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ABSTRACT: The roots of Salvia miltiorrhiza (“Danshen”)
have been used in Chinese herbal medicine for centuries for a
host of different conditions. While the exact nature of the active
components of this material are unknown, large amounts of
tanshinones are present in extracts derived from these samples.
Recently, the tanshinones have been demonstrated to be potent
human carboxylesterase (CE) inhibitors, with the ability to
modulate the biological activity of esterified drugs. During the
course of these studies, we also identified more active,
irreversible inhibitors of these enzymes. We have purified,
identified, and synthesized these molecules and confirmed them
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to be the anhydride derivatives of the tanshinones. These compounds are exceptionally potent inhibitors (K; < 1 nM) and can
inactivate human CEs both in vitro and in cell culture systems and can modulate the metabolism of the esterified drug
oseltamivir. Therefore, the coadministration of Danshen extracts with drugs that contain the ester chemotype should be
minimized since, not only is transient inhibition of CEs observed with the tanshinones, but also prolonged irreversible inhibition

arises via interaction with the anhydrides.

umerous clinically used agents are esterified, in part

because the ester chemotype significantly improves the
water solubility and bioavailability of these compounds.
However, this modification increases the likelihood that such
molecules will be substrates for carboxylesterase (CE). To
date, no endogenous substrates have been identified for CEs,
and since they are primarily expressed in the epithelia of organs
that are likely to be exposed to xenobiotics (e.g,, liver, lung,
kidney, gut), it is thought that these enzymes represent a first
line defense for the detoxification of such compounds.' ™ This
hydrolysis reaction can result in the activation of prodrugs
(e.g, the anticancer agent irinotecan®~’ or the antiviral
neuraminidase inhibitor oseltamivir®) or the inactivation of
parent molecules (e.g, methylphenidate, used to treat
attention deficit disorder and attention deficit hyperactivity
disorder” and the opioid pain reliever meperidine'’). We have
previously demonstrated that the inhibition of CEs results in
the modulation of irinotecan hydrolysis and, as a consequence,
a reduction in its cytotoxic activity. "' Clearly therefore, any
agents that alter CE activity will impact clinical use of these
compounds and may, unwittingly, result in reduced biological
activity.

Using a defined pharmacophore for human CE inhibition
based upon the prototypical compound benzil and a series of
other small molecules containing the ethane-1,2-dione scaffold,
we identified the tanshinones as potent inhibitors of these
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enzymes. ~ Tanshinones are present in a variety of Salvia, and
one such species, Salvia miltiorrhiza (“Danshen”; Figure 1A),
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Figure 1. Salvia miltiorrhiza. (A) Image showing the pale blue flowers
of the plant (reproduced in part from Anal. Chem. 2016, 88, 10979) .
(B) Dried roots of the plant (“Danshen”).

and the red roots obtained from this plant (Figure 1B), have
been used in traditional Chinese medicine for decades. It is
claimed that extracts of the root material of Danshen have
antitumor, anti-inflammatory, antimicrobial, and cytoprotective
activities,'* and as a consequence, this medicine is extensively
used in the Asian community. Recently, a variety of clinical
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trials have been initiated in the U.S. using formulations
containing Danshen (Danshen dripping pills, Danshen
decoction, Danshen Gegen capsules, etc.) for a host of
maladies including coronary heart disease, dzfsmenorrhea,
pulmonary hypertension, and ischemic stroke.”” The actual
active molecule(s) in these preparations is unknown, but due
to the abundance of the tanshinones in these samples, it is
thought that these compounds are the major contributors to
the biological activity of Danshen.'* We undertook chroma-
tography of Danshen extracts and confirmed that several
abietane diterpenoids present within these samples could
modulate CE activity. This included the related compounds
tanshinone I, tanshinone IIA, dihydrotanshinone, cryptotan-
shinone, and miltirone. Incubation of cells expressing CEs with
these molecules resulted in reduced irinotecan metabolism and
a significant reduction in the cytotoxic activity of this drug."’

However, during the course of these studies, we identified
components of Danshen extract that were considerably more
potent at CE inhibition than the tanshinones. Here we detail
the chromatographic separation of these compounds, their
purification to homogeneity and a determination of their
chemical structure. Using this information, we have chemically
synthesized these molecules and demonstrated that they can
inhibit human CEs with picomolar K; values and result in
irreversible inactivation of the enzymes. Finally, we have
confirmed that these agents bind within the active site of the
human liver CE hCE1 (EC 3.1.1.1; CES1) and prevent the
hydrolysis of oseltamivir. Since these inhibitors act in an
irreversible fashion, we anticipate that their biological activity
would be considerably prolonged as compared to the
tanshinones. Furthermore, their presence within Danshen
extracts indicates that these agents are likely consumed on a
regular basis by individuals who use this Chinese herbal
medicine and may therefore modulate the metabolism of any
coadministered esterified agents.

