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Abstract Target identification of bioactive compounds is important for understanding their mecha-

nisms of action and provides critical insights into their therapeutic utility. While it remains a challenge,

unbiased chemoproteomics strategy using clickable photoaffinity probes is a useful and validated

approach for target identification. One major limitation of this approach is the efficient synthesis of

appropriately substituted clickable photoaffinity probes. Herein, we describe an efficient and consistent

method to prepare such probes. We further employed this method to prepare a highly stereo-congested

probe based on naturally occurring triterpenoid betulinic acid. With this photoaffinity probe, we identified

tropomyosin as a novel target for betulinic acid that can account for the unique biological phenotype on

cellular cytoskeleton induced by betulinic acid.
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1. Introduction

Naturally occurring substances represent an importance source of
our modern-day medicines and biological tools for biomedical
research1. Prominent examples include taxol, camptothecin and
maytansinoids, which are critical leads for current cancer thera-
pies. Betulinic acid (BA, 1, Fig. 1) is an important natural product
that belongs to the pentacyclic lupane-type triterpenoids and has
been found in the barks of many species in the plant kingdom2,3.
Compound 1 showed remarkable anti-melanoma activity in vitro
and in vivo without obvious toxicity4. Later, it was found that 1
showed anticancer activity across different cancer types through
activating apoptosis5. Besides its anticancer activity, compound 1
has also been shown to possess anti-HIV, anti-inflammatory ac-
tivities in different preclinical models, inhibit melanogenesis
through inhibiting cAMP-response element binding protein, and
target nuclear lamin B13,6e8. Compound 1 has been reported to be
a catalytic inhibitor of topoisomerases9, an antagonist of peroxi-
some proliferator-activated receptors (PPARa and g)10, an agonist
for G-protein coupled receptor TGR511,12, and an inhibitor of
multiple deubiquitinating enzymes (USP21, USP27x, USP36,
USP16)13. It is likely that the biological activities of 1 observed in
a given biological system are mediated by polypharmacology
dictated by the relative expression level of different molecular
targets. One particularly striking activity of 1 and its derivatives is
their capability to inhibit cancer invasion and modulate actin
cytoskeleton. For example, treatment with 1 in fibroblast-like
synoviocytes resulted in decreased formation of actin stress fi-
bers14. Similar inhibition of actin stress fiber formation was also
observed in non-small cell lung cancer cell lines15. A number of
ring A modified derivatives have also been reported to alter the
actin cytoskeleton in prostate cancer cells16. Furthermore, other
natural pentacyclic triterpenoids related to 1 including betulin,
lupeol, oleanolic acid, maslinic acid have all been shown to pro-
duce actin cytoskeleton alteration in different cells17e19. Despite
these dramatic effects on the cytoskeleton in different cells, the
underlying molecular mechanism remains elusive.

The challenge in understanding compound 1’s mechanism of
action is a critical bottleneck in unleashing its potential biological
and clinical utility. This is true for most of the phenotypic
screening assays, where the compounds are assayed against a
particular biological phenotype without a prior knowledge of the
Figure 1 Chemical structures of betulinic acid (BA, 1) and

designed clickable photoaffinity probe BA-P (2). The structures of

anti-cancer acyl pyrroloquinazoline LBL1 and its corresponding

clickable photoaffinity probe LBL1-P are shown.
molecular targets20,21. This mechanistic understanding will not
only inform biomarker-based clinical utility, but also form the
basis for repurposing drugs as well as further mechanistic bio-
logical discovery. The centerpiece of understanding the molecular
mechanisms of the inhibitors is to identify the targets that the
compound can directly bind to, ideally in the unperturbed whole
cellular proteome from cultured cells, animal tissues or human
clinical samples22. Recently, various chemoproteomics-based
strategies have been developed to identify the molecular targets
of bioactive small molecules23e25. Among these, the use of
clickable photoaffinity probes is especially appealing and prom-
ising to enrich the targets from the whole cellular proteome26e29.
We recently employed this strategy to identify nuclear lamins as
the targets of anticancer pyrroloquinazoline compound LBL1
(Fig. 1)26,30. In this case, the clickable photoaffinity probe LBL1-P
was synthesized for this purpose (Fig. 1). The diazirine group was
expected to generate a reactive carbene species that would cova-
lently crosslink with its direct targets upon UV irradiation at
365 nm23. On the other hand, the alkyne group was exploited for
next step Cu(I)-catalyzed click reaction with a tagged azide for
subsequent target enrichment and/or imaging analysis31. Using
LBL1-P, we showed that LBL1 targets nuclear lamins in living
cells26,30.

A chemoproteomics strategy was employed to identify the
potential cellular targets of 1, wherein the clickable photoaffinity
label was attached to either C3 through an ester bond or C28
through an amide bond32. Interestingly, dozens of proteins were
identified from breast cancer MCF-7 cells as possible targets.
However, the identified proteins were not overlapping using the
two different probes, likely reflecting the potential instability of
the ester group in the cellular experiments and different photo-
affinity labels used. It is unclear if the identified potential targets
can account for compound 1’s effect on modulating cellular
cytoskeleton. Previous structureeactivity relationship studies
suggested that ring A modification in 1 could dramatically modify
its activity in modulating cytoskeleton16, suggesting that ring A is
closely interacting with its potential target contributing to its ef-
fect in modulating cytoskeleton. Therefore, it is desirable to
design clickable photoaffinity probes that have the photo-
crosslinking moiety installed in ring A for target identification.
Thus, we designed a clickable photoaffinity probe BA-P (2)
(Fig. 1) to help understand compound 1’s effect on actin cyto-
skeleton. The reactive carbene species in ring A generated from 2
would be expected to crosslink with its target for identification via
the clickable alkyne handle. The overall structure of probe 2 only
introduces minimal structural alterations in comparison to that of
1. In this paper, we developed a novel synthetic method to prepare
sterically hindered and synthetically challenging probe 2. Included
in this new method is also the first use of molecular oxygen (O2) to
effect the oxidation of diaziridine to diazirine to inhibit other
byproduct formation. We further employed probe 2 to identify
tropomyosin as a new target for 1, potentially accounting for its
activity in modulating actin cytoskeleton.

