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ABSTRACT

In the search for anti-SARS-CoV, tanshinones derived from Salvia miltiorrhiza were found to be specific
and selective inhibitors for the SARS-CoV 3CLP™ and PLP™, viral cysteine proteases. A literature search
for studies involving the seven isolated tanshinone hits showed that at present, none have been identified
as coronaviral protease inhibitors. We have identified that all of the isolated tanshinones are good inhib-
itors of both cysteine proteases. However, their activity was slightly affected by subtle changes in struc-
ture and targeting enzymes. All isolated compounds (1-7) act as time dependent inhibitors of PLP™, but
no improved inhibition was observed following preincubation with the 3CLP™. In a detail kinetic mech-
anism study, all of the tanshinones except rosmariquinone (7) were identified as noncompetitive enzyme
isomerization inhibitors. However, rosmariquinone (7) showed a different kinetic mechanism through
mixed-type simple reversible slow-binding inhibition. Furthermore, tanshinone I (5) exhibited the most
potent nanomolar level inhibitory activity toward deubiquitinating (ICso = 0.7 pM). Additionally, the inhi-
bition is selective because these compounds do not exert significant inhibitory effects against other pro-
teases including chymotrysin, papain, and HIV protease. These findings provide potential inhibitors for

SARS-CoV viral infection and replication.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Severe acute respiratory syndrome (SARS) is a life-threatening
form of atypical pneumonia that first occured in the Guandong
province in China and rapidly spread through several countries in
other parts of the world in 2003.! The fatality rate of SARS is rather
high. In the first wave of the SARS outbreak, approximately 8500
people worldwide were affected and over 900 died. The reemer-
gence of SARS in south China was reported in December 2003
and again in the spring of 2004, while these instances are not nec-
essarily indicative of another global outbreak, they to illustrate the
need to continue to study the virus and develop appropriate ther-
apeutics for its treatments.

Abbreviations: 1Csq, the inhibitor concentration leading to 50% activity loss; K;,
inhibition constant; K;?"P, apparent K;; k, rate constant; Vp,.x, maximum velocity;
K, Michaelis-Menten constant; kops, apparent first-order rate constant for the
transition from z; to us; u;, initial velocity; v, steady-state rate; SARS, severe acute
respiratory syndrome; CoV, coronavirus.
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SARS-CoV is a single-stranded positive-strand RNA virus, and its
genome structure comprises both replicases and structural re-
gions.? It encodes two overlapping polyproteins, ppla (486 kDa)
and pplab (790 kDa).® The polypeptides are released from each
polyprotein through extensive proteolytic processing, primarily
performed by the virally encoded chymotrypsin-like protease
3CLP™ (also called the main protease, MP™) with additional cleav-
age performed by the viral papain-like protease PLP™.# Because of
their essential roles in viral replication, both proteases are recog-
nized as attractive targets for the development of anti-SARS thera-
peutics.> Not surprisingly, numerous studies related to the
development of SARS-CoV 3CLP"™ inhibitors have already been re-
ported. The active site of SARS-CoV 3CLP™ contains Cys145 and
His41, constituting a catalytic dyad in which cysteine functions
as the common nucleophile in the proteolytic process.® Untill
now, all of the inhibitor studies have focused on the SARS-CoV
3CLP™ and have utilized both synthetic peptidyl libraries and nat-
urally derived libraries. Examples of the peptide-derive inhibitors
include C2-symmetric diols,” quinolinecarboxylic acids,® and ani-
lides,® and the naturally derived inhibitors include quinone-met-
hide triterpens,'® and biflavonoids amentoflavone,'! which are
included in our screen of natural products with activity against


http://dx.doi.org/10.1016/j.bmc.2012.07.038
mailto:wslee@kribb.re.kr
mailto:ybryu@kribb.re.kr
http://dx.doi.org/10.1016/j.bmc.2012.07.038
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc

J.-Y. Park et al./Bioorg. Med. Chem. 20 (2012) 5928-5935 5929

3CLP™. In contrast, structural and functional studies focused on
PLP™ are far less numerous but have established important roles
for PLP*® beyond viral peptide cleavage, including deubiquitination,
delSGylation, and involvement in virus evasion of the innate
response.!? It is located on polypeptide 1a and undergoes self-
cleavage at three sites on the polypeptide. Its catalytic triad
(Cys1651-His1812-Asp1826) has a broad range of optimum pH
values, characteristic of papain-like cysteine protease.'?!> To date,
only a small number of inhibitors of PLP™ have been studied,
including molecules identified from high-throughput screening,
such as thiopurine analogs,'* benzamide derivatives,'® and the
noncovelent inhibitor GRL0617.!® Despite numerous biochemical,
strucutral, and inhibitor-development studies directed at 3CLP™
and PLP™, potent antiviral that directly target proteases have yet
to be developed.

While searching for a SARS-CoV 3CLP™ and PLP™ inhibitor from
natural sources, we found that the lipophilic fraction of a Salvia
miltiorrhiza ethanol extract possessed inhibitory activity against
both proteases. The Salvia miltiorrhiza root (Laminaceae) has been
widly used in China, Korea, Japan, and other Asian countries to
treat coronay heart disease, paricularly angina pectoris and myo-
cardial infarction.!” There are two classes of major active com-
pounds in S. miltiorrhiza, namely lipophilic tanshinones and
hydrophilic salvianolic acids. Both compounds have been found
to exhibit anti-oxidant, anti-inflammation, and anti-viral proper-
ties.’® Huang and coworkers isolated two potent, non-toxic HIV-1
intergrase inhibitors from this plant that were salvianolid acid
derivatives: lithospermic acid and lithospermic acid B.!° To the
best of our knowledge, their application to the inhibition of
SARS-CoV’s main cysteine proteases has never been reported.

