2.9) begins with the design of a plasmid that incorporates the double mutant CISD3 gene
of MiNT and can be easily incorporated into E. coli. A double mutant of MiNT was utilized due

to its higher stability. After transformation, we select for cells that incorporated the CISD3-
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containing plasmid and grow them in culture from a single colony. Our method is easily amenable
to scale-up and, as a result, we can obtain large batch growths of transformed E. coli (6-10 L). The
cultures are then centrifuged, and the resulting pellets are combined into one and lysed. After lysis,
the supernatant containing DM MIiNT is purified through a sequence of ion-exchange (IEX) and

size-exclusion (SEC) chromatography. This results in pure MiNT, which we confirmed by gel

electrophoresis.
s
E. coli CISD3 Plasmid
Transformation Selection Started culture Large batch production
E \‘_ [ s | EG——
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yeso  1EX_SEC

Gel Electrophoresis
Size exclusion lon-exchange Cell lysis/

Pure protein Qromatography chromatograpy Protein collection

— B |

Figure 2.9: General strategy for the expression and purification of DM MiNT.

2.6.1 Transformation of Competent Cells with DM
CISD3-Containing Plasmid

CISD3 (36-127) H75C/H113C (DM MINT) gene coding for amino acids 36-127
synthesized by Integrated DNA Technologies, Inc. was subcloned into a pET24a vector with a
kanamycin resistance (kanR) marker for inducible expression between the Xhol and Ndel
restriction site. BL21-CodonPlus (DE3)-RIL competent E. coli cells (Agilent Technologies) were

then transformed with the plasmids by mixing 50 pL of thawed competent cells in a 1.7 mL sterile
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Eppendorf tube kept at 0 °C with 2 uL. of DM MiNT plasmid DNA. The mixture was allowed to
incubate at 0 °C for 30 min and subsequently heat-shocked at 42 °C for 1 min. The mixture was
immediately cooled to 0 °C and the heat-shocked cells were transferred to a cell culture tube
containing 500 pL of sterile Super Optimal Broth with catabolite repression (SOC) media
(ThermoFisher Scientific) at 37 °C. The transformed cells were allowed to grow at 37 °C for one
hour with shaking at 180 rpm. The mixture was then transferred to a sterile 1.7 mL Eppendorf tube
and centrifuged at 5000 x g for 1 min.

The supernatant was then decanted and 20 pL of autoclaved Milli-Q water were mixed into
the tube. The resulting cells were then allowed to grow on a Luria-Bertani (LB) agar plate with 50
pg/mL kanamycin (ThermoFisher Scientific) at 37 °C overnight. Next, a single colony from the
agar plate was picked using a 10 pL pipet tip, which was dropped into a cell culture tube containing
5 mL of autoclaved LB media (25 g/L) with 5 pL of kanamycin solution (300 mg/10 mL in Milli-
Q water) and 5 pLL chloramphenicol solution (300 mg/10 mL in EtOH). The mixture was allowed
to grow at 37 °C with shaking at 180 rpm. Glycerol stock solutions of the transformed cells were
prepared from the starter culture by mixing 0.5 mL of culture with 0.5 mL of sterile 80% (v:v)

glycerol solution in a 1.2 mL cryogenic vial, which was then stored at -80 °C for up to 6 months.

2.6.2 CISD3 DNA Vector Sequence Confirmation

The sequence of the pET24a vector was verified by transforming Invitrogen MAX
Efficiency DH5a Competent E. coli cells (ThermoFisher Scientific) in the same manner as
described above. An Invitrogen PureLink HiPure Plasmid Miniprep Kit (ThermoFisher Scientific)
was used to collect high-copy DNA for sequencing (Eton Bioscience, Inc). DNA concentration

was measured with a NanoDrop ND-1000 UV/Vis spectrophotometer (ng/uL, A =260 nm).
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2.6.3 DM MiNT Expression Protocol

DM MiNT was expressed by first preparing LB media. To a 500 mL Erlenmeyer flask was
added 5 g of Invitrogen Miller's LB broth base (LB) powder (ThermoFisher Scientific) and 200
mL of deionized water. To each of three 4 L Erlenmeyer flasks was added 50 g of LB powder and
2 L of deionized water. The flasks were covered with foil and autoclaved for 25 min at 120 °C.
Once completely cooled, the 4L flasks were set aside and to the 500 mL flask containing media
was added 200 pL of kanamycin solution (300 mg/10 mL in Milli-Q water) and 200 pL
chloramphenicol solution (300 mg/10 mL in EtOH). Next, a 10 puL pipette tip was quickly dipped
into the frozen transformed cells in glycerol and released into the flask. The flask was allowed to
stir at 37 °C with shaking at 180 rpm overnight.

Next, to each of the 4L flasks was added 2 mL of 60 mM kanamycin (291 mg/10 mL in
Milli-Q water) and 2 mL of 100 mM chloramphenicol (323 mg/10 mL of EtOH). The 200 mL cell
culture was split into three by adding ~66 mL of culture to each of the 4 L flasks. Next, the flasks
were stirred at 37 °C with shaking at 180 rpm until the optical density (OD) reading reached a
maximum of 0.8 at 600 nm. The OD was measured with a Bio-Rad SmartSpec Plus UV/Vis
spectrophotometer. The cell cultures were then induced by adding 1 mL of 1 M IPTG solution (2.3
g/10 mL of Milli-Q water) at 18 °C with shaking at 180 rpm for 18 h. The induced cultures were
then centrifuged using a Beckman Coulter centrifuge equipped with a J-LITE JLA-8.1000 rotor at
3000 rpm for 30 min at 4 °C. The media was then decanted, and all cell pellets were combined into
one using 25 mL of lysis buffer. The combined pellets were placed into 50 mL falcon tubes and
frozen overnight at 80 °C.

To the thawed induced cell pellet kept at 0 °C was then added an additional 25 mL of lysis

buffer and 100 pL of 100 mM PMSF solution (174 mg/10 mL of IPA). The cells were lysed using
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a Fisher Scientific 550 Sonic Dismembrator with a pulsar cycle of 10 seconds on and 15 seconds
off for 10 minutes. The tip of the sonicator was completely submerged in the solution to prevent
foaming, and the sample vessel was immersed in an ice water/NaCl bath to prevent heating of the
solution throughout the sonication process. After sonication, the solution was centrifuged using a
Beckman Coulter Avanti JXN-26 high-speed centrifuge equipped with a JA-25.50 rotor at 15,000
rpm and 4 °C for 45 min. The resulting brown solution was filtered using a sterile Millex-GP 0.22
um PES filter and kept at 0 °C until ready for purification. If the purification was not performed

immediately, the solution was stored at -80 °C.