2. Results and discussion

We envisioned that probe 2 could be prepared from its corre-
sponding ketone by the classical diazirine formation method. Being
a sterically hindered diazirine and containing a terminal alkyne in 2
are two potential challenges for its synthesis. The synthesis of
diazirines typically starts from the corresponding ketones through
ketimine formation, diaziridine formation and subsequent oxidation
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reaction33e36. The reagents for ketimine formation and diaziridine
formation are liquid NH3 and hydroxylamine-O-sulfonic acid
(NH2OSO3H), respectively. A number of reagents have been
employed for the oxidation step, which include I2/Et3N, freshly
prepared Ag2O

28,33 and MnO2
37. While the oxidation step is

generally thought to be straightforward (vide infra)33, the first two
steps are more troublesome and variable despite their widespread
use in the chemical biology community25,38e40. This is especially
true when other desired functional groups (e.g., terminal alkynes)
are present. For example, it was reported that a steroid derivative
containing both a ketone and alkyne could not be converted into the
corresponding diazirine33. Recently, when we attempted to prepare
the “minimalist” clickable photocrosslinker 4a from ketone 3a
(Table 1) following reported conditions41, we obtained irrepro-
ducible and highly variable yields of diazirine 4a despite our best
effort in minimizing experimental variations across the experi-
ments. While we could obtain the desired diazirine 4a in some in-
stances, we often obtained 0% yield. Furthermore, it has also been
reported that the conventional condition for diazirine formation is
highly sensitive to steric hindrance. Thus, while a-methyl ketones
were suitable substrates, a,a-gem-dimethyl ketones were
unreactive33,34.

When we followed the procedure developed in the Yao labo-
ratory41 to prepare 4a, we often obtained a large amount of
uncharacterizable polar species upon addition of NH2OSO3H. We
hypothesized that the acidic condition together with the presence
of oxygen from the air might cause unusual reactions towards the
alkyne group. Therefore, we modified the protocol by conducting
the reaction in a sealed tube and carefully blowing inert argon into
the solution upon addition of a methanolic solution of NH2OSO3H
Table 1 Synthesis of diazirines from ketones using an

improved protocol.

Substrate Product Yield

32%

38%

22%

54%

58%

0%

0%
while NH3 was being evaporated. Furthermore, we decreased the
reaction time for the ketimine formation step to 2e3 h. Through
these modifications, we were able to obtain the corresponding
diaziridine consistently (see Experimental Section). The next step
of oxidation of diaziridine to diazirine 4a was effected smoothly in
a basic solution of I2 using I2/Et3N. Unlike the reported condi-
tion41, this improved method resulted in reaction mixtures that
were very clean and no column chromatography was needed to
purify the diazirine product. Only a simple filtration step through a
short silica gel plug was sufficient to deliver the product in a pure
form. Encouraged by these results, we investigated if this
improved protocol was applicable to other substrates (Table 1). 4-
Hydroxy-2-butanone (3b) was converted to its corresponding
diazirine 4b in 38% yield using the same protocol. The synthesis
of diazirine 4c from 5-hydroxy-2-pentanone (3c) was also suc-
cessful albeit with a lower yield (22%), which is at least partially
due to the presence of a mixture of ketone and cyclic hemiketal in
the starting material. Ketone 3d with a benzene ring was suc-
cessfully converted into the corresponding diazirine 4d in 54%
yield. Cyclic diazirine 4e was obtained from its corresponding
ketone 3e in a very good yield (58%). However, this condition was
not effective in converting a-hydroxyketone 3f or aromatic ketone
3g (Table 1).

Having established a robust method to synthesize diazirines
from the corresponding ketones, we applied this methodology to
prepare our designed clickable photoaffinity probe 2 based on 1.
The synthesis of probe 2 was envisioned in 3 steps from
commercially available 1 (Scheme 1). Amide 6 was synthesized as
previously described42. Oxidation of the alcohol in 1 using Jone’s
reagent provided betulonic acid (5) in a high yield (95%). Com-
pound 6 was obtained by the amidation reaction of 5 with prop-
argyl amine using TBTU as the activating agent in DMF (56%).
The next key step was to convert the sterically hindered a,a-
dimethyl ketone in 6 to its corresponding diazirine 2. When we
employed our optimized protocol for diazirine synthesis, no dia-
ziridine 7 formation was observed. We hypothesized that poor
solubility of 6 in liquid NH3 and MeOH during the reaction might
contribute to this failure. Therefore, THF was used as a solvent,
where the reaction mixture was a completely homogeneous so-
lution. However, no diaziridine 7 formation was observed in THF.
After numerous attempts, we found that a mixture of MeOH/THF
(1:1) as the solvent and an extended period of reaction time (6 h)
were able to generate the corresponding diaziridine 7 although 6
was not completely soluble under this reaction condition. These
results suggest that a protonic solvent is necessary for the dia-
ziridine formation step. The next seemingly trivial oxidation step
was proven to be a daunting challenge. Use of I2/Et3N in DCM
provided an inseparable 1:1 mixture of desired diazirine 2 and
vinyl iodide 8 (entry 1, Table 2). Formation of 8 was likely
through carbene species 9 via newly formed 2. The generated
carbene could react with I2 to generate carbocation 10 that would
be in resonance with iodonium ion 11. Loss of a proton from 10 or
11 will provide vinyl iodide 8. This mechanism is reminiscent of
Barton’s synthesis of vinyl iodides from ketones43,44. We
attempted to inhibit formation of 8 by performing the reaction in
the dark and reducing the molar equivalent of I2 to be used. Un-
fortunately, these attempts did not provide pure diazirine 2.