In this study, we conducted a biological evaluation of seven iso-
lated tanshinones from S. miltiorrhiza and investigated the inhibi-
tion selectivity of its constituents on SARS-CoV 3CLP™ and PLP™.
For the study, we have synthesized and expressed in Escherichia
coli (E. coli) the 3CLP™ and PLP™ as well as open reading frame
(ORF) containing only the catalytic domains. The inhibitors were
screened against the proteases using a fluorescent peptide sub-
strate, and the steady-state inhibition parameters of the effective
inhibitors were evaluated. The mode of action of the inhibitors
was further investigated with a kinetic assay and the function of
time exposed to the inhibitors. To our knowledge, this structure
is the first to show SARS coronaviral cysteine proteases (3CLP™
and PLP™) and deubiquitinating (DUB) enzyme activities. Further
characterization of these quinoids suggests that they provide good
scaffolds for further optimization and drug development against
SARS.

2. Results and discussion

2.1. Preparation of SARS-CoV 3CLP™ and PLP™ for inhibition
assay

The numerous functions and requisite roles of SARS-CoV cys-
teine proteases (3CLP™ and PLP™) in viral replication and pathogen-
esis suggest that they may serve as an attractive target for antiviral
drugs. Ultimately, our goal is to develop a naturally derived SARS
viral cysteine protease inhibitor for use as an anti-SARS drug. As a
first step toward this goal, we expressed SARS-CoV 3CLP™ in E. coli
BL21 (DE3) CodonPlus-RIL cells, purified the protein to homogene-
ity, and evaluated a FRET-based peptide cleavage assay to measure
the kinetic activity of SARS-CoV 3CLP™. The purification consisted of
a combination of hydrophobic interaction and anion exchange chro-
matography and resulted in a purified single protein with a weight
of approximately 33 kDa. The peptide substrate utilized was
KNSTLQSGLRKE labelled with Dabcyl and Edans. We also expressed
and purified SARS-CoV PLP™ (36 kDa) from E. coli BL21 (DE3) Codon-
Plus-RIL. PLP™, located within nsp3, cleaves at the nsp1/2, nsp2/3
and nsp3/4 boundaries using the consensus motif LXGG. Therefore,
to identify potential inhibitors of PLP™, we used a sensitive fluores-
cence screen developed during our initial work, which used a com-
mercially available peptide substrate to represent the C-terminal
residues of LXGG with a C-terminal 7-amido-4-methylcoumarin
(AMC) fluorogenic reporter group. In this study, the SARS-CoV cys-
teine proteases’ inhibitory activity was evaluated with the above
expressed proteins and substrates following the general procedure
previously described.'’'® The inhibition of proteases slowly in-
creased with increasing concentrations of the corresponding com-
pounds. The ICsy value of the compounds, which expresses their
ability to inhibit the catalytic activity of the protease, was calculated
by fitting the dose-response curve to a logistic derivative equation.

2.2. Isolation and identification of tanshinones

In the preliminary study, we confirmed the SARS-CoV 3CLP™
and PLP™ inhibitory activities of an ethanol extract of Salvia mil-
tiorrhiza. The ethanol extract exhibited 60% and 88% inhibition to
3CLP™ and PLP™, respectively, at 30 pig/mL. The main constituents
of this plant are a number of tanshinones, which include lipophilic
compounds such as diterpene quinolones and hydrophilic pheno-
lics such as salvianolic acid derivatives. For partition of crude
extract, it fractionated with organic solvents (n-hexane, ethyl ace-
tate, and H,0) of the different polarities. Among the partitioned
fractions of the ethanolic extracts, the n-hexane-soluble fraction
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Figure 1. Chemical structures of isolated tanshinones from S. miltiorrhiza lipophilic fraction and representative hydrophilic compound, salvianolic acid B.
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showed noticeable protease inhibition activity. Activity-guided
fraction of the lipophilic n-hexane fraction yielded seven tanshi-
nones (1-7), which were purified over silica gel, Sephadex LH-20,
and octadecyl-functionalized silica gel. as delineated below. The
isolated tanshinones (1-7) were identified as the known species
tanshinone IIA (1), tanshinone IIB (2), methyl tanshinonate (3),
cryptotanshinone (4), tanshinone I (5), dihydrotanshinone I (6),
and rosmariquinone (7) by analysis of spectroscopic data and com-
parison with previous studies (Fig. 1).2°

2.3. Effects of isolated tanshinones on the activity of SARS-CoV
3CLrre

The isolated tanshinones (1-7) were evaluated in-house for their
SARS-CoV 3CLP™ and PLP™ inhibitory activities, which in turn al-
lowed us to develop a new class inhibitor with increased selectivity.
The results of the inhibition studies of both proteases are expresses
as ICsqg values and are reported in Table 1. First, the inhibitory poten-
cies and capacities of these tanshinones toward SARS-CoV 3CLP™
were investigated. The SARS-CoV 3CLP™ inhibitory activity was as-
sayed by following the proteolysis of the fluorogenic substrate in
the presence or absence of the test compounds, as described in
our previous studies.!' As shown in Table 1, all isolated tanshinones
examined, apart from cryptotanshinone (4), exhibited a dose-
dependent inhibitory effect on 3CLP™ (Fig. 2A); however, the com-
pounds did not have time-dependent inhibition profiles. No im-
proved inhibitory activity was observed after preincubation of the
inhibitors with 3CLP™, Salvianolic acid B, a representative bioactive
compound in the hydrophilic fraction, did not show a significant
inhibitory effect (30% at 200 uM). We found that the activity of
these compounds ranged from 14.4 to 89.1 uM against 3CLP™,
Importantly, dihydrotanshinone I (6) showed extremely high inhi-
bition with an ICsq value of 14.4 uM. In addition, the activity was
slightly affected by subtle changes in structure. To identify the ac-
tive inhibitory pharmacophore, a structure-function relationship
study was carried out. Initially, the presence of naphthalene in the
diterpene quinolone backbone appeared to be important for activity
in comparison to the presence of dimethyl tetranaphthalene. For
example, 1 and 4 contain dimethyl tetranaphthalene and have
ICs0 values of 89.1 and 226.7 uM, respectively, while 5 and 6 contain
naphthalene and showed ICsq values of 38.7 and 14.4 pM. Subse-
quently, when we compared a series of tanshinone II analogs (1-
4), we found that the introduction of a dihydrofuran moiety on
the A-ring to this group (4) decreases the inhibitory activity ~2-fold,
which is in contrast to the results obtained with inhibitors 1-3 that
have furan moiety. The hydroxymethyl group on the D-ring deriva-
tive 2 exhibited improvement of enzyme inhibitory activity with an
ICso value of 24.8 uM. The corresponding methyl ester on the
D-ring of derivative 3 also showed a similar potency enhancement
(IC50 = 21.1 uM). In contrast, the dihydrofuran moiety of tanshinone

