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ABSTRACT: The sesquiterpene lactone parthenolide has recently attracted considerable attention owing to its promising
antitumor properties, in particular in the context of stem-cell cancers including leukemia. Yet, the lack of viable synthetic routes
for re-elaborating this complex natural product has represented a fundamental obstacle toward further optimization of its
pharmacological properties. Here, we demonstrate how this challenge could be addressed via selective, late-stage sp> C—H bond
functionalization mediated by P450 catalysts with tailored site-selectivity. Taking advantage of our recently introduced tools for
high-throughput P450 fingerprinting and fingerprint-driven P450 reactivity prediction, we evolved P450 variants useful for
carrying out the highly regioselective hydroxylation of two aliphatic sites (C9 and C14) in parthenolide carbocyclic backbone. By
chemoenzymatic synthesis, a panel of novel C9- and C14-modified parthenolide analogs were generated in order to gain initial
structure—activity insights on these previously inaccessible sites of the molecule. Notably, some of these compounds were found
to possess significantly improved antileukemic potency against primary acute myeloid leukemia cells, while exhibiting low toxicity
against normal mature and progenitor hematopoietic cells. By identifying two ‘hot spots’ for improving the anticancer properties
of parthenolide, this study highlights the potential of P450-mediated C—H functionalization as an enabling, new strategy for the

late-stage manipulation of bioactive natural product scaffolds.

The past decade has witnessed an increasing interest for the
natural product class of sesquiterpene lactones, a group of
plant-derived 1S5-carbon terpenoids arising from the biosyn-
thetic assembly of three isoprene units and containing a lactone
ring either cis- or trans-fused to the carbocyclic skeleton."?
Among them, parthenolide (1, PTL, Scheme 1) has attracted
particular attention owing to its promising potential as an
anticancer agent.”* In recent studies, PTL was found capable of
inducing robust apoptosis in primary acute myelogenous
leukemia (AML) cells, proving to be equally effective among
all subpopulations within primary AML specimens, including
the so-called leukemia stem cells (LSCs).>”” LSCs are believed
to play a crucial role not only in the genesis of AML®® but also
in the clinical relapse of AML patients following traditional
chemotherapy'® due to their reduced responsiveness to
chemotherapeutic agents that kill actively cycling cells."'~"
Thus, the LSC-targeting ability of PTL makes this molecule
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particularly relevant toward the development of more effective
treatments for AML and other hematologic malignancies. In
addition, PTL was found to possess notable antiproliferative
properties against many other types of human cancers,
including breast,"*** lung,16 prostate,17 liver,"®" brain,*°
pancreas,”’ and bone®” cancer.

The anticancer properties of parthenolide has been primarily
associated to its ability to inhibit the transcription factor NF-
kB,”*7** which is known to control multiple tumor-related
processes such as inflammation, proliferation, angiogenesis, and
metastasis.* However, additional mechanisms have been
recently found to lie at the basis of the pharmacological effect
of this molecule in cancer cells, which include activation of
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Scheme 1. Chemical Structure of Parthenolide (1, PTL) and of the Oxidation Products Obtained from Reaction with P4505,;
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“Product distribution: 77% 2; 13% 3; 10% 4. X-ray crystal structures of 1°* and 2 (this study) are shown.
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nisms.

Owing to the promising anticancer properties of PTL, and in
particular to its ability to target cancer stem cells, there is
currently a high interest in re-elaborating this natural product
scaffold to obtain derivatives with enhanced potency and
improved drug-like properties. Previous efforts in this direction
have taken advantage of the reactivity of the a-methylene-y-
lactone moiety, resultin§ in the preparation of various C13-
modified PTL analogs.”**>® However, the a-methylene-y-
lactone moiety is also critical for mediating PTL pharmaco-
logical effects, serving as an electrophilic center in Michael-type
addition reactions with sulphydryl groups in the various cellular
components (e.§., NF-kB, IkK, glutathione) targeted by the
molecule.?>***%37 Ag a result, the tolerance of this site to
functionalization has been limited, with the corresponding C13-
substituted derivatives often exhibiting a large decrease or
complete loss of biological activity compared to PTL.”**73¢ As
an exception, a few C13-amino adducts, and in particular 11,13-
dehydro-13-dimethylamino-parthenolide (DMAPT),”** has
been shown to retain comparable anticancer activity to PTL,
while presenting improved oral bioavailability due to the
increased water-solubility of the amine adduct.” Notably,
DMAPT has advanced to clinical trials for the treatment of
AML and other hematologic malignancies. Despite this
progress, improvements in PTL anticancer potency have not
been achieved to date, posing a barrier to the development of
more effective and selective parthenolide-based anticancer
agents.

Based on our previous work,***’ we envisioned that P450-
mediated C—H functionalization could provide a means to
expand opportunities for the functional re-elaboration of the
PTL scaffold toward this goal. Cytochrome P450 enzymes
constitute an attractive catalytic platform for the oxyfunction-
alization of unactivated C—H bonds in organic molecules,**™*®
complementing and often extending beyond the scope of
chemical oxidation reagents and catalysts.*” In particular,
methodologies for high-throughput P450 active-site mapping
(“P450 fingerprinting”) and P4S0 reactivity prediction recently
introduced by our group have provided a way to guide and
accelerate the development of P450 catalysts with fine-tuned
regio- and stereoselectivity,”*” a key requirement toward the
application of these biological catalysts for synthetic applica-
tions.*” Here, we demonstrate how these tools proved useful in
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rapidly generating a panel of engineered P450 variants, derived
from the bacterial, catalytically self-sufficient CYP102A1 (B.
megaterium),’® for the highly regio- and stereoselective
oxidative activation of two sp> C—H sites (C9 and C14) as
well as of the C,C,, double bond in PTL carbocyclic skeleton.
Using these catalysts, a series of novel, C9- and C14-substituted
parthenolide derivatives were made available by chemo-
enzymatic synthesis for activity evaluation in assays with
primary AML specimens. Importantly, these studies demon-
strate that both the C9 and C14 positions constitute ‘hot spots’
for improving the antileukemic potency of parthenolide, while
granting high selectivity against malignant cells over normal
mature and progenitor hematopoietic cells.

B RESULTS AND DISCUSSION

Parthenolide Oxidation via a Substrate-Promiscuous
P450g,; Variant. In previous studies,’® we found that a
substrate-promiscuous variant of the fatty acid monooxygenase
P4350py (B. megaterium),*® called FL#62, is able to oxidize a
broad range of bulky compounds, including decaline-based
terpenes. Accordingly, we expected that our target compound,
parthenolide, could be equally well accepted by this P450 as a
substrate for oxidation. Gratifyingly, FL#62 was found to be
capable of efficiently oxidizing PTL, supporting more than 1000
total turnovers (TTN) and producing a mixture of three
monooxygenated products in 77:13:10 ratio as determined by
GC-MS. Structural elucidation by NMR and X-ray crystallog-
raphy revealed that the major product consisted of 1(R),10(R)-
epoxy-parthenolide (2, 77%), while the two minor products
consisted of 9(S)-hydroxy-parthenolide (3, 13%) and 14-
hydroxy-parthenolide (4, 10%), respectively (Scheme 1). The
stereochemical configuration of the newly formed oxirane ring
in 2 was determined by X-ray crystallographic analysis (Scheme
1). On the other hand, the observation of NOEs between the
9(H) and 1(H) protons allowed for the unambiguous
assignment of the S configuration to the C9 carbon in 3. In
contrast to FL#62, wild-type P450gy; showed minimal PTL-
oxidation activity (30 TTN), producing the epoxide 2 as the
only product.

Compounds 2 and 3 correspond to naturally occurring
derivatives of parthenolide,”">* whereas compound 4 has been
previously obtained as a minor product (4%) from microbial
metabolism of PTL.>* The hydroxylation products 3 and 4
were of particular interest to us, as they can provide two
valuable intermediates, not accessible via currently available
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Figure 1. (a) Crystal structure of P450gy; heme domain in complex with N-palmitoylglycine (PDB code 1JPZ). The heme prosthetic group is
displayed in red (stick model) and the enzyme-bound substrate in green (sphere model). (b) Close-up view of the enzyme active site, in which the
amino acid residues targeted for mutagenesis in this study are highlighted.
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Figure 2. Fingerprint-based prediction of parthenolide reactivity via fingerprint single component analysis (SCA). (a) Ranking of the 522 FL#62-
derived P450 variants according to their normalized activity on the decaline-based probe P4 (SI Figure S1). The 75 top-ranking (solid box) and 20
bottom-ranking (dotted box) variants are highlighted. (b) Total turnovers in PTL oxidation for the 7S top-scoring P450 variants arranged from the
least to the most active variant. TTN value for FL#62 is indicated for comparison (dotted line).

synthetic methods, for re-elaboration of parthenolide carbocy-
clic skeleton by chemoenzymatic means. Indeed, while chemical
oxidation of the allylic site C14 in parthenolide has been
reported (with SeO, and t-BuOOH),> this transformation is
accompanied by a Z—E isomerization of the 1,10-double bond,
leading to an important structural reorganization of the 10-
membered ring of the molecule.> Interestingly, the sites
targeted by FL#62 (ie, si face of 1,10 C=C bond, pro-S
C(9)—H bond, and C(14)—H bond) are localized within the
same region of the molecule, as evinced from inspection of the
crystal structure of 2 (Scheme 1). While the expanded active
site of FL#62 is likely at the basis of the poor re§io/
stereocontrol in the oxidation of this and other substrates,”>>’
the preferential formation of 2 over 3 and 4 is likely to arise
from the higher reactivity of the electron-rich olefinic group
compared to the neighboring allylic positions, C9 and C14, to
P450-catalyzed oxidation. This electronic bias notwithstanding,
our previous success in fine-tuning the site-selectivity of
artemisinin-hydroxylating P450 variants suggested that P450
catalysts with improved site-selectivity toward each of the
positions targeted by FL#62, and in particular the two, less
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activated aliphatic C—H sites, could be obtained via re-
elaboration of the enzyme active site in combination with our
recently introduced P450 fingerprint-based tools®®*® to
expedite this process.

Prediction of PTL Oxidation Reactivity via Fingerprint
Single Component Analysis (SCA). In the course of
previous work, over 500 functionally diverse P450 catalysts
derived from FL#62 were obtained via a two step process
involving (a) simultaneous site-saturation mutagenesis of
multiple ‘first-sphere’ active-site residues (i.e., 74, 78, 81, 82,
87, 181, and 184, Figure 1), followed by (b) high-throughput
mapping of the active site configuration of the resulting
engineered P450 variants by means of a panel of five
structurally diverse chromogenic probes (compounds P1-PS,
Supporting Information (SI) Figure S1). Through this process,
a collection of 522 FL#62-derived P450s featuring a unique
active site geometry and thus unique regio- and stereoselectivity
properties (as derived from the uniqueness of their fingerprint
profile)*® were thus made available for the search of more
selective PTL-oxidizing P450 catalysts in the context of this
work.
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Table 1. Amino Acid Mutations and Catalytic Properties of Parthenolide-Oxidizing P450 Variants®

product
amino acid substitutions” distribution (%)
variant 78 81 82 87 180 181 184 2 3 4

FL#62 A S \' A T L \' 77 13 10
1II-D4 F \' A 90 7 3
II-CS T I A 29 68 3
XI-All T I T 22 77

XII-F12 T I T A 19 80 1
II-E2 N E A 26 20 53
VII-H11 N F A A A S 17 2 81
XII-D8 N EF A Vv A A S 4 0 9S

TTN product form. rate®  coupling efficiency (%)d Ky (uM)
1042 + 98 234 + 23 55.8 243+ 9
4980 + 430 214 + 31 29.5 193 + 67
1370 + 183 S9+9 37.5 56 + 12
1710 + 116 44 + 2 60.8 340 + 21
1310 £ 71 27 +1 25.8 229 + 38
1085 £ 59 176 + 12 429 289 + 116

420 + 46 21 +3 31.1 478 + 109
60 + 8 2+ 06 14 n.d.