2.6.4 DM MINT Purification Protocol

Preparation of Buffers
Lysis Buffer: 50 mM of Trizma base (Sigma-Aldrich) and 50 mM NaCl (Sigma-Aldrich) were
combined with Milli-Q water until completely dissolved. mix until completely dissolved. The
mixture was then adjusted to pH 8 with aqueous HCI then filter through a MF-Millipore membrane
filter, 0.22 pm pore size type GSWP filter. The buffer was then deoxygenated by placing the buffer

under mild vacuum with stirring overnight.

Buffer A: 50 mM of Trizma base was combined with milli-Q water and mixed until completely

dissolved. The mixture was then adjusted to pH 8, filtered, and degassed as above.

Buffer B: 50 mM of Trizma base and 600 mM NaCl were combined with milli-Q water and mixed

until completely dissolved. The mixture was then adjusted to pH 8, filtered, and degassed as above.
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SEC Buffer: 50 mM of Trizma base and 150 mM NaCl were combined with milli-Q water and
mixed until completely dissolved. The mixture was then adjusted to pH 8, filtered, and degassed
as above.
Protein Purification

DM MiINT was purified through a sequence of ion-exchange and size exclusion
chromatographies using a Bio-Rad NGC Quest 10 chromatography system (FPLC) equipped with
a fraction collector. For ion-exchange chromatography, two 5 mL HiTrap SP High Performance
Columns (Cytiva Life Sciences) were connected in tandem. The tandem columns were equilibrated
with buffer A at 5 mL/min for 10 minutes. The protein mixture was then purified in 10 mL batches

using a partial gradient method at a flow rate set to 5 mL/min (Figure 2.10A).

A) IEX Chromatography Elution Method B) lon-Exchange Elution of DM MiNT
4 p
90+ 2000
75—- Flow rate: 5 mL/min —_
o € 1500
5 60 s
5 451 & 1000
X 30 <
' € 500-

15 J
0 . . . . . —

—T— T 1 1

0 10 20 30 40 50 10 20 30 40 50
Volume (mL) Volume (mL)

o
o

Figure 2.10: Purification of DM MiNT by ion-exchange chromatography. A) The elution method
used to purify DM MiNT and B) the UV trace (280 nm) of the eluted protein appearing between
30-35 mL of column volume.

Following ion-exchange chromatography, all fractions containing DM MiNT and are

red/brown in color were combined and concentrated by placing the solution in an Amicon Ultra

15 mL centrifugal unit with an Ultracel 3,000 D molecular weight cutoff filter and centrifuging at
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3000 rpm until the total volume is 10 mL. The solution was then syringe-filtered using a 0.22 pm
pore size GSWP syringe filter.

The filtered red/brown solution was then further purified using size-exclusion
chromatography. The protein solution was injected into an FPLC instrument equipped with an
equilibrated HiPrep 26/60 Sephacryl S-100 HR column (Cytiva Life Sciences). The column was
equilibrated for 3 h with SEC buffer at a flow rate of 2 mL/min prior to sample injection. The
method used for SEC purification was isocratic, utilizing only SEC buffer at a flow rate of 2
mL/min. DM MiNT was eluted after approximately 130 min or 260 mL of SEC buffer passed
through the column (Figure 2.11A). The fractions containing pure DM MiNT were combined and
concentrated until the UV/Vis signal at 458 nm was > 0.4. The identity of the protein was then

further confirmed by SDS-PAGE gel electrophoresis (Figure 2.11B).
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Figure 2.11: Purification of DM MiNT by size exclusion chromatography. A) The elution of DM
MiNT occurs after approximately 130 min or 260 mL of column volume and B) The presence of
DM MINT was further confirmed by SDS-PAGE gel electrophoresis. 10.2 kDa corresponds to
apo-DM MINT. L = ladder, P = pellet after lysis, S = supernatant after lysis, IEX = flowthrough
after ion-exchange chromatography before concentration, SEC = flowthrough after SEC
purification.
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SDS-PAGE Gel Electrophoresis

SDS-PAGE gels were prepared according to established protocols. Gel samples were
prepared by mixing 15 pL of sample to be analyzed with 5 pL of tris-glycine SDS sample buffer
(2X). Next, 1 pL of B-mercaptoethanol (Sigma Aldrich) was added to the solution and mixed by
repetitive pipetting. The resulting solution was heated at 85 °C for 5 min using a dry bath incubator.
The sample(s) were allowed to cool to room temperature prior to use.

All gels were performed using a mini-protean tetra vertical electrophoresis system for
handcast 0.75 mm gels (Bio-Rad Laboratories). Gels were casted by mixing the reagents and their
respective quantities listed in Table 2.1. The reference used was AccuRuler prestained protein
ladder G02101 (Lambda Biotech). Once the gels were set, 20 uL of sample were loaded per well
and 7 pL of the ladder solution was used as a reference. The gels were resolved using 1X running
buffer (preparation discussed below) as the electrophoresis buffer at 120 V for ~45 min. Gels were
analyzed using a Coomassie staining solution consisting of 50% MeOH, 10% glacial acetic acid,
and 0.1% Coomassie brilliant blue. The resolved gel was placed in Coomassie staining solution
and placed on a gel rocker overnight. The staining solution was then removed, and the gel was
destained with a solution consisting of 40% MeOH and 10% glacial acetic acid. The gel was placed
into destaining solution and placed on a gel rocker for 6 h, which were then visualized on a white

light box.

1X Running buffer preparation: To a 2L vessel was added 1 L of deionized water, 28.8 g of
glycine, and 6.04 g of Trizma base. When the solids were completely dissolved, 2 g of sodium
dodecyl sulfate were added. The mixture was then mixed with more deionized water until the total

volume was 2 L.
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Table 2.1: Solutions for casting SDS-PAGE electrophoresis gels.