Table 1

Inhibitory effects of isolated compounds 1-7 on SARS-CoV cysteine proteases
Compound 3CLP PLP™

1Cs0” (M) 1Cs0” (LM)

1 89.1+5.2 1.6+0.5" (17.1 £5.0)°
2 24.8+0.8 10.7+1.7 (18.0+1.2)
3 21.1+0.8 9.2+2.8(10.6 £0.6)
4 226.7£6.2 0.8+0.2(10.1+2.2)
5 38.7+8.2 88+04(11.5+1.5)
6 14.4+0.7 49+1.2(10.7£2.3)
7 21.1+0.8 30.0+5.5(78.9+£0.8)

2 All compounds were examined in a set of triplicates experiment.
> An ICsq value of inhibitor exposed by 30 min preincubation.
€ An ICs value of inhibitor with no preincubation.
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Figure 2. (A) Effects of compounds 1-7 on the activity of SARS-CoV 3CLP™ for
proteolysis of substrate. (B) SARS-CoV PLP™ inhibition as a function of preincubation
time for compounds 1-7 at ICs value.

I (6, ICsp=14.4 uM) turned out to be more potent than furan (5,
ICs50 = 38.7 uM) within the series of tanshinone I analogs (5 and 6).

2.4. Effects of isolated tanshinones on the activity of SARS-CoV
PLP™

Compounds 1-7 were tested against SARS-CoV PLP™ using a
continuous fluorometric assay during which an increase in fluores-
cence (Zlex 360 nm, e, 460 nm) was monitored using a spectroflu-
orimeter. The initial rates were calculated from the first 5 min of
the progress curves. Interestingly, all of the isolated compounds
showed a time-dependent inhibitory effect on PLP™ activity, which
is the first report of naturally derived inhibitors of PLP™. As can be
observed from the data presented in Table 1 and Figure 2B, when
the isolated compounds from S. miltiorrhiza were preincubated
for 60 min, they showed more inhibition than those without incu-
bation. Most of these tanshinones show an increased inhibition of
the enzymatic activity of PLP*°Compared to 3CLP™ in the nanomo-
lar or micromolar range. As evidenced from the PLP* inhibition, the
dimethyl tetrahydronaphthalen structure showed a more potent
inhibitory response than the naphthalene chymotype. Of the
isolated tanshinones, cryptotanshinone (4) displayed the most po-
tent inhibitory activity (ICso = 0.8 uM). By comparing the series of
tanshinone II derivatives, it was shown that the furan moiety on
the A-ring does not show improved inhibition with PLP™. This
result was unexpected because of the increased inhibition of 3CLP™
with 1 compared to that of 4. Tanshinone IIA (1, IC59= 1.6 uM)
showed a two-fold lower inhibition effect than cryptotanshinone
(4). Similar trends can also be observed with tanshinone I (5,
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IC50=8.8 uM) and dihydrotanshinone I (6, ICsq = 4.9 uM), which
showed respectively similar inhibitory activities because they have
similar A-ring structures. Other tanshinone Il analogs 2 (IC59 = 10.7
uM) and 3 (ICsg=9.2 uM) suggested that the presence of a
hydroxymethyl and methyl ester on the D-ring has a weak effect
on inhibition potency. Interestingly, the abietane analog, rosmariq-
uinone (7), displayed significant activity against both SARS-CoV

A

30000

20000

Intensity

10000

0 20 40 60 80 100 120
time, (min)

B 0.05
0.04

0.03

Kobs

0.02

0.01

0.00

0 2 4 6 8 10 12 14
[Crytotanshinone], (LM)

C 0.011

0.010

0.009

Kobs

0.008

0.007

0.006 T T T T T .
0 2 4 6 8§ 10 12 14

[Rosmariquinone], (LM)

Figure 3. (A) Time course of substrate proteolyzed by PLP™ in the presence of
compound 4. (B) Dependence of the values for ko,s on the concentrations
of compound 4. (C) Dependence of the values for ko, on the concentrations of
compound 7. The kqps values were fitted to Egs. (2) and (3).

cysteine proteases with ICsq values of 21.1 and 30.0 uM. The abie-
tane skeleton is structurally related to the tanshinones, and its
activity is noteworthy, suggesting that further research on this
important lead compound is needed.

