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High-throughput screening (HTS) of large compound libraries has become a commonly used method for
the identification of drug leads, and nonphysiological reducing agents have been widely used for HTS.
However, a comparison of the difference in the HTS results based on the choice of reducing agent used
and potency comparisons of selected inhibitors has not been done with the physiological reducing agent
reduced glutathione (GSH). Here, we compared the effects of three reducing agents—dithiothreitol (DTT),
B-mercaptoethanol (B-MCE), and tris(2-carboxyethyl)phosphine (TCEP)—as well as GSH against three
drug target proteins. Approximately 100,000 compounds were computationally screened for each target
protein, and experimental testing of high-scoring compounds (~560 compounds) with the four reducing
agents surprisingly produced many nonoverlapping hits. More importantly, we found that various reduc-
ing agents altered inhibitor potency (ICsp) from approximately 10 uM with one reducing agent to com-
plete loss (ICso > 200 uM) of inhibitory activity with another reducing agent. Therefore, the choice of
reducing agent in an HTS is critical because this may lead to the pursuit of falsely identified active com-
pounds or failure to identify the true active compounds. We demonstrate the feasibility of using GSH for
in vitro HTS assays with these three target enzymes.
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High-throughput screening (HTS)! of large compound libraries
has become widely used for the identification of drug leads. Perform-
ing HTS is both expensive and time-consuming, and hence strict
quality control is essential. To eliminate compounds causing protein
aggregation that are generally false positive hits, detergents (Triton,
Tween, and Chaps) are added to assay buffers [1]. A carrier protein
such as bovine serum albumin (BSA) is also added to decrease en-
zyme loss on the pipette or other surfaces as well as to stabilize
the target enzyme in the reaction. The addition of a reducing agent
to the assay is very important to prevent the oxidation of cysteines
in the target proteins [2,3] and to avoid selecting compounds that
covalently interact with cysteines. There are three reducing agents
commonly used for HTS assays: dithiothreitol (DTT), B-mercap-
toethanol (B-MCE), and tris(2-carboxyethyl)phosphine (TCEP). Stud-
ies have shown that strong reducing agents such as DTT and TCEP
can generate H,0, by a chain reaction of oxidation-reduction (re-
dox) cycling in the presence of redox cycling compounds (RCCs),
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which can lead to false positives [4-10]. This is not the case for
weaker reducing agents such as reduced glutathione (GSH), B-MCE,
and cysteine [6,11]. Extensive studies have been done to reduce false
positives in the presence of strong reducing agents. However, very
few studies have been performed to investigate the reduction of false
negatives by reducing agent selection [12], and no study has been
done yet to compare the difference on the outcome of HTS and
potencies (ICsq values) of selected compounds with various reducing
agents as compared with the physiological reducing agent GSH.
Therefore, we have examined the effect of the reducing agents
DTT, B-MCE, TCEP, as well as the physiological reducing agent GSH,
against three drug target proteins: human SARS-CoV 3-chymotryp-
sin-like protease (3CLpro), papain-like protease (PLpro), and NS3
from hepatitis C virus (HCV).

3CLpro and PLpro are cysteine proteases, whereas NS3 is a ser-
ine protease with a wide and shallow active site. The active site
pocket of 3CLpro is open, whereas that of PLpro is relatively con-
stricted, causing them to have different characteristics. In addition
to being a diverse system to test the effects of reducing agents on
compound screening assays, these proteases are attractive targets
for new antiviral drug design due to their crucial roles in the viral
replication process [13-19]. HCV is a major cause of chronic liver
disease, affecting more than 170 million people (~3% of the world
population) [20]. The human SARS-CoV was responsible for a large-
scale epidemic in 32 different countries on five continents between
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2002 and 2003, causing approximately 8400 infections and 800
deaths [21-23]. In this work, our goal was to ensure the quality
of our screening campaigns by testing the effect of the different
reducing agents on our assay results. To avoid both false positives
and false negatives, enzyme assays were performed for all three
proteases against approximately 560 computationally prescreened
compounds (out of a library of 100,000 compounds that were vir-
tually screened for each target). We performed five parallel assays:
one for each of the four reducing agents and one with no reducing
agent. Here we present the effects of the reducing agents on the
primary screening results and the potencies of screened inhibitors.