B RESULTS AND DISCUSSION

Identification of Novel Carboxylesterase Inhibitors in
Danshen Extracts. Recently, we have identified and
evaluated the ability of natural products containing the
ethane-1,2-dione moiety to inhibit human CEs.'*'® This has
included compounds obtained from Danshen root, principally
the tanshinones. However, during the course of these studies, it
was apparent that there were potent CE inhibitors in extracts
of this material that were more active than the previously
isolated molecules. To identify these compounds in extracts of
Danshen, material was chromatographed and individual
fractions were assessed for their ability to inhibit hCE1 using
o-nitrophenyl acetate (o-NPA) as a substrate. These fractions
were also analyzed for the presence of tanshinone 1 (1),
tanshinone IIA (3), dihydrotanshinone (5), and cryptotan-
shinone (7; Figure 2A), compounds that we have previously
identified as human CE inhibitors.'> However, as indicated in
the enzyme inhibition curves, significant activity was observed
in fractions that lacked these small molecules (e.g., fractions
2—7, 26—35). Further chromatography using reversed-phase
preparative HPLC yielded two homogeneously pure com-
pounds (A and B) with masses that were distinct from the
previous natural products. A typical example is demonstrated
in Figure 2B, where fractions 4—6 (containing compound A)
have been subjected to preparative HPLC to isolate a pure
sample of an unknown compound, with a high-resolution mass
of 311.1291 Da (Figure 2B inset). In total, two novel
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Figure 2. Purification and identification of tanshinone anhydrides
from Danshen extract. (A) Chromatographic traces of levels of
tanshinone I (1; orange), tanshinone IIA (3; purple), dihydrotan-
shinone (S; red), and cryptotanshinone (7; green) in Danshen
extract. The inhibition of hCEl is indicated by the black line.
Unknown hCELI inhibitors are present in fractions 2—7, compound A;
27-30, compound B; and 61—66. (B) Preparative HPLC (main
panel), UPLC (large inset), and MS (small inset) of material isolated
from fractions 4—6, compound A. (C) Deduced structures of
compounds A (4) and B (6) determined from NMR, HMBC,
HSQC, and HRMS.

molecules were identified using this approach, and their
biological and physical parameters are shown in Table 1.

Table 1. Biological and Physical Properties of Unknown CE
Inhibitors Present within Danshen Extracts

isolated UPLC HRMS [M  predicted

from retention  hCEl ICy, (ng/ + H]* molecular

ID fractions time (min) mL) (Da) formula
A 4-6 429 0328 + 0056 3111291  CuoH,50,
B 28-30 403 0417 + 015 313.1441  CjHy0,

Identification of Tanshinone Anhydrides as Potent
Inhibitors of Human CEs. Having obtained chromato-
graphically pure, novel CE inhibitors of known mass from
Danshen root (compounds A and B), a variety of different
NMR approaches ('H, *C, HMBC, HSQC; see Supporting
Information) were used to identify the respective compounds.
This information, coupled with the predicted molecular
formulas, allowed us to assign the following structures to the
unknown molecules (see Figure 2C; Table 2): A, tanshinone
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Table 2. Structures and CE Inhibition Data for Tanshinones and Their Respective Synthetic Anhydrides

hCE1 (o-NPA) hiCE (0-NPA) [Cso ("M) £ SE
‘ Fold _ Fold hAChE hBChE
ID | Compound Structure K.(:MS)E increase in K.(:MS)E increase in
potency? potency? [% Inhibition | [% Inhibition
at10uM] | at 10uM]
. | Tanshinone 26,250 + .| 14,550 >10,000 >10,000
1 | 1,730 NA 1560 | NA
[10] [6]
, | Tanshinone 24% | oo | 082% [ . >10,000 >10,000
| anhydride 0.49 0.16 [47] [32]
5 | Tanshinone 6,890 + NA | 24508 | >10,000 >10,000
A 424 369
[4] 1]
Tanshinone o4 1as 3312715 | (893 *
4 A o 3,626 s 1,750 '
anhydride [65] [38]
. 1950+381 | 10,000
Dihydro- 118 £ ’ ’
b
S tanshinone 398166 NA 21 NA
[84] [5]
o o]
. 10132+ 7,823 +
Dihydro- o ’ ;
6 | tanshinone O [ %‘%ﬁ 111 06611 . 193 3,358 3,866
anhydride [66] [61]
6,410 +
: 10,000
7 | tanchmone saax64 |  NA | DE L NA 180
1]
[44]
Crypto- 3213711 | 2,844 + 694
8 | tanshinone J 28s 194 0o 188
anhydride ’ ’ [68] [69]