2.5. Time-dependent inhibitory effects of tanshinones on SARS-
CoV PLP™®

To investigate the inhibition mechanism, the time dependence
of the inhibition of the proteolysis of Arg-Leu-Arg-Gly-Gly-AMC
(RLRGG-AMC) by these inhibitors was subsequently probed. Reac-
tion progress curves in the presence of varied concentrations of the
isolated tanshinones are illustrated. Taken as an ensemble, the
residual enzyme activity decreases as a function PLP™/tanshinones
incubation time in Figure 3. Representatively, compound 4 show a
clear time- and concentration-dependent approach to the steady-
state because it curves downwards, which is characteristic of
slow-binding inhibition kinetics (Fig. 3A and Fig. S50). All of the
PLP' inhibitors (1-7) manifested the same relationship for the en-
zyme activity. Slow-binding inhibition mechanisms can be investi-
gated by preincubation of the enzyme with the inhibitor, followed
by measurement of the initial velocities for substrate proteolysis as
a function of preincubation time. Increasing the concentration of
compound 4 led to a decrease in both the initial velocity (#;) and
the steady-state rate (). The progress curves obtained using var-
ious concentrations of the inhibitors were fit to (Eq. 1) to deter-
mine v, vs, and kops. The plot represents the relationship between
kons and [I] for all possible inhibition modes (simple reversible
slow-binding, enzyme isomerization, and mechanism-based inhi-
bition) to determine which kinetic profile was at play. The kinetic
parameters (ks, ks, ks, ke, and K;*°P) were derived from the plots by
fitting the results (Table 2). The results of all the inhibitors were fit
to the slow-binding (Eq. 2), illustrating a hyperbolic dependence of
kops on the concentration of PLP™ by tanshinones except for
rosmariquinone (7). Based on the above kinetic observations, we
believed that the reaction undergoes the following kinetic mecha-
nism (Fig. 3B and Fig. S51). The hyperbolic dependence observed
with the inhibitors suggests that they inhibit PL’™ by rapid forma-
tion of an enzyme complex (E-I), which slowly isomerizes to from a
modified enzyme complex (E*I) (Fig. 4). This is expected to sustain
an inhibitory process longer than conventional inhibitors because
ks is higher than ke. Interestingly, the only abietane-containing
structure, rosmariquinone (7), found in the isolated compounds
was shown to be time dependent because ks exhibited a linear
dependence on the inhibitor concentration as depicted in Figure
3C. Thus, this result proves that the abietane type compound 7
from S. miltiorrhiza inhibits SARS-CoV PLP™ by the simple revers-
ible slow-binding model according to the data yielded by the anal-
ysis by Eqgs. (3) and (4) as listed in Table 2. This conclusion suggests
that the four-ringed inhibitors may have a different binding mode
than the three-ringed inhibitor. Additionally, these compounds

Table 2

Kinetic parameters for time dependent inhibition of PLP"® by compounds 1-7%
Compound ks (min~') ke (min~') KPP (UM)
1° 0.04825 + 0.006 0.008485 +0.0001 11.2£0.1
2 0.02503 + 0.003 0.004704 + 0.0002 21.6+2.0
3 0.01930 + 0.001 0.002657 +0.0002 9.7+0.7
4 0.08127 +0.001 0.001406 + 0.0001 9.0£0.2
5 0.03015 +0.003 0.003349 +0.0003 13.7+0.1
6 0.03203 + 0.001 0.003175 +0.0003 11.2+£0.0
7° ks (uM~'min-1) k4 (min~1) KPP (uM)

0.00030 + 0.00005 0.006483 + 0.0004 21.5+1.3

2 All compounds were examined in a set of triplicates experiment.

> SARS-CoV PLP™ isomerisation parameters with (Eq. 2).
¢ SARS-CoV PLP™ simple reversible slow-binding parameters with (Eqs. 3 and 4).
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Figure 4. Scheme for time dependent enzyme inhibition. The upper part denoted
the turnover of the enzyme in the absence of inhibition. The lower part illustrates
the equilibrium for a slow-binding inhibition process. In simple reversible slow-
binding inhibition process that the low values of k; and k4 relative to enzyme
turnover. In enzyme isomerisation, an initial binding of the inhibitor to the enzyme
leads to formation of the EI complex, which undergoes an isomerisation of the
enzyme to form the new complex E*I.

represent a new class of SARS-CoV PLP™ inhibitors and, to our
knowledge, are the first naturally derived, potent and time-depen-
dent inhibitors of this enzyme.

2.6. Determination of the inhibition type of tanshinones on
SARS-CoV 3CLP™ and PLP™

Next, we studied the kinetic mechanism of the interaction of
these inhibitors with the proteases (3CLP™ and PLP™). The enzy-
matic activity was measured with a series of substrate concentra-
tions and various inhibitor concentrations. The inhibition data
were globally fit to all of the possible kinetic models. As a result
of this kinetic analysis, we found that S. miltiorrhiza-derived prote-
ases inhibitors could be divided into two classes based upon their
mode of inhibition. These classes could also be divided on the basis
of their structure for the targeted enzyme. The isolated tanshinon-
es (1-3 and 5-7) exhibit noncompetitive inhibition characteristics
toward 3CLP™ (see Supplementary data Fig. S46 and Fig. S47). In
case of PLP™ Kkinetic plots, four-ringed tanshinones (1-6) also
showed noncompetitive inhibition kinetics (see Supplementary
data Fig. S48 and Fig. S49). The three-ringed compound 7 was
the only exception to this rule. As illustrated representatively in
Figure 5A, the inhibition kinetics analyzed by Dixon plots shows
that compound 4 has a noncompetitive mechanism because the
Dixon plot of [I] versus 1/V results in a family of straight lines with
the same x-axis intercept, as illustrated for the substrate concen-
trations. Compound 7 displayed mixed type inhibition against
SARS-CoV PLP™, as shown in the Dixon plot (Fig. 5B). The Dixon plot
of [I] versus 1/V resulted in a family of straight lines with an above
the [I]-axis intercept. These kinetic mechanisms support the infer-
ences drawn from the time-dependent assay, which reveals the
important roles of the SARS-CoV PLP™ inhibition modes. Notably,
most slow-binding enzyme inhibitors act as competitive inhibitors,
although it is possible for them to interact with the enzyme by
competitive, noncompetitive, or uncompetitive inhibitioin pattens.
Despite having similar molecular size and functionality, the diter-
pene quinolone tanshinone derivatives, 1-6, inhibit the SARS-CoV
PLP™ isomerization slow-binding mode, whereas the abietane type
derivative, 7, is active against PLP" through the simple slow-bind-
ing mode.

