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ABSTRACT: The plant-derived sesquiterpene lactone michelio-
lide was recently found to possess promising antileukemic activity,
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derivatization of this molecule. Here, we report the implementation

of a probe-based P450 fingerprinting strategy to rapidly evolve

engineered P450 catalysts useful for the regio- and stereoselective hydroxylation of micheliolide at two previously inaccessible
aliphatic positions in this complex natural product. Via P450-mediated chemoenzymatic synthesis, a broad panel of novel
micheliolide analogs could thus be obtained to gain structure—activity insights into the effect of C2, C4, and C14 substitutions on
the antileukemic activity of micheliolide, ultimately leading to the discovery of “micheliologs” with improved potency against acute
myelogenic leukemia cells. These late-stage C—H functionalization routes could be further leveraged to generate a panel of affinity
probes for conducting a comprehensive analysis of the protein targeting profile of micheliolide in leukemia cells via chemical
proteomics analyses. These studies introduce new micheliolide-based antileukemic agents and shed new light onto the biomolecular
targets and mechanism of action of micheliolide in leukemia cells. More broadly, this work showcases the value of the present P450-
mediated C—H functionalization strategy for streamlining the late-stage diversification and elucidation of the biomolecular targets of
a complex bioactive molecule.

B INTRODUCTION

Sesquiterpene lactones (SQLs) constitute a family of bioactive
natural products isolated from various plants.' Members of this

solubility, and an improved pharmacokinetic profile in vivo,”’
which make it a promising scaffold for the development of
antileukemic agents. The anti-inflammatory and anticancer

family containing an a-methylene-y-lactone moiety have
recently attracted significant attention because of their
promising anticancer properties, especially in the context of
leukemias.”™* Previous studies indeed showed that partheno-
lide (PTL) and semisynthetic derivatives thereof are capable of
targeting and killing acute myeloid leukemia (AML) cells as
well as leukemia stem cells (LSCs).>™"° Due to the role of
LSCs in self-renewal, disease initiation, and disease prop-
agation'"'” but low sensitivity to mainstay AML chemo-
therapeutic agents (e.g, daunorubicin and cytarabine),'>"*
selective eradication of LSCs represents an important goal in
the development of next-generation antileukemic drugs.">™"”
Similar to parthenolide, the SQL micheliolide (MCL, 1;
Scheme 1) was recently found to possess promising activity
and selectivity against AML cells and LSCs.””*" In addition to
AML, this natural product was shown to possess promising in
vitro and in vivo activity in the context of other forms of
cancer.””~>* While showing lower antileukemic activity than
PTL (~3 fold higher LCs, in vitro), MCL exhibits several
favorable features such as higher chemical stability, water
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activities of SQLs have been linked to their reactive a-
methylene-y-lactone “warhead”, which can act as a Michael
acceptor resulting in covalent inhibition of target proteins.”®~**
While chemical modification of this reactive moiety provides a
facile route for the functionalization of these molecules,
modifications at this site typically result in significant reduction
or loss of biological activity.”””*”*° Indeed, tolerated
substitutions at this site in both PTL and MCL have been
largely limited to dimethylamine adducts (Scheme 1A), which
have improved oral bioavailability but show similar or lower
anticancer activity than the parent natural product.”** In MCL,
the hydroxyl group at C4 is also available for late-stage
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Scheme 1. Micheliolide (MCL) and Chemical vs Chemoenzymatic Synthesis of Micheliolide Analogs

a) Chemical functionalization of reactive functional groups (previous work):
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Scheme 2. Enzymatic Oxidation of MCL (1) using P450g,,; Variant FL#62°
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“Product distribution: 87% 2; 7% 3; 6% 4. The X-ray crystal structure of 3 (CCDC 2033958) is also shown.

functionalization purposes (Scheme 1A) and C4-substituted
analogs of MCL were investigated by Chen and co-workers.”'
However, none of these C4-substituted analogs showed
improved antileukemic activity compared to MCL, further
highlighting the challenges of improving the anticancer
potency of this natural product using currently available
methods.

P450 enzymes constitute attractive biocatalysts for the
selective oxyfunctionalization of organic molecules,”*** and
protein engineering has provided a means to expand the
substrate scope of these enzymes to include non-native
substrates, including natural products.”*>~** Here, we report
the successful application of engineered P450s and P450-

. . . 09,3843
mediated chemoenzymatic C—H functionalization”** as a

strategy to access novel—and previously inaccessible sites—for
the late-stage elaboration of MCL (Scheme 1B). As fine-tuning
of the regio- and stereoselectivity of P450 enzymes remains a
major challenge,””*> we have implemented a novel probe-
based fingerprinting approach for guiding the development of
highly regio- and stereoselective P450 catalysts for the
chemoenzymatic functionalization of this complex natural
product. Using these selective P450 catalysts, a broad panel of
semisynthetic MCL analogs could be obtained to illuminate
structure—activity relationships of modifications at multiple
sites within the MCL scaffold (Scheme 1B) and enable the
development of MCL-based agents with improved antileuke-
mic activity. In addition, using this chemoenzymatic strategy, a
complementary set of MCL-based affinity reagents could be
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Figure 1. (a) Crystal structure of the heme domain of P450g); in complex with N-palmitoyl glycine (PDB code 1JPZ). The heme and bound
substrate are colored in yellow and magenta (space-filling model), respectively. (b) Model of the P450y; variant FL#62 active site with key

residues around the heme cofactor (yellow) displayed as stick models.

P450 Library

(lysate)

b)

6
= mP1l mP2
= >
2z4
- 5
v QO
S,
T
ES
2 %o

P450 variants

100

Probe
selectivity (%)
wv
o

o

-
o
=]

Probe
selectivity (%)
wv
o

o

] 1 )
L .
PL P2
PL P2

P450 regio-fingerprints

100

75
50

PERCENTAGE

2 ‘
0

Predicted C2  Predicted
selective

Predicted
nonselective C14 selective

Figure 2. Fingerprint-guided prediction of P450 regioselectivity. (a) Overview of high-throughput “regio-fingerprinting” method using the MCL-
based chromogenic probes P1 and P2. High P1- or P2-selectivity is used a predictor of C2- or C14-selectivity, respectively, for MCL hydroxylation.
(b) Total probe activity with relative contribution from P1 and P2 activity for a representative set of P450 variants. Probe activity was normalized to
the reference enzyme P450p,;;(F87A), which was included in the screening. (c) Percentage of correct regiofingerprint-guided predictions for C2-
selective variants (Ap;/Ay, > 0.6, Cl4-selective variants (Ap,/A,; > 0.6), and unselective variants (0.6 > Ap;/A,, > 0.4).

generated and leveraged to perform a comprehensive profiling
of the MCL-targeted proteome in leukemia stem cells. Our
results show that the present strategy was both effective and
critical toward (i) enabling the identification of “hot spots” for
potentiating the antileukemic activity of MCL, (ii) discovering
improved MCL-based antileukemic agents, and (iii) permitting
a comprehensive analysis of the MCL-targeted proteome in
leukemia stem cells, including putative targets which would
have been overlooked through derivatization of the parent
natural product alone.

B RESULTS AND DISCUSSION

Micheliolide Oxidation via a Substrate Promiscuous
P450g); Variant. In previous work, we found that FL#62, an
engineered variant of the fatty acid monooxygenase P450z);
(Bacillus megaterium),44’45 is able to oxidize parthenolide’ and
a broad range of bulky terpenes.”®*° Based on these results, we
envisioned that this P450 variant could also accept

micheliolide (MCL, 1) as a substrate for oxidation. Indeed,
FL#62 was found to support the oxidation of MCL with 280
turnovers (TON) in the presence of a NADPH cofactor
regeneration system. From these enzymatic reactions, three
mono-oxygenated products were produced in an 87:7:6 ratio,
as determined by gas chromatography (GC) (Scheme 2).
Structural elucidation of these compounds by NMR revealed
that the major product corresponds to 2(R)-hydroxy-
micheliolide (2, 87%), whereas the minor products correspond
to 14-hydroxy-micheliolide (3, 7%) and 14-formyl-micheliolide
(4, 6%), respectively. The R configuration of the C2 carbon in
2 was assigned based on NMR NOE experiments, which
revealed a strong NOE between the S(H) and the 24(H)
protons and the absence of an NOE between the 6(H) and
2a(H) protons (Figures S1—S2). The identity of compound 3
was further confirmed by X-ray crystallography (Scheme 2,
Figure S3). Unlike FL#62, wild-type P4505,; enzyme showed
negligible oxidation activity on MCL (<1 TON).
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Interestingly, compounds 2, 3, and 4 are not naturally
occurring derivatives of MCL, nor have they been previously
obtained using synthetic means. The hydroxylation products
2(R)-hydroxy-MCL (2) and 14-hydroxy-MCL (3) were
considered particularly valuable as they provide two new
points of entry for late-stage functionalization of the MCL
scaffold at two remote C(sp®)—H sites relative to the
preexisting hydroxyl group at C4 and the reactive a-
methylene-y-lactone (C13 site). 14-Formyl-micheliolide (4)
likely arises from a second P450-catalyzed oxidation of the C14
site in 3 to give a C14 gem-diol, which yields the aldehyde
product via dehydration. Compound 4 can be reduced in the
presence of NaBH, in methanol to give the alcohol product 3
(data not shown). This notwithstanding, the poor regio- and
chemoselectivity of FL#62 toward MCL oxidation was
limiting, in particular for functionalization of the C14 site.
Accordingly, FL#62 was chosen as a promising starting point
for evolving P450 variants with improved site-selectivity for
each of the targeted aliphatic C—H sites.