Materials and methods

Plasmid construction and purification of HCV NS3/4A, SARS-CoV
3CLpro, and PLpro

The genes of full-length HCV NS3 (HCV polyprotein residues
1027-1657) with a His-tag at the N terminus and NS4A (residues
1658-1711) were codon optimized, synthesized (BioBasic), and
cloned into a pETDuet-1 vector for coexpression. Rosetta 2(DE3)
cells (Novagen) containing the recombinant plasmid were grown
in Luria-Bertani (LB) medium, and the NS3 and NS4A were overex-
pressed together by 0.5 mM isopropyl B-p-1-thiogalactopyranoside
(IPTG) for 16 h at 25 °C. Harvested cells were lysed by sonication in
lysis buffer (1 mg/ml lysozyme and protease inhibitor cocktail in
buffer A: 50 mM Hepes [pH 7.6], 500 mM NacCl, 20 mM imidazole,
5 mM B-MCE, 0.2% Triton X-100, and 20% glycerol). The His-tag
fused NS3 was purified by a HisTrap HP column (GE Healthcare)
with a gradient of buffer B (50 mM Hepes [pH 7.6], 500 mM NaCl,
500 mM imidazole, 5 mM B-MCE, 0.2% Triton X-100, and 20% glyc-
erol) followed by S-200 size exclusion column chromatography for
further purification with buffer C (50 mM Hepes [pH 7.6], 500 mM
NaCl, 1 mM DTT, 0.2% Triton X-100, and 20% glycerol).

The 3CLpro (SARS-CoV polyprotein residues 3241-3544) and
the PLpro (residues 1541-1855) genes were prepared by codon-
optimized gene synthesis and cloned into pGEX6p-1 and pET15b
vectors, respectively. Overexpression and purification of 3CLpro
and PLpro were similar to that of NS3 with minor adjustments to
buffer components and steps for each protein.

Computational screening methods for SARS-CoV PLpro and HCV NS3

The Vernalis lead-like library (96,000 compounds) of the ZINC
database (version 7.0) [24] was screened using a multistep screen-
ing protocol to select 181 compounds for purchase and enzymatic
assay-based testing for inhibitory activity against the papain-like
protease of SARS-CoV. A dynamic pharmacophore model was devel-
oped based on a multiple protein structure ensemble extracted from
extended molecular dynamic simulations on the PLpro enzyme. The
96,000 compounds were screened using this pharmacophore model
followed by a second filtering step of flexible docking using GOLD
(version 4.0). Clustering using MOE (MACCS) was performed on
the top-scoring compounds from the previous two screening steps
to select 181 compounds for purchase. Compounds screened for
the inhibition of the NS3/4A protease of HCV were from the clean
lead-like subsets of the ZINC database (version 7.0) [24]. A multi-
tiered docking protocol was used, with Surflex-Dock and eHiTs pro-
gressively used to screen the library to choose 192 compounds for
purchase and testing (details will be published elsewhere).

Computational screening methods for SARS-CoV 3CLpro

The Vernalis lead-like and Clean lead-like subsets of the ZINC
database (version 7.0) were screened for prioritizing compounds

for experimental testing against the 3CLpro enzyme. The screening
protocol employed tiered docking with consensus scoring along
with dynamic pharmacophore-based screening. The tiered docking
protocol involved docking with Surflex-Dock, followed by cluster-
ing to generate a representative set of diverse compounds. The rep-
resentative sets were further redocked with GOLD followed by
rescoring using Amber-Dock. Finally, the compounds were ranked
using a rank-sum consensus method. The pregenerated conforma-
tions of each molecule of the representative set were compared
with the pharmacophore model generated using computational
solvent mapping (CSM). The top-scoring commercially available
compounds from the pharmacophore hits were visually inspected
to eliminate reactive compounds and those that did not efficiently
span the binding site. Finally, 186 compounds were ordered for
experimental assays.