2.7. Effects of isolated tanshinones on the activity of
deubiquitination and other proteases

PLP™, located within nsp3, cleaves at nsp1/2, nsp2/3 and nsp3/4
boundaries using the consensus motif LXGG, along with a consen-
sus cleavage sequence of cellular deubiquitinating (DUB)
enzymes.!? Modelling studies and crystal structures revealed a
orrelation between SARS-CoV PLP™ and the herpes virus associated
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Figure 5. Dixon plots for inhibition of compounds 4 and 7 on SARS-CoV PLP™ for the
proteolysis of substrate. (A) Noncompetitive inhibition of PL’™ by compound 4. (B)
Mixed-type inhibition of PLP"® by compound 7.

Table 3

Selective inhibition (ICso, M) against various proteases by compounds 1-7°
Compound UbP Chymotrypsin Papain HIV-1
1 NA® 68.3+2.0 122.0+44 59.2+1.6
2 52.0+3.2 NA NA NA
3 NA 124.0+6.2 NA 103.5+2.2
4 87.6+6.3 119.8+1.1 89.8+3.3 69.6 + 0.6
5 0.7+0.2 102.7+£3.6 NA 45.9+3.0
6 12420 NA NA 50.6 +9.1
7 60.2 +2.8 138.9+5.1 88.0+1.1 147.6£1.9

2 All compounds were examined in a set of triplicates experiment; ICsq values of
compounds represent the concentration that caused 50% enzyme activity loss.

b Ub = deubiquitination activity.

¢ NA = not activity at 200 pM.

ubiquitin-specific protease, indicating potential DUB activity
observed in in vitro cleavage assays.?? It has become clear that
deubiquitination may have important implications on viral replica-
tion and pathogenesis. To experimentally confirm the predicted
DUB activity of the isolated cysteine protease inhibitors, we
observed the DUB activity for in vitro characterization. Table 3 lists
the in vitro activity of compounds 1-7 against DUB. The ICsq values
demonstrated that the presence of naphthalene in 5 (IC5o = 0.7 uM)
and 6 (ICso = 1.2 uM) provide a greater inhibitory effect than the
other tanshinone derivatives. Although compound 4 was reported
to be a potent inhibitor for SARS-CoV PLP™, 4 exhibited only a
moderate inhibition effect against DUB activity (ICso=87.6 uM).
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To date, there is no potent and selective chemical compound avail-
able for the inhibition of DUB. Hence, the biological consequence of
inhibiting DUB is not clear at the moment. Moreover, the function
of the DUB activity of PLP™ in vivo is unknown, as is the identity of
its in vivo cellular substrate.'* Thus, further investigation is neces-
sary to determine the specifics of the inhibition with the tanshi-
nones and the PLP™-DUB interaction. Other studies are needed to
measure the cleavage of the ubiquitin-like protein, interferon
(IFN)-induced 15 kDa protein (ISG15), from an ISG15-fusion pro-
tein, suggesting de-ISGylation by PLP™ as a mechanism by which
SARS-CoV inactivates an IFN-o/B-induced innate immune re-
sponse.?? Subsequently, compounds 1-7 were also evaluated
against various proteases to study their selectivity and no detect-
able inhibition of any of the other proteases tested was observed
(Table 3). Nevertheless, no detectable inhibition was observed at
that concentration, indicating that tanshinones have an interesting
selectivity for the viral proteases and could prove to be a viable
lead for these proteolytic enzymes. Currently, there are many re-
ports of rational designs and library-based screens that have iden-
tified several small molecules that act as potent inhibitors of the
replication of SARS-CoV but are also HIV protease inhibitors. In
contrast to this, our tanshinones-based viral protease inhibitors
did not show a significant HIV protease inhibition effect.

3. Conclusion

SARS-CoV is the causative agent of severe acute respiratory syn-
drome (SARS). The virally encoded 3C-like protease (3CLP™®) and
papain-like protease (PLP™) have been presumed critical for the
viral replication of SARS-CoV. In this study, we focused on naturally
derived tanshinones for inhibitory activity against both proteases.
These compounds are abundant in the lipophilic fraction of S.
miltiorrhiza extract. To the best of our knowledge, this is the first
report to describe the inhibitory effects of tanshinone against
SARS-CoV main proteases. All of the isolated compounds 1-7
showed marked inhibitory activities to the 3CLP™ and PLP™. The
activity was significantly affected by subtle changes in structure.
The ICso values of these inhibitors, although higher than those of
peptide-derived and small molecule viral cysteine protease inhib-
itors, are nonetheless in the low micromolar range. In particular,
seven compounds exerted significant PLP™ inhibitory activity
(range from 0.8 to 30.0 uM) and inhibition was improved preincu-
bation with the PLP™. In addition, our detailed kinetic mechanism
analysis of these species has unveiled that they all exhibit slow-
binding inhibition with enzyme isomerisation and noncompetitive
inhibitors with the exception of compound 7. Interestingly, the
introduction of three-ringed abietane analog, 7, showed simple
reversible slow-binding inhibitor and mixed-type inhibition. Fur-
thermore, the potential usage and development of other novel
inhibitors for PLP™ and cellular deubitquitination enzyme (DUB)
based on the isolated compounds is discussed in this study. Out
of the tanshinones, tanshinone I (5) showed the most potent DUB
activity with an ICsq value of 0.7 uM. The results from this study
warrant further investigation to examine the effect to these natural
products on the inhibition of SARS-CoV. In an effort to advance this
initiative, we sought to identify novel small molecules that specif-
ically target SARS-CoV.

4. Materials and methods
4.1. General apparatus and chemicals
TH and '*C NMR data were obtained on 400 and 600 MHz

FT-NMR spectrometer (Jeol Ltd, Japan) spectrometer in CDCl; and
tetramethylsilane (TMS) as internal standard. Melting points were

measured on a Thomas Scientific Capillary Melting Point Apparatus
(Electronthermal 9300, UK) and are uncorrected. Electrospray ion-
ization (ESI) mass spectra were scanned using EIS in negative or
positive mode with esquire 6000 mass spectrometer (Bruker Dalto-
nik GmbH, Germany). All the reagent grade chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). All puri-
fications were monitored on commercially available glass-backed
Merck precoated TLC plates and visualized under UV illumination
at 254 nm and/or 366 nm or stained with 10% H,SO,4 solution. Sil-
ica gel (230-400 mesh, Merck), RP-19 (ODS-A, 12 nm, S-150 mM,
YMC), and Sephadex LH-20 (Pharmacia Biotech AB, Uppsala, Swe-
den) were used for column chromatography.

