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Abstract

The rise of antibacterial resistance among human pathogens represents a problem that could
change the landscape of healthcare unless new antibiotics are developed. The methyl erythritol
phosphate (MEP) pathway represents an attractive series of targets for novel antibiotic design,
considering each enzyme of the pathway is both essential and has no human homologs. Here we
describe a pilot scale high-throughput screening (HTS) campaign against the first and second
committed steps in the pathway, catalyzed by DXP reductoisomerase (IspC) and MEP
cytidylyltransferase (IspD), using compounds present in the commercially available LOPAC1280
library as well as in an in-house natural product extract library. Hit compounds were characterized
to deduce their mechanism of inhibition; most function through aggregation. The HTS workflow
outlined here is useful for quickly screening a chemical library, while effectively identifying false
positive compounds associated with assay constraints and aggregation.
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1. Introduction

As emphasized in a recent report by the World Health Organization on global antibiotic
resistance, we are heading towards a post-antibiotic era in which “common infections and
minor injuries can kill.”[1] Highlighting acquired resistance in pathogens such as
Escherichia coli, Neisseria gonnorrhae, Streptococcus pneumoniae, Mycobacterium
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tuberculosis, and Klebsiella pneumonia, the World Health Organization is among several
groups raising concerns and awareness of the spread of antibiotic resistance and its
consequences. Beyond the natural means by which microbes may acquire resistance, others
have also noted that resistance can be intentionally introduced through deliberate
bioengineering, making antibiotic resistance a potential bioterrorist threat.

In an effort to produce new antibiotics targeting novel cellular processes, there has been a
rise in attention given to the methyl erythritol phosphate (MEP) pathway (Figure 1A). The
MEP pathway is essential for the production of isoprenoids in many bacterial species,
including human pathogens like Mycobacterium tuberculosis [2], Francisella tularensis[3],
Escherichia coli [4], and Vibrio cholera [5]. All isoprenoid metabolites, of which there are
over 25,000 identified, are produced by the condensation of two end products of the MEP
pathway, isopentenyl pyrophosphate (IPP, compound 10 in Figure 1) and dimethylallyl
pyrophosphate (DMAPP, compound 11) [6]. Essential metabolites derived from isoprenoids
are involved in a number of vital cellular processes, including electron transport, membrane
fluidity and cell signaling. Additionally, while mammals also use IPP and DMAPP for
biosynthesis of isoprenoids, these two building blocks are produced in mammals through an
alternative pathway called the mevalonic acid pathway (MVA, Figure 1B). The MVA
pathway has little semblance to the MEP pathway, making the bacterial MEP pathway a very
attractive target for the development of new antibiotics.

The enzyme catalyzing the first committed step of the MEP pathway (called DXP
reductoisomerase, or alternatively IspC or Dxr; Figure 1A) has received copious attention
and is the only enzyme reported to have been targeted and tested with an inhibitor
(fosmidomycin) in clinical trials [7]. MEP pathway inhibitors (collectively called MEPicides
[8]) are most often rationally designed on the fosmidomycin scaffold, balancing target
specificity with bioavailability ([9],[10],[11],[12]). High-throughput screening (HTS) of
molecular libraries (containing a random array of structurally diverse molecules) affords the
potential of identifying novel compounds in new chemical space, enabling the rational
design of alternate MEPicides with a scaffold different than that of fosmidomycin.
Additionally, the second committed step of the MEP pathway (called MEP
cytidylyltransferase, or alternatively IspD) has received renewed attention. While the active
site of IspD is particularly polar and traditionally difficult to target with substrate analogs[9],
the identification of a potential allosteric site on IspD [13] has provided a feasible way to
target IspD with more drug-like small molecules. Coupled with the discovery that IspD is
the sole intercellular target of known antimalarial compound MMV008138 [14], part of the
publically available Malaria Box [15] collection, IspD represents an excellent target for non-
directed molecular screening in order to identify diverse structures potentially targeting its
proposed allosteric site.

In this report, we describe a bench scale high throughput screening (HTS) campaign using
purified, recombinant IspC and IspD, a commercially available 1280 compound molecular
library, and a 150 sample, in-house prepared, natural product extract library [16]. We report
a screening protocol for both IspC and IspD that minimizes the number of assays required
while effectively identifying false positive compounds. Ultimately, this protocol can be used
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to screen diverse library collections in an effort to expand the chemical space of IspC and
IspD inhibitors.