“Increase in potency is compared to the parent tanshinone. bThe K; values for 1, 3, 5, and 7 have been previously reported,13 but are included here

for comparative purposes. “NA, not applicable

IIA anhydride (4); and B, cryptotanshinone anhydride (8).
Subsequent to the identification of tanshinone IIA anhydride
and cryptotanshinone anhydride, our NMR data for these
isolated compounds were found to be in complete agreement
with previous reports of the structures of these molecules.'”
Synthesis and Validation of Tanshinone Anhydrides.
Having identified tanshinone anhydrides in Danshen root
extracts, we synthesized these molecules to provide independ-
ent confirmation of their biological activity. Attempts to
reproduce the recently reported methods that employed a H,/
air mixture in the presence of a palladium catalyst'® were
unsuccessful and resulted in very poor yields. Therefore, we
adapted protocols developed by previous investigators that
used a modified Baeyer—Villiger oxidation reaction to generate
the anhydrides from the tanshinones.'”~** This methodology
involved direct oxidation of the natural products using m-
chloroperoxybenzoic acid (mCPBA; see Supporting Informa-

tion Scheme 1) and, following chromatography, resulted in
acceptable yields (18—21%) with sufficient material for
physical, chemical, and biochemical characterization. For
these studies, we generated the respective anhydrides of
tanshinone I (2), tanshinone IIA (4), cryptotanshinone (6),
and dihydrotanshinone (8), since the parent compounds have
all demonstrated inhibitory activity toward the human CEs."”
The physical parameters obtained for the synthesized
molecules (2, 4, 6, and 8) were identical with previous
reports,17
Supporting Information), and identical to the data obtained

consistent with their chemical structures (see

from the molecules purified from Danshen root extract.
Furthermore, all synthesized analogues coeluted with the
corresponding anhydrides identified from this material under
identical chromatographic conditions (see Supporting In-
formation).
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Figure 3. Irreversible inhibition of hCE1 by purified compounds isolated from Danshen extract and tanshinone anhydrides. (A) Inhibition of hCE1
by compounds A and B; (B) inhibition of hiCE by compounds A and B; (C) inhibition of hCE1 by molecules 2, 4, 6, and 8; (D) inhibition of
hiCE by molecules 2, 4, 6, and 8. In all cases, numbers above the bars indicate the levels of enzyme activity following preincubation with the

sample, after extensive chromatography to remove the small molecule.

Selective Inhibition of Carboxylesterases by Tanshi-
none Anhydrides. To further validate that the tanshinone
anhydrides were indeed CE inhibitors, we assessed the
inhibition of hCE1 and the human intestinal CE, hiCE (EC
3.1.1.1; CES2), as well as acetyl- and butyrylcholinesterases
(AChE and BChE, respectively) using 0-NPA, acethylthiocho-
line (ATCh), or butyrylthiocholine (BTCh) as substrates. As
indicated in Table 2, thee anhydrides were exceptionally
potent, selective inhibitors of CEs, yielding K; values as low as
600 pM. All were considerably more active than the
corresponding tanshinone, in some cases providing a
~18 000-fold increase in potency (e.g, compare compounds
1 and 2 with hiCE). The compounds were weakly active
toward the cholinesterases (see Table 2), with 8 demonstrating
the greatest activity. However, even for this molecule, the K;
for CE inhibition was ~1000-fold lower than that observed for
the cholinesterases. We also noticed that complete enzyme
inhibition was not observed, even at high concentrations of
inhibitor, for AChE and BChE (data not shown). Therefore,
we assessed levels of cholinesterase enzyme inhibition at a fixed
concentration of inhibitor (10 uM; Table 2). Under these
conditions, the highest level of inhibition that was observed for
the anhydrides was 69% for 8 with BChE. Since this
concentration is far greater than would be used in in vitro
studies, we conclude that the CE selectivity observed for the
anhydrides is sufficient for biochemical studies.