Kinetic parameter determination for the three proteases

The activity of the NS3/4A complex and of SARS-CoV 3CLpro was
measured by continuous kinetic assay with fluorescence resonance
energy transfer (FRET)-based substrates Ac-DE-Dap(QXL520)-EE-
Abu-{-[COO]AS-C(5-FAMsp)-NH,  and  5-FAM-TSATLQSGFRK
(QXL520)-NH,, respectively (both from Anaspec). Both substrates
generate fluorescence signals (excitation 1= 492 nm, emission
2.=520 nm) when a quencher QXL520 is cleaved by the respective
protease. The PLpro activity was also measured by continuous ki-
netic assay with ubiquitin-derived substrate Z-Arg-Leu-Arg-Gly-
Gly-AMC (Bachem Bioscience) that generates a fluorescence signal
(excitation 4=360nm, emission A=450nm) when aminomethyl
coumarin (AMC) is cleaved. The HCV NS3/4A assay was performed
in the assay buffer containing 50 mM Tris (pH 7.6), 0.25% Chaps,
15% glycerol, and 0.01 mg/ml BSA. A series of substrate concentra-
tions (0-50 nM) was prepared in triplicate, and the enzyme reaction
was initiated by adding HCV NS3/4A (10 nM final concentration).
The same series of substrate concentrations without any enzyme
was also measured as a control. The two SARS-CoV proteases,
3CLpro (50 nM) and PLpro (30 nM), were analyzed in the buffer con-
taining 50 mM Hepes (pH 7.5), 0.01% Triton X-100, and 0.1 mg/ml
BSA with a series of different substrate concentrations (0-1 mM
for PLpro and 0-200 uM for 3CLpro). Fluorescence intensity was
monitored continuously for 10 min with a POLARstar OPTIMA
microplate reader (BMG LABTECH). All three protease assays were
performed in 20 pl of final assay volume in 384-well low-volume
microplates (Corning), and 2 mM of each reducing agent was added
to the assay buffer except for the control sets. The Michaelis con-
stant (Ky) and maximal activity (Vimax) were calculated by fitting
the data with a hyperbolic equation,

_ VinaxX
KM + X ’

where y is the initial velocity and x is the concentration of substrate.
Initial compound screening with each of the four reducing agents

For initial inhibitor screening, 10 mM stock solutions of the 560
compounds (Chembridge, Asinex, Bioscreen, ChemDiv, Life Chemi-
cals, and Enamine) were prepared in 100% dimethyl sulfoxide
(DMSO) and diluted to 50-p1M final concentrations with assay buf-
fer (50 mM Hepes [pH 7.5], 0.01% Triton X-100, 0.1 mg/ml BSA, and
2% DMSO) for 3CLpro and PLpro and then incubated with 50 and
30 nM of 3CLpro and PLpro, respectively, for 10 min. The reaction
was initiated by adding substrate at concentrations of 1 uM
(NS3/4A), 16 uM (3CLpro), and 100 puM (PLpro) and was monitored
by fluorescence intensity with a POLARstar OPTIMA microplate
reader (BMG LABTECH). HCV NS3/4A screening was done similarly
but with a different assay buffer (50 mM Tris [pH 7.6], 0.25% Chaps,
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and 0.01 mg/ml BSA) with a 10-nM NS3/4A concentration. All com-
pounds were tested in duplicate, and each plate contained a total
of 32 positive and 32 negative controls.

ICsp value determination by dose-response curve

IC59 values were measured in the same concentration of en-
zyme and substrate as initial screening with a series of compound
concentrations (0-200 pM) in assay buffer containing 2% DMSO to
improve compound solubility. The enzyme reaction was initiated
by adding fluorogenic substrate, and its activity was continuously
monitored for at least 10 min. The ICsq values were calculated by
fitting with the three-parameter Hill equation,

Xn
=V =),
)
with OriginPro 8.1 (OriginLab), where y is the percentage inhibition,
x is the inhibitor concentration, n is the slope of the concentration—
response curve (Hill slope), and a is the maximal inhibition from
three independent assays.

GSH stability assays

The amounts of GSH and glutathione disulfide (GSSG) in assay
buffer were measured with a commercial glutathione assay kit
(BioVision) per assay instructions. The assay kit contains o-phthal-
aldehyde (OPA) that reacts with GSH (not GSSG) and generates
fluorescence (excitation/emission = 340/420 nm). Each assay buf-
fer was prepared in a 20 pl final assay volume with 2 mM GSH
and in the absence of GSH as a control. All other assay buffer com-
ponents were the same as indicated for assays. Another set of assay
buffers with each protease was also prepared for comparison. OPA
(2 ul) was added to detect the GSH amount for each sample and
was incubated for 40 min at room temperature. GSH concentration
was measured by fluorescence intensity detection with a POLAR-
star OPTIMA microplate reader (BMG LABTECH). For GSSG amount
detection, GSH was quenched first by adding 2 1l of GSH quencher
from the assay kit for 10 min, and GSSG was reduced by 2 pl of
reducing agent mix followed by the addition of OPA to detect
GSH (actual GSSG amount). All samples were kept at room temper-
ature with an open lid to allow exposure to the air in order to mi-
mic the usual HTS assay conditions. Both GSH and GSSG amounts
were monitored over a 6-h time period.