Resolving Gel (15 mL) Stacking Gel (5 mL)
1.5 M Trizma, pH 8.8 SmL | 0.5M Trizma, pH 6.8 620 uL
30% acrylamide 7.5 mL | 30% acrylamide 833 uL
Water 2.4 mL | Water 3.8 mL
20% SDS 75 uL | 20% SDS 25 uL
10% APS 75 uL | 10% APS 50 uL
TEMED 25 uL. | TEMED 5uL

Chapter 2, in part, is currently being prepared for submission for publication of the
material. Arevalo, G. E.; Capraro, D. T.; Lin, H. H.; Jennings, P. A.; Theodorakis, E. A. The

dissertation author was the primary researcher and author of this material.
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Chapter 3

Profiling the Interaction Between MINT &
CGXs

3.1 UV/Vis Spectroscopic Analysis of the Interaction
Between DM MINT & CGXs

As an Fe-S protein, DM MINT has unique spectroscopic characteristics that make it
amenable to analysis by UV/Vis and circular dichroism spectroscopies. Consequently, we opted
to follow the decay of DM MiNT using both methods, which yielded valuable information of the
decay rate of the 2Fe-2S clusters as well as conformational changes of the protein that occur when
the metal clusters are released. The UV Vis absorption spectrum of DM MiNT clearly shows
several regions where the decay of the protein can be followed (Figure 3.1A). We opted to follow
changes at 458 nm since the 2Fe-2S clusters of DM MiNT are known to absorb at this wavelength

(Figure 3.1B). However, no statistically significant changes were observed for DM MiNT at other
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wavelengths. In addition, when DM mint was exposed to 10% DMSO, a UV/analysis showed no
difference in the UV/Vis spectra between DM MiNT by itself and when mixed with 10% DMSO
(Figure 3.2). Regardless of whether DMSO is present, the 458 nm half-life decay of DM Mint was

measured to be ~150 min.
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Figure 3.1: UV/Vis absorption spectrum of DM MiNT and its decay at 450 nm. A) the UV Vis
spectrum of DM MiNT, which shows several regions that can be tracked for decay and B) the
decay of several wavelengths, which are all nearly identical. The increase in absorbance after 300
min is likely due to apo-protein aggregation.
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Figure 3.2: UV/Vis absorption spectrum of DM MiNT with 10% DMSO and its decay at 450 nm.
A) the UV Vis spectrum of DM MiNT with 10% DMSO and B) the decay of DM MiNT with 10%
DMSO at 458 nm (red), which is identical to that of the protein without DMSO (blue).
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When DM MiNT was exposed to various concentrations of compound 118, an increase in
the half-life of the protein was observed. This observation was consistent across all the derivatives
that we tested (see chapter 3 appendix). The half-life if DM MiNT with 10% of 0.1-0.2 mg/mL
solutions of 118 was extended to ~200 min. and 210-220 min for concentrations between 0.3-0.5
mg/mL (Figure 3.3). Interestingly, we observed a “tail” effect after ~220 min, which we did not
observe when the protein was analyzed by itself. We speculate that this is likely the result of a
difference in stability between the two clusters of DM MINT and a difference in the way the
compound interacts with each cluster. In essence, one cluster is being stabilized significantly more
than the other. We measure the decay of the tail, which we refer to as the second half-life or the
half-life of the more stable cluster, to be ~370 min at concentrations of 0.1, 0.4, and 0.5 mg/mL.
At concentration of 0.2 and 0.3 mg/mL, we observed a longer second half-life of ~470 min and we

speculate that this is the result of a concentration dependance on the stability of the second cluster.
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Figure 3.3: UV/Vis absorption decay at 458 nm of DM MiNT with 10% 118 in DMSO at various
concentrations compared to DM MiNT with no compound.
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A similar observation was made when DM MiNT was exposed to compound 130 at various
concentrations. In this case, however, there is a much more cohesive interaction between
compound 130 and DM MiNT regardless of concentration. At 10% of 0.1 mg/mL 130, a half-life
of 200 min was observed. At every other concentration, between 0.2-0.5 mg/mL, a consistent half-
life of 240 min was observed. The second half -life of 130 at 0.1 mg/mL was measured to be ~270

min, and for all other concentrations, it was determined to be ~400 min.
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Figure 3.4: UV/Vis absorption decay at 458 nm of (DN} MiNT with 10% 130 in DMSO at various
concentrations compared to DM MiNT with no compound.

When considering all the compounds we tested, it was apparent that there was a significant
increase in first half life of MiNT with all amide derivatives compared to GBA, which showed a
first half-life of and a second half-life of 170 and 222 min, respectively (Figure 3.5). Overall, our
novel amide derivatives have a stabilizing effect on MiNT, which has important implications for
their use as novel therapeutics. Further tests are ongoing to optimize our model for use as a

predictor of small molecule biological activity in NEET proteins.
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Figure 3.5: Apparent half-lives of both MiNT clusters, cluster 1 (C1) and 2 (C2), when exposed
to 10% of 0.4 mg/mL solutions of various compounds. The half-lives were determined by the
decay of clusters at 458 nm.

3.2 CD Spectroscopic Analysis of the Interaction Between DM
MINT & CGXs

The intrinsic CD spectrum of a protein’s amide backbone is sensitive to the secondary
structure of the protein.!””- 1”® The amide backbone bonds absorb in the far UV, typically between
150-300 nm. CD increases in negative ellipticity between 208 and 222 nm and positive ellipticity
at 193 nm are typically indicative of an increase in a-helical structure.!” Increase in B-structure
are typically observed when there is an increase in a negative band at 218 nm and positive band at
195 nm.

The CD spectrum of a protein is primary the sum of its active chromophores and secondary

structure, which can be divided into three electronic transition energy wavelength categories.!®® In
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the first category, the far ultraviolet region below 250 nm, circular dichroism is largely the result
of n—n* electron transition of the amide bonds of the protein backbone. The second category, the
near ultraviolet spectral region between 250-400 nm, circular dichroism is mainly the result of
n—mn* electron transition of aromatic side chains in the protein. In the third category, the UV/Vis
region between 400-700 nm, circular dichroism is caused by external chromophores, such as
prosthetic groups.