Probe-Guided Search of Regioselective P450 Cata-
lysts for MCL Oxidation. In previous work, we have
generated a collection of over 800 functionally diverse P450
variants via site-saturation mutagenesis of first-sphere active-
site residues (74, 75, 78, 81, 82, 87, 180, 181, 184, 263, and
328; Figure 1b) in FL#62 (or derivative thereof), followed by
high-throughput fingerprinting of these variants using a panel
of structurally diverse chromogenic probes.”*** As part of this
work, we have reported methods for predicting P450 reactivity
based on the analysis of their fingerprints via single component
(SCA)**® and multicomponent analysis (MCA).”*® In the
interest of expanding the toolbox of high throughput methods
for expediting the development of P450 catalysts with fine-
tuned selectivity, we sought to develop a complementary
fingerprint-based strategy (called “regio-fingerprinting”) that
could concurrently relay information about the P450 oxidation
activity on a target substrate (i.e, MCL) and the
regioselectivity of the P450 enzymes on such substrate.

As outlined in Figure 2a, this method relies on surrogate
probes derived from the target substrate, in which a methoxy
“reporter” group*® is installed at the C—H site of interest (i.e.,
C2 or Cl4 in MCL). In this approach, P450-dependent
demethylation activity on the probe substrate, which is
quantifiable via a Purpald-based colorimetric assay compatible
with cell lysate and high-throughput sc1‘eening,38’46 was
expected to provide information about the oxidation activity
of the P450 on the parent molecule (ie, MCL) and its
regioselectivity toward the corresponding C—H site in the
unfunctionalized scaffold (Figure 2a). According to these
design principles, we synthesized two MCL-based probes
containing a methoxy (—OMe) group at either C2 (P1) or
C14 (P2) position (Figure 2a) via methylation of 2 and 3,
respectively. Next, we screened the library of ~800 functionally
diverse P450 variants against the two MCL-based probes P1
and P2, in parallel, using 96-well plates (E. coli DHSa cells).
The enzymatic activity on each probe was quantified based on
colorimetric measurement of the formaldehyde product
generated upon demethylation of the reporter methoxy
group. For each variant, the probe activity was normalized to
that of a reference P450 (P450g,;(F87A)), which has low yet
detectable activity on both probes (Figure 2b). A threshold of
>20% relative activity compared to the reference
P4505,3(F87A) was applied to discriminate MCL-active
P450 variants from MCL-inactive ones. The probe-based

regioselectivity of the P450 variants was then calculated based
on their relative activity on P1 and P2 using the equation (Ap,
X 100)/A,, or (Ap, X 100)/A,,, where Ap; and Ap, are the
normalized demethylation activity of each variant on P1 and
P2, respectively, and A, is the total probe activity. A probe
selectivity of >60% toward P1 (i.e., Ap;/Ay > 0.6) or toward
P2 (ie., Ap /Ay < 0.4) was applied as a predictor for high
regioselectivity toward the oxidation of aliphatic positions C2
and C14, respectively, in MCL.

To experimentally test the predictions, we selected the top
15—20 variants favoring either probe (i.e., Ap;/A; > 0.6 or <
0.4), along with several nonselective variants (0.6 > Ap;/Ao >
0.4) with variable total probe demethylation activity (Table
S1). A total of SO variants that met these criteria were
expressed in 48-well plates and analyzed for their activity and
regioselectivity toward MCL hydroxylation by GC. These
experiments showed that the fingerprint-based substrate
activity predictions were confirmed in all cases, indicating
that both probes, combined, can relay reliable predictions
about the ability of the corresponding P450 variant to accept
MCL as a substrate for oxidation. More importantly, a very
good correlation was also observed between the fingerprint-
based site-selectivity predictions as derived from P;/P,
activity and the enzyme regioselectivity in MCL hydroxylation
(Table S1). In particular, the C2-selective P4S0 variants
selected based on their high P,/P,, probe activity ratio
displayed the highest fraction of correct predictions (87%),
whereas a rate of 69% and 78% correct predictions was
observed for the Cl4-selective variants and the unselective
variants, respectively (Figure 2c). Using this method, P450
variants featuring >90—95% regioselectivity toward hydrox-
ylation of either C2 or C14 could be rapidly identified (Figure
3), thus demonstrating the functionality of regio-fingerprinting

B% 2-OH-MCL %14-OH-MCL  —% Product
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>
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Figure 3. Regioselectivity (blue/pink bars) and activity (black line) of
representative P450 variants identified via regio-fingerprinting toward
MCL oxidation. Conditions: cell lysate containing ~0.1 mol % P450,
2 uM PTDH, 150 uM NADP", 50 mM sodium phosphite in 50 mM
potassium phosphate buffer (pH 8.0), r.t., 14 h. Activity was measured
as percent total product conversion as determined via gas
chromatography.

in guiding and expediting the search of regioselective P450
catalysts for MCL oxidation. The ability of the regio-
fingerprints to capture differences in the enzyme active site
configuration that favor C2 vs C14 hydroxylation (or vice
versa) is remarkable also in view of the close spatial proximity
of these C(sp®)—H sites within this molecule (Scheme 1).
Another interesting observation emerging from these studies
was the generally higher catalytic activity of the P1-selective
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Table 1. Amino Acid Mutations and Catalytic Properties of Selected MCL-Oxidizing P450 Variants®

amino acid substitution”

(%) product
distribution

47 74

FL#62 R A
1I-G9

V-E10

V-F10

V-F10

V-DI2

V-H10

VIII-C4 T
VIII-B1 T
V-H10(AS7L)

V-H10(A871)

V-H10(R47C,A871) C
V-HI0(R47C,A871)¢  C

~J
o
()
—
[
)

87 180 184
A T \Y%

variant

z Z 2z zZzZc®"Ho<"Tp
mom o o T <<
> > > o<

— o= = =

les|

A

2 3 4 [MCL] (uM) mol %P450 % yield (GC) TON*

87 4 9 500 0.1 28 280 + 10

96 4 0 500 0.4 >99 >250

95 5 0 500 0.4 >99 >250

97 30 500 0.4 >99 >250

97 30 1000 0.05 97 1,930 + 20

S1 49 0 500 0.2 9 2+

36 64 0 500 0.2 s1 256 + 15

30 70 0 500 0.2 15 74+ 5
17 8 3 500 0.2 3 12+1
13 8 0 500 0.1 9 90 + 10
3 97 0 500 0.1 10 95+ 9
397 0 500 0.1 26 258 + 18
1 99 0 500 0.1 72 720 + 15

“Reaction conditions: substrate and P450 at the indicated concentrations, 2 uM PTDH, 150 uM NADP"*, 50 mM sodium phosphite in 50 mM KPi
buffer (pH 8.0), r.t,, 12 h. bCompared to P450g,;, FL#62 carries the following mutations: V78A, F81S, A82 V, F87A, P142S, T1751, A180T,
A184V, A197V, F205C, S226R, H236Q, E252G, R255S, A290V, L353V. “Mean values and standard deviations are calculated from triplicate

experiments. dUsing 1 M potassium phosphate buffer (pH 8.0).