Results
Virtual screening of inhibitors with three proteases

Approximately 100,000 compounds from the Vernalis lead-like
library and Clean lead-like subsets of the ZINC database (version
7.0) [24] were screened using a multistep screening protocol. Dy-
namic pharmacophore models were developed based on a multiple
protein structure ensemble. These pharmacophore models for each
target were used as a first pass screening tool for the compounds
followed by a second filtering step where a multitiered docking
was performed using various programs, including GOLD (version
4.0), Surflex-Dock, and/or eHiTs (details will be published else-
where). A total of 192, 186, and 181 high-scoring compounds were
purchased for NS3/4A, 3CLpro, and PLpro, respectively.

Reducing agent effect on kinetic parameters

Using the correct concentration of substrate is very important
for identifying inhibitors with different modes of inhibition. If
the substrate concentration is too high (much higher than the

Michaelis constant, Ky;), competitive inhibitors might not be de-
tected (false negatives); if the substrate concentration is too low
(much lower than Ky;), uncompetitive inhibitors will be missed
[25]. We determined the Ky and maximum activity (Vipax) of
NS3/4A, 3CLpro, and PLpro with four reducing agents (DTT, TCEP,
GSH, and, B-MCE) and without any reducing agent as a control (Ta-
ble 1). Two of these (DTT and TCEP) are strong reducing agents, and
the other two (GSH and B-MCE) are weaker ones.

In the case of NS3/4A, we found that the different reducing
agents affected the Vi« to different degrees ranging from —32 to
+63% (relative to the V,.x with no reducing agent), whereas Ky
was not affected. Although both TCEP and DTT are classified as
strong reducing agents, TCEP decreased the enzyme efficiency
(Kcat/Knm) of the NS3/4A by half, whereas DTT increased it by 1.6-
fold. The Ky of 3CLpro was very similar with all four reducing
agents, and the V., was slightly increased by all four reducing
agents. In contrast, the Ky of PLpro was affected to different de-
grees depending on which reducing agent was used. The Ky of
PLpro increased by 4-, 1.5-, and 2.5-fold in the presence of DTT,
GSH, and TCEP, respectively, when compared with the Ky, without
any reducing agent (Table 1). This demonstrates that the reducing
agents significantly affect the enzyme kinetic constants to differing
degrees in different enzyme systems. These effects need to be ta-
ken into consideration when designing HTS assays.

Nonoverlapping false positives and false negatives

Initial compound screening for the three target proteins was
performed with a total of approximately 560 purchased com-
pounds in the absence of reducing agent and with each of the four
reducing agents present in the assay. Each enzyme activity was
also analyzed with a series of reducing agent concentrations rang-
ing from 0 to 10 mM (see Fig. S1 in Supplementary material). All
initial screening assays were done in duplicate in 384-well plates,
and replicate plots and Z factors are shown (Fig. 1). The Z factor
was calculated from the mean and standard deviation of 32 posi-
tive and 32 negative controls in each plate. Z factors of 3CLpro
and PLpro ranged from 0.69 to 0.86 and from 0.72 to 0.90, respec-
tively, which were better than the Z factor range of HCV NS3/4A
(0.46-0.71). The duplicate reproducibility of 95% of total tested
compounds agreed within 10, 10, and 20% for 3CLpro, PLpro, and
NS3/4A, respectively. Compounds showing more than 35% inhibi-
tion at a 50 UM concentration were considered to be positive hits
(or “positives”) (Table 2). Surprisingly, many nonoverlapping posi-
tive hit compounds were identified with each reducing agent
against all three proteases, clearly indicating that reducing agents
can significantly affect the HTS assay outcome from the initial
screening process. The number of positives in the presence of
either DTT or B-MCE is smaller than that in the presence of GSH,
whereas TCEP selected the most positives in the case of NS3/4A
and PLpro. On the other hand, B-MCE detected the highest number
of positives, whereas DTT and TCEP selected fewer positives than
GSH, in 3CLpro screenings.