Other oxidants have also been reported to convert diaziridines
to diazirines. Among these, Ag2O was commonly used33. When
Ag2O, pre-formed or generated in situ, was used in our case, it
failed to yield compound 2 despite disappearance of the diazir-
idine (entries 2 and 3, Table 2). MnO2 was the next oxidant to be



Scheme 1 Synthesis of probe 2. Reagents and conditions: (a) Jone’s reagent, DCM/acetone, 95%; (b) propargylamine, TBTU, DMF, 56%; (c)

NH3, MeOH/THF then NH2OSO3H; (d) see Table 2.
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investigated37. No reaction was observed when diaziridine was
reacted with MnO2 for 24 h (entry 4, Table 2). Encouraged by a
recent report that air could promote oxidation of diaziridines in the
presence of a base35, we added KOH and exposed the reaction
mixture to air. However, no desired diazirine product was
observed either (entry 5, Table 2). On the other hand, when we
switched to an O2 atmosphere under the same reaction condition,
the desired diazirine 2 was generated (12%, entry 6, Table 2,
Supporting Information Fig. S1). Given the striking difference
observed between air and O2, we speculated that O2 alone might
be sufficient to oxidize diaziridine. Indeed, we found that oxida-
tion of the diaziridine 7 took place under O2 alone to furnish the
expected diazirine 2 in a 11% yield (entry 7, Table 2). To the best
of our knowledge, oxidation of diaziridines to diazirines using
pure molecular oxygen has not been reported before. While the
full scope of this reaction remains to be established, molecular
oxygen (O2) represents a new condition for the diaziridine
oxidation with the advantage that this reaction condition could
Table 2 Oxidation of diaziridine 7 to diazirine 2.

Entry Reaction condition Yield (2:8)a

1 I2, Et3N, DCM 14% (1:1)

2 Ag2O, Et2O ‒b

3 AgNO3, NaOH, DCM/MeOH ‒b

4 MnO2, Et2O NRc

5 MnO2, KOH, air, Et2O NRc

6 MnO2, KOH, O2, Et2O 12% (1:0)

7 O2, Et2O 11% (1:0)

aThe ratio was determined by 1H NMR.
bDiaziridine was decomposed.
cNo reaction.
avoid side reactions due to the use of other reagents such as I2 or
strong bases.

With the desired probe 2 in hand, we first evaluated if it
retained the biological activity exhibited by 1. Given the pre-
ponderance of evidence of its potential anticancer activity4,5, we
investigated their anti-proliferative activities in breast cancer cell
lines. Therefore, breast cancer MDA-MB-468 and MDA-MB-
231 cells were treated with different concentrations of 1 and 2 for
72 h. Then the remaining viable cells were quantified using MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
reagent45. The concentrations needed to inhibit the cellular growth
by 50% were calculated as GI50. As shown in Fig. 2A, compound
2 was w5-fold less potent (GI50 Z 12.06 mmol/L) than 1
(GI50 Z 2.65 mmol/L) in MDA-MB-468 cells. However, in MDA-
MB-231 cells, the potency of probe 2 was comparable to that of 1
(GI50 Z 18.75 vs 10.31 mmol/L). These results suggest that probe
2 retains the anticancer activity of 1 and therefore was employed
for target identification studies.

To identify the potential molecular targets of 2 in intact cells,
we adopted the protocol that we previously developed for target
identification with LBL1-P (Fig. 2B)26,31. Therefore, we pre-
treated HEK 293T cells with or without 1 (50 mmol/L) followed
by treatment with different concentrations of 2. The photo-
crosslinking between 2 and potential cellular targets was initiated
by irradiation at 365 nm for 5 min. The resulting cell lysates were
then subjected to Cu(I)-catalyzed azideealkyne cycloaddition
(CuAAC) click reaction with tetramethylrhodamine (TMR)-N3

(Supporting Information Fig. S2). The resulting protein lysates
were then analyzed by in-gel fluorescent analysis. As shown in
Fig. 2C, probe 2 dose-dependently labeled a few protein bands
with the band migrated w30 kD being most prominent. Impor-
tantly, the labeling of this band was competed with an excess of
parent compound 1. The loading across the lanes was comparable
based on Coomassie blue staining (Fig. 2D). These results suggest



Figure 2 Compound 2 is bioactive and labels cellular targets. (A) Cell growth inhibition activities of 1 and 2 in MDA-MB-468 and MDA-MB-

231 cells. The cells were treated with different concentrations of 1 and 2 for 72 h. The viable cells were quantified by the MTT reagent. Negative

growth denotes net cell killing effect. (B) A schematic diagram of labeling cellular proteins by 2 in living cells. (C) HEK 293T cells were treated

with 1 for 10 min followed by different concentrations of 2 for 30 min. Then the cells were irradiated for 5 min at 365 nm. The lysates were

collected and clicked with TMR-azide using Cu(I)-assisted click reaction. The lysates were then resolved on an SDS-PAGE gel for in-gel

fluorescence scanning. The MW maker is indicated on the right and the arrow indicates potential cellular targets of 2. (D) The gel from (C)

was stained with Coomassie blue.
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that this band was a likely target of 1. To elucidate the identity of
this w30 kD protein, the crosslinked lysates were subjected to
CuAAC with a biotineN3 (Fig. S2). The resulting biotinylated
proteins were enriched with streptavidin agarose beads. Upon
extensive washings and elution with biotin (1 mmol/L) in the
presence of 1% SDS, the bound proteins were digested by trypsin,
alkylated by iodoacetamide and then subjected to LC‒MS/MS
analysis. The relative abundance of bound proteins was quantified
by label-free spectra counting (Supporting Information Table S1
and Fig. S3). Among the identified proteins, we eliminated the
background proteins with high spectra counts in the absence of
probe treatment. We further narrowed down the list to those dis-
playing competition by excess of 1. This analysis gave 3 tropo-
myosin isoforms (TPM1, TPM2, and TPM3) as the most plausible
targets (Fig. 3A and Supporting Information Fig. S4). The spectra
counts for these proteins were very low from the sample not treated
with probe 2, but high spectra counts were observed in the sample
treated with probe 2 (20 mmol/L). Most importantly, they were
competed away by excess of 1 (50 mmol/L) (Fig. 3A). These re-
sults suggest that TPMs are putative intracellular targets of 1.