2. Materials and Methods

2.1 Expression and purification of enzymes

Recombinant Y. pestis 1spC (YplspC), M. tuberculosis 1spC (MtblspC), F. tularensis 1spD
(FtlspD), and E.coli IspD (EclspD) were expressed and purified essentially as described in
detail previously ([16],[17]). In general, a 10 mL overnight culture of £.co/iBL21 Codon
Plus (DE3)-RIL containing the protein-encoding plasmid was used to inoculate 1 L of Luria-
Bertani media in a 2800 mL Fernbach shake flask at 37°C. Protein expression was induced
with 0.5 mM isopropyl B-D-thiogalactopyranoside (IPTG) upon shake flask cultures
reaching an ODggq of 1.2, and cells were incubated at 37°C for 18 hours. Cells were
harvested by centrifugation at 4°C and 5000 rpm and stored at —80°C. Cell pellets were
thawed and lysed with Lysis Buffer A, containing 100 mM Tris pH 8, 0.032% lysozyme at 3
mL per g cell pellet, then Lysis Buffer B, containing 0.1 M MgCl,, 0.1 M CaCl,, 0.020%
DNase at 0.3 mL per g cell pellet. Total concentration of NaCl was brought to 0.1 M and
clarified cell lysate was obtained by centrifugation (48,000 x g, 20 min, 4°C). His-tagged
proteins were purified on a TALON metal affinity chromatography column (Clontech
Laboratories, Mountain View, CA) by washing with 20 column volumes of 1X equilibrium
buffer (50 mM HEPES pH 7.5, 300 mM NacCl), 10 column volumes of 1X wash buffer (50
mM HEPES pH 7.5, 300 mM NaCl, 10 mM imidazole), and 15 column volumes of 2X wash
buffer (L00 mM HEPES pH 7.5, 600 mM NaCl, 20 mM imidazole). The protein was then
eluted with 5 column volumes of 1X elution buffer (150 mM imidazole pH 7.0, 300 mM
NaCl). Buffer was exchanged with 0.1 M Tris pH 7.8, 1 mM NaCl, 5 mM DTT during
concentration by ultrafiltration. Protein concentration was determined using Advanced
Protein Assay Reagent (Cytoskeleton, Denver CO) with y-globulins (Sigma-Aldrich) as the
standard. Purified protein was visualized via Coomassie-stained SDS-PAGE.

2.2 IspC Enzyme Assays

IspC activity was assayed by spectrophotometrically monitoring the enzyme-catalyzed
oxidation of NADPH, as described previously.[18] The screening of a commercially
available chemical library was conducted in three stages with the Library of
Pharmacologically Active Compounds (LOPAC1280) purchased from Sigma-Aldrich[19].
The primary screen of the LOPAC1280 [ibrary consisted of 96-well plate based assays, with
0.5 pL of DMSO (for the uninhibited control) or the appropriate inhibitor (dissolved in
DMSO) first added directly to the plate, to give a final inhibitor concentration of 100 UM in
a total assay volume of 50 uL. Subsequently, 45 L of assay master mix, containing 100 mM
Tris pH 7.8, 25 mM MgCl,, 150 uM NADPH, and 0.89 uM Y plspC was added to each well
and the plate was allowed to incubate at room temperature for 10 minutes to facilitate
inhibitor binding. The reaction was initiated with the addition of the K,,, value of DXP (252
UM [16]), and was subsequently quenched after 1 minute with the addition of EDTA to a
final concentration of 200 mM. Decrease in Azgg as compared to wells without DXP was
measured using a Beckman Coulter DTX800 plate reader.
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The secondary screen consisted of cuvette-based assays with MtlspC. Enzymatic activity
was monitored using 120 pL assay solutions containing 100 mM Tris pH 7.8, 25 mM
MgCl,, 150 uM NADPH, 0.89 uM MtblspC, and 100 uM inhibitor. Assay solutions were
incubated at 37°C for 10 minutes to allow NADPH and the inhibitor to associate with the
enzyme. Addition of the K, value of DXP (47 uM [20]) was then used to initiate the
reaction. The enzymatic consumption of NADPH was continuously monitored (Asz4q) using
an Agilent 8453 spectrophotometer equipped with a multi-cuvette holder.