P450 catalysts compared to the P2-selective variants (Figure
3). This result can be explained in view of the fact that the
parent FL#62 inherently favors MCL oxidation at the C2
position—mimicked by P1 activity—and that dramatic
changes in the regioselectivity of a P450 are often accompanied
by a trade-off in catalytic activity.***’~*’

Identification of C2- and C14-Selective P450 Cata-
lysts for MCL Hydroxylation. From the analyses above, a
panel of candidate C2- and Cl4-selective enzymes were
selected for further characterization as purified proteins (Table
S2). Gratifyingly, these experiments revealed multiple variants
featuring improved C2-selectivity compared to FL#62 (95—
97% vs 87% C2-selectivity), such as V-F10 and V-E10 (Tables
1 and S2), both of which were predicted to be C2-selective
based on their regiofingerprints (Figure S1). As an exception,
II-G9 also exhibited high C2-selectivity (96%) despite its
regiofingerprint indicating a preference for oxidation at the
C14 site (Figure S1). Among these variants, V-F10 emerged as
the best catalyst for C2-hydroxylation of MCL, enabling the
synthesis of compound 2 with >97% regioselectivity, absolute
R-stereoselectivity, and in near quantitative yield (97%) at a
catalyst loading of merely 0.05 mol % (Table 1). This activity
corresponds to 1930 catalytic turnovers (TON), i.e., nearly 7-
fold higher TON than the parent enzyme FL#62. Notably,
these variants were found to be all triple site mutants (vs
FL#62) sharing a common Val — Ala mutation at position 82
and an aromatic residue (Phe or Tyr) at position 78. These
positions cluster in the same region within the heme pocket of
the enzyme (Figure 1b).

Importantly, a complementary set of P450 variants with high
regioselectivity for C14-hydroxylation (64—80% C14-select. vs
4% for FL#62) was also successfully identified, which included
VIII-B1, VIII-C4, and V-H10 (Table S2). The most C14-
selective variant was VIII-B1, which produces 14-hydroxy-
MCL (3) with 80% selectivity but in low yield (3%) and
catalytic activity (12 TON; Table 1). A more promising
catalyst for C14 hydroxylation of MCL was V-H10, which
exhibits 64% regioselectivity toward formation of 3, no
overoxidation to 4, and higher catalytic activity compared to
VIIL-B1 (256 TON; Table 1).

Using this variant, MCL was oxidized in 51% yield at a
catalyst loading of 0.2 mol %. Sequencing analysis of the C14-
selective variants revealed a series of “consensus” active site
mutations corresponding to Ala78 — Asn and Ser81 — Phe
(Tables 1 and S2), which appear to be critical for steering the
enzyme site-selectivity toward favoring C14 hydroxylation.
This mutational pattern is in stark contrast with that of the C2-
selective variants, which feature a bulkier residue (Phe/Tyr) at
position 78 and a small residue (i.e, Ala, Val, or Pro) at
position 81. A subset of the C14-selective variants also shared
mutations A74T, T180A, and V184S, but these substitutions
did not appear to be critical for favoring C14 selectivity and
they tended to be associated with low catalytic activities (<50
TON), as determined from comparison of structure—activity
data for sequence-related variants (Table S2). In general,
however, the C14-selective variants identified at this stage were
~10-fold less efficient in MCL oxidation than the C2-selective
variants (12—256 vs 250—1930 TON, respectively, Table 1), a
result consistent with the trend observed from screening the
P4S0 variants in cell lysate (Figure 3). Interestingly, some of
the P2-selective variants, such as V-D12 (Table 1), exhibited a
lower Cl4-regioselectivity as purified enzyme (49% Cl4-
select.) than predicted based on their P,/Py, activity ratio
(56%; Table S1) and MCL oxidation reactivity in cell lysate
(81% Cl4-select; Table S3). Control experiments involving
reactions with the purified enzyme in a buffered solution
spiked with E. coli cell lysate (50% v/v) reproduced the C14-
selectivity observed during screening in cell lysate (Table S3).
This phenomenon is not unprecedented,37 and it may arise
from macromolecular crowding and/or allosteric effects in the
presence of cell lysate. More importantly, these results
confirmed that the fingerprinting method reports on the
regioselectivity of these enzymes under the applied screening
conditions (i.e., in cell lysate).

Further Refinement of C14 Regioselectivity. In order
to develop an improved catalyst for C14 hydroxylation, a
rational design approach was undertaken guided by the
structure—activity data accrued from the Cl4-selective P450
variants identified via regio-fingerprinting (Table S2). Indeed,
in addition to the crucial role of residues Asn78 and Phe81 as
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noted above, these data indicated that Ala87 — Ile/Leu
mutations could potentially be beneficial for enhancing C14-
selectivity, as suggested by the effect of a A87I mutation
toward increasing Cl4-regioselectivity in XIII-A4 vs VIII-C4
(70 — 76% Cl4-select.) and that of a A87L mutation in
disfavoring C2 hydroxylation over C14 hydroxylation in V-B2
vs V-E7 (10 — 39% Cl4-select.) (Table S2). The importance
of position 87 in influencing C14-selectivity was also apparent
from the improved C14-selectivity of VIII-C4 vs VIII-B1 (70%
— 83% Cl4-select.), which differ only by an A87F mutation,
although this mutation also caused a 6-fold reduction in
activity (13 vs 74 TON) (Table 1). Based on these analyses,
two derivatives of V-H10 that incorporate the mutation A87L
or A871 were prepared. Gratifyingly, both V-HI10-derived
variants showed a noticeable improvement in C14 regiose-
lectivity compared to V-H10 (64% — 87—97% Cl4-select.;
Table 1). Specifically, V-H10(A871) exhibited a nearly
complete regioselectivity for C14 hydroxylation (97%)
although this was accompanied by a 2.5-fold reduction in
catalytic activity compared to the parent enzyme (95 vs 256
TON) and a corresponding reduction in product yield (10% vs
51%; Table 1).

In P450g),;, the Arg47 residue located at the opening of the
substrate channel (Figure 1a) is known to facilitate binding of
the fatty acids substrates.”’” Mutation of this site has been
found to facilitate recognition of non-native substrates by this
enzyme.‘“_57 Accordingly, the R47C mutation was introduced
into V-H10(A87I) to give V-H10(R47C,A871). Gratifyingly,
this variant showed improved catalytic activity (95 — 258
TON), while maintaining high C14-regioselectivity (97% C14-
selectiv.; Table 1). Upon optimization of the reaction
conditions (Table S4), and in particular in the presence of
high concentration (1 M) phosphate buffer, the V-HI0-
(R47C,A871)-catalyzed reaction with MCL could be further
optimized to yield 14-hydroxy-MCL (3) with excellent chemo-
and regioselectivity (99% selectivity for 3), good yield (72%),
and significantly improved catalytic activity (720 TON, Table
1). Overall, the P450 regiofingerprint strategy implemented in
this work enabled us to rapidly isolate P450 variants with
refined site-selectivity for each of the sites in MCL targeted by
the parent enzyme FL#62. Furthermore, this method allowed
for the acquisition of structure—reactivity data across multiple
C2- and Cl4-selective variants (Table S2), which expedited
the engineering of P450 catalysts with further improved
regioselectivity and activity for selective C14 hydroxylation in
MCL.

Characterization of the Regioselective P450 Cata-
lysts. The best variants for C2 and C14 oxidation in MCL
were further characterized to gain insights into the effects of
the amino acid mutations on their catalytic properties. All of
these enzymes exhibited a small but detectable heme spin shift
upon incubation with micheliolide (Figure S4a). Accordingly,
difference spectra (Abs;go_40) measured at varying MCL
concentrations were used to estimate the enzyme binding
affinity for the non-native substrate (Table 2, Figure S4b).
Using this assay, the parent enzyme FL#62 was found to bind
MCL with a K, of 61 M. In comparison, the triple mutant V-
F10 exhibits a comparable affinity for MCL (K = 88 uM),
whereas the Cl4-selective P450 variants show 6- to 20-fold
higher Ky values, indicating that the amino acid substitutions
favoring C14 selectivity also result in a weakened enzyme—
substrate interaction. Kinetic experiments further showed that
FL#62 oxidizes MCL with an initial product formation rate

Table 2. Substrate Binding Affinity and Kinetic Properties
of Selected MCL-Oxidizing P450 Variants”

product coupling
variant selectivity  Kp (uM)®  formation rate®  efficiency”
FL#62 C2- 61 +£3 49+ 1 36%
selective
V-F10 C2- 88 + 18 28+ S 18%
selective
VIII-B1 Cl14- nd 2+0.1 3%
selective
V-H10 C14- 590 + 90 7x1 7%
selective
V-H10(A871) C14- 1250 + 54 3+05 3%
selective
V-H10 Cl4- 365 + 53 13+3 10%
(R47C,A87I)  selective
(128 + 8)° (22 + 4)° (15%)°

“Mean values and standard deviations are calculated from triplicate
experiments conducted at room temperature. “Derived from heme
spin shift experiments; nd = not determined. “Rates are measured
over initial 60 s in S0 mM potassium phosphate (KPi) (pH 8.0) and
expressed as mole product per mole P450 per minute. “Ratio between
product formation rate and NADPH consumption rate in the
presence of MCL. “Reactions in 1 M KPi buffer (pH 8.0).