TPMs are actin-binding proteins and form coiled-coil dimers
along the actin filament to regulate actin function and dy-
namics46,47. The human genome encodes four TPM genes
(TPM1-4) and multiple isoforms for each TPM gene exist in a
cell type-dependent manner through alternative splicing and
promoter usage46. To confirm if probe 2 could indeed bind to
TPM, the cells were treated with 2 followed by UV-irradiation.
Then the cell lysates were prepared for click reaction with
biotin-N3. The biotinylated proteins were then purified by
streptavidin-agarose precipitation. The bound proteins were
analyzed by Western blot. As shown in Fig. 3B, TPM was spe-
cifically pulled down from the cells treated with 2. As a negative
control, the abundant cellular protein heat shock protein 90 kD
(Hsp90) was tested and it was not precipitated from the cell ly-
sates, suggesting that probe 2 could bind to TPM in living cells.
To further test if 1 was able to bind TPM, we employed cellular
thermal shift assay (CETSA)48. In this assay, the direct target
engagement in the cells was measured by monitoring the dif-
ference in protein aggregation upon thermal heating. The cells
were treated with 0 or 20 mmol/L of 1 for 3 h. Then the cells
were harvested for heating at different temperatures for 3 min.
The remaining soluble proteins were extracted for Western blot
analysis. In most cases, proteins will aggregate and become
insoluble in buffers devoid of detergent, resulting in diminished
amount of extractable proteins at higher temperatures48. How-
ever, in the case of TPM in MDA-MB-468 cells, we did not
observe a temperature-dependent decrease of extractable TPM up
to 80 �C (Fig. 3C). This surprising finding is consistent with
previous observations that TPM from different organisms is heat-
stable up to 90 �C49. We suggest that this unique thermostability
feature will make TPM an appropriate loading control in a
typical CETSA experiment, where a loading control is difficult to
identify because most proteins are precipitated upon heating.
While TPM is heat-stable, we noticed a temperature-dependent
increase of extractable TPM from the cells treated with 1
(Fig. 3C), suggesting a direct interaction between 1 and TPM in
cells. This increase was likely due to the direct effect of 1 on
TPM to modulate its assembly state and/or its interaction with
actin filaments. As a control, no changes in the extractability of
Hsp10 or P300 proteins were observed (Fig. 3C), suggesting the
specificity of the effect on TPM induced by 1.

To further validate that TPM represents a target of 1, we per-
formed the in-cell click reaction to localize the signal from probe
2. MDA-MB-468 cells were treated with 2 for photocrosslinking.
Then the cells were subjected to in-cell click reaction with Alexa
Fluor™ 555 azide. To enable the comparison with the localization
of TPM, the cells were also stained with anti-TPM antibody for
indirect immunofluorescence microscopy analysis. We first
established the orthogonality of the two channels (Fig. 4A). When
the cells were treated with 2 and clicked with Alexa Fluor™ 555



Figure 3 Identification of TPMs as the targets of 1 using clickable photoaffinity probe 2. (A) Chemoproteomic identification of TPMs as the

targets of 2. HEK 293T cells were treated with 0 or 50 mmol/L of 1 followed by 0 or 20 mmol/L of 2 before photo-irradiation at 365 nm. Then the

lysates were clicked with a biotin‒N3 for streptavidin pulldown. The bound proteins were analyzed by LC‒MS/MS analysis for identification. The

relative abundance of each bound protein was quantified by spectra counting and plotted on each axis. D/D represents the cells treated with DMSO

only; D/20 represents the cells treated with 20 mmol/L of 2 whereas 50/20 denotes samples treated with 50 mmol/L of 1 and 20 mmol/L of 2. (B)

Compound 2 binds to TPM in MDA-MB-468 cells. The cells were treated with 2 for photocrosslinking. The lysates were clicked with a biotin‒N3.

The biotinylated proteins were precipitated using streptavidin‒agarose and the bound proteins were analyzed by Western blot. The two bands

observed with anti-TPM is consistent with previous studies showing this antibody recognizes multiple TPM isoforms46. (C) Compound 1 binds to

TPM in MDA-MB-468 cells as assessed by CETSA. The cells were treated with 1 for 3 h. Then the cells were heated at indicated temperature for

3 min. The remaining soluble proteins were extracted for Western blot analysis using indicated antibodies.
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azide, the signal from the click reaction was readily detected
under a confocal microscope. No signal was observed in the anti-
TPM channel. On the other hand, if the cells were not clicked with
Alexa Fluor™ 555 azide but instead stained with anti-TPM, only
TPM signal was observed (Fig. 4A). With this orthogonality
established, we investigated if the localization of compound 2
overlaps with that of TPM in cells by treating the cells with 2
followed by click reaction with Alexa Fluor™ 555 azide as well as
co-staining with anti-TPM. As shown in Fig. 4B, we observed that
both 2 and TPM were localized in the cytosol and cellular pe-
riphery. No significant staining in the nucleus was observed for
either 2 or TPM. We noticed that the signal for TPM staining in
the cells was heterogenous with stronger signals in the cellular
periphery. However, this was not the case for the signals with 2.
This differential staining for TPM in the cells might be due to
different assembly states of TPM, which associates with actin
filaments. This partial colocalization and differences in the
localization pattern between 2 and TPM might suggest they target
different assembly states of TPM in the cells. To further validate
that compound 1 could target TPM, we investigated if pretreat-
ment of the cells with 1 would compete with 2 for cellular la-
beling. Indeed, when the cells were pre-treated with excess 1
before the treatment with 2, a significant reduction of signal
arising from probe 2 was observed (Fig. 4B). When the cells were
treated with 1, we noticed that more TPM signal was distributed to
the cellular periphery (Fig. 4B, TPM channel). This change of
distribution might be related to the phenomenon we observed in
the CETSA assay, where treatment with 1 was accompanied with
increased extractability of TPM.
3. Conclusions

In conclusion, we developed an improved method to prepare
clickable photoaffinity probes. This improved protocol enables
consistent synthesis of diazirines with sensitive functional groups
including clickable alkynes. A novel oxidation method to prepare
diazirines from diaziridines using O2 was also developed. To the
best of our knowledge, this is the first time to show that molecular
oxygen (O2) can be used for such an oxidation step. This method
can avoid the unnecessary byproduct formation derived from the
typically used oxidant I2. We further employed this protocol to
synthesize a clickable and stereo-congested photoaffinity probe 2
based on natural product 1 for target identification. TPM was
identified as a new target for 1. It is possible that other less
abundant potential targets of 1 (e.g., G-protein coupled receptor