We define true positives to be the ones with GSH because GSH
is the primary intracellular physiological reducing agent in human
cells where all three of our target enzymes function. The goal of our
compound screening is to identify inhibitors for viral enzymes that
will be developed into antivirals. Thus, identifying inhibitors that
are active in human cells where GSH is present at high concentra-
tion is most logical. In addition, it may be good to test the inhibi-
tory activity of hit compounds against GSSG, which is
predominant in serum, because compounds will likely pass
through human serum before reaching the intracellular environ-
ment. Based on this definition of true positives, we found that TCEP
produced the largest number of false positives in the case of NS3/
4A. The most false positives were identified in the absence of
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Table 1
Effect of four reducing agents on maximal activity (Vimax) and Michaelis constant (Ky) of the three proteases.
No reducing agent DTT GSH TCEP B-MCE
HCV NS3/4A Vmax (RFU/10 min) 111£19 18121 1518 7515 1618
Km (M) 25+0.7 26+05 23+03 3110 25%0.1
Keat/Ku ratio 1.0 1.6 15 0.5 14
SARS-CoV 3CLpro Vinax (RFU/10 min) 418 +21 435+ 12 516+9 472418 453 +24
Ky (LM) 16.1+1.1 15.8+0.5 16.1£0.8 16.3+0.7 148+1.2
Keat/ K ratio 1.0 1.1 1.2 1.1 1.2
SARS-CoV PLpro Vmax (RFU/10 min) 282+6 813 +36 449 + 14 441 +41 438 +30
Ky (LM) 925+1.9 399+ 16 141+9 240+ 25 1177
Kear/Ky ratio 1.0 0.7 1.0 0.6 1.2

Note: Rates of each substrate cleavage by the three proteases were measured as a function of the substrate concentration with no reducing agent or in the presence of each of
the four reducing agents by continuous kinetic assay. Enzyme concentrations of HCV NS3/4A, 3CLpro, and PLpro used were 10, 50, and 30 nM, respectively. The Ky values
were calculated by fitting the data to a Michaelis-Menten equation built into OriginPro 8.1 (OriginLab), and standard errors were calculated from four independent assays.

%e) >

No reducing agent
100

T
2
=
a
£
= :
N g9 .75 -
g™
° .
£
a
)
= 100
Replicate 1 inhibition (%)
g% 9 =g
> 7 | E:
217
B 5 4
< 33
E R e e

0 20 40 60 80 100
Well row number

M

No reducing agent

g 100 T
= 75 | it
£ 2
- wi L
£ ¥
= #
g -100 -75 50 -2 25 50 75 100
3 07
a 5
]
& 100
Replicate 1 inhibition (%)
25 T
N8 L
< 35 4
R

0 20 40 60 80 100
Well row number

P

No reducing agent

=T .ﬂ

51

Replicate 2 inhibition (%)

-100

Replicate 1 inhibition (%)
5

RSBy

BERER

Lo

PR
R

% Activity

—
e

0 20 40 60 80 100
Well row number

. 15
-100
Replicate 1 inhibition (%)

Jaf®oos £a B ad
Vo musreiriary

e e IS
0 20 40 60 80 100
Well row number

0075 50 5,8 25 %0 75 100
50
5]

Replicate 2 inhibition (%) (7

100
Replicate 1 inhibition (%)
e

gy

e

=D8HBH
Lt

0 20 40 60 80 100
Well row number

% Activity

-

DTT
- 100, r ;
8 Y
s 751
b= Sl
&
= .
N qop .75 50 .25 0
= 100 75 50 25,9 25 50 75 400
]
2 50
s 75
& |
-100

Replicate 1 inhibition (%)
2125
E18 Jemmren & o
BRI
<< 25
= R

0O 20 40 60 B0 100
Well row number

(@]

Replicate 2 inhibition (%)

% Activity

P
0 20 40 60 80 100
Well row number

I

GSH

g w I
= 751 2" =5
5 d

= RS <
a » 8
= 254 2%, o
Q0075 50 250 25 50 15 100 o
- -
k: sl g
2 5 a
2 ]
= 100 3

Replicate 1 inhibition (%)

oy re———r &
="M7 =
T 54 k)
< 254 <
R et =

0 20 40 60 8 100
Well row number

=
z

GSH
g bt I g
— 754 —
5 | 5
= 0 =
a0 =3
z Zﬁq F‘*-'. z
g — A .
N 0075 50 258 25 50 75 100 Lk,
L 50| 8
F 51 I3
4 4