4.2. Extraction and isolation of tanshinones from Salvia
miltiorrhiza

The dried roots of S. miltiorrhiza (2.5 kg) were extracted with
95% EtOH (10 L) for a week at room temperature. The crude extract
was filtered and evaporated under reduced pressure. The extract
(140 g) obtaining brown residue was suspended with distilled
water (2 L). The suspended extract was partitioned by the organic
solvents of the different polarities (n-hexane, ethyl acetate, and
distilled water, each of 6 L, respectively). In consequence, we are
to obtain four fractions which are n-hexane (20 g), ethyl acetate
(31 g), and distilled water (80 g). Lipophilic (n-hexane) fraction
(20 g) was subjected to silica gel column chromatography using a
gradient of mixed solvent with n-hexane/ethyl acetate (from
10:1 to 1:10) and then these were achieved to five fractions
(DH.1-DH.5). Fraction DH.3 (7 g) was chromatography by Sepha-
dex LH-20 chromatography using a methanol solvent to give three
sub-fractions (DH.3.1-DH.3.3). Sub-fraction DH.3.2 (3 g) was puri-
fied by preparative HPLC using an isocratic system of acetonitrile/
distilled water (80:20) to give compound 6 (50 mg). Sub-fraction
GH.3.1 (2 g) was purified by preparative HPLC using an isocratic
system of acetonitrile/distilled water (90:10) to give compounds
1 (120 mg) and 5 (80 mg). Sub-fraction DH.3.3 (4 g) was subjected
to C-18 reverse column chromatography using gradient of mixed
solvent with methanol/distilled water (from 10:0 to 1:5) to afford
compound 4 (10 mg). Fraction DH.4 (5 g) was chromatographed by
silica gel column chromatography using a mixed solvent with n-
hexane/ethyl acetate (from 10:0 to 0:10) to achieved to five sub-
fractions (DH.4.1-DH.4.5). Compounds 2 (12 mg) and 7 (13 mg)
were obtained by C-18 reverse column chromatography using a
mixed solvent with methanol/distilled water (from 10:0 to 1:5)
at sub-fraction DH.4.2 (1 g). Compound 3 (15 mg) which was chro-
matography by C-18 reverse column chromatography using a
mixed solvent with methanol/distilled water (from 20:0 to 1:3)
was purified at sub-fraction DH.4.4 (0.65 g).

4.2.1. Tanshinone IIA (1)

Red powder; mp 200-210 °C; ESI-MS my/z =295 [M+H]", 317
[M+Na]*, [calcd C;9H;503, 294]; 'H NMR (400 MHz, CDCl3) 6 7.60
(d, J=8.29 Hz, 1H, H-6), 7.52 (d, J = 8.29 Hz, 1H, H-7), 7.19 (s, 1H,
H-16), 3.15 (t, J=6.34 Hz, 2H, H-1), 2.23 (s, 3H, H-17), 1.78 (m,
2H, H-2), 1.63 (m, 2H, H-3), 1.28 (s, 6H, H-18, 19). 3C NMR
(100 MHz, CDCl5) 6 183.8, 175.9, 161.9, 150.3, 144.6, 141.4, 133.6,
127.6, 126.7, 121.3, 120.4, 120.1, 38.1, 34.9, 32.0, 30.1, 19.3, 9.0.

4.2.2. Tanshinone IIB (2)

Red powder; ESI-MS m/z=311 [M+H]", 333 [M+Na]", [calcd
C19H1504, 310]; 'H NMR (600 MHz, CDCl3) 6 7.62 (d, J=8.25 Hz,
1H, H-6), 7.51 (d, J = 8.25 Hz, 1H, H-6), 7.19 (d, J = 1.37 Hz, 1H, H-
16), 3.75 (d, J = 11.00 Hz, 1H, H-18b), 3.58 (d, /= 11.00 Hz, 1H, H-
18a), 3.17 (m, 2H, H-1), 2.22 (s, 3H, H-17), 1.95 (m, 1H, H-3b),
1.85 (m, 1H, H-2b), 1.74 (m, 1H, H-2a), 1.54 (m, 1H, H-3a), 1.27
(s, 3H, H-19). 13C NMR (150 MHz, CDCl;) 6 183.6, 175.7, 161.6,
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146.4, 146.1, 141.7, 133.9, 128.1, 126.8, 121.4, 120.5, 120.3, 71.7,
40.1, 32.4, 29.9, 26.8, 19.0, 9.0.

4.2.3. Methyl tanshinonate (3)

Red powder; mp 174-176 °C; ESI-MS my/z =339 [M+H]", 361
[M+NaJ*, [calcd CzoH;50s, 338]; 'H NMR (600 MHz, CDCls) 6 7.56
(d, J=8.25Hz, 1H, H-6), 7.48 (d, J=8.25Hz, 1H, H-7), 7.23 (d,
J=1.37Hz, 1H, H-16), 3.67 (s, 3H, H-20), 3.24 (m, 2H, H-1), 2.26
(m, 1H, H-3b) 2.26 (s, 3H, H-17), 1.82 (m, 2H, H-2), 1.75 (m, 1H,
H-3a), 1.58 (s, 3H, H-18). '*C NMR (150 MHz, CDCl3) & 183.6,
177.3, 175.8, 161.5, 144.6, 143.3, 141.8, 135.2, 128.8, 126.7,
125.3, 121.5, 120.5, 52.8, 47.4, 34.2, 29.2, 27.8, 19.4, 9.0.