The tertiary screen consisted of a YplspC-FtlspD coupled assay, where the 96-well plate
assay used for the primary screen was adapted to assay IspD activity, as detailed elsewhere
[21]. The assay master mix of the primary screen was modified to additionally contain 1.8
UM FtispD, 200 uM CTP, and 100 mU/mL pyrophosphatase. The assay was quenched after
1 minute by the addition of 40 L of an acidic malachite green assay solution (2.4 M sulfuric
acid containing 1.5% ammonium molybdate, 1.6% Tween 20, and 9.5% malachite green)
and 120 pL water. Sodium citrate was added to 3.4% after 10 minutes, and an increase in
Aggo as compared to wells without DXP was read using a Beckman Coulter DTX800 plate
reader.

To screen the inhibitory activity of the natural product extracts, the YplspC activity was
monitored using 120 pL assay solutions containing 100 mM Tris pH 7.8, 25 mM MgCly,
150 uM NADPH, 0.89 uM YplspC, and 0.5% (1.98 uL) natural product extract. Assay
solutions were incubated at 37°C for 10 minutes to allow NADPH and the inhibitor to
associate with the enzyme. Addition of 252 UM DXP was used to initiate the reaction. The
enzymatic consumption of NADPH was then continuously monitored (Azsg) using an
Agilent 8453 spectrophotometer equipped with a multi-cuvette holder.

Where appropriate, half maximal inhibitory activity (ICsg) was determined by assaying
YplspC in the presence of varying concentrations of inhibitor, ranging from 1 nM to 100
UM, then plotting fractional enzyme activity as a function of inhibitor concentration.
GraphPad Prism (La Jolla, CA) was used for nonlinear curve fitting the assay results to a
sigmoidal dose response curve.

Lineweaver Burk plots were used to determine the mechanism of enzyme inhibition.
Accordingly, 120 uL assay solutions contained 100 mM Tris pH 7.8, 25 mM MgCl,, 0.89
UM YplspC, and variable concentrations of an inhibitor. Each assay solution was incubated
for 10 min at 37°C to facilitate inhibitor binding. NADPH was subsequently added, at 150
uM for DXP-dependent plots, and at variable concentrations for the NADPH-dependent
plots (ranging from 20 to 100 pM), and the assays were incubated an additional 10 minutes
to allow NADPH binding. Enzymatic reactions were then initiated with addition of 252 yM
DXP for NADPH dependent plots, and at variable concentrations (from 50 to 300 uM) for
the DXP-dependent plots. Lineweaver-Burk plots were fit by linear regression using
GraphPad Prism.

2.3 IspD Enzyme Assays

IspD activity was monitored colorimetrically by quantifying production of inorganic
phosphate using pyrophosphatase and malachite green dye as described previously[21]. The
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screening of a commercially available chemical library was conducted in three stages with
the Library of Pharmacologically Active Compounds (LOPAC1280) purchased from Sigma-
Aldrich[19]. The primary screen of the LOPAC1280 Jiprary consisted of 96-well plate based
assays, with 0.5 pL of DMSO (for the uninhibited control) or the appropriate inhibitor
(dissolved in DMSO) first added directly to the plate, to give a final inhibitor concentration
of 100 uM in a total assay volume of 50 pL. Subsequently, 45 pL of assay master mix,
containing 100 mM Tris pH 8.2, 1 mM MgCl,, ImM DTT, 200 uM CTP, 100 mU/mL
pyrophosphatase, and 1.8 uM FtlspD was added to each well and the plate was allowed to
incubate at room temperature for 10 minutes to facilitate inhibitor binding. The assay was
initiated with the addition of 200 uM MEP. The assay was quenched after 1 minute by the
addition of 40 uL of an acidic malachite green assay solution (2.4 M sulfuric acid containing
1.5% ammonium molybdate, 1.6% Tween 20, and 9.5% malachite green) and 120 pL water.
Sodium citrate was added to 3.4% after 10 minutes, and an increase in Aggg as compared to
wells without DXP was read using a Beckman Coulter DTX800 plate reader.