“Mean values and standard deviations are calculated from triplicate experiments. “Compared to P450;, FL#62 carries the following mutations:
V78A, F81S, A82 V, F87A, P142S,T1751, A180T, A184 V, A197 V, F205C, S226R, H236Q, E252G, R255S, A290 V, L353 V. “Rates are measured
over initial 30 s and expressed as mole product per mole P450 per minute. “Ratio between product formation rate and NADPH oxidation rate in the

presence of parthenolide.

We recently reported two complementary methods for
predicting P450 reactivity based on the analysis of their
fingerprints. A first one, suitable for probe-related target
substrates, utilizes the fingerprint component corresponding
to the probe most closely related, structurally, to the target
substrate as a predictor of enzyme reactivity toward this
molecule (referred to as fingerprint single component analysis,
or SCA).>® More recently, we described a more general
approach, applicable to probe-unrelated target molecules, that
relies upon the multivariate analysis of fingerprint/substrate
reactivity correlations using a randomly chosen training set of
P450 variants (fingerprint multiple component analysis, or
MCA).* In the context of parthenolide, both approaches are
feasible, which provided us with an interesting opportunity to
compare side-by-side the performance and predictive capability
of the two methods.

The Maximum Common Substructure (MCS) algorithm
is particularly well suited to assess the de%ree of structural
similarity between core-related molecules.”® Based on this
algorithm, the decaline-based probe P4 (Supporting Informa-
tion (SI) Figure S1) was determined to represent the best
predictor of parthenolide reactivity among the fingerprint probe
set (Sycs = 0.68 vs Sycs < 0.4 against P1, P2, P3, or PS, with
Swcs ranging from 1 (structural identity) to 0 (max. structural
dissimilarity)) via the SCA method. Accordingly, the collection
of 522 FL#62-derived P450 catalysts were ranked based on
their P4 probe activity in order to prioritize our search for PTL-
oxidizing variants with improved regioselectivity (Figure 2a).
Guided by these analyses, the 75 top-ranking P450 variants
were retrieved from the collection and tested for PTL oxidation
activity. Gratifyingly, we found that 81% of these variants (61/
75) showed PTL-oxidation activity at synthetically useful levels
(>100 TTN; average = 695 TTN, Figure 2b). In addition, a
good fraction (21%) exhibited higher PTL oxidation activity
than the parent enzyme, with four of them supporting total
turnover numbers in excess of 4000 (Figure 2b). In contrast,
90% of the predicted inactive (ie., bottom-ranking) variants
(18/20) were found to be inactive on parthenolide, further
supporting the reliability of the SCA predictions.

The parthenolide-oxidizing P450 variants identified in this
manner exhibited in most cases diversified regioselectivity
properties as expected from their different fingerprint profiles
(SI Table S2). Most importantly, P450 catalysts with improved
regioselectivity toward each of three target oxidation sites were
found. In particular, the triple mutant II-CS displayed the

56,57
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largest improvement toward C9 hydroxylation (13% — 68%)
while maintaining absolute S stereoselectivity and supporting
more catalytic turnovers than FL#62 (Table 1 and SI Table
S2). On the other hand, the triple mutant II-E2 represented the
best Cl4-hydroxylating catalyst (10% — 53%) within this
generation of variants, supporting over 1000 TTN in
parthenolide oxidation (Table 1 and SI Table S2). Finally, a
P450 variant with improved regioselectivity and absolute
stereoselectivity for production of 1(R),10(R)-epoxy-PTL (2),
III-D4, was also found at this stage, this variant also exhibiting a
nearly S-fold increase in catalytic activity compared to the
parent enzyme FL#62 (4980 vs 1042 TTN).

Parthenolide Reactivity Prediction via Fingerprint
Multiple Component Analysis (MCA). To compare the
relative performance of MCA vs SCA toward prediction of
parthenolide reactivity, a training set consisting of 20
parthenolide-active P450 variants, including FL#62, was first
assembled (SI Table S3). Then, a fingerprint-based predictive
model of PTL reactivity was generated by correlating the
fingerprints with the experimentally determined PTL oxidation
activities (measured in TTNs) across the training set using
multiple linear regression analysis (MLR), as described
previously (SI Figure S2a).” Using this model, the P450
catalysts in the 522-member collection were ranked according
to their predicted PTL reactivity (SI Figure S2b). Experimental
testing of the 75 top-ranking variants revealed that 62 of them
(83%) were capable of PTL oxidation at synthetically useful
levels (TTN > 100), supporting an average of 807 TTN (SI
Figure S2c). To further probe the MCA-based predictions, the
20 bottom-ranking variants were also tested. Within this group,
only six (30%) were found to be active (avg. TTN: 163).
Interestingly, the group of 75 top-ranking P450s as defined by
MCA largely overlapped with that based on SCA (64%) and
included the best C9- and C14-hydroxylating variants (i.e., II—
CS and II-E2, respectively) previously identified by the latter
method. None of the 27 variants uniquely found by MCA show
further improved regioselectivity toward these positions. Based
on these results, we conclude that both methods performed
equally well in guiding the search for PTL oxidizing P450
catalysts.

Selective P450 Catalysts for C9 and C14 Hydrox-
ylation. To achieve further improvements in regioselectivity
for C9 hydroxylation, II-CS was used as the parent enzyme for
the construction of a series of single mutant libraries via site-
saturation mutagenesis (NNK degenerate codon) of positions
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82, 87, 180, 181, 184, 263, and 328 (Figure 1). These positions
correspond to ‘first-sphere’ active site residues (based on the
available P450y,; crystal structure®®) that, with the exception of
residue 82, have remained unmodified as compared to FL#62.
High-throughput fingerprinting of these libraries (609 total
recombinants screened) followed by fingerprint comparative
analysis revealed the occurrence of 111 unique-fingerprint
variants. Upon screening of these variants, three P450 catalysts
with improved C9-selectivity (65—75%) were found, with the
best one, XI-All, also exhibiting higher catalytic activity than
the parent enzyme II-CS (1710 vs 1040 TTN, Table 1). As
expected, each of these variants carried a single active-site
mutation, namely A82T (in XI-A11), A87S, and T180A. The
latter two beneficial mutations were then introduced into XI-
All, alone and in combination. Among the resulting variants,
XII-F12, which corresponds to XI-A11(T180A), emerged as
the best catalyst for C9-hydroxylation, being able to produce
the desired product 3 with 80% regioselectivity, absolute S-
stereoselectivity, and supporting over 1300 TTN (Table 1).

Using a similar approach, the best C14-hydroxylating variant
identified during the first step, II-E2, was selected as the starting
point toward generating P450 catalysts that could provide
selective access to the C14 aliphatic position. Conveniently, a
panel of about 50 functionally diverse, II-E2-derived active-site
variants were already available from our previous work.> These
variants were produced by triple site-saturation mutagenesis of
active site residues 74, 181, and 184. Screening of this panel of
P450 catalysts against parthenolide led to the discovery of a
triple mutant variant, VII-H11, which showed significantly
improved regioselectivity toward C14 hydroxylation compared
to II-E2 (53% — 81%, Table 1), albeit at the expense of the
catalytic activity (420 vs 10SS TTN). In a further round of
directed evolution, additional first-sphere active residues left
untouched in VII-H11 (i.e., positions 74, 75, 87, 263, and 328)
were subjected to site-saturation mutagenesis. From these five
single mutant libraries, forty P450 variants were determined to
be catalytically active and functionally diverse based on
fingerprint analysis. Among these enzymes, XII-D8 represented
the best catalyst for Cl4 hydroxylation, catalyzing the
formation of 4 with excellent regioselectivity (95%, Table 1).
Interestingly, also in this case, the improvement of C14-
regioselectivity was accompanied by a reduction in the catalytic
turnover number (Table 1).

Overall, the process outlined above enabled us to achieve our
task of obtaining a panel of P450 catalysts with refined site-
selectivity for each of the sites oxidized by the initial enzyme,
FL#62, in the PTL carbocyclic scaffold (Figure 3). The fact that
this goal could be accomplished by analyzing only a minimal
fraction (1.8%) of the original engineered enzyme libraries
(>16,500 members) highlights the peculiar advantage of the
fingerprint-based analysis/prediction tools to guide this process.

Characterization of the Evolved P450 Catalysts.
Further experiments were conducted to characterize the best
P450 variants for 1,10-epoxidation (III-D4), 9(S)-hydroxylation
(XI-A11, XII-F12), and 14-hydroxylation (VII-H11, XII-D8), as
well as their evolutionary intermediates (II-CS, II-E2), with
respect to their kinetic parameters, substrate binding affinity,
and coupling efficiency. Sequencing revealed that a small set of
active site mutations (3—4), clustered within the back-end
region of the heme pocket (ie., positions 78, 81, 82, (180);
Figure 1) were beneficial for steering the regioselectivity of the
enzyme toward hydroxylation of the C9 site or toward
epoxidation of the 1,10 double bond (Table 1). In comparison,
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Figure 3. Overview of the directed evolution process leading to the
selective parthenolide-oxidizing P450 variants.

refinement of C14-regioselectivity required a larger number of
amino acid substitutions (6—7), which include modification of
the aforementioned positions as well as another cluster of
spatially close active site residues (i.e., 180, 181, 184; Figure 1).

The effect of these mutations on the substrate binding
affinity (Kp,) was assessed via substrate-induced heme spin shift
experiments (SI Figures S3—S4). These analyses indicated that
the parent enzyme FL#62 binds parthenolide with relatively
moderate affinity (Kp = 243 uM, Table 1), although this K
value remains within the range of those observed for wild-type
P450g)1; and some fatty acid substrates (e.g., laurate; K, = 270
uM).%° Comparable equilibrium dissociation constants (190—
290 uM) were measured for most of the improved variants,
with the exception of VII-H11, which showed a roughly 2-fold
higher Kp, and XII-D8, which showed no signs of substrate-
induced heme spin shift. Thus, these data suggest that, while
being beneficial toward improving Cl14-selectivity, the muta-
tions in the 180/181/184 cluster somewhat weaken the enzyme
interaction with PTL.