To study changes in the secondary structure of MiNT, we subjected the protein to analysis
by CD, which were collected at wavelengths between 200-800 nm. Our initial area of interest was
the helical region between 200-300 nm. However, our solvent of choice for the delivery of
compounds was DMSO, which absorbs heavily in this region of the CD.!'®! This precluded us from
using the far UV region of the CD for analysis when DMSO was present.

However, absorption bands of proteins in the near UV, between 250-350 nm, are typically
due aromatic amino acids such as phenylalanine, tyrosine, and tryptophan.!’® The absorption bands
of these amino acids often have fine vibrational structure, due to the transitions between electronic
states with vibrational structure.!”® Tryptophan shows a maximum around 290 nm, with fine
vibrational structure between 290-305 nm. Tyrosine shows a maximum between 275-282 nm, with
a shoulder at higher wavelengths, but can be overshadowed by the tryptophan bands.
Phenylalanine produces bands that are narrower and less intense, with fine vibrational structure
between 255-270 nm. This, in turn, allowed us to track any secondary structure changes resulting
from aromatic amino acids.

Initially, when DM MiNT was subjected to CD analysis, no change in its confirmation was
observed after 240 min at 37 °C. Similarly, with 10% DMSO added, no statistically significant

change was observed in the CD spectrum under the same conditions (Figure 3.6). Coupled with
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our UV/Vis result of the decay of MiNT, we concluded that there is no change in the structure of
the protein as it loses its clusters, which is in accordance with the role of MiNT within the

mitochondria.

DM MiNT/10% DMSO Decay

4108 ¢ 0 ¢
(57) o [ <
1 — O min
2_‘ F YWZC _
— 240 min

A (m°)
N

. Wavelength (nm)

Figure 3.6: CD of DM MINT at 37 °C after 240 min. The blue line represents the first scan, and
the red line represents the last scan at 240 min. Aromatic side chains and cysteine are labeled.

However, upon addition of CGXs to DM MiNT, we observed a notable change in the
aromatic region of the CD. When 10% of a solution of GBA (0.4 mg/mL) was added to DM MiNT,
there were changes that in the aromatic region of the CD (Figure 3.7A). We wondered whether
this system showed additive properties, which is typical for many CD systems. To our delight,
when a CD spectrum of DM MINT with DMSO is added to a spectrum of GBA by itself and
subtract a spectrum of DMSO by itself, we obtain nearly the same curve as when a CD of all three
components together is taken (Figure 3.7B). We therefore subtracted a spectrum of GBA at the
same concentration as our experiment of the CD decay of DM MiNT with GBA and obtained clear
areas of change in the aromatic region (Figure 3.7C). Subtracting a spectrum of DM MiNT with

10% DMSO to our decay spectra, we obtained the same curve as that of GBA alone (Figure 3.7D).
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Figure 3.7: CD decay of DM MiNT with 10% GBA (0.4 mg/mL) at 37 °C.

Upon closer examination of the CD spectrum of the decay of DM MiNT in the presence of
GBA with GBA subtracted, it is event that all three aromatic side chains as well as cysteines
experience a change in their environment (Figure 3.8). This process was also repeated with the
data obtained for compounds 118 and 130 (Figures 3.11 and 3.12, respectively). In the GBA/MiINT
CD (Kp = 32 uM, appendix Figure 3.A32), the most dramatic change is in the positive signals of
the tryptophan in DM MiNT appearing between 284-305 nm and of cysteines appearing between

345-385 nm. Both the tryptophan and tyrosine residues experience a blue shift whereas the cysteine

region does not.
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When comparing the same region of the CD of DM MiNT/GBA to that of DM MiNT with
compound 130 (Kp = 19 uM, appendix Figure 3.A37), it is event that the way the two compounds
interact with the protein is different (Figure 3.9). Coincidentally, the region that changes with
compound 130 is a region where GBA causes little change. Undoubtedly, GBA causes a more
pronounced conformational change than compound 130. When compared to compound 118
(Figure 3.10), the conformational changes are like the changes in DM MiNT caused by GBA. In
compound 118 (Kp =47.9 uM, appendix Figure 3.A35), the most pronounced changes seem to be
occurring in the tryptophan region, with a positive signal decreasing between 285-318 nm.

Overall, each of the three compounds studied by circular dichroism display different
mechanisms for how they stabilize DM MiNT. For GBA, there is an apparent unfolding of the
protein that occurs—and because GBA is a carboxylate at pH 8 (the pH of the buffer), it could
contribute to cluster stability by donating electron density through coordination of the carboxylate
to the Fe-S cluster. Neither compound 130 nor 118 possess a carboxylate as it has been replaced
with an amide in both. However, both compounds stabilized DM MiNT more so than GBA.
Compound 130 does not seem to cause many conformational changes and, as a result, it is possible
that it binds to residues on the surface of the protein and increases the interaction between the two
asymmetric sides of DM MiNT. Since compound 118 is the most hydrophobic, it is likely that it
interreacts with hydrophobic pockets of DM MiNT, which expose aromatic residues and does not
destabilize its cluster, but rather stabilizes them. Efforts are ongoing to conduct further tests to

elucidate the mode of binding of each compound to DM MiNT.
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Figure 3.8: The aromatic region of the CD spectrum after DM MiNT interacts with GBA.
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Figure 3.9: The aromatic region of the CD spectrum after DM MiNT interacts with 130.
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Figure 3.10: The aromatic region of the CD spectrum after DM MiNT interacts with 118.
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Figure 3.11: CD decay of DM MINT with 10% 118 (0.4 mg/mL) at 37 °C.
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Figure 3.12: CD decay of DM MiNT with 10% 130 (0.4 mg/mL) at 37 °C.



3.3 Appendix

UV-Vis Spectroscopy Protein Stability Assays

DM MINT stability assays were performed using a Varian Cary 50 UV-Vis
spectrophotometer equipped with a temperature-controlled cuvette holder and Varian Cary single
cell Peltier accessory. The instrument was set to a wavelength collection range between 200-800
nm and a scan rate of 10 min/cycle for 100 cycles at 37 °C. The cuvette utilized was a Hellma
macro-QS 10 mm pathlength absorption cuvette equipped with a PTFE stopper. Samples were
prepared by making 30 uM solutions of DM MiNT in SEC buffer and mixing with 10% DMSO
or 10% of a solution of compound to be tested (dissolved in DMSO) relative to the total volume
of sample. The sample was carefully, but thoroughly mixed with repetitive pipetting then topped
with 50 pL of paraffin oil and placed inside the spectrophotometer for analysis. Data was processed

and analyzed using GraphPad Prism 9.