(PFR) of 49 turnovers min~' and a coupling efficiency of 36%
(Table 2). Whereas the C2-selective V-F10 show similar
kinetic properties to FL#62 (PFR: 28 turnovers min™'),
optimization of C14 hydroxylation selectivity is accompanied
by a more pronounced reduction in both product formation
rate (2—13 turnovers min~') and coupling efficiency (3—10%;
Table 2) compared to the parent enzyme. These features
correlate with the significantly lower substrate binding affinity
(590—1250 vs 88 uM; Table 2) and catalytic activity (12—256
vs 1930 TON; Table 1) of these Cl4-selective variants
compared to the C2-selective V-F10. This selectivity/activity
trade-off is not unexpected considering the dramatic shift in
regioselectivity exhibited by these enzymes compared to the
parent enzyme and intrinsically lower reactivity of the methyl
group in C14 compared to the secondary C—H bond in C2. In
this context, noteworthy is the beneficial effect of the R47C
mutation in V-H10(R47C,A87I), whose improved perform-
ance toward MCL hydroxylation (95 — 258 TON; Table 1) is
associated with an ~4-fold increase in binding affinity for MCL
(Kp: 1254 — 365 uM), product formation rate (3 — 13
turnovers min~'), and coupling efficiency (3 — 10%) when
compared to V-H10(A87I) (Table 2).

These studies also offered insight into the important
enhancement in catalytic activity observed for V-H10-
(R47C,A871) in the presence of high-concentration (1 M)
phosphate buffer. Indeed, these reaction conditions were found
to further enhance the product formation rate, coupling
efficiency, and substrate binding affinity of the enzyme (Table
2) compared to standard buffer conditions (50 mM
phosphate), which in turn led to a significant improvement
in catalytic activity (258 — 720 TON) and product yield (26
— 72%; Table 1). Control experiments ruled out that this
effect is correlated with the buffering capacity of the solution
(no observed changes in pH throughout the reaction) and/or
to the production of hydrogen peroxide through uncoupling
pathways, since the addition of catalase had no effect on these
reactions (Table SS). It is worth noting that the high buffer
concentration has a similar beneficial effect on V-H10(A871)
but negligible effect on variant V-F10, thus showing a certain
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Scheme 3. Preparative-Scale Enzymatic Synthesis of 2(R)-Hydroxy-MCL (2) and 14-Hydroxy-MCL (3) with the Optimized

P450 Catalysts

P450 var.
V-H10 P450 var.
(47c/871) e V-F10
B B — e

1M kPi (pH8) Me gy = 0.05M kPi (pH 8)
NADPH NADPH

regeneration regeneration

e}
o)
3 2
70% isolated 0.1-05¢g 90% isolated
yield yield

P450 variant dependence (Table SS). To our knowledge, the
beneficial effect of high phosphate buffer concentration on the
catalytic activity of these P450gpy; variants was not
documented before and this could prove to be a rather
straightforward strategy to improve the performance of other
P450s.

Large Scale Enzymatic Oxidation of Micheliolide.
Based on these results above, V-F10 and V-H10(R47C,A871)
were selected as the best P450 catalysts for the functionaliza-
tion of micheliolide at the C2 and C14 site, respectively.
Accordingly, preparative scale (0.2 g) reactions were carried
out using P450 variants V-F10 (0.1 mol %) and V-
H10(R47C,A87I) (0.1 mol %) in the presence of a NADPH
regeneration system to afford >150 mg of 2 and 3, respectively,
in high isolated yield (70—90%; Scheme 3). These results
demonstrated the utility of these engineered P450 enzymes to
access two key intermediates for further late-stage elaboration
of this complex natural product at a synthetically useful scale.

Synthesis and Antileukemic Activity of Micheliolide
Derivatives. The isolated 2(R)-hydroxy-MCL (2) and 14-
hydroxy-MCL (3) were further processed via deoxofluorina-
tion and acylation chemistry to produce a diverse panel of
semisynthetic MCL analogs functionalized at position C2,
C14, and/or C4 in order to gain comprehensive structure—
activity insights into the impact of these modifications on the
antileukemic properties of micheliolide (Table 3). Among
them, analogs with identical substituents installed at the three
different sites across the molecule (C2, Cl4, C4) were
prepared to examine the positional effect of these modifica-
tions and the relative potential of these sites toward
potentiating the antileukemic activity of this natural product.

The antileukemic activity of the MCL analogs was first
tested using the leukemia cell line, M9-ENLI1. These cells are
derived from lineage depleted (Lin-) human cord blood cells
transduced with a leukemogenic mixed-lineage leukemia
(MLL)-11 19 leukemia (ENL) fusion gene and they develop
a rapid and fatal pro-B cell acute lymphoblastic leukemia
(ALL) disease in NOD/SCID mice.'””® M9-ENLLI cells show
an enrichment of embryonic and B-cell progenitor gene sets
and exhibit the hallmarks and gene expression patters typical of
leukemia stem cells.'” Cells were treated with a standard 20
#M dose of MCL analog for 24 h followed by measurement of
cell viability using Annexin-V and 7-amino-actinomycin (7-
AAD) stains (Figure 4). At this dose, MCL shows a 50%
reduction in cell viability, which is in line with its LCs, value of
14.6 uM measured from dose-dependent curves using the same
assay. Notably, the hydroxylated MCL derivatives show
minimal activity (80—100% cell viability; Figure 4) at this
dose indicating that the presence of a polar hydroxyl group at
either site is deleterious to the antileukemic activity of the

parent compound. The methoxy derivatives MCL-1 (P1) and
MCL-2 (P2) and the C2- and Cl4-fluorinated derivatives
MCL-3 and MCL-4 show comparable and slightly improved
activity, respectively, relative to the parent natural product. In
stark contrast, more than half of the MCL analogs derived from
acylation of 2 or 3 exhibited significantly improved
antileukemic activity compared to MCL (2—30% vs 50% cell
viability at the fixed dose) (Figure 4).

The introduction of a benzoyl group at either the C2 (MCL-
5) or C14 site (MCL-6) resulted in a loss (C14) or no change
(C2) in antileukemic activity, while the same substitution at
C4 (MCL-7) brought about a moderate (2-fold) improvement
in antileukemic activity compared to MCL. Interestingly, the
introduction of a fluorine substituent at the para position of
the benzoyl group greatly improved the antileukemic activity of
all three analogs (4—8% cell viability for MCL-8, -9, and -10).
The beneficial effect of increasing the lipophilicity of the aryl
group at either the C2 or C14 position was further supported
by the substituent effect: 4-CF,;-Bz ~ 4-F-Bz > 4-N(Me),-Bz
> Bz observed across the series of C2-substituted analogs
(MCL-13, -11, -8, and -5) and the C14-substituted counter-
parts MCL-14, -12, -9, and -6. Based on these results, the
lipophilicity of the aryl group was further increased by
installing two trifluoromethyl groups at the ortho, para
positions (MCL-15, -16, -17) and meta, meta positions
(MCL-18, -19, -20). The latter modification at the C2 or C14
site resulted in two very potent compounds, namely MCL-18
and MCL-19, capable of inducing nearly complete M9-ENL1
cell death (<2—3% cell viability) at the single dose of 20 yM.
Interestingly, the same substitution at the C4 site (MCL-20)
resulted in significant loss of activity, further revealing a strong
positional effect of the aryl substituent toward influencing the
activity of the molecule. Interestingly, a different structure—
activity trend (C14 > C2 ~ C4 vs C14 ~ C2 > C4) along
with generally lower antileukemic activity (7—30% cell
viability) was exhibited by the regioisomeric analogs
incorporating the ortho,para-bis-trifluoromethyl-phenyl sub-
stituents (MCL-18, -16, -17). Altogether, these results point at
a specific and position-dependent interaction of these
substituents with the biomolecular targets of these compounds
in leukemia cells. Along with the monosubstituted analogs,
difunctionalized MCL derivatives obtained through modifica-
tion of C2/C4 (MCL-21) and C14/C4 (MCL-22) were also
tested. Both compounds, however, showed parentlike anti-
leukemic activity and thus significantly reduced activity
compared to the C2- and C14-monosubstituted counterparts.