Figure 4 Localization of 2 and TPM in MDA-MB-468 cells. (A) Confocal fluorescent images of 2 and TPM channels. The cells were treated

with 2 (1 mmol/L) and were subjected to photoirradiation at 365 nm for 5 min. The cells were fixed and permeabilized for Cu(I)-catalyzed click

reaction with Alexa Fluor™ 555 azide (top). The cells from the bottom panel were not subjected to the click reaction, but were instead stained

with anti-TPM. The cells were then examined under a confocal microscope. (B) Compound 1 competed with 2 for labelling in cells. The cells

were treated with 1 (0 or 10 mmol/L) and 2 (1 mmol/L). Then the cells were processed in the same way as in (A). The cells were also stained with

anti-TPM. DAPI was used to stain nucleus. The fluorescent intensity profile for 2 and TPM along the indicated arrow is shown on the right panel.
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TGR511) were not identified using probe 2 or not expressed in the
cells used in this study. While the other targets identified using
different photoaffinity probes may also be relevant targets32, our
identification of TPM as a new target for 1 using probe 2 further
highlights the importance of the position of photocrosslinking
group in a probe for target identification. This is even more critical
for compounds with polypharmacology to comprehensively un-
derstand their biological activities. Given the potential roles of 1
in regulating actin cytoskeleton in different cell types, the iden-
tification of TPM as a target of 1 provides a potential mechanism
to account for this unique effect. This molecular understanding
shall further drive the development of 1 and other structurally
related natural products into potential cancer therapeutics.

4. Experimental

4.1. Chemistry

4.1.1. General
Anhydrous solvents were used for reaction and were either ob-
tained directly from vendors or purified from sodium/benzophe-
none distillation (THF) or CaH2 distillation (DCM). Melting
points were determined in capillary tubes using Mel-Temp and are
uncorrected. All 1H and 13C NMR spectra were obtained in a
Bruker Avance 400 MHz spectrometer using CDCl3 or DMSO-d6
as the solvent and the chemical shifts of the residual CHCl3 (d
7.26) or DMSO (d 2.50) were taken as reference. Chemical shifts
(d) are reported in parts per million (ppm), and the signals are
described as brs (broad singlet), d (doublet), dd (doublet of
doublet), td (triplet of doublet), m (multiplet), q (quartet), s
(singlet) and t (triplet). Coupling constants (J values) are given in
Hz. Silica gel flash chromatography was performed using
230e400 mesh silica gel (EMD). All reactions were monitored
using thin-layer chromatography (TLC) on silica gel plates
(EMD). Yields were of purified compounds. The mass spectra
were obtained from an Advion Plate Express Compact Mass
Spectrometer (Advion) with electrospray operated either in posi-
tive or negative mode.

4.1.2. Synthesis
4.1.2.1. Compound 4a. Anhydrous ammonia (w5 mL) was
condensed into a sealed tube at �78 �C in an acetone-dry ice bath.
Compound 3a (200 mg, 1.6 mmol) was added at �78 �C, and the
mixture was stirred at room temperature for 2 h. The solution was
cooled to �78 �C, and a solution of hydroxylamine-O-sulfonic
acid (206 mg, 1.8 mmol) in methanol (2 mL) was added in a
dropwise manner. Dry ice refill was discontinued, and the reaction
was allowed to gradually warm to room temperature. The seal was
removed to allow the remaining ammonia to evaporate overnight,
and a slow Ar flow was running overnight on top of the solution.
The resulting slurry was filtered and the filter cake was washed
with several portions of methanol (3 � 5 mL). The combined
solution was evaporated under reduced pressure. The residue of
the diaziridine derivative was dissolved in dichloromethane
(5 mL) and treated with triethylamine (276 mL, 2.0 mmol) at room
temperature. A solution of iodine (301 mg, 1.2 mmol) in
dichloromethane (1 mL) was slowly added with stirring until the
appearance of a persistent orange-brown coloration. The mixture
was diluted with 30 mL DCM, and washed with 50 mL sat.
Na2SO3 (aq), 50 mL 1 mol/L HCl (aq) and 50 mL sat. NaCl (aq).
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All solvents were evaporated under reduced pressure to give
compound 4a (68 mg, 31%) as a brown oil: 1H NMR (400 MHz,
CDCl3) d 3.44 (t, J Z 6.2 Hz, 2H), 2.12 (s, 1H), 2.04e1.94 (m,
3 H), 1.69e1.62 (m, 4H). 13C NMR (101 MHz, CDCl3) d 82.92,
69.30, 57.25, 35.52, 32.63, 26.69, 13.26.

4.1.2.2. Betulonic acid or (1R,3aS,5aR,5bR,11aR)-5a,5b,8,8,11a-
pentamethyl-9-oxo-1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta
[a]chrysene-3a-carboxylic acid (5). Betulinic acid 1 (500 mg,
1.1 mmol) was dissolved in DCM/acetone (1:1, 24 mL) and placed
at 0 �C. Jones reagent (1.0 mL) was slowly added and the reaction
mixture was stirred at r.t. for 15 min. MeOH (5 mL) was added and
the reaction mixture was stirred for another 10 min. DCM (20 mL)
was added and the reaction mixture was washed with water
(2 � 20 mL), brine (30 mL) and dried over anhydrous Na2SO4. The
crude was purified by column chromatography in silica gel eluting
with hexanes/EA 4:1 affording the product 5 (470 mg, 95%) as a
white solid. Mp.: >220 �C. 1H NMR (400 MHz, CDCl3) d 11.09
(brs, 1H), 4.74 (s, 1H), 4.61 (s, 1H), 3.01 (td, JZ 10.7, 4.6 Hz, 1H),
2.55e2.34 (m, 2H), 2.33e2.13 (m, 2H), 2.12e1.79 (m, 4H),
1.74e1.59 (m, 5H), 1.51e1.24 (m, 14H), 1.07 (s, 3H), 1.01 (s, 3H),
0.99 (s, 3H), 0.97 (s, 3H), 0.92 (s, 3H). 13C NMR (100 MHz,
CDCl3) d 218.38, 182.40, 150.50, 109.96, 56.59, 55.12, 50.03,
49.38, 47.52, 47.08, 42.68, 40.82, 39.79, 38.71, 37.23, 37.11, 34.31,
33.79, 32.29, 30.74, 29.87, 26.83, 25.68, 21.56, 21.18, 19.81, 19.56,
16.14, 16.01, 14.81. ESI-MS: Calcd. for C30H46O3 [M‒H]‒ 453.3,
Found 453.1.