Conformational Analysis by Circular Dichroism Spectroscopy

The instrument used for CD analysis was an Aviv circular dichroism spectrometer model
215. The following parameters were utilized for all CD spectra: spectral bandwidth = 1nm,
scanning speed = 60 nm/min, wavelength step = 1 nm, averaging time = 0.5 sec, multi-scan wait
time = 20 min, and the temperature was set to 37 °C. All data was acquired using a Hellma QS
high performance 1 mm cuvette. Samples were prepared by making 40 uM solutions of DM MiNT
in SEC buffer and, if necessary, mixing with 10% DMSO or 10% of a solution of compound to be
tested (dissolved in DMSO) relative to the total volume of sample (typically 300 pL). As a

reference, all CD data obtained is provided here including UV/Vis data.
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UV/Vis and CD Spectroscopic Data

DM MINT * DMSO Cluster Decay (458 nm)

1.00 —— No DMSO
] — DMSO

>

O -

5

o 0.75-

3 -

(8]

o -

o

| -

9

‘I’ 0.50- .........................................................................................................................
=

o -

: -

0 J

& 0.25-

L.

0-00 | | l | | l | | | | l | | l | | l | | l | | l
] 100 200 300 400 500 600 700 800 900 1000
Time (min)

Figure 3.A1: UV/Vis decay curve of DM MiNT at 458 nm in SEC buffer without DMSO (blue)
and the decay curve of DM MiNT at 458 nm with 10% DMSO (red).

185



DM MINT Cluster Decay Absorbance Comparison
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Figure 3.A2: UV/Vis decay curves of DM MiNT without DMSO at various wavelengths.
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Figure 3.A3: UV/Vis decay curves of DM MiNT with 10% DMSO at various wavelengths.
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GBA 0.5 mg/mL Cluster Decay Absorbance Comparison
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Figure 3.A4: UV/Vis decay curves of DM MiINT with 10% 0.5 mg/mL GBA at various
wavelengths.
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GBA 0.3 mg/mL Cluster Decay Absorbance Comparison
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Figure 3.AS: UV/Vis decay curves of DM MiINT with 10% 0.3 mg/mL GBA at various
wavelengths.
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GBA 0.1 mg/mL Cluster Decay Absorbance Comparison

—— 540 nm

—— 458 nm

—— 340 nm

.......................................................................................

Fraction Cluster Occupancy

00017 TT T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000

Time (min)
Figure 3.A6: UV/Vis decay curves of DM MiINT with 10% 0.1 mg/mL GBA at various
wavelengths.
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GBA 0.01 mg/mL Cluster Decay Absorbance Comparison
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Figure 3.A7: UV/Vis decay curves of DM MiINT with 10% 0.01 mg/mL GBA at various
wavelengths.
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DM MINT vs. GBA Concentration (540 nm)
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Figure 3.A8: Comparison of the UV/Vis decay curves of DM MiNT with 10% of each GBA
concentration versus DM MiNT (10% DMSO) at 540 nm.

192



DM MINT vs. GBA Concentration (458 nm)
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Figure 3.A9: Comparison of the UV/Vis decay curves of DM MiNT with 10% of each GBA
concentration versus DM MiNT (10% DMSO) at 458 nm.
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DM MINT vs. GBA Concentration (340 nm)
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Figure 3.A10: Comparison of the UV/Vis decay curves of DM MiNT with 10% of each GBA
concentration versus DM MiNT (10% DMSO) at 340 nm.
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GBA Hyperchromia Summary (458 nm)
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Figure 3.A11: Hyperchromicity of DM MINT with GBA. DM MIiNT exhibits a hyperchromic
event as it binds to GBA, which is readily apparent in the initial increase in UV absorbance seen
between 0 and 120 minutes. At lower GBA concentrations, hyperchromicity is significantly less
apparent.
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118 0.5 mg/mL Cluster Decay Absorbance Comparison
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Figure 3.A12: UV/Vis decay curves of DM MiNT with 10% 0.5 mg/mL compound 118 at various
wavelengths.
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118 0.4 mg/mL Cluster Decay Absorbance Comparison
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Figure 3.A13: UV/Vis decay curves of DM MiNT with 10% 0.4 mg/mL compound 118 at various
wavelengths.
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118 0.3 mg/mL Cluster Decay Absorbance Comparison
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Figure 3.A14: UV/Vis decay curves of DM MiNT with 10% 0.3 mg/mL compound 118 at various
wavelengths.
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118 0.2 mg/mL Cluster Decay Absorbance Comparison
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Figure 3.A15: UV/Vis decay curves of DM MiNT with 10% 0.2 mg/mL compound 118 at various

wavelengths.
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118 0.1 mg/mL Cluster Decay Absorbance Comparison
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Figure 3.A16: UV/Vis decay curves of DM MiNT with 10% 0.1 mg/mL compound 118 at various
wavelengths.
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DM MINT vs. 118 Concentration (590 nm)
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Figure 3.A17: Comparison of the UV/Vis decay curves of DM MiNT with 10% of each compound
118 concentration versus DM MINT (10% DMSO) at 590 nm.
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DM MINT vs. 118 Concentration (540 nm)
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Figure 3.A18: Comparison of the UV/Vis decay curves of DM MiNT with 10% of each compound
118 concentration versus DM MINT (10% DMSO) at 540 nm.
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DM MINT vs. 118 Concentration (458 nm)
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Figure 3.A19: Comparison of the UV/Vis decay curves of DM MiNT with 10% of each compound
118 concentration versus DM MINT (10% DMSO) at 458 nm.
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DM MINT vs. 118 Concentration (340 nm)
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Figure 3.A20: Comparison of the UV/Vis decay curves of DM MiNT with 10% of each compound
118 concentration versus DM MINT (10% DMSO) at 340 nm.
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130 0.5 mg/mL Cluster Decay Absorbance Comparison
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Figure 3.A21: UV/Vis decay curves of DM MiNT with 10% 0.5 mg/mL compound 130 at various
wavelengths.
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130 0.4 mg/mL Cluster Decay Absorbance Comparison