Across the set of C9- and Cl4-hydroxylating variants, the
progressive increase in site-selectivity was found to be generally
accompanied by a decrease in the rate of substrate oxidation
(Table 1). Interestingly, a similar trade-off was observed in the
context of our previously reported artemisinin-hydroxylating
P450s, suggesting that this trend may be a common feature
within this class of enzymes. This notwithstanding, all the
improved variants, with the exception of VII-HI11 and XII-DS8,
were able to support higher TTN compared to the initial
enzyme FL#62, exhibiting coupling efficiencies (= ratio of
product formation rate/NADPH oxidation rate) that range
from 25% to 60% (Table 1). Interestingly, as noted above, the
improvement of site-selectivity toward C14 hydroxylation was
accompanied by a reduction in TTN, and in the case of XII-DS§,
also by a pronounced reduction in coupling efliciency, likely a
result of the larger number of active site mutations accumulated
by these variants. Nevertheless, the selectivity and catalytic
efficiency of VII-H11 were well suited for synthetic purposes as
demonstrated below.

Chemoenzymatic Synthesis of PTL Derivatives. With
the strategy outlined above, three highly regio- and stereo-
selective P450 catalysts could thus be made available to explore
the importance of the 1,10-double bond for parthenolide
antileukemic activity (2) as well as provide two new points of
entry (3, 4) for further functionalization of this molecule at the
C9 and C14 sites via chemoenzymatic synthesis. To isolate
sufficient quantities of 3 and 4 for these studies, preparative-
scale reactions (100 mg PTL) were carried out using P450
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Scheme 2. Chemoenzymatic Synthesis of the C9- and C14-Substituted Parthenolide Derivatives®

R=
P450 XII-F12 R'COCI, TEA,
0.26 mol% DMAP
NADPH regen. system CHCl,
KPi pH 8.0
PTL —
P450 VII-H11 R'COCI, TEA,
0.32 mol% DMAP
NADPH regen. system CH,Cl,
KPi pH 8.0

0 0 0] o 0
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PTL-9-9
PTL-14-9

PTL-9-10
PTL-14-10

PTL-9-11
PTL-14-11

PTL-9-12
PTL-14-12

PTL-9-13 CF3
PTL14-13

“Designated as PTL-9-(#) and PTL-14-(#), respectively.

variants XII-F12 (0.26 mol %) and VII-H11 (0.32 mol %),
respectively, in the presence of a NADPH regeneration system
consisting of a thermostable phosphite dehydrogenase®" and
sodium phosphite as sacrificial reductant. VII-H11 was
preferred over the more regioselective XII-D8 because of
much higher total turnover numbers, making it a superior
catalyst for synthetic purposes. From these reactions, about 75
mg of each of the desired oxidation products could be obtained
in over 70% isolated yields.

The isolated 9(S)-hydroxy- (3) and 14-hydroxy-PTL (4)
were then further processed to generate a panel of 9- and 14-
substituted parthenolide derivatives (Scheme 2). To this end,
direct acylation of 3 and 4 with acid chloride reagents was
chosen as a rapid means to explore the accessibility of the C9
and C14 sites to substituents of varying size (e.g., acetyl vs
benzoyl group) and to gain initial structure—activity insights on
the impact of these modifications on PTL antileukemic activity.
Based on the superior performance of the benzoylated analogs
PTL-9/14-4 (vide infra), a second set of derivatives were
prepared in which the benzoyl moiety was substituted with
polar or lipophilic groups. Finally, the activity data collected
with these compounds inspired the design and synthesis of a
third set of parthenolide analogs in which two trifluoromethyl
groups are installed at different positions of the benzoyl moiety.

Antileukemic Activity of the PTL Derivatives. To
evaluate the antileukemic activity of the novel parthenolide
derivatives, these compounds were tested against primary acute
myelogenous leukemia (AML) cells obtained with informed
consent from leukemia patients. In particular, two relapsed
refractory AML specimens were utilized, which feature both a
normal (AML100510) and a complex karyotype
(AML123009), the latter exhibiting reduced sensitivity to
PTL (LDgy: 9.7 vs 6.1 uM, Table 2). Dose—response curves
were obtained by measuring the variation of cell viability at
increasing compound concentration using a previously
described assay based on cell staining with annexin-V and 7-
amino-actinomycin (7-ADD) followed by flow cytometry
analysis.%>

As illustrated in Figure 4a and SI Figure S6, 1(R),10(R)-
epoxy-PTL (2) was found to show a moderate (2-fold)
reduction in potency compared to PTL in both AML
specimens, possibly due to the slight structural change resulting
from epoxidation of the 1,10-double bond as revealed by the
crystallographic data (Scheme 1). Interestingly, a complete loss
of activity was observed with the two hydroxylated derivatives 3
and 4, clearly pointing at the deleterious effect of introducing a
polar, hydroxyl group at either the C9 or C14 site. Similarly, the
acetylated derivatives PTL-9-3 and PTL-14-3, featured a
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Table 2. LD, Values for Parthenolide (PTL) and Its
Chemoenzymatic Derivatives against the Two Primary AML
Specimens and Healthy Bone Marrow (BM) Cells®

LDs, (ﬂM) LDy, (ﬂM) LDy, (.“M)
AML123009 AML100510 bone marrow

PTL 9.7 (1) 6.1 (1) >80
2 13.5 (0.7) 13.9 (0.4) nd.
3 95 (0.1) 17.4 (0.4) nd.
PTL-9-3 >100 242 (0.3) nd.
PTL-9-4 4.1 (24) 6.2 (1.0) >20
PTL-9-5 6.1 (1.6) 7.2 (0.8) >50
PTL-9-6 4.8 (2.0) 3.1 (2.0) >50
PTL-9-9 6.3 (1.5) 2.7 (22) 25

PTL-9-10 3.5 (27) 43 (14) 23

PTL-9-11 4.6 (2.1) 6.3 (1.0) nd.
PTL-9-12 2.3 (42) 3.7 (1.6) 44

PTL-9-13 2.7 (3.6) 5.1 (12) 105
4 >100 >100 nd.
PTL-14-3 >100 12.5 (0.5) nd.
PTL-14-4 64 (1.5) 7.8 (0.8) >80
PTL-14-5 20.8 (0.5) 8.7 (0.7) nd.
PTL-14-6 59 (1.7) 54 (L.1) nd.
PTL-14-9 6.4 (1.5) 6.2 (1.0) nd.
PTL-14-10 3.7 (2.6) 3.1 (2.0) 37

PTL-14-11 7.8 (1.2) 10 (0.6) nd.
PTL-14-12 5 (1.9) 9.5 (0.6) nd.
PTL-14-13 2.5 (3.9) 34 (1.8) 25

“The values in parentheses indicate relative activities compared to
PTL. n.d. = not determined.

dramatic reduction in antileukemic potency (Figure 4a and SI
Figures S6 and S7). In stark contrast, the benzoylated
derivatives PTL-9-4 and PTL-14-4, were found to exhibit a
significantly improved activity (compared to PTL) against the
complex-karyotype AML cells (AML123009), as indicated by
the 2-fold lower LDy, values (Table 2). These results clearly
showed the beneficial effect of larger, aromatic substituents at
either the C9 or Cl4 sites toward potentiating PTL
antileukemic activity. Accordingly, a set of compounds carrying
variously substituted benzoyl groups at each of these positions
were synthesized. Notably, most of the resulting semisynthetic
derivatives were found to be 2- to 3-fold more potent than
parthenolide as illustrated by the dose—response curves in
Figure 4a and SI Figures S6 and S7, and as summarized in
Table 2. Within the C9-functionalized series, the largest
increases in potency were achieved through substitution of
the aryl moiety at the para position with fluorine (PTL-9-9), a
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Figure 4. Biological activity for representative parthenolide (PTL) analogs. (a) Dose response curves for C9- (left panel) and C14-modified (right
panel) PTL derivatives tested against a complex-karyotype primary AML specimen (AML123009). Data for the remaining analogs with a second
primary AML specimen (AML100510) cells are provided in SI Figures S6 and S7. (b, c) Cytotoxicity of the most potent PTL analogs against (b)

total and (c) primitive (CD34"CD38~) normal bone marrow cells.

dimethylamino (PTL-9-6), or trifluoromethyl group (PTL-9-
10). A similar structure—activity trend was observed for the
Cl14-functionalized series of compounds, although in this case
the para-trifluoromethyl-benzoyl substituted derivative, PTL-
14-10, emerged as the most potent derivative in the context of
both AML specimens.

The beneficial effect of increasing the lipophilicity of the aryl
moiety further suggested the design of compounds PTL-9/14-
12 and PTL-9/14-13. Notably, the addition of a second
trifluoromethyl group to the benzoyl moiety brought about a
further increase in antileukemic potency for both the C9- and
Cl4-modified analogs and in particular against AML123009
cells. Overall, the most promising compounds within each
series, namely PTL-9-12 (LDgy: 2.3 pM) and PTL-14-13
(LDgy: 2.5 uM), were found to exhibit a 4.2- and 3.9-fold
enhanced cytotoxicity, respectively, against primary AML cells
compared to PTL (LDs,: 9.7 uM, Table 2).

The most potent parthenolide derivatives identified in these
studies were selected for further characterization to evaluate
their selectivity against malignant over normal cells. For these
studies, normal bone marrow cells (BM cells) obtained from
healthy donors were utilized. Importantly, all these compounds,
with the exception of PTL-9-6, did not significantly impart the
viability of normal cells (Figure 4b), thus presenting the desired
high selectivity against leukemic cells. Remarkably, at a
concentration sufficient to kill 98% of primary AML cells (10
uM), compounds PTL-9-12 and PTL-9-13 were found to cause
only less than 15% reduction in the viability of normal BM cells.
For some of the most promising PTL analogs, it was also
possible to test their cytotoxic effect on the progenitor
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(CD34'CD387) cell subpopulation of the bone marrow
samples (Figure 4c). Notably, the compounds exhibited
comparably low or even lower cytoxicity than in the context
of mature BM cells.

Taken together, these results showed that functionalizations
at the C9/C14 sites are not only beneficial in enhancing PTL
cytotoxicity but also that such effect is exerted with high
selectivity in the context of leukemic cells. As a result, the
LD,(BM)/LD(AML) ratio of the original compound could
be improved by several folds by means of these chemo-
enzymatic manipulations (e.g,, 19 (PTL-9-12) and 39 (PTL-9-
13) as compared to 8 for PTL with BM and AML123009 cells,
Table 1). Given the relatively broad spectrum of cellular
proteins/processes affected by PTL in cancer cells,’ it is
possible that the functional modification at the C9/C14 sites
may cause a shift in the protein-targeting profile of the
molecule, in a way that affect preferentially the proliferation of
malignant cells.

Conclusion. In conclusion, we have developed eflicient,
P450-based chemoenzymatic routes to access novel derivatives
of the sesquiterpene lactone parthenolide with potent activity
and high selectivity against AML cells. From a methodological
point of view, this study demonstrates the efliciency of our
P450 fingerprint-based tools as a way to accelerate the
development of P450 oxidation catalysts with refined regio-
and stereoselectivity, a current bottleneck toward the
exploitation of these enzymes for synthetic applications. Since
the aliphatic positions targeted by the engineered P450s
developed here have so far remained inaccessible to chemical
manipulation, this work also highlights the potential of P450-
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mediated C—H functionalization as a new, enabling strategy for
the late-stage diversification and optimization of complex,
bioactive molecules. A particularly relevant result from the
present studies is the discovery that the C9 and Cl4 sites
represent two ‘hot spots’ for potentiating the antileukemic
activity of parthenolide. Notably, the improvements in
anticancer activity against AML cells could be achieved without
increasing their cytotoxicity against normal hematopoietic cells,
thereby effectively enhancing the therapeutic index of the
molecule. These findings have important implications. On one
hand, two parallel routes (i.e., via C9 or C14 functionalization)
have now become available toward further optimization of
parthenolide as a therapeutic agent. In this regard, the tolerance
of each of these sites to variously substituted aryl substituents is
very promising, as it suggests that a variety of functional groups
may be explored at these positions toward this goal
Furthermore, our results raise intriguing questions regarding
the biochemical mechanisms at the basis of the improved
cytoxicity of the compounds in the context of malignant cells.
Since parthenolide is known to target a variety of cellular
components, it is plausible that the newly introduced
functionalizations at the C9/C14 sites may shift the protein-
targeting profile of the molecule in a way that affects
preferentially the proliferation of malignant cells. We envision
that future investigation of these aspects could provide valuable
insights toward the development of effective pharmacological
strategies for selective targeting of leukemia stem cells.