4.1.2.3. (1R,3aS,5aR,5bR,11aR)-5a,5b,8,8,11a-Pentamethyl-9-
oxo-1-(prop-1-en-2-yl)-N-(prop-2-yn-1-yl)icosahydro-3aH-cyclo-
penta[a]chrysene-3a-carboxamide (6) and 1H-benzo[d][1,2,3]
triazol-1-yl (1R,3aS,5aR,5bR,11aR)-5a,5b,8,8,11a-pentamethyl-9-
oxo-1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-
3a-carboxylate (6a). Betulonic acid 5 (370 mg, 0.81 mmol) was
dissolved in dry DMF (3 mL) and placed at 0 �C. DIPEA (282.2 mL,
1.62 mmol, 2 equiv) and TBTU (286.1 mg, 0.89 mmol, 1.1 equiv)
were added and the reaction mixture was stirred at 0 �C for 30 min.
Propargyl amine (91.54 mg, 1.62 mmol, 2 equiv) was added and the
reaction mixture was stirred for overnight at r.t. The reaction
mixture was treated with a saturated solution of NaHCO3 (10 mL)
and extracted with DCM (3� 10mL). The combined organic layers
were washed with brine (10 mL) and dried over anhydrous Na2SO4.
The crude was purified by column chromatography in silica gel
eluting with hexane/EA (9:1) affording the products 6 (222.5 mg,
56%) and 6a (117.7 mg, 25%) as white solids.

6: mp 178e180 �C. 1H NMR (400 MHz, CDCl3) d 5.81e5.64
(m, 1H), 4.73 (s, 1H), 4.59 (s, 1 H), 4.08 (ddd, J Z 17.5, 5.0,
2.1 Hz, 1H), 3.97 (ddd, J Z 17.5, 4.9, 2.3 Hz, 1H), 3.13 (td,
J Z 11.0, 4.2 Hz, 1H), 2.56e2.31 (m, 3H), 2.20 (t, J Z 1.9 Hz,
1H), 2.07e1.85 (m, 3H), 1.71e1.22 (m, 21H), 1.06 (s, 3H), 1.01
(s, 3H), 0.97 (s, 6H), 0.91 (s, 3H). 13C NMR (101 MHz, CDCl3)
d 218.15, 175.84, 150.75, 109.47, 80.14, 71.12, 55.64, 55.04,
50.13, 50.01, 47.34, 46.66, 42.52, 40.75, 39.65, 38.09, 37.82,
36.93, 34.16, 33.71, 33.57, 30.79, 29.38, 29.00, 26.60, 25.62,
21.44, 21.03, 19.65, 19.50, 15.97, 15.94, 14.58. ESI-MS: Calcd.
for C33H49NO3 [M‒H]‒ 490.4, Found 490.0.

6a: 1H NMR (400 MHz, CDCl3) d 8.09 (d, J Z 8.4 Hz, 1H),
7.56 (t, J Z 7.9 Hz, 1H), 7.43 (t, J Z 7.7 Hz, 1H), 7.37 (d,
J Z 8.3 Hz, 1H), 4.74 (s, 1H), 4.65 (s, 1H), 2.96 (td, J Z 11.1,
5.1 Hz, 1 H), 2.69e2.58 (m, 1H), 2.56e2.31 (m, 3H), 2.31e2.18
(m, 1H), 2.18e2.03 (m, 1H), 1.92e1.67 (m, 9 H), 1.54e1.27 (m,
12H), 1.09 (s, 3H), 1.06 (s, 3H), 1.03 (s, 6H), 0.93 (s, 3H). ESI-
MS: Calcd. for C36H49N3O3 [MþH]þ 572.4, Found 572.3.

4.1.2.4. (1R,3aS,5aR,5bR,11aR)-5a,5b,8,8,11a-Pentamethyl-1-
(prop-1-en-2-yl)-N-(prop-2-yn-1-yl)-2,3,4,5,5a,5b,6,7,7a,8,10,
11,11a,11b,12,13,13a,13b-octadecahydrospiro[cyclopenta[a]
chrysene-9,30-diazirine]-3a(1H)-carboxamide (2). NH3 (g) was
condensed into a high-pressure tube at �78 �C. Compound 6
(50 mg, 0.1 mmol) was suspended in MeOH/THF (1 mL, 1:1)
and added to the liquid ammonia (w5 mL). The tube was sealed
and the reaction mixture was stirred at r.t. for 6 h. The reaction
mixture was cooled to �78 �C and NH2OSO3H (13.8 mg,
0.12 mmol, 1.2 equiv) dissolved in MeOH (1 mL) was slowly
added under argon. The reaction mixture was slowly warmed up
to room temperature while ammonia was evaporated under a
stream of argon. The remaining reaction mixture was stirred
overnight at room temperature. The reaction mixture was filtered
and the solid was washed with MeOH (5 mL) and DCM (5 mL).
The filtrate was concentrated under vacuum. The residue was
dissolved in Et2O (3 mL) and stirred at r.t. under O2 atmosphere
in the dark until disappearance of the starting material (3 h). The
solvent was removed under reduced pressure and the crude was
purified by column chromatography on silica gel eluting with
Hexanes/EtOAc (9:1 to 4:1) to yield 3.6 mg of compound 2
(11%) as a colorless oil and recovered 20.3 mg of the starting
material 6.

2: 1H NMR (400 MHz, CDCl3) d 5.73 (t, J Z 5.1 Hz, 1H),
4.74 (s, 1H), 4.60 (s, 1H), 4.09 (ddd, J Z 18.3, 4.7, 2.4 Hz, 1H),
3.97 (ddd, J Z 18.7, 5.1, 2.5 Hz, 1H), 3.14 (td, J Z 11.1, 3.9 Hz,
1H), 2.44 (td, J Z 12.0, 3.5 Hz, 1H), 2.21 (t, J Z 2.4 Hz, 1H),
2.05e1.90 (m, 3H), 1.79e1.73 (m, 2H), 1.69 (s, 3H), 1.64e1.56
(m, 4H), 1.47e1.37 (m, 9H), 1.21e1.14 (m, 4H), 1.00 (s, 3H),
0.97 (s, 3H), 0.95 (s, 3H), 0.90 (s, 3H), 0.24e0.20 (m, 1H), 0.17
(s, 3H). 13C NMR (101 MHz, CDCl3) d 175.87, 150.82, 109.50,
80.14, 71.18, 55.71, 55.66, 50.33, 50.13, 46.72, 42.55, 40.85,
38.13, 37.74, 37.41, 37.29, 36.33, 34.09, 33.63, 30.78, 29.72,
29.36, 29.01, 26.59, 25.64, 25.57, 20.94, 19.48, 19.18, 18.86,
16.24, 15.56, 14.63. ESI-MS: Calcd. for C33H49N3O [M‒H]‒

502.4, Found 502.1.