1.00 t‘ —— 590 nm
—— 540 nm

- —— 458 nm

Fraction Cluster Occupancy

0.00 1 1T 1T T1T 11 rrrrrrrorrr
0 100 200 300 400 500 600 700 800 900 1000

Time (min)

Figure 3.A22: UV/Vis decay curves of DM MiNT with 10% 0.4 mg/mL compound 130 at various
wavelengths.
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130 0.3 mg/mL Cluster Decay Absorbance Comparison
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Figure 3.A23: UV/Vis decay curves of DM MiNT with 10% 0.3 mg/mL compound 130 at various
wavelengths.
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130 0.2 mg/mL Cluster Decay Absorbance Comparison
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Figure 3.A24: UV/Vis decay curves of DM MiNT with 10% 0.2 mg/mL compound 130 at various
wavelengths.
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130 0.1 mg/mL Cluster Decay Absorbance Comparison

1.00 —— 590 nm
—— 540 nm
>
2 - —— 458 nm
N —
S 0.75 —e— 340 nm
o -
o -
o
S -
93
7] 050_ .......................................................................................................................
2 -
(&)
: -
0 J
8 0.25-
L

0.00 T T T 1 T 1 LI | LI | LI | LI | L) | T
0 100 200 300 400 500 600 700 800 900 1000
Time (min)

Figure 3.A25: UV/Vis decay curves of DM MiNT with 10% 0.1 mg/mL compound 130 at various
wavelengths.
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DM MINT vs. 130 Concentration (590 nm)
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Figure 3.A26: Comparison of the UV/Vis decay curves of DM MiNT with 10% of each compound
130 concentration versus DM MiNT (10% DMSO) at 590 nm.

210



DM MINT vs. 130 Concentration (540 nm)
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Figure 3.A27: Comparison of the UV/Vis decay curves of DM MiNT with 10% of each compound
130 concentration versus DM MiNT (10% DMSO) at 540 nm.
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DM MINT vs. 130 Concentration (458 nm)
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Figure 3.A28: Comparison of the UV/Vis decay curves of DM MiNT with 10% of each compound
130 concentration versus DM MiNT (10% DMSO) at 458 nm.
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DM MINT vs. 130 Concentration (340 nm)
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Figure 3.A29: Comparison of the UV/Vis decay curves of DM MiNT with 10% of each compound
130 concentration at 340 nm.
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GBA K, by Half-Life
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Figure 3.A30: Binding constant for GBA with DM MiNT calculated by half-life.
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GBA K, by A Absorbance
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Figure 3.A31: Binding constant for GBA with DM MiNT calculated by change in absorbance.
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GBA K, by A Absorbance
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Figure 3.A32: Binding constant for GBA with DM MINT calculated by absorbance omitting
hyperchromicity.
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118 K, by Half-Life
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Figure 3.A33: Binding constant for 118 with DM MiNT calculated by half-life.

217

50



118 K, by A Absorbance

\

A Absorbance

0.2- Initial K= 47.9 uM

A 20 min K=6.7 uM

I ' I ' I ' I
0 10 20 30 40 50
[118, uM]

Figure 3.A34: Binding constant for 118 with DM MiNT calculated by change in absorbance.
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130 K, by Half-Life
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Figure 3.A35: Binding constant for 130 with DM MiNT calculated by half-life.
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Figure 3.A36: Binding constant for 130 with DM MiNT calculated by change in absorbance.
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UV/Vis Decay of DM MiNT
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Figure 3.A37: UV/Vis decay of DM MiNT (200-800 nm).
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Figure 3.A38: Replicate UV/Vis decay of DM MiNT (200-800 nm).
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UV/Vis Decay of DM MiNT (10% DMSO)
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Figure 3.A39: UV/Vis decay of DM MiNT with 10% DMSO (200-800 nm).
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Figure 3.A40: UV/Vis of SEC buffer with 10% GBA in DMSO at various concentrations (200-
800 nm).
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UV/Vis Decay of DM MiNT with GBA (0.5 mg/mL)
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Figure 3.A41: UV/Vis decay of DM MiNT with 10% GBA in DMSO at 0.5 mg/mL (200-800
nm).
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UV/Vis Decay of DM MiNT with GBA (0.4 mg/mL)
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Figure 3.A42: UV/Vis decay of DM MiNT with 10% GBA in DMSO at 0.4 mg/mL (200-800
nm).
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UV/Vis Decay of DM MiNT with GBA (0.3 mg/mL)
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Figure 3.A43: UV/Vis decay of DM MiNT with 10% GBA in DMSO at 0.3 mg/mL (200-800
nm).
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UV/Vis Decay of DM MiNT with GBA (0.2 mg/mL)
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Figure 3.A44: UV/Vis decay of DM MiNT with 10% GBA in DMSO at 0.2 mg/mL (200-800
nm).
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UV/Vis Decay of DM MiNT with GBA (0.1 mg/mL)
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Figure 3.A45: UV/Vis decay of DM MINT with 10% GBA in DMSO at 0.1 mg/mL (200-800
nm).
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Figure 3.A46: UV/Vis of SEC buffer with 10% 118 in DMSO at various concentrations (200-800
nm).
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UV/Vis Decay of DM MIiNT with 118 (0.5 mg/mL)
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Figure 3.A47: UV/Vis decay of DM MINT with 10% 118 in DMSO at 0.5 mg/mL (200-800 nm).
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UV/Vis Decay of DM MIiNT with 118 (0.4 mg/mL)
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Figure 3.A48: UV/Vis decay of DM MINT with 10% 118 in DMSO at 0.4 mg/mL (200-800 nm).