100

Replicate 1 inhibition (%)

2125 £
=m s “ =
B 5] B
< 25 <
SRS =

0 20 40 60 80 1
Well row number

S
0 20 40 60 80 100
Well row number

400 .75 50 250 25 S0 75 100

|
-50
-

-100
Replicate 1 inhibition (%)

=]
ohSHaSH
Ll

0 20 40 80 80 100
Well row number

<100 .75 -50 ‘1525' =25 50 75 100
50+
51

-100
Replicate 1 inhibition (%)

125 o
18 Tnsteeetrns o
75 4
50 3
254
0
S S S e eSS

0 20 40 60 80 100
Well row number

0 20 40 60 80 100

(3

B-MCE

g 100 7
c L -
2 wf |
= —— R
;-m a5 502360 25 50 75 100
3 50
B 751
© -100

Replicate 1 inhibition (%)
4 T r————
28]
st U aEmEe

0 20 40 60 80 100
Well row number

o

B-MCE
1004
51
zl

z.s

— g
-100 -?5-50-2:');5! 25 50 75 100

<50
75

Replicate 2 inhibition (%)

100
Replicate 1 inhibition (%)

. P

SIS
et
L

L

% Activity

B e
0 20 40 60 80 100
Well row number

Fig.1. Initial compound screening results. Replicate plots (upper panels) and Z factors (lower panels) from 560 compounds for inhibition of NS3/4A (A-E), 3CLpro (F-]), and
PLpro (K-0) are shown. All compounds were tested in duplicate by a continuous kinetic assay, and each plate contained a total of 32 positive (O) and 32 negative (@) controls.
Compounds with more than 35% inhibition at a 50 M concentration of compounds were considered to be positive hit compounds and are shown in red rectangles.

reducing agent against the two cysteine proteases 3CLpro and
PLpro, indicating the necessity of using reducing agents for these
two enzymes (Table 2; see also Tables S1-S3 in Supplementary

material). DTT showed the largest number of false negatives (com-
pounds identified as positives with GSH) for NS3/4A, and TCEP
showed the smallest number, although both are strong reducing
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Table 2
Numbers of hit compounds from primary screening.
Overlapping GSH No reducing agent DTT TCEP B-MCE
positives positives Positives False False Positives False False Positives False False Positives False False
positives negatives positives negatives positives negatives positives negatives
HCV NS3/ 9 34 34 14 14 28 12 18 39 18 13 32 13 15
4A
SARS-CoV 14 25 42 19 2 19 2 8 22 2 5 27 5 3
3CLpro
SARS-CoV 13 22 35 15 2 16 3 9 25 5 2 21 6 7
PLpro

Note: Compounds with more than 35% inhibition at a 50 pM concentration were considered to be positive hit compounds for each reducing agent, and positives with GSH

were considered to be true positive hits.

agents. These two strong reducing agents showed more false neg-
atives against 3CLpro. On the other hand, DTT showed 9 com-
pounds to be false negatives for PLpro, whereas TCEP, the other
strong reducing agent, showed only 2 false negatives. We also ana-
lyzed the same data with a 50% inhibition cutoff as compared with
a 35% cutoff for positive hits. Overall, the results came out similar,
although the numbers of hits are obviously smaller with a 50% cut-
off. DTT still showed the most false negatives with all three prote-
ases, and TCEP showed the least with NS3/4A and PLpro. The
number of false negatives with TCEP and B-MCE was significantly
reduced for both NS3/4A and PLpro with a 50% cutoff. In the case
of 3CLpro, all three reducing agents had both false positives and
false negatives, and the numbers are only slightly less than those
for a 35% cutoff.