4.2. Biology

4.2.1. Cell culture
MDA-MB-468 and MDA-MB-231 were obtained from Develop-
mental Therapeutics Program at the National Cancer Institute.
HEK293T cells were obtained from ATCC. All the cells were
authenticated by STR profiling using Promega 10 GenePrint assay.
The cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum and non-
essential amino acids in a humidified incubator at 37 �C with 5%
CO2. The cells were used until passage 50. The following anti-
bodies were used: anti-TPM (Sigma, cat #T2780), anti-Hsp10
(Bethyl laboratories, cat # A304-842A-M), anti-Hsp90 (cat #
4874) and anti-P300 (cat # 54,062) (Cell Signaling Technology).
Secondary antibodies were from Jackson ImmunoResearch
Laboratories.

4.2.2. MTT assay
The cells were plated into 96-well plates on the day before they
were treated. Then the cells were treated with different com-
pounds at different concentrations for 72 h. At the end of drug
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treatment, the cells were incubated with MTT reagent at
0.5 mg/mL in tissue culture media for 3 h. Then the media were
removed and the reduced purple formazan was dissolved in
DMSO. The absorbance values at 560 nm were recorded using i3
multimode plate reader (Molecular Devices). The percent of
growth is defined as (AtreatedeAinitial)/(AcontroleAinitial) � 100,
where Atreated represents absorbance in wells treated with a com-
pound, Ainitial represents the absorbance at time 0, and Acontrol

denotes media-treated cells. The GI50 values were calculated by
non-linear regression analysis in Prism 8.0.

4.2.3. Photocrosslinking and click chemistry for gel analysis
HEK293T cells in 6-well plates were washed once with PBS.
Then the cells were treated with indicated concentration of 1 for
10 min in PBS, when different concentrations of 2 were added.
The cells were incubated for another 30 min at 37 �C. The cells
were then irradiated at 365 nm for 5 min using UV crosslinker
(FB-UVXL-1000, Fisher Scientific) at 4 �C. The cells were har-
vested and centrifuged at 8000 rpm for 5 min at 4 �C. The cell
pellets were washed once with cold PBS. The washed cell pellets
were lysed in 1% SDS/PBS with brief sonications. Then 10 mg of
the cleared cell lysates were subjected to click reaction with TMR-
N3 (50 mmol/L) in the presence of TCEP (1 mmol/L), TBTA
(100 mmol/L) and CuSO4 (1 mmol/L). The click reaction mixture
was incubated with shaking in the dark at room temperature for
1.5 h. The reaction mixture was then loaded onto a 4%e20%
SDS-PAGE gel electrophoresis. The gel was then visualized using
fluorescence gel scanning with ChemiDoc MP (Bio-Rad). After
fluorescence gel scanning, the gel was stained with Coomassie
brilliant blue staining solution.

For streptavidin pulldown analysis by Western blot, MDA-MB-
468 cells were treated with indicated concentration of 2 for 30 min
in PBS. Then the cells were treated as above. After the cells were
lysed, equal amount of cell lysates was clicked with biotin‒N3

(50 mmol/L) using the same click reaction mixture as above. After
click reaction, the mixture was mixed with 1 volume of methanol
and 1/4 volume of CHCl3. The mixture was vortexed and centri-
fuged at 8000�g for 10 min. The protein solid was saved and
washed with 3 times with MeOH:CHCl3 (1:1). Then washed
protein solids were resuspended in 1 volume of MeOH and 1/4
volume of CHCl3. The mixture was centrifuged at 14,000 rpm for
10 min at room temperature. The solid was redissolved in 1%
SDS/PBS with sonication. Any undissolved material was dis-
carded. The protein solution was diluted 10 � with PBS.
Streptavidin-agarose was added to the protein solution and the
mixture was tumbled for 2 h at room temperature. The beads were
collected by centrifuge and further washed with 1% SDS/PBS
(3 �) and PBS (6 �). The bound proteins were eluted in 1 � SDS-
PAGE sample buffer with 1 mm/L biotin upon heating at 95 �C for
5 min. The eluted proteins were analyzed by Western blot
analysis.

4.2.4. Photocrosslinking and click chemistry for LC‒MS/MS
analysis
HEK293T cells (3 � 15-cm plates/condition) were treated with
indicated compounds for 10 min in PBS followed by the addition
of compound 2 for 30 min. Then the cells were processed in the
same way as above for Western blot analysis the following
exception. The bound proteins were eluted with 1% SDS/PBS
with 1 mol/L biotin upon heating at 95 �C for 5 min. The eluted
proteins were then subjected to proteomics analysis as described
below.
4.2.5. Protein LC‒MS/MS
Affinity purified proteins from above were dried by vacuum
centrifugation, redissolved in 20 mL of SDS-PAGE sample buffer,
applied to wells of a NuPAGE 10% Bis-Tris SDS-PAGE gel
(NP0301BOX), electrophoresed for 6 min at 200 V, and stained
for 30 min with Imperial Blue protein stain (Catalog No. 24615;
Thermo Scientific). The gel was then rinsed in water and the entire
top 1 cm of each lane containing proteins was excised, cut into
1 mm pieces, reduced/alkylated, and digested with trypsin for 1 h
at 50 �C in the presence of 0.01% ProteaseMax detergent using the
method recommended from the manufacturer (ProMega).
Recovered peptides were then filtered using 0.22 mm Millipore
Ultrafree-CL centrifugal filters, filtrate dried by vacuum centri-
fugation then dissolved in 20 mL of 5% formic acid in preparation
for mass spectrometric analysis.