4.2.4. Cryptotanshinone (4)

Red powder; mp 190-192 °C; ESI-MS m/z =297 [M+H]", 319
[M+NaJ", [calcd C19H2003, 296]; 'H NMR (400 MHz, CDCls) 6 7.60
(d, J=7.80Hz, 1H, H-6), 7.45 (d, J=8.29 Hz, 1H, H-7), 4.85 (t,
J=9.27 Hz, 1H, H-16b), 4.34 (dd, J=9.27, 5.85Hz, 1H, H-16a),
3.56 (m, 1H, H-15), 3.17 (t, J = 6.34 Hz, 1H, H-1), 1.75 (m, 2H, H-
2), 1.63 (m, 2H, H-3), 1.32 (d, J=6.83 Hz, 1H, H-17), 1.27 (s, 6H,
H-18, 19). '*C NMR (100 MHz, CDCl;) & 184.4, 175.8, 170.9,
152.5, 143.8, 132.7, 128.5, 126.4, 122.7, 118.4, 38.0, 35.0, 34.7,
32.1,29.8, 19.2, 19.0.

4.2.5. Tanshinone I (5)

Dark brown powder; mp 223-234 °C; ESI-MS m/z = 277 [M+H]",
299 [M+Nal*, [calcd CygH1,03, 276]; 'H NMR (400 MHz, CDCls) &
9.21 (d, J=8.78 Hz, 1H, H-1), 8.27 (d, J = 8.78 Hz, 1H, H-6), 7.42
(d, J=8.78 Hz, 1H, H-7), 7.52 (dd, J = 8.78, 6.83 Hz, 1H, H-2), 7.32
(d, J=6.83 Hz, 1H, H-3), 7.27 (d, J=1.46 Hz, 1H, H-16), 3.16 (s,
3H, H-18), 3.02 (s, 3H, H-17). *C NMR (100 MHz, CDCl5) & 183.9,
175.9, 1614, 142.3, 1354, 133.9, 133.1, 133.0, 130.9, 129.9,
128.6, 125.0, 123.4, 122.0, 120.7, 119.0, 20.1, 9.0.

4.2.6. Dihydrotanshinone I (6)

Dark brown powder; mp 197-202 °C; ESI-MS m/z = 279 [M+H]",
301 [M+Na]*, [calcd CqgH1403, 278]; 'H NMR (500 MHz, CDCl3) 6
9.27 (d, J=8.88 Hz, 1H, H-1), 8.29 (d, J=8.88 Hz, 1H, H-6), 7.74
(d, J=8.59 Hz, 1H, H-7), 7.56 (dd, J = 8.59, 7.16 Hz, 1H, H-2), 7.38
(d, J=6.87 Hz, 1H, H-3), 4.95 (t, J=9.16 Hz, 1H, H-16b), 4.43 (dd,
J=8.88, 6.01 Hz, 1H, H-16a), 3.63 (d, J=4.87 Hz, 1H, H-15, 2.68
(s, 3H, H-18), 1.38 (d, J=9.16 Hz, 3H, H-17). *C NMR (125 MHz,
CDCl3) 6 184.6, 176.0, 170.9, 135.2, 135.0, 132.3, 132.2, 130.7,
129.1, 128.4, 126.3, 125.2, 120.5, 81.9, 34.9, 30.0, 20.1, 19.1.

4.2.7. Rosmariquinone (7)

Red powder; mp 98-105 °C; ESI-MS m/z = 333 [M+Na]", [calcd
C]9H2202, 332], 1H NMR (600 MHz, CDC13) 0 7.56 (d, _]= 8.25 Hz,
1H, H-6), 7.10 (d, J=7.56 Hz, 1H, H-7), 7.10 (s, H, H-14), 3.15 (t,
J=6.19Hz, 1H, H-1), 3.00 (m, 1H, H-15), 1.77 (m, 2H, H-3), 1.62
(m, 2H, H-2), 1.27 (s, 3H, H-18, 19), 1.13 (d, J = 6.19 Hz, 3H, H-16,
17). 3C NMR (150 MHz, CDCl5) § 182.6, 181.7, 149.9, 145.2,
144.7, 140.1, 134.6, 134.0, 128.4, 128.1, 38.0, 34.7, 32.0, 30.1,
27.1,21.7,19.3.

4.3. Preparations of SARS-CoV 3CLP™ and PLP™

The two genes encoding the 3CL protease and PL protease of
SARS-CoV were synthesized based on the sequence reported by
Sun et al?® and Han et al.' The synthesized genes were inserted into
the cloning sites of pET-23d (+) (Novagen, Madison, WI, USA) con-
taining the 6x histidine-tag at the C-terminus. E. coli BL21 (DE3)
CodonPlus-RIL cells (Stratagene, La Jolla, CA, USA), containing the
constructed plasmid were grown in Luria-Bertani broth medium
containing 100 pg/mL of ampicilline at 37 °C to an absorbance of
0.5 at 600 nm and then induced with 0.5 mM isopropyl B-d-thioga-

lactopyranoside for 12 h at 16 °C. After collection by centrifugation
at 6000xg, the cells were suspended in buffer A (20 mM sodium
phosphate, 300 mM NacCl, 20 mM imidazole, 0.2% Triton X-100, pH
7.5). The suspended cells were sonicated and centrifuged at
15,000xg for 30 min. The supernatant was loaded on a Ni-Sephar-
ose column equilibrated with buffer A. The column was washed
with buffer A, and the sample protein was eluted with 200 mM
imidazole. The elution buffer was then changed to 20 mM Tris-
HCI buffer (pH 7.5) with 1 mM dithiothreitol, and the protein was
concentrated using an Amicon Ultra filter with a 10,000 molecular
weight cut-off (Millipore, Billerica, MA, USA). The enzyme concen-
tration was determined from its absorbance at 280 nm. The purified
protein was stored at —80 °C before use in any of the assays.