Having demonstrated exceptional potency of inhibition of
both hCE1 and hiCE, we assessed the ability of both the
anhydrides purified from Danshen extracts and the synthetic
molecules to inhibit the CEs irreversibly. In these studies,
either hCE1 or hiCE was preincubated with inhibitor, and

following extensive dilution and size exclusion filtration, the
protein was assayed for CE activity. As controls for these
studies, we used benzil (a known reversible CE inhibitor) and
DMSO (a solvent control). As indicated in Figure 3A and B,
compounds A and B from the extract resulted in irreversible
enzyme inhibition. Studies conducted with the synthetic
compounds confirmed these results with molecules 2, 4, 6,
and 8 resulting in irreversible inhibition of both human CEs
(Figure 3C and D). Incubation of the inactivated protein in
buffer for extended periods of time (up to 18 h) resulted in no
recovery of enzymatic activity, and hence we presumed that a
stable covalent bond was formed between the protein and the
inhibitor. Esterases have a catalytic triad of amino acids (Ser,
His, and Glu) that are required for catalytic activity, with the
initial attack occurring by the serine Oy atom acting as a
nucleophile toward the carbonyl carbon atom within the ester
group. We surmised, therefore, that since the anhydride
structure was very similar to that of an ester, the enzyme would
initiate attack at one of the carbonyl carbons, but ultimately
cleavage of the adjacent C—O bond could not occur. The
resulting intermediate would no longer be subject to attack by
a water molecule that acts as an intermediate nucleophile in
the esterase catalytic cycle.

Detection of Tanshinone Anhydrides in Danshen
Extract. To assess the levels of the tanshinone anhydrides in
acetone extracts of Danshen, we used the synthesized
molecules as standards for quantitation of the compounds in
root material. As indicated in Figure 4A, 4, 6, and 8 were
readily identified in these samples, although 2, if present, was
below the limit of detection. It should be noted that the trace
indicating the inhibition of hCEl in these samples correlates
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Figure 4. Quantitation of levels of tanshinone anhydrides in Danshen
extracts. (A) Chromatographic traces of compounds 4 (purple line), 6
(red line), and 8 (green line) in an acetone extract of Danshen root
extract. The black line indicates levels of hCE1 inhibition. (B)
Quantitation of compounds 2, 4, 6, and 8 in extracts obtained from
five independent Danshen samples.

well with the corresponding elution profiles for the tanshinone
anhydrides, arguing that these molecules effect the majority of
CE inhibition in Danshen root extracts. To evaluate whether
the anhydrides were consistently present within this material,
we determined the levels of 2, 4, 6, and 8 in five independent
samples of Danshen. Figure 4B confirms that 4, 6, and 8 are
present, at levels up to 7 mg/g. While an exact calculation of
the relative contribution of each molecule (including both the
parent tanshinones and their anhydrides) toward CE inhibition
is difficult to establish, due to the significant increase in
potency of the anhydrides, we argue that, in all likelihood,
these compounds are the primary active compounds in
Danshen.

Tanshinone Anhydrides Form Covalent Complexes
with hCE1 Active Site Serine. To validate our hypothesis
that a covalent interaction was formed between the small
molecule and the active site serine, we undertook MS analysis
of protein samples, both before and after incubation with 4. As
indicated in Figure 5 and Table 3, three different masses were
present in the purified hCE1 protein sample. Based upon their
mass differences, we presumed that these were due to
differences in the glycosylation patterns of the hCE1 species.”
Upon incubation of hCE1 with 10 #M 4, an increase in mass of
308—312 Da was observed in all three different enzyme
species, consistent with the formation of a single adduct
(Figure SA and Table 3). As a control for these studies, we
used phenylmethanesulfonyl fluoride (PMSF), which can
irreversibly inactivate esterases by covalent attachment to the
active site serine to yield the sulfonate derivative. As expected,
this compound yielded an increase in the masses by 154—157
Da (Figure SC). To determine whether 4 reacted with the
catalytic serine residue, we preincubated hCE1 with PMSF
(100 uM) followed by the anhydride (10 M) and then
determined the masses of the resulting proteins. Under these
conditions, the only mass change seen was 154 Da, consistent
with the reaction of the sulfonyl fluoride moiety with the active
site serine (Figure SB). No larger adducts were seen in these
samples. Therefore, in the absence of the catalytic serine, 4
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Figure 5. Mass spectrum traces of hCE1 protein following incubation
with different compounds. Three different protein species are seen for
each sample due to differences in glycosylation, and the mass
difference following adduction of inhibitor is indicated above each
peak. (A) After incubation with 4 alone (purple line). (B) Following
preincubation with PMSF and then 4 (cyan line). (C) After
incubation with PMSF alone (green line). (D) Following incubation
with DMSO (red line).