Potency (ICsp) comparison of hit compounds in each reducing agent

To investigate the reducing agent effect on the potency of
screened compounds, ICso values were compared for each of the
reducing agents studied. Surprisingly, the ICsq values of most posi-
tive hits from all three targets were significantly affected by the
types of reducing agents (Fig. 2). In the case of NS3/4A, the IC5q val-
ues of 14 compounds were significantly affected, showing a loss of
inhibitory activity for 9 compounds in the presence of DTT and/or
B-MCE (inhibitors 1-6 in Fig. 2A and inhibitors 36-38 in Table S4 of
Supplementary material). For example, the ICso of inhibitor 3
against NS3/4A was 48.4 uM when no reducing agent was present.
This ICso did not change by much in the presence of GSH
(IC50 = 69.4 nM), but it decreased by 5-fold in the presence of TCEP
(ICs0=12.8 uM). The same compound showed no inhibition
(IC50 > 200 uM) in the presence of either DTT or B-MCE. Among
the 3CLpro positives, there were 6 inhibitors (inhibitors 13-18 in
Fig. 2B) that exhibited loss of inhibitory activity in the presence
of either DTT or TCEP or even without any reducing agent, and 6
PLpro inhibitors (inhibitors 25-30 in Fig. 2C) were also not de-
tected in the presence of either DTT or B-MCE.

DTT seems to produce the most false negatives in all three pro-
tease screenings. We compared the average Hill slope values of
compounds that display dramatic shifts in ICsq values in the pres-
ence of DTT to determine whether DTT prevents inhibition in the
assay by eliminating an aggregation-based inhibition. For NS3/
4A, the average Hill slope values of all 9 compounds (compounds
1-6 and 36-38) were near 1 for all three reducing agents except
for 1 compound (compound 6). The Hill slope of compound 6
was near 1 in the presence of GSH, but it was near 2 in the presence
of both TCEP and B-MCE. Similarly, among 6 3CLpro hit compounds
that lost their inhibitory activity in the presence of DTT (or TCEP),
the Hill slope values of all those compounds were near 1 with at
least one other reducing agent. In the case of PLpro hits, the Hill
slopes of 3 compounds (compounds 25-27) increased with GSH
and TCEP, but those of the other 3 compounds (compounds 28-
30) were still near 1 with both GSH and B-MCE. Although a few

compounds (3 of 20 negatives with DTT) may have produced
aggregation-based inhibition, the majority of hit compounds that
showed dramatic shifts in ICsq values did not produce the aggrega-
tion-based inhibition. According to this analysis, DTT does not gen-
erally appear to prevent aggregation-based nonspecific inhibition
for the majority of the negatives.

Therefore, these data demonstrate that the inhibitory activity of
the compounds screened against both serine and cysteine prote-
ases were greatly affected by the reducing agent used in the assay.

Stability of GSH in assay buffers

Finally, we studied the stability of GSH in assay buffers. ICsq va-
lue comparisons revealed that reducing agents significantly affect
inhibitory activities of screened compounds, and this leads to an
important question: which ICsq values should we consider to be a
true indicator of potency for inhibitors? We suggest that ICsq values
with GSH should be considered to be the best indicator of in vivo
efficacy, at least for intracellular enzyme targets, because GSH is
the physiological reducing agent in the human body. However,
GSH has not been used as a reducing agent in HTS assays due to con-
cerns of potential oxidation under assay conditions. GSH is known
to undergo oxidation in aqueous buffer conditions, forming the
disulfide bonded GSSG. We carried out a detailed study on the sta-
bility of GSH by monitoring both GSH and GSSG amounts and found
that only 10% of GSH was oxidized to GSSG over a 6-h time period at
room temperature. The presence of NS3/4A in the assay buffer did
not affect the stability of GSH (Fig. 3A), whereas GSH was slightly
stabilized by the two cysteine proteases, 3CLpro and PLpro, as com-
pared with GSH alone (Fig. 3B and 3C). Thus, it is feasible to use GSH
as areducing agent in an HTS assay for up to a 6-h time period pro-
vided that fresh GSH is added to the assay buffer every 6 h.

Discussion and conclusion

HTS can produce both false positives and false negatives.
Although the former can be eliminated in secondary or tertiary as-
says with some time and effort, false negatives from the initial HTS
assays can derail the efforts of drug discovery through the loss of
potentially novel inhibitors. Our results suggest that each reducing
agent could have different effects on substrate affinity and enzyme
activity in the case of both cysteine and serine proteases. The en-
zyme efficiency of NS3/4A and PLpro was affected by the type of
reducing agent, whereas 3CLpro efficiency was not affected. Both
3CLpro and PLpro contain cysteine residues in their active sites,
but the reducing agents had very different effects on their kinetic
parameters. The types of reducing agents affected the three prote-
ases in different ways. This observation was not in keeping with
the presumed role of the reducing agents as antioxidants. It has
been suggested that reducing agents may have some additional
functions other than working as simple antioxidants [12,26-28].
A recent study showed that DTT weakened the monomer interac-