Focusing on the modification of the C2 and C14 site, which
showed most promise for potentiating the antileukemic activity
of MCL based on the results above, additional analogs were
prepared by introducing alternative aromatic, heteroaromatic
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Table 3. Chemical Structures of MCL Analogs Prepared via Chemoenzymatic Functionalization of C2, C14, and C4 Sites

2 (R1=0H.R,=H),
3 (R1=H, Ry=0H), or
MCL (Ry=R,=H)

o
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Method Method
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“Reagents and conditions: Mel, Ag,0, anhydrous DMF, r.t. to 50 °C, 24 h. bReagents and conditions: DAST, anhydrous DCM, =78 °C — 0 °C.
“Reagents and conditions: DMAP, Et;N, substituted benzoyl chloride, anhydrous DCM, r.t. to 40 °C, from 2 to 72 h.

and biaryl groups (i.e., naphthalene, indole, furan, pyrazole) at
either of these positions (Table 3). Whereas all these MCL
analogs show improved antileukemic activity compared to
MCL (Figure 4), the naphthyl-substituted MCL-23 and MCL-
24 as well as the phenyl-pyrazole containing analogs MCL-31
and MCL-32 showed very high cytotoxicity against M9-ENL1
cells, resulting in 3—7% cell viability after treatment with these
compounds. Across the indolyl derivatives, the C14-substituted
analog (MCL-28) emerged as the most promising analog,
showing noticeably higher activity than the C2-substituted

analog (4% vs 42% cell viability). In all cases, additional
substitution at the C4 position caused a significant reduction
(MCL-29 and MCL-30 vs MCL-28) or complete loss in
activity (MCL-25 and MCL-26 vs MCL-24), further
supporting the notion that introduction of bulky substituents
at both sites is not well tolerated.

Antileukemic Activity against Patient-Derived AML
Specimens. From these activity tests, several MCL analogs
were discovered that exhibit significantly improved antileuke-
mic activity compared to the parent molecule, MCL (Figure
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Figure 4. Viability of M9-ENLI cells upon treatment (24 h) with MCL and the MCL analogs at 20 uM (* = 10 uM). The bars are color coded
according to the site(s) of functionalization. UNT = untreated cells. VEH = cell treated with DMSO vehicle only.

4). MCL analogs causing >93% lethality of M9-ENLI cells
after 24-h incubation at 20 yM were further characterized by
determining their half-maximal lethal concentration (LCs,)
value from dose—response curves (Table 4). In these

Table 4. LC,, Values of Micheliolide (MCL) and Its
Derivatives against M9-ENL1 Cells and Four Primary AML
Specimens Derived from Patients with Relapsed AML”

AMLO1 AMLO02 AMLO3 AMLO04

M9-ENLI  LCq, LCy, LCs, LCs
compound LCy, (M) (uM) (uM) (uM) (uM)
MCL 15.4 18.8 20.3 15.7 22.1
MCL-8 14.7 nd nd nd nd
MCL-9 4.8 9.0 16.9 13.1 9.5
MCL-13 1.8 8.2 6.6 4.3 4.3
MCL-16/ 5.2 8.3 12.5 9.1 7.4

SG-8

MCL-18 7.0 25.6 5.9 5.8 4.7
MCL-19 4.1 3.2 2.5 2.5 2.3
MCL-24 13.5 nd nd nd nd
MCL-28 13.6 nd nd nd nd
MCL-31 9.5 19.9 15.8 10.2 19.0
MCL-32 8.6 18.5 16.1 9.5 19.5

“nd = not determined. Standard errors are within 20%.

experiments, MCL was determined to exhibit a LCs, of 15.4
uM (Table 4). MCL-9, which bears a para-fluorobenzoyl
moiety at the C14 position, showed a 3-fold enhanced activity
(LCsy = 4.8 uM) compared to MCL and the C2-substituted
counterpart MCL-8 (LCy, = 14.7 uM). Notably, MCL-13,
which differs from MCL-8 by substitution of the fluorine group
with a trifluoromethyl group, exhibited high antileukemic
activity with a LCy, of 1.8 uM; this corresponding to an 8-fold
improvement compared to the parent molecule (Table 4). The
o,p- and m,m-ditrifluoromethyl-substituted aryl derivatives
MCL-16 and MCL-18, MCL-19 as well as the pyrazole-
containing analogs MCL-31 and MCL-32 were also found to
possess improved antileukemic activity (2- to 3-fold)
compared to MCL, with LC;, values ranging from 4.1 uM
to 9.5 uM. In contrast, the napthoyl- and indolyl-substituted
analogs MCL-24 and MCL-28, respectively, show no
significantly improved LCs, values compared to MCL (LCq,
~ 13—14 uM; Table 4).

The most promising MCL analogs identified through these
studies were then tested for their activity against acute
myelogenous leukemia (AML) specimens derived from
patients with relapsed AML. Whereas compounds MCL-9,
MCL-13, MCL-16, and MCL-18 all showed 2- to 3-fold
enhanced activity against primary AML specimens compared
to the parent natural product, compound MCL-19 emerged as
the most potent antileukemic agent within this group,
exhibiting a LCsy of ~2—3 uM across all the four primary
AML specimens tested (Table 4). This activity corresponds to
approximately an order of magnitude higher potency compared
to MCL (LCsy ~ 19-22 uM).

Altogether, these results demonstrated that C2 and C14
constitute two “hot spots” for potentiating the antileukemic
activity of MCL, with selective chemoenzymatic functionaliza-
tion of these sites enabling the development of MCL analogs
with significantly enhanced antileukemic properties compared
to the parent natural product. Furthermore, as shown by the
data in Table 3, systematic structure—activity relationship
(SAR) data across three distinct sites within this complex
molecule could be obtained by combining this approach with
functionalization of the pre-existing hydroxyl group at position
C4, thus enabling direct comparison of positional effect of a
given substituent on the activity of the molecule against
leukemia stem cells and patient-derived AML specimens. Of
note, the functionalization pattern at position C14 which
resulted in the most potent compound identified in this study,
MCL-19, causes a decrease in antileukemic activity when
installed at position C4, further highlighting the value of the
present P450-mediated late-stage functionalization strategy
with engineered P450 with tailored site-selectivity.

Multiprobe Profiling of Micheliolide-Targeted Pro-
teome in Leukemia Cells. Pull-down experiments in
combination with proteomic analyses constitute a powerful
approach for the identification of the cellular target(s) of
bioactive molecules, including natural products.”**~* Conven-
tionally, this approach relies on the use of a single affinity
probe generated through functionalization of the bioactive
molecule of interest at a permissible site.”® Especially for
bioactive molecules with a complex mechanism of action and/
or multitarget specificity, however, this single-probe approach
bears the risk of providing only partial or biased information
due to a potentially differential effect of the affinity tag in the
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Figure S. Multiprobe analysis of MCL-targeted proteome in leukemia cells. (a) Chemical structures of the biotinylated MCL-based affinity probes
and their antileukemic activity (LDs,) in M9-ENLI1 cells (n = 6). (b) Overview of the competitive pull-down experiments for analysis of MCL-
targeted proteins in acute myeloid leukemia cells (M9-ENL1 cells) (n = 3 per probe). (c) Volcano plots of protein hits identified using the
biotinylated MCL-based probes. The top three highly enriched/scoring proteins (= enrichment ratio >3-fold; P < 0.0S) are labeled and highlighted
in red. See Figures S5—S7 for additional data. (d) Venn diagram showing the overlap (or not) of the most representative putative target proteins
identified using the different biotinylated MCL-based probes. The total number of significant hits (>1.25-fold enrichment; P < 0.0S in >1 probes)
for each probe is displayed in brackets. See Tables S7 and S8 for additional data. (e) Dose-dependent induction of heme oxygenase 1 (HO-1) in
primary AML specimens by MCL, PTL, and MCL analogs MCL-13 and MCL-19.