B METHODS

For complete description of the materials and methods including
reagents, cloning procedures, protein expression and purification,
fingerprint-based analyses, and enzyme characterization, see Support-
ing Information.

Preparative-Scale Synthesis of 9(S)-, and 14-Hydroxy-
partenolide. To prepare 3, purified P4S0 variant XII-F12 (final
concn.: 2.5 uM; 0.26 mol %) was dissolved in 400 mL S0 mM
phosphate buffer (pH 8.0) in the presence of parthenolide (100 mg,
final concn.: 0.95 mM), PTDH (2 uM), NADP* (150 uM), and
sodium phosphite (S0 mM). The reaction mixture was stirred for 12 h
at 4 °C. The crude product was extracted with dichloromethane (3 X
80 mL). The collected organic layers were dried with sodium sulfate,
concentrated under vacuum, and purified by flash chromatography
(hexanes/ethyl acetate: 1/2) to afford 3 (75 mg, 70% (88% of
theoretical maximum)) and 2 (16 mg, 15% (75% of theoretical
maximum)). 9(S)-hydroxy-parthenolide (3): 'H NMR (500 MHyz,
CDCly): 6 1.34 (s, 3 H), 1.76 (s, 3 H), 1.97—2.06 (m, 1 H), 2.15-2.27
(m, 4 H),2.50 (dg, 1 H, J = 5.2, 12.4 Hz), 2.70 (d, 1 H, ] = 8.7 Hz),
2.83-2.90 (m, 1 H), 3.86 (t, 1 H, J = 8.5 Hz), 427 (dd, 1 H, ] = 2.2,
10.5 Hz), 5.42 (d, 1 H, ] = 11.3 Hz), 5.69 (d, 1 H, ] = 3.2 Hz), 6.36 (d,
1 H, J = 3.6 Hz); *C NMR (125 MHz, CDCl,): § 10.9, 17.4, 23.9,
36.1, 38.0, 44.5, 61.4, 66.2, 79.7, 81.5, 121.6, 126.5, 136.6, 138.3, 168.8;
HRMS (ESI) caled for C;sH,0O, [M+H]" m/z: 265.1440; found:
265.1433; [a]% = —83.9° (c: 0.43 g 100 mL™", CH,CL). The 9(S)
configuration of 3 was assigned based on the observed strong NOE
signal (2.5%) between the 9(H) proton and 1(H) proton. 1(R),10(R)-
epoxy-parthenolide (2): "H NMR (500 MHz, CDCLy): § 1.34 (s, 3 H),
1.36—1.42 (m, 4 H), 1.45—1.56 (m, 1 H), 1.56—1.65 (m, 1 H), 2.01—
229 (m, 4 H), 247 (dd, 1 H, J = 8.1, 14.0 Hz), 2.70—2.76 (m, 1 H),
285(d, 1H,J=122Hz),290(d, 1 H,J=89Hz),393 (t, 1 H,J=
8.9 Hz), 5.62 (d, 1 H, ] = 3.0 Hz), 6.33 (d, 1 H, ] = 3.0 Hz); 3*C NMR
(125 MHz, CDCLy): § 17.0, 17.5, 24.0, 26.0, 35.1, 40.1, 47.6, 60.7,
63.7, 64.6, 81.8, 101.2, 121.4, 138.8, 168.9. HRMS (ESI) calcd for
CysH,00, [M+H]* m/z: 265.1440; found: 265.1441; [a]} = —71.0°
(c: 0.24 g 100 mL™!, CH,CL,).

To prepare 4, purified P450 variant VII-H11 (final concn.: 3 uM;
0.32 mol %) was dissolved in 400 mL SO mM phosphate buffer (pH
8.0) in the presence of parthenolide (100 mg, final concn.: 0.95 mM),
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PTDH (2 uM), NADP* (150 uM), and sodium phosphite (50 mM).
The reaction mixture was stirred for 12 h at 4 °C. The crude product
was extracted with dichloromethane (3 X 80 mL). The collected
organic layers were dried with sodium sulfate, concentrated under
vacuum, and purified by flash chromatography (hexanes/ethyl acetate:
1/2) to afford 4 (77 mg, 72% (90% of theoretical maximum)) and 2
(17 mg, 16% (79% of theoretical maximum)). 14-hydroxy-
parthenolide (4): 'H NMR (500 MHz, CDC;): § 1.31 (s, 3 H),
1.32—-1.38 (m, 1 H), 1.82—1.1.92 (m, 1 H), 2.09-2.16 (m, 1 H), 2.20—
2.32 (m, 3 H), 2.50 (dq, 1 H, J = 5.0, 13.4 Hz), 2.82—2.90 (m, 3 H),
392 (t, 1 H, ] = 8.7 Hz), 416 (d, 1 H, J = 11.3 Hz), 446 (d, 1 H, ] =
11.8 Hz), 543 (dd, 1 H, J = 4.1, 12.4 Hz), 5.68 (d, 1 H, J = 3.2 Hz),
6.39 (d, 1 H, ] = 3.8 Hz). '*C NMR (125 MHz, CDCl,): § =16.9, 23.7,
31.4,36.3,47.3,59.8, 61.1, 66.2, 82.4, 121.4, 129.0, 137.8, 139.2, 169.3.
HRMS (ESI) caled for C;sH,yO, [M+H]" m/z: 265.1440; found:
265.1440; [a]B = —61.7° (c: 0.13 g 100 mL™', CH,CL,).

General Procedure for Synthesis of Parthenolide Deriva-
tives. To a solution of compound 3 (or 4) in 3 mL of anhydrous
dichloromethane under argon atmosphere was added 4-dimethylami-
nopyridine (1 equiv.), triethylamine (S equiv.), and the corresponding
acid chloride (S equiv.). Reaction was stirred at RT until complete
disappearance of the starting material (ca. 2 h). At this point, the
reaction mixture was added with saturated sodium bicarbonate
solution (5 mL) and extracted with dichloromethane (3 X 5 mL).
The combined organic layers were dried over sodium sulfate,
concentrated under reduced pressure, and the ester product was
isolated by silica gel flash chromatography (S to 40% ethyl acetate in
hexanes). NMR and MS characterization data for these compounds are
provided as Supporting Information.

Cell Isolation and Culture. Primary human AML and normal
bone marrow (BM) cells were obtained from volunteer donors.
Informed consent was obtained in accordance with the Declaration of
Helsinki. All manipulation and analysis of human specimens was
approved by the University of Rochester Institutional Review Board.
In some cases, cells were cryopreserved in freezing medium of Iscove
modified Dulbecco medium (IMDM), 40% fetal bovine serum (FBS),
and 10% dimethylsulfoxide (DMSO) or in CryoStor CS-10 (VWR,
West Chester, PA). Cells were cultured in serum-free medium
(SEFM)19 for 1 h before the addition of parthenolide or its derivatives.

Cell Viability Assays. Apoptosis assays were performed as
described.® Briefly, after 24 h of treatment, normal BM cells and
AML specimens were stained for the surface antibodies CD38-
allophycocyanin (APC), CD34-PECy7, and CD123-phycoerythin
(Becton Dickinson, San Jose, CA) for 15 min. Cells were washed in
cold PBS and resuspended in 200 yL of annexin-V buffer (0.01 M
HEPES/NaOH, 0.14 M NaCl, and 2.5 mM CaCl,). Annexin-V—
fluorescein isothiocyanate (FITC) and 7-aminoactinomycin (7-AAD;
Molecular Probes, Eugene, OR) were added, and the tubes were
incubated at RT for 15 min then analyzed on a BD LSRII flow
cytometer (BD Biosciences, San Jose, CA). Analyses for phenotypi-
cally described stem cell subpopulations were performed by gating
CD34*/CD38~ populations. Viable cells were scored as Annexin-V
negative/7-AAD negative. The percent viability data provided are
normalized to untreated control specimens.

B ASSOCIATED CONTENT

© Supporting Information

Chemical structures of probes P1—PS, oligonucleotide
sequences, additional data corresponding to the fingerprint-
based predictions and characterization of P450 variants, results
from spin-shift experiments, characterization data for parthe-
nolide derivatives. This material is available free of charge via
the Internet at http://pubs.acs.org.
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Figure S1. Chemical structures of the five probes used for high-throughput fingerprinting of the

P450 libraries. The synthesis of these compounds was described earlier.
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Figure S2. Fingerprint-based prediction of parthenolide reactivity via fingerprint multi-
component analysis (MCA). (a) Plot of experimental versus calculated PTL activity from
multiple linear regression analysis of PTL reactivity/fingerprint correlation across the P450
training set (Table S3). (b) Ranking of the 522 P450 variants according to their predicted PTL
activity calculated based on the resulting fingerprint-based model. (c) Total turnovers in PTL

oxidation for the 75 top-scoring P450 variants arranged from the least to the most active variant.
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Figure S3. Visible spectra of the P450 variants of Table 1 recorded before (red line) and after
(black line) addition of parthenolide (1.5 mM), illustrating the shift in heme spin state upon
addition of parthenolide.
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Figure S4. Plots of parthenolide-induced heme spin shift versus parthenolide concentration for
the P450 variants described in Table 1. The experimental data (dots) were fitted to a non-

cooperative 1:1 binding model equation (solid line).
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Figure S5. Fingerprint profiles for the P450 variants described in Table 1, after normalization

with reference P450gu3(F87A). Standard deviation for activity values are <15%.
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Figure S6. Cytotoxicity of PTL and the C9-functionalized PTL analogs against AML123009 and
AML100510 cells.
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Figure S7. Cytotoxicity of PTL and the C14-functionalized PTL analogs against AML123009
and AML100510 cells.
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Table S1. Sequence of the oligonucleotides used for the preparation of the P450 libraries.