Table 3. Masses of hCE1 Determined by MS Following
Incubation with Different Molecules

small molecule  predicted mass  observed observed
small exact mass (m/ of adducted mass mass of
molecule ID z; Da) moiety (Da) (Da) adduct (Da)
none NA“ NA 61374 NA
61537
61 698
4 310.12 311.13 61 686 312
61845 308
62008 309.8
PMSF 174.02 155.02 61528 153.8
61691 153.6
61855 157.2
PMSF + 4 PMSF = unknown” 61528 153.6
174.02 61691 153.7
4 =311.13 61852 153.7
6 294.09 295.10 61662 288
61 826 289
61980 282

“NA, not applicable. “The product of the reaction of hCE1 with
PMSF followed by 4 would be either ~155 or 311 Da (or potentially,
466 Da — 155 + 311) depending upon the reactivity of the enzyme
with these small molecules.

does not adduct to hCE1, confirming that the anhydride reacts
with this residue within the enzyme. Consistent with the above
results, incubation of hCE1 with 6 also resulted in increases in
the masses of the proteins due to the addition of one small
molecule to each species (Table 3).
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Figure 6. Modeling of the tanshinone IIA anhydride (4)—serine adduct in hCE1. For these studies, the hCE1 1MX1 structure was used using the
covalent docking module of ICMPro software. (A) Ribbon view of the enzyme with the covalent adduct bound to Ser221. The tanshinone ester is
indicated in yellow with the catalytic amino acids (Ser221, His467, and Glu353) depicted in white. (B) View looking down into the active site
gorge from the exterior of the protein. (C) Close-up view of the tanshinone anhydride—serine adduct (yellow). Residues Gly142, Gly143, and
Ala222, which form H-bonds with the carbonyl carbon atom of the ester group, are indicated in green, cyan, and orange, respectively. H-bonds are
indicated by the spherical dotted lines, with the lengths indicated in angstroms. The size of the spheres within the line represents the relative
strength of the bond. For all molecules, O (red) and N (blue) atoms are displayed accordingly. (D) Esterase reaction cycle. The catalytic serine
(Ser, brown), histidine (His, indigo), and glutamic acid (Glu, red) are indicated, with a generic ester depicted in purple. The water molecule that
acts as an intermediate nucleophile toward the serine ester is shown in black. (E) Predicted reaction scheme and structure of the covalent adduct
product (based upon the outcome of the modeling studies) following CE incubation with tanshinone IIA anhydride (4). A serine ester is generated
by nucleophilic attack on the carbonyl carbon atom proximal to the benzene ring in the anhydride. The color scheme is the same as in panel D.

Molecular Modeling of Covalent Anhydride Adduct.
On the basis of the experimental evidence of covalent
attachment to the serine residue, we undertook molecular
modeling studies using the PDB coordinates for hCEl to
assess the structure of the adduct bound within the enzyme
active site. In these studies, ICMPro software using the
covalent docking option was employed, and two different
reaction schemes were proposed: nucleophilic attack at the
carbonyl carbon atom adjacent to the benzene ring or attack at
the same moiety juxtaposed to the furan ring. Following the
docking/minimization procedure, only the former adduct
formation was favored, yielding three different conformations.
The lowest energy conformation is shown in Figure 6.

The predicted adduct existed as a serine ester and was
readily accommodated by the hCE1l active site. This was
exemplified by the view looking into the gorge (Figure 6B)
from the exterior of the enzyme (the covalent linkage to the
serine is occluded by the protein atoms). The stability of this
particular conformation was likely due to the presence of three
hydrogen bonds (~1.8—2.3 A) that are formed between the
carbonyl carbon atom within the newly formed ester group and
residues within the hCE1 active site (Figure 6C). These bonds
are generated from the amide protons of amino acids Gly142,
Gly143, and Ala222. ICMPro software categorized the H-

bonds with residues 142 and 222 as weaker (relative values
1.561 and 1.336 on a 0—2 arbitrary scale, with 2 being the
strongest) than that seen for that with 143 (1.710 on the same
scale). The two higher energy conformations of the modeled
adduct did not demonstrate the presence of these H-bonds,
and hence we hypothesize that this bonding is responsible for
the observed orientation of the tanshinone serine ester (Figure
6C).

In the normal esterase reaction cycle (Figure 6D), a serine
ester is formed with the “acid” fragment of the substrate. This
is then subjected to nucleophilic attack by an intermediate
water molecule, which results in the formation of a relatively
unstable hydrate. This complex then collapses, with the
cleavage of the serine Oy—C bond resulting in the release of
the carboxylic acid and the restoration of the enzyme in a state
to allow further catalysis (Figure 6D). While our physical and
modeling data suggest that reaction of the anhydrides with the
enzyme yields a serine ester (Figure 6E), the latter apparently
cannot undergo the second step of the reaction cycle with
water. The reason for this is unclear, but it may be a steric issue
where the water molecule cannot physically access the
carbonyl carbon atom or that it is not sufficiently activated
by the histidine residue to be an effective or strong
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nucleophile. Current biophysical studies are underway to
validate or disprove these hypotheses.