Each digest was then chromatographically separated using a
Dionex RSLC UHPLC system and delivered to a Q-Exactive HF
mass spectrometer (Thermo Scientific) using electrospray ioni-
zation with a Nano Flex Ion Spray Source fitted with a 20 mm
stainless steel nano-bore emitter spray tip and 1.0 kV source
voltage. Xcalibur version 4.0 was used to control the system.
Samples were applied at 10 mL/min to a Symmetry C18 trap
cartridge (Waters) for 5 min, then switched onto a
75 mm � 250 mm NanoAcquity BEH 130 C18 column with
1.7 mm particles (Waters) using mobile phases water (A) and
acetonitrile (B) containing 0.1% formic acid, 7.5%e30% aceto-
nitrile gradient over 60 min, and 300 nL/min flow rate. Survey
mass spectra were acquired over m/z 375e1400 at 120,000 reso-
lution (m/z 200) and data-dependent acquisition selected the top
10 most abundant precursor ions for tandem mass spectrometry by
HCD fragmentation using an isolation width of 1.2 m/z, normal-
ized collision energy of 30, and a resolution of 30,000. Dynamic
exclusion was set to auto, charge state for MS/MS þ2 to þ7,
maximum ion time 100 ms, minimum AGC target of 3 � 106 in
MS1 mode and 5 � 103 in MS2 mode.

Comet (v. 2016.01, rev. 3)50 was used to search 64,782 MS2
spectra against a UniProt human Swiss-Prot protein FASTA
collection (v2020.06 with 20,366 sequences). The FASTA file was
augmented with 179 common contaminant sequences and
concatenated sequence-reversed entries of all proteins (to estimate
error thresholds). The database processing used Python scripts
available at https://github.com/pwilmart/fasta_utilities.git and
Comet results processing used the PAW pipeline51 from https://
github.com/pwilmart/PAW_pipeline.git. Comet searches for all
samples were performed with trypsin enzyme specificity
(maximum of two missed cleavages) with monoisotopic parent ion
mass tolerance set to 1.25 Da and monoisotopic fragment ion mass
tolerance set at 0.02 Da. A static modification of þ57.02146 Da
added to all cysteine residues and a variable modification of
þ15.9949 Da on methionine residues. Comet scores were com-
bined into linear discriminant function scores51,52, and discrimi-
nant score histograms created separately for each peptide charge
state (2þ, 3þ, and 4þ). Separate histograms were created for
peptide-spectrum-matches (PSMs) to forward sequences and for
matches to reversed sequences for all peptides of seven amino
acids or longer. The score histograms of reversed matches were
used to estimate PSM false discovery rates (FDR) and set score
thresholds for each PSM class at 2%. There were 8887 PSMs
passing thresholds and mapped to proteins using basic and
extended parsimony principles. There were 387 proteins
(including contaminants and decoy proteins) inferred using a two
distinct peptide sequences per protein requirement. Only one

https://github.com/pwilmart/fasta_utilities.git
https://github.com/pwilmart/PAW_pipeline.git
https://github.com/pwilmart/PAW_pipeline.git
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decoy protein was reported in the final list. The data were plotted
using Scatterplot3d in RStudio.

4.2.6. CETSA experiment
MDA-MB-468 cells in a 10-cm plate were treated with indicated
concentrations of the drug for 3 h at 37 �C. Then the cells were
collected and washed with cold PBS (Na2HPO4 (4.3 mmol/L),
KH2PO4 (1.4 mmol/L), KCl (2.7 mmol/L), NaCl (137 mmol/L),
pH 7.4). The cells were resuspended in 80 mL of PBS and 10 mL of
the cell suspension was aliquoted into PCR tubes. The samples
were heated at indicated temperature for 3 min followed by 25 �C
for 3 min in a PCR thermal cycler. Then 20 mL HBS (20 mmol/L
HEPES, 250 mmol/L NaCl, pH 8.0) supplemented with protease
inhibitor cocktail (Roche) and 1 mmol/L PMSF was added to the
cell suspension, which was then subjected to 3 cycles of freezing/
thawing in liquid nitrogen. The lysates were centrifuged at
14,000 rpm for 15 min at 4 �C and supernatant was analyzed by
Western blot with indicated antibodies.

4.2.7. Western blot analysis
The samples were boiled at 95 �C for 5 min. After centrifugation,
the samples were loaded onto 4%e20% SDS-PAGE gel (Bio-Rad)
for separation. The gel was then transferred to nitrocellulose
membrane by electroblot. The membranes were blocked with 5%
nonfat dry milk in TBST (Tris (50 mmol/L), NaCl (150 mmol/L),
Tween-20 (0.1%), pH 7.5). After blocking, the membranes were
incubated with indicated primary antibodies for overnight at 4 �C.
The membrane was washed 3 � using TBST and incubated with
secondary HRP-conjugated antibodies for 1 h at room tempera-
ture. After washing in TBST for 3 times, the membranes were
imaged using ChemiDocMP (Bio-Rad).

4.2.8. In-cell click reaction and immunofluorescence
Cover slips were precoated with poly-lysine (Sigma) solution for
overnight. MDA-MB-468 cells were allowed to grow on the cover
slips the day before the experiment treatment. The cells were then
treated with indicated concentrations of compounds in PBS for
30 min before the addition of compound 2 for 20 min. The cells
were cooled to 4 �C and UV-irradiated at 365 nm for 5 min. The
cells were then fixed with 3.7% formaldehyde and permeabilized
with 0.5% Triton X-100. After fixing and permeabilization, the
cells were washed with 3% BSA in PBS. Then the click reaction
was initiated using Click-iT� Cell reaction cocktail (Thermo
Fisher) supplemented with Alexa Fluor™ 555-N3 (Thermo Fisher)
for 30 min at room temperature. Then the cells were washed with
3% BSA in PBS before being incubated with anti-TPM (1:3000,
1.4 mg/mL) overnight. The cells were then incubated with Alexa
Fluor 488 donkey anti-mouse secondary antibody (1:1000,
1.5 mg/mL) for 1 h at room temperature. The cell nucleus was
stained with DAPI (300 nmol/L) for 10 min at room temperature.
The coverslips were then mounted in ProLong Gold AntiFade
Reagent without DAPI (Thermo Fisher). Optically sectioned im-
ages were acquired on a ZEISS LSM 900 or LSM 980 laser-
scanning confocal microscope using a 63 � 1.4 Plan Apochro-
mat lens and light path and optimal resolution settings suggested
by the manufacturer.
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