232



UV/Vis Decay of DM MIiNT with 118 (0.3 mg/mL)
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Figure 3.A49: UV/Vis decay of DM MINT with 10% 118 in DMSO at 0.3 mg/mL (200-800 nm).
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UV/Vis Decay of DM MIiNT with 118 (0.2 mg/mL)
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Figure 3.A50: UV/Vis decay of DM MINT with 10% 118 in DMSO at 0.2 mg/mL (200-800 nm).
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UV/Vis Decay of DM MIiNT with 118 (0.1 mg/mL)
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Figure 3.A51: UV/Vis decay of DM MINT with 10% 118 in DMSO at 0.1 mg/mL (200-800 nm).
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Figure 3.A52: UV/Vis of SEC buffer with 10% 130 in DMSO at various concentrations (200-800
nm).
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UV/Nis Decay of DM MiNT with 130 (0.5 mg/mL)
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Figure 3.A53: UV/Vis decay of DM MINT with 10% 130 in DMSO at 0.5 mg/mL (200-800 nm).
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UV/Vis Decay of DM MIiNT with 130 (0.4 mg/mL)
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Figure 3.A54: UV/Vis decay of DM MINT with 10% 130 in DMSO at 0.4 mg/mL (200-800 nm).
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UV/NVis Decay of DM MiNT with 130 (0.3 mg/mL)
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Figure 3.A55: UV/Vis decay of DM MINT with 10% 130 in DMSO at 0.3 mg/mL (200-800 nm).
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UV/NVis Decay of DM MiNT with 130 (0.2 mg/mL)
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Figure 3.A56: UV/Vis decay of DM MINT with 10% 130 in DMSO at 0.2 mg/mL (200-800 nm).
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UV/Nis Decay of DM MiNT with 130 (0.1 mg/mL)
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Figure 3.A57: UV/Vis decay of DM MINT with 10% 130 in DMSO at 0.1 mg/mL (200-800 nm).
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UV/Vis Decay of DM MIiNT with 115 (0.4 mg/mL)
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Figure 3.A58: UV/Vis decay of DM MINT with 10% 115 in DMSO at 0.4 mg/mL (200-800 nm).

242



UV/Vis Decay of DM MIiNT with 117 (0.4 mg/mL)
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Figure 3.A59: UV/Vis decay of DM MINT with 10% 117 in DMSO at 0.4 mg/mL (200-800 nm).
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UV/Vis Decay of DM MIiNT with 119 (0.4 mg/mL)
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Figure 3.A60: UV/Vis decay of DM MINT with 10% 119 in DMSO at 0.4 mg/mL (200-800 nm).
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UV/Nis Decay of DM MiNT with 120 (0.4 mg/mL)
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Figure 3.A61: UV/Vis decay of DM MINT with 10% 120 in DMSO at 0.4 mg/mL (200-800 nm).
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UV/Vis Decay of DM MIiNT with 121 (0.4 mg/mL)
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Figure 3.A62: UV/Vis decay of DM MINT with 10% 121 in DMSO at 0.4 mg/mL (200-800 nm).
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UV/Nis Decay of DM MiNT with 122 (0.4 mg/mL)
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Figure 3.A63: UV/Vis decay of DM MINT with 10% 122 in DMSO at 0.4 mg/mL (200-800 nm).
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UV/Nis Decay of DM MIiNT with 123 (0.4 mg/mL)
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Figure 3.A64: UV/Vis decay of DM MINT with 10% 123 in DMSO at 0.4 mg/mL (200-800 nm).
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UV/Nis Decay of DM MiNT with 157 (0.4 mg/mL)
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Figure 3.A65: UV/Vis decay of DM MINT with 10% 157 in DMSO at 0.4 mg/mL (200-800 nm).
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SEC Buffer (200-800 nm)

Figure 3.A66: CD spectrum of SEC buffer (200-800 nm).
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SEC Buffer (250-701 nm)
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Figure 3.A67: CD spectrum of SEC buffer (250-701 nm).
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Figure 3.A68: CD spectrum of SEC buffer with 10% DMSO (200-300 nm).
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Figure 3.A69: CD spectrum of SEC buffer with 10% DMSO (200-800 nm).
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Figure 3.A70: CD spectrum of SEC buffer with 10% DMSO (250-701 nm).
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Figure 3.A71: CD spectrum of DM MiNT dissolved in SEC buffer (200-300 nm).
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Figure 3.A72: CD spectrum of DM MiNT dissolved in SEC buffer (250-701 nm).
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DM MINT Decay (200-300 nm)
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Figure 3.A73: CD spectrum of the decay of DM MiNT dissolved in SEC buffer (200-300 nm).
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DM MiNT/10% DMSO (200-300 nm)
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Figure 3.A74: CD spectrum of DM MiINT and 10% DMSO dissolved in SEC buffer (200-300
nm).
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Figure 3.A75: CD spectrum of DM MiINT and 10% DMSO dissolved in SEC buffer (200-800
nm).
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Figure 3.A76: CD spectrum of the decay of DM MiNT with 10% DMSO dissolved in SEC buffer
(250-701 nm).
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GBA in SEC Buffer (200-800 nm)
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Figure 3.A77: CD spectrum of 10% GBA in DMSO (0.4 mg/mL) dissolved in SEC buffer (200-
800 nm).
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DM MINT and 0.4 mg/mL GBA
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Figure 3.A78: CD spectrum of DM MiNT with 10% GBA in DMSO (0.4 mg/mL) dissolved in
SEC buffer (200-800 nm).
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GBA in SEC Buffer (250-701 nm)
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Figure 3.A79: CD spectrum of 10% GBA in DMSO (0.4 mg/mL) dissolved in SEC buffer (250-
701 nm).
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Additive Properties
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Figure 3.A80: CD spectrum showing the additive properties of DM MiNT and GBA/DMSO (250-
701 nm). A spectrum of DM MiNT with 10% DMSO dissolved in SEC buffer (1, blue) can be
added to a spectrum of 10% GBA in DMSO (0.4 mg/mL) dissolved in SEC buffer (2, red), which
upon subtraction of a spectrum of 10% DMSO in SEC buffer (3, green) yields nearly the same
spectrum (purple) as a mixture of DM MiNT with 10% GBA in DMSO (0.4 mg/mL) dissolved in
SEC buffer (orange).
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Figure 3.A81: CD spectrum of the decay of DM MiNT with 10% GBA in DMSO (0.4 mg/mL)
dissolved in SEC buffer (250-701 nm).
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Figure 3.A82: A CD spectrum showing the result of subtracting the spectrum of 10% GBA in

DMSO (0.4 mg/mL) dissolved in SEC buffer from the decay of DM MiNT with 10% GBA in
DMSO (0.4 mg/mL) dissolved in SEC buffer.
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DM MINT and 0.4 mg/mL GBA
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Figure 3.A83: A CD spectrum showing the result of subtracting the spectrum of DM MiNT with