Primer Sequence
TANNK _for 5-CTTAAGTCAANNKCTTAAATTTAATCGTG-3'
TANNK rev 5'-CACGATTAAATTTAAGMNNTTGACTTAAG-3'
75NNK_for 5-CTTAAGTCAAGCGNNKAAATTTAATCG-3'
75NNK rev 5-CGATTAAATTTMNNCGCTTGACTTAAG-3'

11C5-82NNK_for

5-CGTGATATTNNKGGAGACGGG-3'

I1C5-82NNK_rev

5'-CCCGTCTCCMNNAATATCACG-3'

87NNK_for 5'-AGACGGGTTANNKACAAGCTGG-3'
87NNK_rev 5-CCAGCTTGTMNNTAACCCGTCT-3'
180NNK_for 5-GGTCCGTNNKCTGGATGAAG-3'
180NNK _rev 5-CTTCATCCAGMNNACGGACC-3'
181INNK_for 5-GGTCCGTACANNKGATGAAGTAATG-3'
181INNK _rev S5-CATTACTTCATCMNNTGTACGGACC-3'
184NNK_for S-CTGGATGAANNKATGAACAAGCTG-3'
184NNK _rev S-CAGCTTGTTCATMNNTTCATCCAG-3'
263NNK_for 5-CATTCTTANNKGCGGGACACG-3'
263NNK_rev 5-CGTGTCCCGCMNNTAAGAATG-3'
328NNK _for 5'-GGCCAACTNNKCCTGCGTTTTCC-3'
328NNK_rev 5-GGAAAACGCAGGMNNAGTTGGCC-3'
11C5-A87S_for 5-GAGACGGGTTAAGCACAAGCTGGAC-3'
11C5-A87S_rev S5-GTCCAGCTTGTGCTTAACCCGTCTC-3'

11C5-T180A_for

S-TAAGTATGGTCCGTGCGCTGGATGAA-3'

11C5-T180A rev

S5-TTCATCCAGCGCACGGACCATACTTA-3'
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Table S2. Catalytic turnovers and regioselectivity of the top 75 FL#62-derived P450variants
ranked based on probe P4 activity (single component analysis).Variants are grouped according to
their site-selectivity toward formation of 1,10-epoxy-PTL 2 (red), 9-hydroxy-PTL 3 (green), and
14-hydroxy-PTL 4 (blue). Variants highlighted in darker colors correspond to those selected for

further characterization.

Variant Product distribution TTN
2 3 4

111-D9 90% 8% 2% 6220
11-A5 89% 11% 1% 199
VI-F2 89% 5% 6% 155
V-D8 88% 8% 4% 346
11-H2 88% 8% 4% 3380
IV-F7 88% 8% 5% 141
111-B4 87% 9% 4% 2820
11-B7 87% 11% 2% 2065
I1-A3 87% 10% 3% 2173
I-B1 86% 6% 8% 908
I-D2 86% 6% 9% 865
I-C11 86% 6% 9% 865
IV-C3 86% 12% 3% 173
IV-H10 84% 11% 5% 184
11-C12 84% 9% 7% 1133
V-E8 83% 11% 5% 239
V-B8 83% 11% 6% 177
11-B12 83% 10% 7% 1075
11-Al12 82% 8% 10% 234
IV-All 82% 16% 2% 146
I-G12 81% 10% 9% 1020
I-E2 81% 8% 12% 414
VI-C2 81% 9% 10% 157
VI-G9 80% 18% 2% 224
IV-C11 79% 8% 13% 202
I-D12 79% 13% 8% 842
I-B12 79% 12% 9% 1040

S10



I-C12
1-All
I-F5
I-H11
I-Al
I-B4
I-F11
I-H4
11-G12
I-F12
II-E11
I-D1
11-D12
I-E1
V-H2
11-D1
IV-H3
I1-H2
111-B10
IV-F8
11-B4
IV-H4
11-A2
111-H10
11-B9
111-D10

11-C3
VI-E10
111-C10
11-B2
-H4
VI-F8
I-C10
VI-G2
I11-Al11
IV-C1

I-F1 37%

S11

78% 13% 9% 1022
78% 13% 9% 1093
78% 13% 10% 985
7% 14% 9% 412
771% 11% 12% 421
76% 14% 10% 825
76% 14% 10% 298
76% 14% 10% 249
74% 15% 11% 267
74% 15% 11% 282
74% 16% 10% 209
74% 19% 7% 1080
74% 16% 11% 190
72% 7% 21% 202
70% 16% 14% 167
69% 24% 7% 279
69% 17% 14% 303
67% 33% 0% 4961
65% 14% 21% 72
64% 12% 24% 77
63% 10% 27% 90
63% 25% 12% 130
60% 10% 30% 127
S51% 40% 3% 225
S7% 12% 31% 90
53% 12% 34% 129
2% e8% 3% | 305 |
34% 61% 5% 173
39% 58% 3% 224
44% 53% 3% 307
42% 53% 5% 13
45% 52% 3% 338
48% 49% 4% 326
53% 47% 0% 195
41% 45% 14% 35
54% 43% 2% 880
55% 40% 5% 196
19% 43% 295
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Table S3. Data corresponding to the P450training set used for calculating the fingerprint-based
model for predicting PTL reactivity: fingerprint components (= normalized activity on probe P1

to P5), PTL turnovers (TTN), and relative PTL activity (normalized to parent FL#62).

Variant Probe Activity TTN Norm.al.ized
2 3 4 5 Activity
#62 11.88 10.80 5.50 5.00 9.11 1,065 1.00
11A1l 6.76 3.37 1.30 6.43 151 1,090 1.02
1A2 5.21 0.39 0.71 7.57 1.31 127 0.12
11B12 7.45 3.70 1.36 6.83 156 1,075 1.01
11B4 1.85 6.45 3.23 9.68 1.49 90 0.08
11C12 6.24 3.13 1.21 6.09 136 1,135 1.07
1C5 3.11 1.35 0.84 6.34 1.27 305 0.29
11D11 3.31 0.71 0.80 6.95 1.44 0 0.00
IE2 3.63 3.14 1.17 6.47 1.27 341 0.32
1IH11 6.22 3.16 1.14 6.69 1.45 412 0.39
1Al 9.42 3.82 1.72 11.97 1.57 336 0.32
IC10 1.43 2.34 1.13 7.44 1.01 195 0.18
ID1 6.27 7.88 2.49 10.05 153 1,080 1.01
IE1 2.48 4.73 1.35 10.07 1.17 202 0.19
IF5 7.45 4.12 1.14 12.22 142 985 0.92
11D4 2.20 2.02 1.73 5.06 1.02 510 0.48
[1H2 4.38 3.06 1.68 6.85 1.73 3,380 3.17
[1H8 1.42 1.97 11.83 6.23 3.61 85 0.08
A1l 2.65 3.42 1.67 9.34 1.26 392 0.37
D7 6.76 0.48 0.75 4.67 1.15 131 0.12
A3 3.09 3.74 1.61 591 146 2,170 2.04
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MATERIALS, METHODS, AND EXPERIMENTAL PROCEDURES

Reagents and Analytical Methods. Chemical reagents, substrates, and solvents were purchased
from Sigma-Aldrich, TCI, Fluka, and Tocris Bioscience. Silica gel chromatography purifications
were carried out using AMD Silica Gel 60 230-400 mesh. Gas chromatography analyses were
carried out on a Shimadzu GC2010, an FID detector, a Restek RTX-5 column (15 m x 0.25 mm
x 0.25 um film), and the following separation program: 200°C inlet, 300°C detector, 130°C oven,
12°C/min ramp to 290°C, and 290°C for 2 min .1D and 2D NMR experiments were carried out
on a Bruker 500 MHz spectrometer. Data for "H NMR spectra are reported in the conventional
form: chemical shift (6 ppm),multiplicity (s=singlet, d=doublet, t=triplet, g=quartet, m=multiplet,
br=broad),coupling constant (Hz), integration. Data for *C NMR spectra are reported in terms of
chemical shift (5 ppm). *°F NMR spectra were carried out on a Bruker 400MHz spectrometer
calibrated to trifluorotoluene and reported in terms of chemical shift (6 ppm). Mass spectra were
collected by direct infusion on a Thermo Scientific LTQ Velos ESl/ion-trap mass spectrometer.
The oligonucleotides for the mutagenesis experiments were obtained from IDT DNA

Technology. Restriction enzymes were purchased from New England Biolabs.

Cloning and fingerprinting of P450 libraries. Site-saturation (NNK) mutagenesis libraries
were prepared using pCWori_FL#62 (or corresponding parent enzyme) as template, primers
BamHI_2_fwd (5’-GGAAACAGGATCCATCGATGC-3’) and Sacl_2_rev (5°-
AATATCGAGCTCGTAGTTTGTATGATC-3’) as megaprimers, and the oligonucleotides of
Table S1 as mutagenizing primers. The target gene product (1.5 Kbp) were prepared by PCR
overlap extension mutagenesis, digested with BamH | and Sac | restriction enzymes, and ligated

to BamH I/Sac | double-digested pCWori_FL#62 vector. The ligation mixtures were transformed
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in chemically competent DH5a cells and plated on LB agar plates containing ampicillin (100 mg
L™ followed by overnight incubation at 37 °C. High-throughput fingerprinting of the P450
libraries was carried out as described earlier." ? Briefly, recombinant colonies were arrayed and
grown in 96-deep well plates first in LB medium (37°C, overnight) and then in TB medium for
protein expression. Each plate included a row (8 wells) with cells expressing the parent enzyme
as a reference. Protein expression was induced by IPTG (0.25 mM) and carried out at 27 °C and
150 rpm for 18 hrs. Cell lysates were prepared by enzymatic treatment of the cell pellets (400 uL
lysis buffer: U deoxyribonuclease I, 0.8 mg mL™ lysozyme, 10 mM MgCl,, 50 mM phosphate
buffer, pH 7.5; incubation at 37°C for 60 min) and clarified by centrifugation. P450
demethylation activity on probe P1-P5 (Figure S1) was quantified using a TECAN Infinity plate
reader (550 nm) according to the previously reported procedure.? The enzyme fingerprints were
obtained by normalizing the demethylation activity of the P450 variant on probes P1-P5 to that

of the parent enzyme from the same plate.

P450 reactivity predictions via SCA and MCA. The P450 variants displaying a unique
fingerprint based on the primary screening (criteria: (a) >10% of parent activity on at least one
probe; and (b) larger than 20% variation in activity on at least one probe compared to parent
enzyme or any other member of the library) were re-fingerprinted in 96-well plates (triplicate)
using P450gw3 (F87A) as the reference enzyme. For the SCA analyses, the P450 variants were
simply ranked according to their fingerprint component corresponding to the decaline-based
probe P4. For MCA analyses, FL#62 and other 19 randomly chosen, parthenolide-oxidizing
variants identified by SCA were used as training set. Their total parthenolide oxidation activity

(measured in TTN and normalized to that of FL#62 (TTN(P450 variant)/ TTN(FL#62)) were then
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correlated with the corresponding fingerprints using multiple linear regression (MLR) analysis
using the equation: y = by + bix; + boXy + baxg + bsXs + bsxs, where y corresponds to relative
parthenolide reactivity, x; to xs correspond to the five fingerprint components (activity on probe
P1 to P5, respectively), and b; to bs correspond to the regression coefficients for the five
independent variables x; to xs. This process yielded the plot of calculated versus experimental
parthenolide reactivity presented in Figure S2b, with the calculated regression coefficients being
b, = 0.07926, b, = 0.10353, bz = 0.00912, by = 0.00019, and bs = -0.08490. The RMSD value
(0.8340) indicated an excellent fit between the calculated and experimental values. This model
was then used to rank the P450 variants of the collection according to their predicted

parthenolide reactivity (Figure S2c).