The secondary screen consisted of cuvette-based assays with EclspD. Enzymatic activity
was monitored using 250 L assay solutions containing 100 mM Tris pH 8.2, 1 mM MgCl,,
1mM DTT, 200 uM CTP, 100 mU/mL pyrophosphatase, 1.8 uM EclspC, and 100 uM
inhibitor. Assay solutions were incubated at 37°C for 10 minutes to allow CTP and the
inhibitor to associate with the enzyme. The addition of 200 uM MEP was used to initiate the
reaction. Every 30 seconds, 40 uL aliquots were removed from the assay mixture and
combined with 40 pL of the acidic malachite green assay solution and 120 uL water. The
Aggo of each solution was measured on an Agilent 8453 spectrophotometer equipped with a
multi-cuvette holder.

The tertiary screen consisted of a pyrophosphatase assay. Enzymatic activity was monitored
using 250 uL assay solutions containing 100mM Tris pH8.2, 1ImM MgCl,, 1mM DTT,
100mU/mL pyrophosphatase, and 100uM inhibitor. Assay solutions were incubated for 10
minutes to allow the inhibitor to bind, then enzymatic activity was initiated with the addition
of 20 uM pyrophosphate. Every 30 seconds, 40 uL aliquots were removed from the assay
mixture and combined with 40 pL of the acidic malachite green assay solution and 120 pL
water. The Aggg of each solution was measured on an Agilent 8453 spectrophotometer.

To screen the inhibitory activity of the natural product extracts, FtlspD activity was
monitored using 250 pL assay solutions containing 100 mM Tris pH 8.2, 1 mM MgCl,,
1mM DTT, 200 pM CTP, 100 mU/mL pyrophosphatase, 1.8 uM FtispD, and 0.5% (1.25 L)
natural product extract. Assays were conducted as described above in the secondary IspD
screen for the LOPAC library.

Where appropriate, half maximal inhibitory activity (ICgg) was determined by assaying
FtlspD in the presence of varying concentrations of inhibitor, ranging from 1 nM to 100 uM,
then plotting fractional enzyme activity as a function of inhibitor concentration. GraphPad
Prism (La Jolla, CA) was used for nonlinear curve fitting the assay results to a sigmoidal
dose response curve.
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2.4 Preparation of Natural Product Extracts

A natural product extract library was curated in house using specimens of plants and fungi
indigenous to the northern Virginia area. One gram of each specimen was frozen with liquid
nitrogen, ground with a mortar and pestle, and mixed with 15 mL of ethyl acetate. The
mixture was vacuum-filtered using a Biichner funnel and subsequently collected and
transferred into a round bottom flask. The flask was placed on a rotovaporator with a 44°C
water bath to remove the solvent. Samples were then resuspended to 1.0 mL in ethyl acetate,
transfered into a tared 1.5 mL microcentrifuge tube, then evaporated to dryness in a
SpeedVac. Each residue was weighed and stored at 4°C. Working solutions were prepared
by resuspending the dry extracts in DMSO to a concentration of 10 mg/mL.

2.5 Selective Binding and Isolation of the Active Inhibitor from the Natural Product Extract

IspC solutions (1.5 mL) were prepared with 50 mM Tris pH 7.8, 25 mM MgCl,, 150 uM
NADPH, 1.7 uM YplspC, and 3.3% wt/vol of either DMSO (negative control) or the natural
product extract (€29). Samples were incubated at 37°C for 15 min, then transferred to a
centrifugal filter concentrator with 30 kDa cutoff (Amicon Millipore). Additional wash
buffer (500 L) was added to each sample (50 mM Tris-HCL pH.7.8, 25 mM MgClI) before
centrifugation at 35°C and 4000 x g to a final sample volume of 200 pL. The sample
retentate was removed and combined with 200 pL of wash buffer in a microcentrifuge tube.
The microfuge tube was placed at 65°C for 20 minutes to denature the protein (and release
of the active inhibitor from the enzyme), then the denatured sample was transferred to a 10
kDa concentrator and centrifuged at 35°C, 4000 x g, for 45 min. The filtrate containing the
inhibitor was retained at —80°C for LC-QToF analysis.

IspD solutions (1.5 mL) were prepared with 100 mM Tris pH 8.0, 1 mM MgCls, 200 uM
CTP, 3.4 uM FtIspD, 1 mM DTT and 2% wt/vol of either DMSO (negative control) or the
natural product extract (€29). The inhibitor was extracted essentially as above, using a wash
buffer of 100 mM Tris pH 8.0, 1 mM MgCl,, 1 mM DTT.