Table S. Most Significant Putative Targets of MCL in Leukemia Cells (M9-ENL1) as Determined Using the Three Biotinylated
Probes”

gene name protein function enrichment ratio probe
EXOC1 exocyst complex component 1 vesicle transport S.1 C2

GIT2 ARF GTPase-activating protein GIT2 signal transduction 5.8 Cl4

ITPR2 inositol 1,4,5-trisphosphate receptor type 2 signal transduction 4.0 C14

DHFR dihydrofolate reductase metabolism 3.0 Cl14
RAB2A Ras-related protein Rab-2A signal transduction 7.0 C4

DCXR L-xylulose reductase metabolism 3.1-1.8 C2/C4
PAPSS1 3’-phosphoadenosine S’-phosphosulfate synthase 1 metabolism 7.6—1.4 C14/C4
TXNDC12 thioredoxin domain containing protein 12 redox homeostasis 7.0—-1.5 C14/C4
LPXN leupaxin cell signaling in hematopoietic cells 2.5—-14 C14/C4
RAP1B Ras-related protein Rap-1b signal transduction 1.7-12 C14/C4
CNBP cellular nucleic acid-binding protein gene transcription regulation 3.2-1.5 C2/C14/C4
APRT adenine phosphoribosyl-transferase metabolism 1.6—1.2 C2/C14/C4
PRDX1 peroxiredoxin-1 redox homeostasis 1.3—1.1 C2/C14/C4

“The protein function, gene name, fold-enrichment (vs MCL-treated cells), and probe(s) used for detection are indicated. See Table S8 for
additional information.

recognition of the molecule by its biomolecular targets.
Leveraging the regiodivergent P450 catalysts described
above, we thus sought to obtain a set of multiple MCL-
based affinity probes for a multiplexed analysis of the
biomolecular targets of MCL in leukemia cells. Accordingly,
two MCL-based affinity probes were prepared by conjugating a

biotin moiety, via a flexible linker, to the C2 or the C14
position of MCL by chemoenzymatic means (2-biot-MCL and
14-biot-MCL, respectively; Figure Sa; see Scheme S1 and the
SI for details). A third biotin-conjugated probe was prepared
through functionalization of the pre-existing OH group at C4
(4-biot-MCL; Scheme S1). Upon testing them in M9-ENLI
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cells, the three biotinylated MCL-based probes showed a LCjs
value comparable to that of MCL (i.e., LCy = 13—17 uM;
Figure Sa), indicating that, in each case, the affinity tag did not
have any significant impact on the overall antileukemic
properties of the molecule. Therefore, all three probes were
deemed viable affinity reagents for examining proteome
targeted by MCL in leukemia cells via pull-down experiments.

As outlined in Figure 5b, these experiments were carried out
by treating M9-ENLI cell lysates with each of the three MCL-
based probes both with and without pretreatment with MCL.
This competitive setup allows identification of hits based on
the fold enrichment over the MCL-treated control, minimizing
background noise due to unspecific protein binding to the
affinity matrix. The probe-bound proteins were captured with
neutravidin-coated beads and analyzed via LC-MS/MS and
bioinformatic tools. Upon comparison of the sample groups
(pretreated with vehicle only) versus controls (pretreated with
MCL), a total of 47 putative target proteins were identified
using the entire panel of MCL-based probes (Figures Sc; Table
S7). While various hits were shared among the probes (vide
infra), the total number of significant hits identified with each
probe varied, corresponding to 14 for C2-biot-MCL, 24 for
C14-biot-MCL, and 33 for C4-biot-MCL (Figure Sd; Table
S7). As summarized in Tables S and S8, putative target
proteins showing the highest enrichment (>3-fold) with one or
more probes included proteins/enzymes involved in redox
homeostasis (TXNDC12), metabolism (PAPSS1, DHFR,
DCXR), and signal transduction (RAB2A, GIT2, ITPR2).
Insightfully, these experiments revealed the MCL features a
complex protein-targeting profile in leukemia cells, suggesting
the engagement of multiple protein targets in these cells. These
results are in contrast with the previously proposed single-
target specificity and high selectivity of MCL toward targeting
pyruvate kinase M2 (PKM2), as determined using HL60 cells
and a C4-biotinylated probe similar to 4-biot-MCL.?” At the
same time, our results are consistent with the behavior of
parthenolide, which shares with MCL an o-methylene-y-
lactone moiety as an electrophilic warhead critical for
anticancer activity and which was determined to target
multiple proteins and pathways in leukemia cells.”® While the
specific proteins targeted by MCL and PTL differ from each
other, functionally related proteins include proteins implicated
in redox homeostasis (i.e., GPX1 and TXN for PTL).®® Similar
to PTL,”® MCL was reported to suppress the NF-kB pathway
in cancer and noncancer cells, a mechanism associated with its
anti-inflammatory activity.”"*”® Interestingly, while PTL is
known to covalently inhibit NF-kB,”” NF-xB was not among
the hits for any of the MCL-based probes. Thus, these results
suggest that, in stark contrast to PTL, the inhibitory effect of
MCL on the NF-kB pathway does not stem from a direct
interaction of the natural product with NF-xB.

Other interesting insights could be obtained from analysis of
the overlapping and nonoverlapping hits identified using the
three MCL-based probes, as summarized by the Venn diagram
in Figure Sd. Indeed, while a large fraction of the hits (22/47 =
47%) were shared among the affinity probes, many others (25/
47 = 53%) were uniquely enriched by the different probes (3
with 2-biot-MCL; 13 with 4-biot-MCL; 9 with 14-biot-MCL).
For example, the exocytic vesicle protein EXOC1 was a major
target solely identified using 2-biot-MCL, whereas the signal
transduction proteins ARF GTPase-activating protein GIT2
and Ras-related protein Rab-2A were major targets identified
using 14-biot-MCL and 2-biot-MCL, respectively (Figure Sd,

Tables S7—S8). These results can be rationalized considering
the complex, multitarget specificity of MCL as emerging from
our chemical proteomics experiments and the fact that
installation of the affinity tag at different positions within the
MCL molecule is expected to influence its interaction with the
different target proteins in different ways. Most importantly,
these results showed that a much more comprehensive picture
of the MCL-targeted proteome in leukemia cells could be
achieved using the multiprobe set than possible using any
single one of these probes. In turn, these results highlight
another key benefit of the present approach based on
chemoenzymatic C—H functionalization at multiple sites of
the bioactive molecule for target identification purposes.

While further studies are warranted to correlate the role of
the various MCL-targeted proteins (Tables S and S8) with the
antileukemic activity of the natural product, another advantage
of the present multiprobe chemical proteomics approach is to
guide initial focusing of these efforts toward hits lying within
the overlapping regions of the Venn diagram of Figure Sd.
Among these, peroxiredoxin-1 (PRDX1) and thioredoxin
domain containing protein 12 (TXNDC12) (Table $) are of
particular interest, as they play a role in cell protection against
oxidative stress.”"’” By targeting PRDX1 and TXNDCI2,
MCL is thus expected to cause an unbalance of cell redox
homeostasis in leukemia cells, resulting in an oxidative stress
induced cytotoxicity. To probe this hypothesis, we investigated
the induction of Heme oxygenase (HO-1) in primary AML
specimens upon treatment with MCL and the more active
analogs MCL-13 and MCL-19 (Figure Se). HO-1 is an
inducible form of heme oxygenase that responds to oxidative
stress in cells.”””* These experiments showed a dose-
dependent induction of HO-1 by MCL compared to the
vehicle-only control (Figure Se). This feature is shared by PTL
and the more potent MCL analogs, which were found to cause
a comparatively larger induction of HO-1 at lower doses, thus
indicating a potentiation of this activity (Figure Se).
Altogether, and in agreement with the chemical proteomics
experiments, these results point at oxidative stress induction as
one of the cellular mechanisms underlying the antileukemic
activity of MCL and its improved analogs. As noted above,
further studies are warranted to investigate other potential
mechanisms of action of MCL in leukemia cells, as suggested
by its complex protein targeting profile as emerging from the
present studies (Figure S). For example, other interesting
putative targets lying at the intersection of the probe-targeted
profiles (Figure Sd) include the multifunctional nuclear acid-
binding protein CNBP, which was reported to control the
transcription of multiple oncogenes,” and leupaxin (LXPN),
whose downregulation (by siRNA) was found to suppress the
proliferation and invasion of human acute monocytic leukemia
cells in vivo.”®