10% DMSO dissolved in SEC buffer from the decay of DM MiNT with 10% GBA in DMSO (0.4
mg/mL) dissolved in SEC buffer.
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Figure 3.A84: A replicate CD spectrum of the decay of DM MiNT with 10% GBA in DMSO (0.4
mg/mL) dissolved in SEC buffer (250-701 nm).
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Figure 3.A85: A replicate CD spectrum showing the result of subtracting the spectrum of 10%

GBA in DMSO (0.4 mg/mL) dissolved in SEC buffer from the decay of DM MiNT with 10%
GBA in DMSO (0.4 mg/mL) dissolved in SEC buffer.
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Figure 3.A86: A replicate CD spectrum showing the result of subtracting the spectrum of DM

MiNT with 10% DMSO dissolved in SEC buffer from the decay of DM MiNT with 10% GBA in
DMSO (0.4 mg/mL) dissolved in SEC buffer.
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Figure 3.A87: CD spectrum of 10% 118 in DMSO (0.4 mg/mL) dissolved in SEC buffer (200-
800 nm).
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Figure 3.A88: CD spectrum of 10% 118 in DMSO (0.4 mg/mL) dissolved in SEC buffer (250-
701 nm).
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Figure 3.A89: CD spectrum of DM MiNT with 10% 118 in DMSO (0.4 mg/mL) dissolved in SEC
buffer (200-800 nm).
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Figure 3.A90: CD spectrum showing the additive properties of DM MiNT and 118/DMSO (250-
701 nm). A spectrum of DM MiNT in SEC buffer (1, blue) can be added to a spectrum of 10%
118 in DMSO (0.4 mg/mL) dissolved in SEC buffer (2, red). Subtracting a spectrum of SEC buffer
(3, green) yields a nearly identical spectrum (purple) to a spectrum of a mixture of DM MiNT with
10% 118 in DMSO (0.4 mg/mL) dissolved in SEC buffer (orange).
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Figure 3.A91: CD spectrum of the decay of DM MINT with 10% 118 in DMSO (0.4 mg/mL)
dissolved in SEC buffer (250-701 nm).
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Figure 3.A92: CD spectrum showing the result of subtracting the spectrum of 10% 118 in DMSO

(0.4 mg/mL) from the decay of DM MiNT with 10% 118 in DMSO (0.4 mg/mL) dissolved in SEC
buffer.
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DM MIiNT and 0.4 mg/mL 118
Decay (-DM MIiNT/DMSO)

— O min
— 240 mi

N N

500 600 700

- Wavelength (nm)

Figure 3.A93: CD spectrum showing the result of subtracting the spectrum of DM MiNT with
10% DMSO from the decay of DM MiNT with 10% 118 in DMSO (0.4 mg/mL).
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Figure 3.A94: Replicate CD spectrum of the decay of DM MiNT with 10% 118 in DMSO (0.4
mg/mL) dissolved in SEC buffer (250-701 nm).
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Figure 3.A95: Replicate CD spectrum showing the result of subtracting the spectrum of 10% 118

in DMSO (0.4 mg/mL) dissolved in SEC buffer from the decay of DM MiNT with 10% 118 in
DMSO (0.4 mg/mL) dissolved in SEC buffer.
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DM MIiNT and 0.4 mg/mL 118
Decay (-DM MIiNT/DMSO)

2 - — 0 min
Y — 240 min

- Wavelength (nm)

Figure 3.A96: Replicate CD spectrum showing the result of subtracting the spectrum of DM MiNT
with 10% DMSO dissolved in SEC buffer from the decay of DM MiNT with 10% 118 in DMSO
(0.4 mg/mL) dissolved in SEC buffer.
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Figure 3.A97: CD spectrum of 10% 130 in DMSO (0.4 mg/mL) dissolved in SEC buffer (200-
800 nm).
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Figure 3.A98: CD spectrum of 10% 130 in DMSO (0.4 mg/mL) dissolved in SEC buffer (250-
701 nm).
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Figure 3.A99: CD spectrum of DM MiNT with 10% 130 in DMSO (0.4 mg/mL) dissolved in SEC
buffer (200-800 nm).
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Figure 3.A100: CD spectrum showing the additive properties of DM MiNT and 130/DMSO (250-
701 nm). A spectrum of DM MIiNT in SEC buffer (1, blue) can be added to a spectrum of 10%
130 in DMSO (0.4 mg/mL) dissolved in SEC buffer (2, red). Subtracting a spectrum of SEC buffer
(3, green) yields a nearly identical spectrum (purple) to a spectrum of a mixture of DM MiNT with
10% 130 in DMSO (0.4 mg/mL) dissolved in SEC buffer (orange).
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Decay (250-701 nm)

Wavelength (nm)

Figure 3.A101: CD spectrum of the decay of DM MiNT with 10% 130 in DMSO (0.4 mg/mL)
dissolved in SEC buffer (250-701 nm).
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Figure 3.A102: CD spectrum showing the result of subtracting the spectrum of 10% 130 in DMSO

(0.4 mg/mL) from the decay of DM MiNT with 10% 130 in DMSO (0.4 mg/mL) dissolved in SEC
buffer.
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Figure 3.A103: CD spectrum showing the result of subtracting the spectrum of DM MiNT with
10% DMSO dissolved in SEC buffer from the decay of DM MiNT with 10% 130 in DMSO (0.4
mg/mL) dissolved in SEC buffer.
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Figure 3.A104: Replicate CD spectrum of the decay of DM MiNT with 10% 130 in DMSO (0.4
mg/mL) dissolved in SEC buffer (250-701 nm).
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Figure 3.A105: Replicate CD spectrum showing the result of subtracting the spectrum of 10% 130
in DMSO (0.4 mg/mL) dissolved in SEC buffer from the decay of DM MiNT with 10% 130 in
DMSO (0.4 mg/mL) dissolved in SEC buffer.
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Figure 3.A106: Replicate CD spectrum showing the result of subtracting the spectrum of DM
MiINT with 10% DMSO dissolved in SEC buffer from the decay of DM MINT with 10% 130 in
DMSO (0.4 mg/mL) dissolved in SEC buffer.

Chapter 3, in part, is currently being prepared for submission for publication of the
material. Arevalo, G. E.; Capraro, D. T.; Lin, H. H.; Jennings, P. A.; Theodorakis, E. A. The

dissertation author was the primary researcher and author of this material.
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