Tanshinone Anhydrides Modulate Intracellular Osel-
tamivir Hydrolysis. To assess whether the anhydrides were
cell permeable and could modulate CE activity intracellularly,
we preincubated U373MG cells expressing hCE1 with selected
inhibitors and then added oseltamivir (20 uM). The levels of
oseltamivir carboxylate (the product resulting from CE-
mediated hydrolysis) that were formed were then determined
in the culture media by UPLC/MS. As indicated in Figure 7,
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Figure 7. Inhibition of intracellular oseltamivir hydrolysis by
tanshinone anhydrides. Cells were preincubated with inhibitors (10
uM) for 10 min, and after addition of oseltamivir (20 £M) for 30 min,
levels of the active metabolite (oseltamivir carboxylate) were
determined in the media by UPLC/MS. The percentage of metabolite
formed, as compared to cells treated with DMSO, is indicated above
each bar.

compounds 2, 4, 6, and 8 all reduced the levels of the active
metabolite in the culture media, consistent with the hypothesis
that these molecules were all able to effect intracellular
inhibition of hCE1. Indeed, 6 was extremely potent, resulting
in ~99% reduction in substrate hydrolysis. For molecules 2, 4,
and 8, the absolute levels of oseltamivir carboxylate formed in
these assays were greater than that seen for the prototypical
selective CE inhibitor benzil; however for all molecules, a
reduction in more than 70% of the active metabolite was
observed. It should be noted however that the activity of the
anhydrides in the cell culture assays was weaker than that
observed for recombinant protein in vitro. This is likely due to
multiple factors including the permeability of these molecules
toward the cell membrane, the binding of the anhydrides to
proteins, both in the culture medium and in cells, and the
saturation of potential transporters that may be used for the
uptake of these compounds. Overall, however, since a
reduction in drug metabolism was observed in these assays,
we conclude that the tanshinone anhydrides are cell permeable,
can inhibit CEs intracellularly, and can modulate enzyme-
mediated hydrolysis of oseltamivir.

B CONCLUSIONS

In summary, we have determined that the tanshinone
anhydrides (2, 4, 6, and 8) are exceedingly potent, irreversible
inhibitors of the human CEs. They demonstrate K values in
the picomolar range, are selective for CEs over the human
cholinesterases, generate adducts with the catalytic serine, and
can modulate the cellular hydrolysis of the oseltamivir. While
present in relatively small amounts in Danshen root, due to
their very high potency, it is likely that individuals using
alcoholic extracts of this material are ingesting these

compounds. More importantly, since the anhydrides act in
an irreversible fashion, prolonged absence of CE activity would
be apparent, since new protein synthesis would be required to
replace the inactivated enzyme. Furthermore, since CEs are
expressed in tissues likely exposed to xenobiotics (epithelia of
the gut, liver, kidney, etc.), irreversible prolonged inhibition of
these enzymes would result in significant modulation of the
metabolism of compounds that contain the ester function. We
continue to urge caution, therefore, when Danshen root
extracts are coadministered with esterified, clinically used
drugs.

B EXPERIMENTAL SECTION

General Experimental Procedures. All synthetic reagents were
of ACS grade or better and were used without further purification.
Tanshinone I, tanshinone IIA, dihydrotanshinone, and cryptotan-
shinone were obtained from Bosche Scientific (New Brunswick, NJ,
USA), Carbocore (The Woodlands, TX, USA), ChromaDex (Irvine,
CA, USA), or LKT Laboratories (St. Paul, MN, USA). PMSF, a
nonspecific inactivator of serine hydrolases, was obtained from Sigma-
Aldrich (St. Louis, MO, USA).

Human CEs (hCEl and hiCE) were purified from serum-free
media obtained from Spodoptera frugiperda cells infected with
baculovirus engineered to express the respective secreted pro-
tein.”*">* Human glioblastoma cells (U373MG) that express these
CEs have been described previously."!

Chromatography of extracts using silica cartridges and by UPLC/
MS was achieved using a Biotage Isolera 4 system or a Waters Acquity
instrument coupled to a Xevo G2 QToF mass spectrometer (Waters
Technology Co., Milford, MA, USA), respectively. The identity of
tanshinones and analogues present within these samples was
determined by MS analysis and by comparison to retention times
for commercially available standards.

Salvia miltiorrhiza Material. Dried roots of S. miltiorrhiza Bunge
(provided by South Project Ltd., Hong Kong; lot number 6069902)
were purchased from a Chinese supermarket in Memphis, Tennessee.
A voucher specimen has been deposited in the Department of
Chemical Biology and Therapeutics, St. Jude Children’s Research
Hospital. The confirmation of identity of the sample was validated by
genomic DNA sequencing (Authentechnologies, Petaluma, CA,
USA).