4.4. SARS-CoV 3CLP™ inhibition assay

The inhibitory effect of prepared samples on SARS-CoV 3CLP™
was measured using a FRET method developed and described
previously by our group.? In this assay, the 12-mer fluorogenic
peptide Dabcyl-KNSTLQSGLRKE-Edans (Anygen Co., Republic of
Korea) was used as a substrate, and the enhanced fluorescence
due to cleavage of this substrate catalyzed by the protease was
measured at 590/40 nm with excitation 360 nm using a fluores-
cence plate reader (BioTeck Instrument Inc., USA). The ICso values
of isolated compounds were measured in a reaction mixture con-
taining 10 pg/mL of the 3CLP™ (final concentration, 2.5 pg), the test
compounds (from 0 to 200 uM), and 10 pM of fluorogenic 12-mer
peptide substrate in 20 mM Bis-Tris buffer (pH 7.5). The reactions
were run for 60 min at 37 °C while continuously monitoring the
fluorescence. The initial velocities of the inhibited reactions were
plotted against the different concentrations of inhibitor to obtain
the ICsq values by properly fitting the data according to the analysis
method previously reported.!!

4.5. SARS-CoV PLpro inhibition assay

The inhibition assay was first optimized The inhibition assay
was first optimized in a 96-well plate format to establish suitable
assay conditions and incubation times. The fluorogenic peptide
substrate, Arg-Leu-Arg-Gly-Gly-AMC (RLRGG-AMC), was pur-
chased from Bachem Bioscience. The enhanced fluorescence emis-
sion upon substrate cleavage was monitored at excitation and
emission wavelengths of 360 and 460 nm, respectively, in a Spec-
traMax M?¢ Multimode Reader (Molecular Devices Co., USA).'®
The reaction mixture contained 54 nM PLP™ in 20 mM Tris-HCl
buffer (pH 6.8) in a total volume of 200 pL. After the addition of
30 UM substrate to the reaction mixture, the increase in fluores-
cence at 460 nm was continuously monitored at 37 °C. For the inhi-
bition studies, 54 nM PLP™ and 0-200 uM of the individual
compounds were mixed with the substrate (30 uM) at 37 °C, and
the fluorescence intensity was monitored.

4.6. Protease inhibition mechanism studies

To study the kinetics of SARS-3CLP'™ activation, various concen-
trations of fluorogenic peptide as substrate were added to 3CLP™ in
a reaction buffer. The kinetin study of SARS-PLP™ used RLRGG-AMC
as the substrate. The data acquisition was initiated within 20 min,
and the reaction was monitored continuously every 2 min for up to
2h. To study the kinetics of 3CLP™® and PLP™ inhibition by
compounds 1-7, various concentrations of compounds 1-7 were
added to 3CLP™ or PLP™ in assay buffer containing the predeter-
mined substrate. Like the order kinetic trials, the data acquisition
was initiated within 20 min, and the reaction was monitored
continuously every 2 min for up to 2 h. All reactions were run in
at least triplicate, and the results are presented as means + S.D.
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4.7. Analysis of SARS-CoV 3CLP™ and PLP™ inhibition progress
curves

The Time-dependent assays and progress curves were carried
out using predetermined recombinant proteases and substrates
in optimal buffers. The enzyme activities were measured continu-
ously for 120 min with a spectrometer. To determine the kinetic
parameters associated with the time dependent inhibition of the
proteases, progress curves were obtained at several inhibitor con-
centrations using fixed substrate concentrations. The data were
analyzed using a nonlinear regression program, Simga Plot (SPCC
Inc., Chicago, IL), to find the individual parameters for each curve;
y; (initial velocity), vs (steady-state velocity), kops (apparent first-
order rate constant for the transition from # to us), and K;*"?
(apparent K;) according to the following equations:?!

[P = st + (v; — v5)[1 — exp(—Kopst)]/Kobs (1)
Kops = ke + [(ks x [I)/(K;* + [I])] (2)
Kobs = ka(1 + [1}/K®) (3)
K = kq/ks (4)

4.8. SARS-CoV PLP™ deubiquitination assay

For the deubiquitination assay, purified PLP™ (54 nM) was
mixed with fixed compound concentration of 0-200 uM before
the substrate, Ubiquitin-AMC (Enzo Life sciences Inc., USA), was
added in 20 mM Tris-HCl buffer (pH 6.8). All assays were per-
formed at 37 °C in 96-well plate format. The enzyme activities
were determined by monitoring the enhanced fluorescence emis-
sion upon substrate cleavage at excitation and emission wave-
lengths of 360 and 460 nm, respectively, in a SpectraMax M?2¢
Multimode Reader (Molecular Devices Co., USA). The substrate
concentration was 100 nM, and release of AMC was measured in
the same manner as for the ICso measurements described
above.!416

4.9. Other proteases assays

Chymotrypsin activity was evaluated according to a method de-
scribed by Francisco et al.,> using BTEE as the substrate, where
20 pL of enzyme solution was mixed with 980 uL of 1 mM BTEE
(N-benzoyl-L-tyrosine ethyl ester) in 80 mM Tris-HCl buffer at
pH 7.8 with 10 mM CacCl, at 25 °C. For the inhibition studies, chy-
motrypsin and 0-200 pM of the individual compounds were mixed
with BTEE at 25 °C. The production of benzoyl-tyrosine was mea-
sured by monitoring the absorbance at 260 nm every 10s for
6 min. Papain in a solution of 50 mM sodium phosphate (pH 6.2)
was incubated with various concentrations of compounds for
5 min at 25 °C. Then, 20 mM BAPNA (N-a-benzoyl-pL-arginine-p-
nitroanilide) was added, and the increase in absorbance at
410 nm with time was monitored. The HIV protease assay kits
and HIV-1 protease were purchased from AnasPec Inc., USA. HIV-
1 protease in assay buffer was pre-incubated with each compound
for 10 min at 37 °C. The solution was then mixed with the FRET
substrate, and the fluorescence intensity was measured with time
at Ex/Em =490 nm/520 nm.
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