Protein expression and purification. The P450 enzymes were expressed from pCWori-based
vectors and purified by ion-exchange chromatography as described previously.! P450
concentration was determined from CO binding difference spectra (e4s0-s00 = 91,000 M™* cm™).
The vector encoding for the thermostable phosphite dehydrogenase (PTDH) was kindly provided
by the Zhao group.® PTDH was expressed and purified via Ni-affinity chromatography according

to the published procedure.?

Determination of total turnovers and regioselectivity of the P450 variants. Analytical-scale
reactions (1 mL) were carried out using 0.2—1 uM P450, 1.5 mM parthenolide, 2 uM PTDH, 100
uM NADP*, and 50 mM sodium phosphite in potassium phosphate buffer (50 mM, pH 8.0). The
P450 variants described in Table 1 were characterized in purified form, while those described in

Table S3 were characterized directly from cell lysates. After 12 hours at 4°C, the reaction
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mixtures were added with 500 uM guaiacol (as internal standard), extracted with
dichloromethane and analyzed by gas chromatography (see Supporting Information for details).
TTN values were calculated based on the total amount of oxidation products as quantified based
on the calibration curves generated using purified 2-4. Mean and standard deviation values
reported for P450 variants in Table 1 were calculated from experiments performed at least in

triplicate.

Measurement of Kkinetic parameters, substrate binding affinity (Kp) and coupling
efficiency. Initial product formation rates were measured from 1 mL scale reactions containing
1 mM parthenolide, 0.1-1.0 uM purified P450, and 1 mM NADPH in potassium phosphate
buffer (50 mM, pH 8.0) at room temperature. After 60 seconds, the samples were added with 500
uM Guaiacol and extracted with dichloromethane. Cofactor oxidation rate in the presence of
parthenolide was measured by monitoring NADPH depletion at 340 nm (e = 6.22 mM-* cm™)
using 0.1-0.5 uM purified P450, 1.0 mM parthenolide, and 200 uM NADPH. Coupling
efficiency was calculated from the ratio between the initial product formation rate and the initial
NADPH oxidation rate. Reported mean and standard deviation values were calculated from
experiments performed at least in triplicate. Binding experiments were performed using 3 uM
purified P450 in potassium phosphate buffer (50 mM, pH 8.0) by titrating increasing amounts of
parthenolide (5.9 uMto 1.5 mM) from an ethanol stock solution (20 mM). At each
concentration, a difference spectrum from 360 to 500 nm was recorded and binding curves were
generated by plotting the change in absorbance at 390 nm and 420 nm corresponding to the high-
spin and low-spin state of the enzyme, respectively, against the parthenolide concentration.

Variant 111-D4 displayed an unusual spin difference spectrum with minimum at 403 nm and
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maximum at 430 nm and the difference in absorbance at these two wavelengths was utilized for
Kp determination. Kp values were calculated using Sigma Plot via non-linear fitting of the

experimental binding curves to an equation describing a standard 1:1 binding interaction.
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SYNTHESIS AND CHARACTERIZATION OF PARTHENOLIDE DERIVATIVES

o

ok

PTL-9-003: Standard procedure was applied using (S)-9-hydroxy-parthenolide (6.5 mg, 0.025
mmol), 4-dimethylaminopyridine (1.5 mg, 0.0125 mmol), triethylamine (35 pL, 0.25 mmol), and
acetyl chloride (9 pL, 0.125 mmol). Isolated PTL-9-003: 1.7 mg, 22% vield."H NMR (500 MHz,
CDCls): §=1.22-1.29 (m, 1 H), 1.33 (s, 3 H), 1.74 (s, 3 H), 2.00-2.06 (m, 1 H), 2.09 (s, 3 H),
2.15-2.21 (m, 2 H), 2.23-2.29 (m, 1 H), 2.48 (dg, 1 H, J= 5.31, 12.52 Hz), 2.71 (d, 1 H, J= 8.73
Hz), 2.91 (m, 1 H), 3.86 (t, 1 H, J= 8.25 Hz), 5.20 (dd, 1 H, J= 2.23, 10.90 Hz), 5.51 (d, 1 H, J=
11.78 Hz), 5.69 (d, 1 H, J= 3.24 Hz), 6.37 (d, 1 H, J= 3.75);**C NMR (125 MHz, CDCls): § =
11.7,17.3, 21.2, 23.8, 36.0, 36.1, 44.1, 61.3, 66.0, 80.7, 81.6, 122.0, 127.8, 133.0, 138.0, 168.6,

170.0; MS (ESI) calcd for C17H2,05 [M+H]" m/z: 307.15; found: 307.3.

PTL-9-004: Standard procedure was applied using (S)-9-hydroxy-parthenolide (8mg,
0.03mmol), 4-dimethylaminopyridine (2 mg, 0.015 mmol), triethylamine(42 pL, 0.3mmol), and
benzoyl chloride (17 pL, 0.15 mmol). Isolated PTL-9-004: 5.5 mg, 50% yield."H NMR (500

MHz, CDCly): §=1.33-1.39 (m, 1 H), 1.41 (s, 3 H), 1.91 (s, 3 H), 2.17-2.29 (m, 2 H), 2.32-2.44
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(m, 2 H), 2.57 (dg, 1 H, J= 4.8, 12.9 Hz), 2.81 (d, 1 H, J=8.9 Hz), 3.03-3.10 (m, 1 H), 3.96 (t , 1
H, J= 8.9 Hz), 5.52 (d, 1 H, J= 10.1 Hz), 5.66 (d, 1 H, J= 12.1 Hz), 5.79 (d ,1 H, J= 2.4 Hz), 6.44
(d, 1 H, J= 2.8 Hz), 7.52 (t, 2 H, J= 7.7 Hz), 7.65 (t, 1 H, J= 7.3 Hz), 8.10 (d, 2 H, J= 7.2 Hz);
3C NMR (125 MHz, CDCls): 8 =11.9, 17.4, 23.8, 36.0, 36.2, 44.1, 61.3, 66.1, 81.2, 81.7, 122.2,
127.9, 128.5, 129.6, 130.0, 133.1, 133.3, 138.0, 165.5, 168.6;MS (ESI) calcd for CyH240s

[M+H]" m/z: 369.15; found: 369.8.

PTL-9-005: Standard procedure was applied using (S)-9-hydroxy-parthenolide (8 mg, 0.03
mmol), 4-dimethylaminopyridine (2 mg, 0.015 mmol), triethylamine(63 uL, 0.45mmol), and
isonicotinoyl chloride (27 mg, 0.15 mmol). Isolated PTL-9-005: 3 mg, 27% yield*H NMR (500
MHz, CDCl3): 8 =1.34-1.40 (m, 1 H), 1.42 (s, 3 H), 1.90 (s, 3 H), 2.20-2.30 (m, 2 H), 2.33-2.44
(m, 2 H), 2.56 (dg, 1 H, J=5.1, 13.3 Hz), 2.80 (d, 1 H, J= 9.2 Hz), 3.04-3.10 (m, 1 H), 3.96 (t, 1
H, J= 8.2 Hz), 5.54 (d, 1 H, J= 10.2 Hz), 5.68 (d, 1 H, J= 11.2 Hz), 5.77 (d ,1 H, J= 2.5 Hz), 6.45
(d, 1 H, J= 3.6 Hz), 7.90 (d, 2 H, J= 4.8 Hz), 8.87 (d, 2 H, J= 4.8 Hz);"*C NMR (125 MHz,
CDCls): 6=12.0, 17.4, 24.0, 36.0, 44.1, 61.3, 66.0, 81.4, 82.4, 122.2, 123.4, 129.0, 132.2, 137.7,

138.3, 149.9, 163.7, 168.6;MS (ESI) calcdfor Cy;H23sNOs [M+H]" m/z: 370.16; found: 370.4.
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PTL-9-006: Standard procedure was applied using (S)-9-hydroxy-parthenolide (10 mg, 0.037
mmol) 4-dimethylaminopyridine (2.3 mg, 0.019 mmol), triethylamine(52 pL, 0.37 mmol), and 4-
(dimethylamino)benzoyl chloride (28 mg, 0.15 mmol). Isolated PTL-9-006: 9 mg, 59% yield. *H
NMR (500 MHz, CDCls): & =1.25-1.32 (m, 1 H), 1.35 (s, 3 H), 1.84 (s, 3 H), 2.07-2.15 (m, 1 H),
2.17-2.22 (m, 1 H), 2.25-2.37 (m, 2 H), 2.51 (dg, 1 H, J= 4.7, 13.0 Hz), 2.76 (d, 1 H, J= 8.9 Hz),
2.97-3.03 (m, 1 H), 3.06 (s, 6 H), 3.90 (t, 1 H, J= 8.1 Hz), 5.41 (d, 1 H, J= 11.0 Hz), 5.57 (d, 1
H, J= 12.0 Hz), 5.74 (d ,1 H, J= 3.1 Hz), 6.38 (d, 1 H, J= 3.9 Hz), 6.66 (d, 2 H, J= 8.9 Hz), 7.91
(d, 2 H,J=91 HZ);13C NMR (125 MHz, CDCls): 6 =12.0, 17.4, 23.8, 36.1, 36.5, 40.6, 44.2,
61.7, 65.9, 80.2, 81.6, 110.7, 116.6, 122.3, 127.4, 131.2, 133.9, 138.2, 153.6, 165.8, 168.9;MS

(ES)) calcd for CosHagNOs [M+H]* m/z: 412.20; found: 412.3.

PTL-9-009: Standard procedure was applied using (S)-9-hydroxy-parthenolide (7 mg, 0.026
mmol), 4-dimethylaminopyridine (1.6 mg, 0.013 mmol), triethylamine(36 pL, 0.26 mmol), and
4-fluorobenzoyl chloride (15 pL, 0.13 mmol). Isolated PTL-9-009: 3 mg, 30% vyield.'H NMR

(500 MHz, CDCls): § =1.33-1.38 (m, 1 H), 1.41 (s, 3 H), 1.90 (s, 3 H), 2.17-2.29 (m, 2 H), 2.32-
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2.42 (m, 2 H), 2.57 (dg, 1 H, J= 5.2, 13.0 Hz), 2.81 (d, 1 H, J= 8.5 Hz), 3.03-3.09 (m, 1 H), 3.96
(t,1H,J=83Hz),550(d, 1 H, J=11.1 Hz), 5.66 (d, 1 H, J= 11.8 Hz), 5.78 (d ,1 H, J= 3.1
Hz), 6.49 (d, 1 H, J= 3.3 Hz), 7.19 (t, 2 H, J= 8.4 Hz), 8.11 (t, 2 H, J= 6.4 Hz); *C NMR (125
MHz, CDCls): 8 =11.9, 17.4, 23.8, 36.0, 36.2, 44.1, 61.3, 66.0, 81.4, 81.6, 115.6, 115.8, 122.15,
126.3, 128.1, 132.2 (d, J= 9.41 Hz), 132.9, 137.9, 164.5, 168.4. °F NMR (376 MHz, CDCly):

5 =-42.49;MS (ESI) calcd for CooH,3FOs [M+H]" m/z: 387.15; found: 387.4.