Extract Preparation and Compound Isolation. Ground S.
miltiorrhiza root material (10g) was extracted with 250 mL of acetone
using a Soxhlet device in the dark. After 4 h, the solvent was removed
under reduced pressure and the solids were redissolved in DMSO.
Components were then separated using silica cartridges (Biotage
SNAP Ultra HP-Sphere columns) using a hexane—ethyl acetate
gradient. Following drying, samples were assessed for CE inhibition,
and those demonstrating activity were then subjected to further
separation by preparative HLPC. The latter was accomplished using a
Waters PrepLC system with a Symmetry C18 column (19 X 300 mm,
7 pum) and a water—acetonitrile gradient.

Enzyme inhibition. The inhibition of CEs was assessed using o-
nitrophenyl acetate as a substrate in a spectrophotometric assay.
Routinely at least eight concentrations of inhibitor were used, and K;
values were determined as previously described.'>**™*

Inhibition of human acetyl- and butyrylcholinesterase (hAChE and
hBChE, respectively) were undertaken as previously reported.**** In
these assays, acetylthiocholine and butyrylthiocholine were used as
substrates.

Chemical Synthesis and Compound Characterization.
General Methods. Tanshinone anhydrides were synthesized by
oxidation of the natural product using mCPBA."”>* Typically, up
to 100 mg of the respective tanshinone was stirred with mCPBA (1.5
equiv) and NaHCO; (1.5 equiv) in dichloromethane, and the
reaction allowed to proceed for 1 h at 20 °C. Following quenching,
the products were isolated using preparative silica and high-
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performance chromatography. See Supporting Information for UPLC
and NMR characterization of these compounds

Tanshinone | Anhydride (4,9-Dimethylfuro[3,2-cInaphtho|2,1-
eJoxepine-1,3-dione) (2). Tanshinone I anhydride was synthesized
according to the general method using tanshinone I (1; 0.362 mmol)
as the starting material. This reaction yielded a yellow-white solid
(18.6 mg, yield 18%): mp 185—186 °C; 'H NMR (500 MHz, CDCl,)
5829 (d, J = 8.9 Hz, 1H), 8.00 (d, ] = 8.5 Hz, 1H), 7.97 (d, ] = 8.9
Hz, 1H), 7.56 (dd, ] = 8.6, 7.0 Hz, 1H), 7.47 (d, ] = 6.8 Hz, 1H), 7.44
(g, J = 1.4 Hz, 1H), 2.75 (s, 3H), 2.33 (s, 3H); *C NMR (126 MHz,
CDCL,) & 162.02, 155.33, 154.72, 141.24, 135.03, 133.03, 130.00,
129.00, 128.75, 126.56, 123.96, 123.76, 123.38, 120.52, 114.59, 19.57,
8.99; HRMS m/z 293.0817 [M + H]* (caled for C;gH;;04
293.0814).

Tanshinone IIA Anhydride (4,9,9-Trimethyl-9,10,11,12-
tetrahydrofuro[3,2-cInaphtho[2,1-eJoxepine-1,3-dione) (4). Tanshi-
none ITA anhydride was synthesized as described above using
tanshinone ITA (3; 0.34 mmol) as the starting material. This reaction
yielded a flaky, white solid (22.6 mg, yield 21%): mp 155 °C; 'H
NMR (500 MHz, CDCl,) 6 7.64 (ABq, ] = 8.4 Hz, 2H), 7.33 (q, ] =
1.3 Hz, 1H), 2.88 (t, ] = 6.4 Hz, 2H), 2.27 (d, ] = 1.3 Hz, 3H), 1.84
(tt, J = 3.0, 7.6 Hz, 2H), 1.71 (m, 2H), 1.33 (s, 6H); *C NMR (126
MHz, CDCly) 8 162.60, 155.62, 155.01, 149.72, 140.60, 135.74,
130.63, 128.61, 123.44, 122.78, 122.40, 38.16, 34.66, 31.69, 28.32,
19.02, 8.93; HRMS m/z 311.1277 [M + H]* (calcd for CsH,50,,
311.1283).