Effect of reducing agents on inhibitory activities/H. Lee et al./Anal. Biochem. 423 (2012) 46-53

A 200 -
= 150 -
=
=
~ 100 -
2

9 50 "

0 -

1 11
1. C784-0030 2. 5773086 3. 6572992 8. STOCKBS 9. GRL-0079 0\\
/_@ -03567 '\0
W e Q “ % } o N”
e CQ%o;
4.9026465 5.9058733 c, 6. 6812871 ° 10. STOCK3S-88640 11. 6046478 12. 6460546

HN

“ \@:N ouN ) A Qo
)\/N @K/”;,,s\\o \ @_& \rj\:% @ﬂhm ° @j"{lu@

13 14 15 16 17 18 19 20 21 22 9 24

HO 14. 6418575 c', 15. 7152272 19.ASN /=N ZD BAS05022400 N 21.6324763

13. 5523393 HN i 05297333\_¢ HN O:, - o
&gg@ybg@wxvgf O @g%

/
18. 6997087 0 0 24. T0514-0131
o16. 7995312 17. ASN 22, 9014056 J
~ D\ & 05440770
L, 0) ©: & @\/\/ g A 9. GRL-0079 ,\/@
H

25 26
25.5102748 26.511 1883 27.6091432 31. GRL-0029 32. GRL-0049 9. GRL-0079 9,

. -~

HN Q\\SJOH :Iz* o OH H NH, " u’s\b
SIS W ¢ N "
[o} o (o]
(¥ () ; Q0
~

29. 9058733 30. 7907632 33. 6057198 34. 5155037

28. 9026465
[o] OH o0 O
Q/ Q Hﬁ ° 0.:5’/\)k0
% A\," T ey O “Y U ° "
HO 0

Il No reducing agent EDTT GSH TCEP Mp-MCE

51

Fig.2. Comparisons of the ICso values of active compounds against NS3/4A (A), 3CLpro (B), and PLpro (C) in the absence and in the presence of four reducing agents. All
compounds were tested in triplicate for ICso determination, and each plate contained a total of 32 positive and 32 negative controls. Bars that reach to the top represent ICsq
values of more than 200 pM (no inhibitory effect). ICs, values were calculated by fitting the data to the three-parameter Hill equation with OriginPro 8.1 (OriginLab). See also

Table S4 in Supplementary material.
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Fig.3. Stability of GSH in assay buffers. GSH and GSSG amounts in the absence (black triangles) and in the presence (red squares) of NS3/4A (A), 3CLpro (B), and PLpro (C) are
shown. The commercial assay kit (BioVision) contains o-phthalaldehyde (OPA) that reacts with GSH (not GSSG) and generates fluorescence (excitation/emission = 340/

420 nm). All measurements were done following assay instructions.

tion of HIV-1 integrase (IN) when it forms a dimer [28]. For each
target enzyme, additional roles of reducing agent remain to be
discovered.

Our results show that both strong and weak reducing agents can
produce both false positives and false negatives, and therefore both
cases have potential risks of missing positive hit compounds that
could lead to novel inhibitors. Although it remains to be determined
exactly how reducing agents affect apparent activity, it is important
to note that the outcome of any HTS assay can be seriously affected
by the choice of reducing agent. In addition, as they pursue lead
compounds, researchers rely on the ICsq value of an inhibitor as
an indicator of compound potency. It also would be problematic if
different reducing agents could alter the potency of screened com-
pounds. We discovered that the potency of the same inhibitor was
altered from approximately 10 pM with one reducing agent to the
complete loss of inhibitory activity (ICso > 200 uM) with another.
This is a very significant difference, and hence the choice of a proper
reducing agent is critical because this may lead to the pursuit of
poor lead compounds (false positives) or to missing good potential
lead candidates (false negatives).

Therefore, while performing an HTS run, it is important to be
aware of the effect of different reducing agents on the enzyme sys-
tem in order to pick the right condition for a specific HTS run. We
suggest the use of GSH rather than other commonly used nonphys-
iological reducing agents. If GSH cannot be used for certain assays,
performing a test set assay with a small number of compounds,
including some known inhibitors with various reducing agents,
may be useful for identifying a nonphysiological reducing agent
that could detect the largest number of known inhibitors. This sim-
ple experiment could significantly improve the quality of the fol-
lowing HTS.
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