PTL-9-010: Standard procedure was applied using (S)-9-hydroxy-parthenolide (5 mg, 0.019
mmol), 4-dimethylaminopyridine (1.2 mg, 0.0095 mmol), triethylamine(27 pL, 0.19 mmol), and
the 4-(trifluoromethyl)benzoyl chloride (14 pL, 0.095 mmol). Isolated PTL-9-010: 4.4 mg, 53%
yield'H NMR (500 MHz, CDCl3): & =1.34-1.39 (m, 1 H), 1.42 (s, 3 H), 1.90 (s, 3 H), 2.21-2.30
(m, 2 H), 2.33-2.44 (m, 2 H), 2.58 (dg, 1 H, J= 4.9, 13.0 Hz), 2.81 (d, 1 H, J= 8.5 Hz), 3.04-3.10
(m, 1 H), 3.97 (t, 1 H, J= 8.5 Hz), 5.54 (d, 1 H, J= 10.1 Hz), 5.68 (d, 1 H, J= 11.8 Hz), 5.78 (d ,1
H, J= 2.8 Hz), 6.45 (d, 1 H, J= 2.8 Hz), 7.79 (d, 2 H, J= 7.7 Hz), 8.21 (d, 2 H, J= 8.1 Hz); ©°C
NMR (125 MHz, CDCl3): 6 =12.0, 14.1, 17.4, 22.7, 23.9, 35.9, 36.2, 44.1, 61.3, 66.1, 81.6, 81.9,
122.2, 125.6, 128.5, 130.0, 132.6, 133.2, 137.9, 164.5, 168.6; °F NMR (376 MHz, CDCls):

0 =-0.76; HPMS (ES') calcd for Cy3H23F305 [l\/l‘|'|‘|:rr m/z: 437.1576; found: 437.1569
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PTL-9-011: Standard procedure was applied using (S)-9-hydroxy-parthenolide (10 mg, 0.038
mmol), 4-dimethylaminopyridine (2.3 mg, 0.019 mmol), triethylamine (53 pL, 0.38 mmol), and
3-(trifluoromethyl)benzoyl chloride (29 pL, 0.19 mmol). Isolated PTL-9-011: 7 mg, 42 % vyield.
'H NMR (400 MHz, CDCls): & = 1.26-1.34 (m, 1 H), 1.36 (s, 3 H), 1.85 (s, 3 H), 2.14-2.24 (m, 2
H), 2.26-2.39 (m, 2 H), 2.52 (dq, 1 H, J= 4.9, 13.1 Hz), 2.75 (d, 1 H, J= 9.1 Hz), 2.97-3.05 (m, 1
H), 3.91 (t, 1 H, J= 8.4 Hz), 5.48 (d, 1 H, J= 11.4 Hz), 5.62 (d, 1 H, J= 12.1 Hz), 5.73 (d ,1 H,
J= 3.4 Hz), 6.40 (d, 1 H, J= 3.4 Hz), 7.61 (t, 1 H, J= 7.7 Hz), 7.85 (d, 1 H, J= 7.7 Hz), 8.23 (d, 1
H, J= 7.7 Hz), 8.28 (s, 1 H); *C NMR (125 MHz, CDCls): § =11.9, 17.4, 23.8, 36.0, 36.1, 44.1,
61.3, 66.0, 81.5, 81.9, 122.2, 126.5, 128.5, 129.2, 129.8, 130.9, 132.6, 132.8, 137.9, 164.16,
168.6; F NMR (376 MHz, CDCls): & =-0.44;:MS (ESI) calcd for Cy3Ho3F30s [M+Na]* m/z:

459.15; found: 459.7.

PTL-9-012: Standard procedure was applied using (S)-9-hydroxy-parthenolide (5 mg, 0.019
mmol), 4-dimethylaminopyridine (12 mg, 0.01 mmol), triethylamine(27 uL, 0.19 mmol), and

2,4(bis-trifluoromethyl)benzoyl chloride (18 pL, 0.1 mmol). Isolated PTL-9-012: 3 mg, 31 %
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yield'H NMR (500 MHz, CDCls): & = 1.33-1.39 (m, 1 H), 1.40 (s, 3 H), 1.84 (s, 3 H), 2.19-2.30
(m, 2 H), 2.34-2.46 (m, 2 H), 2.56 (dg, 1 H, J=5.0, 13.0 Hz), 2.80 (d, 1 H, J= 8.4 Hz), 3.02-3.08
(m, 1 H), 3.95 (t, 1 H, J= 8.4 Hz), 5.55 (d, 1 H, J= 10.3 Hz), 5.68 (d, 1 H, J= 12.6 Hz), 5.77 (d ,1
H, J= 2.7 Hz), 6.46 (d, 1 H, J= 3.4 Hz), 7.97 (s, 2 H), 8.08 (5, 1 H); *C NMR (125 MHz,
CDCls): $=11.7, 17.4, 23.8, 35.5, 36.0, 44.1, 61.2, 66.0, 81.4, 83.3, 122.1, 124.2, 128.8, 130.9,
132.2, 137.7, 164.8, 168.5; *F NMR (376 MHz, CDCls): § =-0.87, 3.11; HRMS (ESI) calcd for

C24H2:F60s [M+H]" m/z: 505.1453; found: 505.1450.

PTL-9-013: Standard procedure was applied using (S)-9-hydroxy-parthenolide (9 mg, 0.034
mmol), 4-dimethylaminopyridine (2 mg, 0.017 mmol), triethylamine(47 uL, 0.34 mmol), and
3,5(bis-trifluoromethyl)benzoyl chloride (31 pL, 0.17 mmol). Isolated PTL-9-013: 5 mg, 29%
yield. *H NMR (400 MHz, CDCl5): & = 1.27-1.32 (m, 1 H), 1.36 (s, 3 H), 1.85 (s, 3 H), 2.17-2.25
(m, 2 H), 2.27-2.40 (m, 2 H), 2.52 (dg, 1 H, J= 5.4, 13.0 Hz), 2.75 (d, 1 H, J= 8.5 Hz), 2.98-3.05
(m, 1 H), 3.91 (t, 1 H, J=8.1 Hz), 5.52 (d, 1 H, J= 10.8 Hz), 5.65 (d, 1 H, J= 10.8 Hz), 5.72 (s ,1
H), 6.46 (s, 1 H), 8.09 (s, 1 H), 8.46 (s, 2 H); *C NMR (125 MHz, CDCl3): §=11.9, 17.4, 23.9,
35.9, 36.0, 44.1, 61.3, 66.0, 81.4, 82.6, 122.2, 129.1, 129.7, 132.2, 132.3, 137.8, 162.9, 168.4,
F NMR (376 MHz, CDCls): §=-0.58; HRMS (ESI) calcd for CosHxFsOs [M+H]" m/z:

505.1450; found: 505.1443.
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PTL-14-003: Standard procedure was applied using 14-hydroxy-parthenolide (3.4 mg, 0.013
mmol), 4-dimethylaminopyridine (0.8 mg, 0.0065 mmol), triethylamine(18 pL, 0.13 mmol), and
acetyl chloride (5 pL, 0.065 mmol).Isolated PTL-14-003:1.3 mg, 33 %yield. *H NMR (500
MHz, CDCl3): 6 =1.26 (s, 3 H), 1.27-1.35 (m, 1 H), 1.74-1.83 (m, 1 H), 2.08 (s, 3 H), 2.12-2.24
(m, 3 H), 2.26-2.33 (m, 1 H), 2.50 (dq, 1 H, J=4.9,13.4Hz), 2.63 (dd, 1 H, J=6.1, 14.0Hz),2.76-
2.85 (m, 2H), 3.86 (t, 1 H, J=8.8Hz), 4.68 (d, 1 H, J=12.1Hz), 4.80 (d, 1 H, J=12.3Hz), 5.50 (dd
1 H, J= 3.6, 12.5Hz), 5.63 (d, 1 H, J= 3.2Hz), 6.35 (d, 1 H, J= 3.6Hz); *C NMR (125 MHz,
CDCls): 6=17.1, 21.1, 24.1, 31.4, 36.3, 36.8, 47.4, 61.1, 61.3, 66.3, 82.4, 121.6, 132.0, 133.5,

139.1, 169.2, 171.0;MS (ESI) calcd for C17H2,05 [M+H]" m/z: 307.15; found: 307.1

PTL-14-004: Standard procedure was applied using 14-hydroxy-parthenolide (12 mg, 0.045
mmol), 4-dimethylaminopyridine (3 mg, 0.023 mmol), triethylamine(63 pL,0.45mmol), and
benzoyl chloride (26 pL, 0.23 mmol). Isolated PTL-14-004: 3 mg, 18 % vyield.*H NMR (500
MHz, CDCls): & =1.30-1.37 (4 H, m), 1.81-1.90 (1 H, m), 2.15-2.26 (3 H, m), 2.31-2.38 (1 H,
m), 2.59 (1 H, dq, J= 5.2, 13.2 Hz), 2.75 (1 H, dd, J= 6.0, 14.0 Hz), 2.80 (2 H, m), 3.90 (1 H, t,

J=8.8 Hz), 4.84 (1L H, d, J= 11.7 Hz), 5.07 (L H, d, J= 12.1 Hz), 5.56 (1 H, dd, J= 4.0, 12.8 H2),
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5.63 (1 H, d, J= 3.3 Hz), 6.35 (1 H, d, J= 3.6 Hz), 7.45 (2 H, t, J= 7.3 Hz), 7.58 (1 H, t, J= 7.3
Hz), 8.05 (2 H, d, J= 7.7 Hz). °C NMR (125 MHz, CDCls): & = 17.0, 24.0, 31.3, 36.2, 36.6,
47.3, 61.1, 61.6, 66.2, 82.4, 121.6, 128.6, 129.5, 129.8, 131.9, 133.3, 133.5, 139.0, 166.5,

169.1.MS (ESI) calcd for CH2405 [M+H]" m/z: 369.16; found: 369.3

PTL-14-005: Standard procedure was applied using 14-hydroxy-parthenolide (7 mg,
0.026mmol), 4-dimethylaminopyridine (3 mg, 0.026mmol), triethylamine (40 pL, 0.26mmaol),
and isonicotinoyl chloride (23 mg, 0.13mmol). Isolated PTL-14-005: 4 mg, 42 % yield."H NMR
(500 MHz, CDCls): 8 =1.30 (s, 3 H), 1.32-1.40 (m, 1 H), 1.75-1.85 (m, 1 H), 2.15-2.28 (m, 3 H),
2.32-2.40 (m, 1 H), 2.58 (dq, 1 H, J= 5.8, 13.0 Hz), 2.73 (dd, 1 H, J= 6.1, 13.8 Hz), 2.78-2.88
(m, 2H), 3.88 (t, 1 H, J=8.7 Hz), 4.82 (d, 1 H, J=11.5 Hz), 4.14 (d, 1 H, J=12.4 Hz), 5.60 (dd,1
H, J= 4.0, 12.4 Hz), 5.64 (d, 1 H, J= 3.2 Hz), 6.37 (d, 1 H, J= 3.7 Hz), 7.84 (bs, 2 H), 8.82 (bs, 2
H); B3C NMR (125 MHz, CDCls): 6 =17.0, 24.2, 31.2, 36.1, 36.4, 47.2, 60.9, 62.1, 66.1, 82.3,
121.7, 132.6, 132.8, 137.0, 138.8, 150.7, 165.0, 169.0; MS (ESI) calcd for for Cy1H23NOs