B CONCLUSION

In summary, we have introduced a novel probe-based approach
for guiding the development of site-selective P450 oxidation
catalysts. This strategy complements and expands the toolbox
of fin er(}))rint—based approaches for P450 function predic-
tion,””** providing an efficient solution for accelerating the
identification of engineered P450 enzymes with tailored
regioselectivity for the oxyfunctionalization of a complex
molecule. Using this strategy, we were able to obtain two
highly regio- and stereoselective P450 catalysts for the late-
stage chemoenzymatic C—H functionalization of two pre-
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viously inaccessible aliphatic positions (C2 and C14) in the
antileukemic natural product micheliolide. Along with
functionalization of the C4 position, these chemoenzymatic
routes have enabled the synthesis and evaluation of a broad
panel of C2-, C14-, and disubstituted MCL analogs, providing
comprehensive structure—activity data on the effect of
substitutions at multiple sites across the complex natural
products on its antileukemic properties. Importantly, these
studies revealed that both C2 and C14 constitute key sites for
potentiating the antileukemic activity of MCL, resulting in the
discovery of MCL analogs such as MCL-13 and MCL-19 with
significantly enhanced antileukemic activity against both
leukemia stem cells (M9-ENL1) and patient-derived primary
AML cells. These findings and methods pave the way to the
development of MCL-based compounds as antileukemic and
anticancer agents. Finally, these chemoenzymatic routes have
also enabled the generation of a set of affinity reagents for
investigation of the MCL-targeted proteins in leukemia cells
via pull-down experiments and proteomics analysis. To our
knowledge, this is the first example of exploiting engineered
P450 enzymes for the selective incorporation of an affinity tag
into a bioactive molecule. In contrast to a previous report, our
studies revealed that MCL has a complex protein targeting
profile, involving multiple target enzymes implicated in
regulation of cellular redox homeostasis, signal transduction
and metabolism. Our results further support the notion that
induction of oxidative stress in leukemia cells through targeting
PRDX1 and TXNDCI12 represents one of the key mechanisms
of actions underlying the antileukemic activity of MCL. More
broadly, these studies demonstrated how the present strategy
permitted a comprehensive analysis of the proteome targeted
by a bioactive natural product, as made possible through a
complementary set of affinity probes generated through the
site-selective functionalization of multiple C—H positions
across the molecule’s scaffold. In particular, this approach
enabled unveiling of multiple targets engaged by MCL in
leukemia cells which would have been missed or overlooked
using a conventional, single probe-based strategy. We
anticipate that this overall approach can prove valuable toward
enabling the optimization of the biological activity as well as
the investigation of the mechanism of action of other bioactive
molecules and natural products.

B EXPERIMENTAL DETAILS

Expression and Fingerprinting of the P450 Library.
P450s were expressed from pCWori vectors containing the
P450 gene under the control of a p,,. promoter. 96-Deep-well
plates containing 400 yL of LB medium (100 mg ampicillin
L™") per well were inoculated with single variants from the
P450 library and incubated overnight at 37 °C (200 rpm, 80%
humidity). Eight wells in each plate were set to contain
P4505,5(F87A) as a reference variant for data normalization.
After overnight growth, 50 uL from each well was used to
inoculate a second set of 96-deep-well plates containing 900
uL of Terrific Broth (TB) medium (100 mg ampicillin L™").
The plates were incubated at 37 °C (200 rpm, 80% humidity)
for 2—3 h until the OD600 reached 1.0. The cultures were
then induced with f-p-1-thiogalactopyranoside (IPTG) and &-
aminolevulinic acid (ALA) at final concentrations of 0.5 and
0.35 mM, respectively. The cultures were incubated at 27 °C
for 20 h (150 rpm, 80% humidity) and harvested by
centrifugation at 4000 rpm. The pellets were separated from
the supernatant and frozen at —80 °C. Cell lysates were

prepared by adding 400 uL of lysis solution (4 U
deoxyribonuclease I, 0.8 mg/mL lysozyme, 10 mM MgCl,
S0 mM phosphate buffer pH 8.0) to each well. After
incubation at 37 °C for 60 min (150 rpm), clarified lysates
were obtained by centrifugation at 4000 rpm for 20 min. P450
demethylation activity on probes P1 and P2 was measured in
parallel reactions with the aid of a Beckman Coulter Multimek
96 automated pipettor and a TECAN Infinity plate reader.
Reactions were carried out by mixing S0 uL of clarified cell
lysate with 150 pL of SO mM phosphate buffer (pH 8.0)
containing 0.7 mM probe (solubilized in 2% DMSO) and a
phosphite dehydrogenase (PTDH)-based cofactor regener-
ation system (1.8 uM PTDH, S0 mM sodium phosphite, 150
UM NADP"). After incubation for 12 h at room temperature
(80 rpm), 50 L of 2 M NaOH containing 150 mM Purpald
reagent was added to each well, followed by measurement of
the optical density at 550 nm after 30 min.

Regiofingerprint Analysis. The P450 regiofingerprints
were analyzed as follows. The normalized activity of each P450
variant on probe P1 (Ap;) and probe P2 (Ap,) was calculated
using eqs 1 and 2, respectively:

X 2x,
(Rp; + Rp,)/2 Rp; + Ry, (1)
X, 2x,
Apy = =
(Rp; + Ryp,)/2 Rp; + Rp, )

where «, is the absorbance value measured from the reaction of
the P450 with probe P1 in the purpald assay; x, is the absolute
absorbance value measured from the reaction of the P450 with
probe P2 in the purpald assay; Ry, is the mean value (n = 8)
for the reaction of reference P450p,;(F87A) with probe P1;
Rp, is the mean value (n = 8) for the reaction of reference
P450g,3(F87A) with probe P2. The probe activity of the
reference P450 were averaged to eliminate bias in Ap, and Ap,
calculations due to P450p,;(F87A)’s inherent preference for
C2-hydroxylation (65% C2-selectivity). P450 variants with
normalized P1 (Ap;) or normalized P2 activity (Ap,) lower
than 0.2 were considered MCL-inactive. Upon calculation of
Ap; and Ap,, the fingerprint-based regioselectivity of the
screened P450 variants was calculated using (Ap, X 100)/A,
for P1 selectivity and (Ap, X 100)/A,, for P2 selectivity, where
Agor = Apy + Apy.

Cell Lysate Reactions. Selected P450 variants identified
via regio-fingerprinting were expressed in 48-well plates as
described above. For each variant, the clarified lysate (400 uL)
was transferred to a 48-deep well plate and incubated with 0.7
mM MCL (solubilized in 2% DMSO) and the PTDH-based
cofactor regeneration system. After incubation for 12 h at room
temperature (80 rpm), SO0 #M guaiacol (in EtOH) was added
as internal standard. The reaction mixture were extracted with
DCM, followed by gas chromatography (GC) analysis using a
Shimadzu GC2010 equipped with an FID detector and a
Restek RTX-5 column (15 m X 0.25 mm X 0.25 ym film), and
the following program: 200 °C inlet, 300 °C detector, 130 °C
oven, 12 °C/min ramp to 150 °C, 36 °C/min ramp to 200 °C,
12 °C/min ramp to 250 °C, 24 °C/min ramp to 290 °C for a
total of 8.89 min. P450 concentration in the cell lysate was
determined via a CO-binding assay. Product conversion and
catalytic turnovers (TON) were calculated based on GC peak
areas corresponding to 1 (ret. time: 5.72 min), 2 (rt: 6.82
min), 3 (rt: 7.38 min), and 4 (rt: 7.06 min). Mean and
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standard deviation values reported were calculated from
experiments performed at least in duplicate.

Mutagenesis. The V-H10-derived variants were prepared
using pCWori_V-H10 (or pCWori_V-H10(871)) as template,
primers BamHI 2 fwd (5'-GGAAACAGGATC-
CATCGATGC-3") and Sacl_2_rev (5'- AATATCGAGCTC-
GTAGTTTGTATGATC-3') as megaprimers, and the oligo-
nucleotides in Table S6 as mutagenizing primers. The target
gene product (1.4 Kbp) was prepared by PCR overlap
extension mutagenesis and digested with BamH I-HF and
Sac I-HF restriction enzymes at 37 °C for 2 h. The digested
gene was ligated to a BamH I-HF/Sac I-HF double-digested
pCWori_P450p,;(WT) vector using T4 DNA ligase. The
ligation mixtures were transformed in chemically competent
DHSa cells and transformants were selected on LB agar plates
containing ampicillin (100 mg L™"). Mutations were confirmed
by Sanger sequencing.

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 (&450_500 = 91000 M™' cm™). A vector for the
expression of a thermostable phosphite dehydrogenase
(PTDH) was kindly provided by the Zhao group.”” PTDH
was expressed and purified via Ni-affinity chromatography as
described previously.*®

Determination of TON and Regioselectivity for MCL
Oxidation. Analytical-scale reactions (1 mL) were carried out
by dissolving micheliolide (0.5—-1 mM) in potassium
phosphate buffer (50 mM, pH 8.0) containing 2% (v/v)
DMSO. This solution was added with purified P450 enzyme
(0.5—1 uM), followed by the NADPH cofactor regeneration
system (2 uM PTDH, 150 uM NADP', 50 mM sodium
phosphite). The mixture was stirred (100 rpm) for 12 h at
room temperature followed by the addition of 0.5 mM guaiacol
as internal standard. The crude products were extracted with
DCM and analyzed by gas chromatography as described above.
Product yield and TON values were calculated using
calibration curves generated with isolated products 2—4.