Dihydrotanshinone Anhydride (4,9-Dimethyl-4,5-dihydrofuro-
[3,2-cInaphtho|2,1-eJoxepine-1,3-dione) (6). Dihydrotanshinone
anhydride was synthesized according to the general method using
dihydrotanshinone (S; 0.36 mmol) as the starting material. This
yielded a white solid (19.4 mg, yield 18%): mp 152—153 °C; 'H
NMR (500 MHz, CDCL,) & 8.26 (d, ] = 9.0 Hz, 1H), 8.01 (d, ] = 8.6
Hz, 1H), 7.87 (d, ] = 8.9 Hz, 1H), 7.56 (dd, ] = 8.6, 7.0 Hz, 1H), 7.56
(dd, J = 8.6, 7.0 Hz, 1H), 4.84 (dd, ] = 10.0, 9.0 Hz, 1H), 429 (dd, J
=9.1,7.3 Hz, 1H), 3.70 (dp, ] = 10.1, 6.9 Hz, 1H), 2.74 (s, 3H), 1.41
(d, ] = 6.7 Hz, 3H); *C NMR (126 MHz, DMSO) § 162.81, 161.79,
15478, 13478, 132.83, 128.97, 128.75, 128.44, 127.94, 127.49,
122.67, 121.96, 120.75, 108.77, 77.53, 37.24, 18.4S, 17.54; HRMS m/
2 295.0966 [M + H]* (calcd for C;sH,50,, 295.0970).

Cryptotanshinone Anhydride (4,9,9-Trimethyl-4,5,9,10,11,12-
hexahydrofuro[3,2-cInaphtho[2,1-e]Joxepine-1,3-dione) (8). Cryp-
totanshinone anhydride was synthesized as described above using
cryptotanshinone (7; 0.16 mmol) as the starting material. This
reaction yielded an off-white solid (11.1 mg, yield 20%): mp 172—173
°C; 'H NMR (500 MHz, CDCl;) 6 7.59 (s, 2H), 4.75 (t, ] = 9.5 Hz,
1H), 4.20 (dd, J = 9.0, 7.1 Hz, 1H), 3.61 (dp, ] = 9.8, 6.8 Hz, 1H),
2.96 (ddd, J = 17.5, 8.2, 5.8 Hz, 1H), 2.78 (dt, ] = 17.5, 5.8 Hz, 1H),
1.92—1.73 (m, 2H), 1.77-1.66 (m, 2H), 1.35 (d, ] = 6.7 Hz, 3H),
1.32 (d, J = 10.8 Hz, 6H); *C NMR (126 MHz, CDCL,) & 163.80,
163.02, 156.56, 151.72, 135.41, 130.31, 130.15, 123.52, 122.22,
108.71, 78.04, 38.42, 38.11, 34.84, 31.77, 31.63, 19.01, 18.72; HRMS
m/z 313.1440 [M + H]* (calcd for CioH,,0,, 313.1440).

MS Analysis of Carboxylesterase. MS analysis of CEs was
accomplished by direct infusion of the sample into a Waters MS using
an SQ Detector 2 (Waters Technology Co.). Samples were prepared
in 3:2 water—acetonitrile (v/v) with 0.1% formic acid, and data were
accumulated for 2 min in ESI positive mode with a mass range of 600
to 2800 m/z using the following parameters: capillary voltage 3.29 kV;
extractor voltage 3.00 V; source temperature 150 °C; desolvation
temperature 450 °C; desolvation gas flow 800 L/h; and cone gas flow
50 L/h. The resulting spectra were then evaluated using MaxEnt
software (Waters Technology Co.). For studies where proteins were
incubated with inhibitors, the resulting samples were diluted and
subjected to multiple rounds of size exclusion spin chromatography to
eliminate residual unbound compounds. This approach was repeated
until the final concentration of inhibitor present within the sample
was less than 10 pM.

Computer Docking Studies. Molecular models of the predicted
adduct generated by tanshinone IIA anhydride (4) were visualized
using the pdb coordinates for hCE1 (1MX1) with ICMPro software

(Molsoft, LLC, San Diego, CA, USA). Briefly, the covalent docking
module was used with reaction mechanisms designed such that attack
by the active site serine Oy atom occurred at either carbonyl group
within the anhydride moiety. The resulting models were then
minimized using the default parameters within the program. The
lowest conformation model was used for all further analyses.
Intracellular Inhibition of Oseltamivir Hydrolysis. The
modulation of oseltamivir hydrolysis was accomplished by preincubat-
ing U373MG cells expressing hCE1'' (~10° per well) with 10 uM
inhibitor for 10 min. At this time, oseltamivir (20 yM final
concentration) was added, and after 30 min, the media was harvested
and drug levels were determined using UPLC/MS. Briefly, an equal
volume of acetonitrile was added to the samples, and following
centrifugation, the material was loaded onto a Waters Aquity Ultra
performance LC (Waters Technology Co.). Following separation on
an Acquity UPLC BEH C,g (2.1 X 50 mm, 1.7 ym) column using a
water—acetonitrile gradient, oseltamivir carboxylate levels were
determined by MS using a Waters SQ_Detector 2. Positive and
negative controls for these assays used benzil'' and DMSO,
respectively, and all data points were repeated in duplicate.
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