[M+H]" m/z: 370.16; found: 370.2
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PTL-14-006: Standard procedure was applied using 14-hydroxy-parthenolide (7 mg, 0.026
mmol), 4-dimethylaminopyridine (3 mg, 0.026 mmol), triethylamine (40 pL, 0.26 mmol), and
the 4-(dimethylamino)benzoyl chloride (24 mg, 0.13 mmol). Isolated PTL-14-006: 5 mg, 47%
yield.'H NMR (500 MHz, CDCly): § =1.32 (s, 3 H), 1.33-1.40 (m, 1 H), 1.84-1.96 (m, 1 H),
2.12-2.26 (m, 3 H), 2.27-2.37 (m, 1 H), 2.51-2.65 (m, 1 H), 2.67-2.77 (m, 1 H), 2.78-2.88 (m,
2H), 3.05 (s, 6H), 3.93 (t, 1 H, J=8.8Hz), 4.82 (d, 1 H, J=12.1Hz), 4.97 (d, 1 H, J=12.4Hz), 5.51
(dd,1 H, J= 3.6, 12.7Hz), 5.62 (d, 1 H, J= 3.4Hz), 6.35 (d, 1 H, J= 3.6Hz), 6.64 (d,2H, J=9.0Hz),
7.86 (d, 2H, J=8.9Hz);"*C NMR (125 MHz, CDCls): § =16.9, 24.0, 31.6, 36.3, 36.9, 40.0, 47.3,
61.2, 66.2, 82.5, 110.8, 116.2, 121.5, 131.2, 132.6, 134.0, 139.0, 153.4, 166.8, 169.2;MS (ESI)

calced for CosHgNOs [M+H]" m/z: 412.20; found: 412.3

PTL-14-009: Standard procedure was applied using 14-hydroxy-parthenolide (14 mg, 0.053
mmol), 4-dimethylaminopyridine (3 mg, 0.027 mmol), triethylamine(74 pL, 0.53 mmol), and 4-
fluorobenzoyl chloride (31 pL, 0.27 mmol). Isolated PTL-14-009: 5.6 mg, 27% yield."H NMR
(500 MHz, CDCl3): §=1.30 (s, 3 H), 1.31-1.38 (m, 1 H), 1.76-1.87 (m, 1 H), 2.13-2.26 (m, 3 H),

2.30-2.38 (m, 1 H), 2.57 (dg, 1 H, J=5.3, 13.3Hz), 2.73 (dd, 1 H, J=6.2, 13.5Hz), 2.78-2.87 (m,
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2H), 3.88 (t, 1 H, J=8.8Hz), 4.80 (d, 1 H, J=12.4Hz), 5.07 (d, 1 H, J=11.8 Hz), 5.56 (dd, 1 H, J=
3.6, 12.4Hz), 5.62 (d, 1 H, J= 4.1Hz), 6.35 (d, 1 H, J= 3.5Hz), 7.12 (t, 2H, J=8.5Hz), 8.02 (dt,
2H, J=3.3, 5.4Hz); *C NMR (125 MHz, CDCls): §=17.0, 24.0, 31.2, 36.2, 36.5, 47.3, 61.0,
61.5, 66.2, 82.3, 115.6, 115.9, 121.6, 132.1, 132.2, 133.4, 138.9, 165.6, 169.0; °F NMR (376

MHz, CDCls): & =-42.45;MS (ESI) calcd for Cy,H,3FOs [M+H]" m/z: 387.15; found: 387.5.

PTL-14-010: Standard procedure was applied using 14-hydroxy-parthenolide (16 mg, 0.061
mmol), 4-dimethylaminopyridine (3.7 mg, 0.03 mmol), triethylamine (85 pL, 0.61 mmol), and 4-
(trifluoromethyl)benzoyl chloride (45 pL, 0.3 mmol). Isolated PTL-14-010: 7 mg, 26% yield.'H
NMR (500 MHz, CDCls): §=1.31 (s, 3 H), 1.32-1.39 (m, 1 H), 1.77-1.87 (m, 1 H), 2.19-2.28 (m,
3 H), 2.33-2.39 (m, 1 H), 2.60 (dg, 1 H, J=5.5, 13.3Hz), 2.74 (dd, 1 H, J=5.1, 13.7Hz), 2.79-2.88
(m, 2H), 3.89 (t, 1 H, J=8.6Hz), 4.84 (d, 1 H, J=12.1Hz), 5.13 (d, 1 H, J=12.1Hz), 5.60 (dd,1 H,
J=4.3,12.1Hz), 5.63 (d, 1 H, J= 2.7Hz), 6.36 (d, 1 H, J= 3.5Hz), 7.73 (d, 2H, J=8.2Hz), 8.13 (d,
2H, J=8.2Hz); *C NMR (125 MHz, CDCls): §=17.0, 24.1, 31.2, 36.1, 36.4, 47.3, 61.0, 61.9,
66.1, 82.3, 121.6, 125.6, 130.0, 132.4, 133.0, 138.9, 165.3, 169.0; F NMR (376 MHz, CDCly):

§ =-0.77; HRMS (ESI) calcd for forCasHx3F30s [M+H]" m/z: 437.1576; found: 437.1572.
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PTL-14-011: Standard procedure was applied using 14-hydroxy-parthenolide (13 mg, 0.049
mmol), 4-dimethylaminopyridine (3 mg, 0.025 mmol), triethylamine(68 pL, 0.49 mmol), and 3-
(trifluoromethyl)benzoyl chloride (37 pL, 0.025 mmol). Isolated PTL-14-011: 10 mg, 38% yield.
'H NMR (500 MHz, (CD3),CO): § =1.36-1.41 (m, 4 H), 2.02-2.07 (m, 1 H), 2.23 (dd, 1 H, J=
5.0, 12.4 Hz), 2.29-2.39 (m, 3 H), 2.70-2.81 (m, 2 H), 3.03 (d, 1 H, J= 9.4 Hz), 3.10-3.16 (m, 1
H), 4.13 (t, 1 H, J= 8.4 Hz), 5.02 (d, 1 H, J= 11.9 Hz), 5.29 (d, 1 H, J= 11.9 Hz), 5.78 (d,1 H, J=
3.0 Hz), 5.84 (dd, 1 H, J= 3.5, 12.9 Hz), 6.21 (d, 1 H, J= 4.0 Hz), 7.85 (t, 1 H, J= 7.9 Hz), 8.06
(d, 1 H, J= 7.9 Hz), 8.32 (s, 1 H), 8.36 (d, 1 H, J= 7.4 Hz); *C NMR (125 MHz,(CD5),CO):
6=17.42, 24.8, 31.9, 37.1, 47.8, 61.6, 63.1, 66.8, 83.4, 120.8, 126.9, 130.7, 131.1, 132.4, 133.1,
134.1, 134.6, 141.5, 165.7, 170.0; **F NMR (376 MHz, CDCl3): 6 =-0.46;MS (ESI) calcd for

Co3H3F305 [I\/H'N&]Jr m/z: 459.15; found: 459.7.

PTL-14-012: Standard procedure was applied using 14-hydroxy-parthenolide (27 mg, 0.10
mmol), 4-dimethylaminopyridine (6 mg, 0.051 mmol), triethylamine (140 pL, 0.1 mmol), and
2,4(bis-trifluoromethyl) benzoyl chloride (90 pL, 0.5 mmol). Isolated PTL-14-012: 20 mg, 40%

yield."H NMR (500 MHz, (CD3),CO): & =1.30-1.40 (m, 4 H), 1.92-2.00 (m, 1 H), 2.18 (dd, 1 H,
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J=4.9,12.5 Hz), 2.22-2.34 (m, 3 H), 2.65-2.75 (m, 2 H), 2.96 (d, 1 H, J= 9.0 Hz), 3.04-3.10 (m,
1 H), 4.05(t,1H,J=8.7 Hz), 496 (d, 1 H, J= 11.9 Hz), 5.28 (d, 1 H, J= 11.9 Hz), 5.74 (d,1 H,
J=3.2 Hz), 5.81 (dd, 1 H, J= 3.8, 12.5 Hz), 6.17 (d, 1 H, J= 3.5 Hz), 8.10 (d, 1 H, J= 9.1 Hz),
8.19 (s, 2 H); °C NMR (125 MHz, (CD3),CO): & =17.4, 24.7, 31.6, 36.9, 37.0, 47.7, 61.5, 63.9,
66.7, 83.3, 120.7, 124.9, 130.7, 132.2, 133.5, 134.0, 136.1, 141.4, 166.2, 169.9; *°F NMR (376
MHz, CDCls): 8 =-0.88, 2.66; MS (ESI) calcd for CysHx:FsOs [M+Na]® m/z: 527.14; found:

527.7.

CF4

PTL-14-013: Standard procedure was applied using 14-hydroxy-parthenolide (15 mg, 0.057
mmol), 4-dimethylaminopyridine (3.5 mg, 0.029 mmol), triethylamine (80 uL, 0.57 mmol), and
the 3,5(bis-trifluoromethyl)benzoyl chloride (51 pL, 0.29 mmol). Isolated PTL-14-013: 7 mg,
24% vyield. *H NMR (500 MHz, (CD3),CO): & =1.30-1.38 (m, 4 H), 1.94-2.02 (m, 1 H), 2.15-
2.22 (m, 1 H), 2.23-2.36 (M, 3 H), 2.67-2.83 (M, 2 H), 2.98 (d, 1 H, J= 8.4 Hz), 3.05-3.12 (m, 1
H), 4.07 (t, 1 H, J= 8.4 Hz), 5.01 (d, 1 H, J= 11.2 Hz), 5.32 (d, 1 H, J= 12.1 Hz), 5.74 (5,1 H),
5.82 (d, 1 H, J= 12.1 Hz), 6.71 (s, 1 H), 8.36 (s, 1 H), 8.54 (s, 2 H); *C NMR (125 MHz,
(CD3),CO): 6=17.4, 24.8, 31.7, 36.9, 37.0, 47.8, 61.5, 63.4, 66.7, 83.3, 120.7, 123.1, 125.2,
127.6, 130.6, 132.7, 133.0, 133.5, 133.9, 134.3, 141.4, 164.5, 169.8; °F NMR (376 MHz,

CDCls): § =-0.59; HRMS (ESI) calcd for CysH2Fs0s [M+H]" m/z: 505.1450; found: 505.1454.
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Crystal Data and Structure Refinement for compound 2. Crystal structure coordinates have

been deposited in the Cambridge Crystallographic Data Centre (CCDC) under the code 966450.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unait cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal color, morphology
Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Completeness to theta = 37.78°
Absorption correction

Max. and min_ transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I=2sigma(])]
R indices (all data)

Largest diff. peak and hole

fasjk01

C15 H20 04
26431

100.0(1) K
071073 A
Monoclinic

P
a=102867(T) A
h=9.2508(6) A
c=153155(10) A

o = 90°
B = 106.201(1)°
= aQ°

1399.55(16) A3

4

1.254 Mg/m?

0.090 mm!

568

colorless. block

0.32x 024 x 0.16 mm’
1.381t0 37.78°

17 h<17.-15< k<15.-26< 126
51687

7850 [R(int) = 0.0589]
5772

99.9%

Multi-scan

0.9857 and 0.9718
Full-matrix least-squares on FZ
7850/ 1/ 503

0.991

R1=0.0454, wR2=0.1055
R1=0.0703, wR2 = 0.1231
0.351 and -0.201 e A7
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