Product Formation Rates and Coupling Efficiency.
Initial product formation rates were measured using 1 mM
MCL, 1 uM P450, and 200 uM NADPH in potassium
phosphate buffer (S0 mM, pH 8.0). After 60 s, the reaction was
quenched by addition and rapid mixing with 300 yuL DCM.
The reaction was analyzed by GC as described above. NADPH
oxidation rate in the presence of micheliolide was measured by
monitoring NADPH depletion at 340 nm (¢ = 622 mM™
cm™') in reactions containing 1 mM MCL, 1 uM purified
P450, and 200 uM NADPH. The coupling efficiency was
determined as the ratio between the product formation rate
and the NADPH consumption rate in the presence of the
substrate. Reported mean and standard deviation values were
calculated from experiments performed at least in triplicate.

Kp Measurements. Binding experiments were performed
using 3 uM purified P450 in potassium phosphate buffer (50
mM, pH 8.0) by titrating increasing amounts of micheliolide
(5—2000 uM) from an ethanol stock solution (S0 mM). At
each concentration, a difference spectrum from 350 to 500 nm
was recorded and binding curves were generated by plotting
the change in absorbance at 390 and 420 nm corresponding to
the high-spin and low-spin state of the enzyme, respectively,
against MCL concentration. Ky values were calculated using
Graph Pad Prism via nonlinear fitting of the experimental

binding curves to an equation describing a standard 1:1
binding interaction. Reported mean and standard deviation
values were calculated from experiments performed at least in
triplicate.

Enzymatic Hydroxylation of MCL. Detailed procedures
for the enzymatic synthesis, isolation, and characterization of 2,
3, and 4 are provided as Supporting Information.

Synthesis of MCL and Probes. Detailed procedures for
the synthesis of MCL (from parthenolide), fingerprint probes
P1-P2, biotinylated probes, and the MCL analogs described
in Table 3 are provided as Supporting Information.

Cell Cultures and Cell Viability Assays. For all cell
culture studies, cells were kept in a 37 °C humidified incubator
with 5% CO,. Human acute myeloid leukemia samples were
obtained after informed consent from volunteer donors. Live
mononuclear cells were isolated by subjection to Ficoll-Paque
(GE Healthcare Bio-Sciences) density gradient and either
cryopreserved (leukemia samples) or cultured without
cryopreservation (umbilical cord samples). The viability of
cryopreserved leukemia samples after thawing was 40—70%.
The cell viability assays with M9-ENL-1 cells were carried out
by plating M9-ENLI cells at a density of 10° cells/mL in
aMEM culture media (Invitrogen) supplemented with 5%
human plasma, 20% FBS, and the cytokines SCF, IL-3, IL-7,
FLT3 ligand (Peprotech), and penicillin/streptomycin. MCL
and the MCL analogs were diluted into the culture media from
a DMSO stock solution and added to the cells at a fixed dose
(i-e., 20 uM) or at different concentrations (typically, between
0.5 and 100 M) for LCs, determination. After 24 h of drug
exposure, cells were collected for flow cytometry analysis. Cells
were stained with Annexin V and 7-aminoactinomycin D (7-
AAD) to quantify the percentage of nonapoptotic (negative for
both stains) cells. Analyses were conducted in triplicate. LCgj
values for the biotinylated probes 2-biot-MCL, 14-biot-MCL,
and 4-biot-MCL were determined using M9-ENL1 suspension
cells seeded in conical 96-well plates (Nunc) at a density of
30000 cells per well in 90 uL of aMEM culture media
(Invitrogen) supplemented with 5% human plasma, 20% FBS,
and the cytokines SCF, IL-3, IL-7, FLT3 ligand (Peprotech),
and penicillin/streptomycin. The plates were incubated in a
humidified incubator for 4 h prior to treatment. The
biotinylated probes were diluted from a 10 mM DMSO
stock solution into complete cell culture medium and added to
the cells to give a final concentration of 2—100 yM and 1% (v/
v) DMSO (n = 6). Following a 24-h incubation, 20 uL of a §
mg/mL Thiazolyl Blue tetrazolium bromide solution was
added directly to the culture media. After incubation at 37 °C
for 3 h, the plates were centrifuged (4000 rpm, 10 min), the
media was removed, and 100 pL of DMSO was added to
solubilize the formazan product. The resulting OD was
measured at S50 nm using a multiwell plate reader (Tecan).

Pull-down Experiments. M9-ENL1 cells were harvested
by centrifugation (500g, 10 min) and washed $X with cold
phosphate buffered saline to remove the culture medium. The
cell pellet was lysed in cold RIPA buffer containing a protease
inhibitor (pi) cocktail for 10 min at 4 °C followed by
sonication. The lysate was centrifuged (10 000g, 10 min) to
remove cell debris and the protein concentration was
determined using the BCA reagent per manufacturer’s
instruction (ThermoFisher). M9-ENL1 cell lysates (2 mg
protein per sample) were incubated with 10 uM MCL (MCL-
treated control) or just DMSO (sample) for 1 h on ice with
gentle shaking. The samples were then treated with the
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appropriate biotinylated MCL-based probe at a final
concentration of 10 M (control and noncontrol groups).
The lysate was incubated on ice for 2 h with gentle shaking and
transferred to a 3 kDa centrifugal filter unit. The samples were
washed with cold PBS (+ pi) three times to remove any
unreacted probe and incubated with S0 uL of ultrahigh
capacity neutravidin beads (100 L of slurry, Pierce) for 60
min at 4 °C with gentle shaking. Cold phosphate buffer saline
(PBS) (+ pi) was added to the mixture and the samples were
centrifuged for 2 min at 10000 rpm (2X). Beads were
successively washed with 1 mL of PBS containing pi and 2%
SDS and the supernatant was removed via centrifugation (2
min, 10 000 rpm, 4X). A 40 uL portion of 1X laemli sample
buffer was added to the beads, and then beads were heated at
95 °C for 10 min to elute the neutravidin bound proteins. The
pull-down experiments were performed in triplicate for each
probe.

LC-MS/MS and Bioinformatic Analysis. Samples were
run into a 4—12% SDS-PAGE gel to create a ~10 mm length
region, allowing total protein to be evaluated in a single gel
digest. After staining with SimplyBlue SafeStain (Invitrogen),
these regions were excised, cut into 1 mm cubes, destained,
then reduced and alkylated with DTT and IAA, respectively
(Sigma). Gel pieces were dehydrated with acetonitrile.
Aliquots of trypsin (Promega) were reconstituted to 10 ng/
uL in 50 mM ammonium bicarbonate and added so that the
solution was just covering the dehydrated gel pieces. After half
an hour at room temp, additional ammonium bicarbonate was
added until the gel pieces were completely submerged and
placed at 37 °C overnight. Peptides were extracted the next
day by addition of 50% acetonitrile, 0.1% TFA, then dried
down in a CentriVap concentrator (Labconco). Peptides were
desalted with homemade C18 spin columns, dried again, and
reconstituted in 0.1% TFA. Peptides were injected onto a
homemade 30 cm C18 column with 1.8 um beads (Sepax),
with an Easy nLC-1000 HPLC (Thermo Fisher), connected to
a Q Exactive Plus mass spectrometer (Thermo Fisher): solvent
A 0.1% formic acid in water, solvent B 0.1% formic acid in
acetonitrile, gradient 3% B for 2 min, then ramp to 30% B over
41 min, then to 70% over 3 min, then 70% for 4 min, then re-
equilibrated to 3%, for a total run time of 60 min. The Q
Exactive Plus was operated in data-dependent mode, with a full
MS1 scan followed by 10 data-dependent MS2 scans. The full
scan was done over a range of 400—1400 m/z, with a
resolution of 70 000 at m/z of 200, an AGC target of 1e% and a
maximum injection time of S0 ms. The MS2 scans were
performed at 17 500 resolution, with an AGC target of Se4 and
a maximum injection time of 120 ms. The isolation width was
1.5 m/z, with an offset of 0.3 m/z, and a normalized collision
energy of 27. Raw data was searched using the SEQUEST
search engine within the Proteome Discoverer software
platform, version 2.2 (Thermo Fisher), using the SwissProt
human database. Trypsin was selected as the enzyme allowing
up to 2 missed cleavages, with an MS1 mass tolerance of 10
ppm, and an MS2 mass tolerance of 25 mmu. Carbamido-
methyl was set as a fixed modification, while oxidation of
methionine was set as a variable modification. Minora was used
to determine relative protein abundance between samples.
Normalization was performed using the total peptide amount
option in the precursor ions quantifier node. Percolator was
used as the FDR calculator, filtering out peptides which had a
g-value greater than 0.01. Missing values were imputed from
the normal distribution using Perseus software. The identified

proteins were evaluated using an unpaired t test between the
MCL treated (control) and DMSO treated (sample) groups
with a p-value cutoff of 0.05. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE’® partner repository with the data
set identifier PXD0244SS.
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