2.6 LC-QToF Analysis

Filtrate samples containing the active inhibitor were removed from the —80°C freezer,
diluted 1:1 with LC-MS Grade acetonitrile (Fisher Scientific), filtered using a Supelco
(54145-U) Iso-disc, N-4-2 nylon, 4 mm x 0.2 um filter (Sigma-Aldrich), and transferred to
high recovery amber vials (Agilent Technologies, Inc., Santa Clara, CA). Reverse-phase
liquid chromatography was performed on the purified analyte using an Agilent 1290 Infinity
Ultra High-Performance Liquid Chromatography system (UHPLC) coupled with an Agilent
6530 Quadrupole Time of Flight (QToF) detector. Mobile phase was delivered by a binary
pump at a flow rate of 0.4 mL/min. Solvent A was composed of LCMS Grade water + 0.1%
v/v formic acid (Proteochem, Loves Park, IL) and solvent B was composed of LCMS Grade
acetonitrile + 0.1% v/v formic acid (Proteochem). The chromatography gradient used is as
follows: 0-1 min, 5% solvent B; 10 min, 30% B; 15 min, 70% B; 22 min, 90% B; 24-25
min, 100% B; 27 min, 2% B; 30 min, 5% B. The autosampler was set with an injection
volume of 5 pL. Flush port was set to clean the injection needle for 30 s intervals. A
ZORBAX Rapid Resolution High Throughput (RRHT), 2.1 x 50 mm, 1.8 um C18 column
(Agilent Technologies, Inc.) was used for the chromatography. The column was maintained
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at an isothermal temperature of 38°C. The QToF was equipped with an electrospray
ionization (ESI) source, and was set for detection of ions within a mass-to-charge ratio (m/z)
ranging from 100 to 1000. A dedicated isocratic pump continuously infused reference
standards of purine (Agilent Technologies, Inc.) and hexakis-H, 1H, 3H-tetrafluoropropoxy-
phosphazine, or HP-921 (Agilent Technologies, Inc.) at flow rate of 0.5 mL/min to achieve
accurate mass correction. The nebulizer pressure was set at 35 psig with a surrounding
sheath gas temperature of 350°C and gas flow rate of 11 L/min. Drying gas temperature was
set at 300°C with a flow rate of 10 L/min. Default settings were used to set voltage gradient
for nozzle at 1000 V, skimmer at 65 V, capillary (VCap) at 3500 V, and fragmentor at 175 V.
Each cycle of acquisition was performed at a constant collision energy that varied between 0
V, 10V, 20 V, and 40 V for subsequent tandem MS analysis. Agilent MassHunter
Acquisition SW Version, 6200 series TOF/6500 series Q-TOF B.05.01 (B5125.1) was used
to record LCMS data. Agilent MassHunter Qualitative Analysis B.06.00 was used to analyze
data and to generate the total ion chromatogram (TIC), extracted compound chromatogram
(ECC) and mass spectra for analyte compounds. Tandem mass spectra were processed using
the Find Compound by MSMS function to envelope product ions and related features
(adducts, isotopes, and fragment ions that elute at the same retention time). Mass spectra of
analytes were processed using the Find Compound by Options function set to consider
factors including sodium (Na*) and hydrogen (H*) adducts and neutral loses of water (H,0)
while utilizing METLIN Metabolite Personal Compound Database add-in for Agilent
MassHunter Qualitative Analysis B.06.00. The initial step in the identification of
metabolites relied on the METLIN Metabolite PCD match-scoring criteria filters that
evaluated m/z, potential adducts, potential neutral loses, accurate mass and isotope effect to
calculate and propose chemical formula matches for precursor ions [22]. Follow-on manual
comparative analysis of raw tandem MS data was performed with online MS/MS spectra
library references.

2.7 Antibacterial Assays

The following reagents were obtained through the NIH Biodefense and Emerging Infections
Research Resources Repository, NIAID, NIH: Yersinia pestis subsp. A1122 and Francisella
tularensis subsp. novicidastrain Utah 112. Both species were cultured at 37°C in tryptic soy
broth with 0.1% cysteine (TSB-C) and constantly shaken at 250 rpm. Agar (1.5% wt/vol)
was added to prepare solid media. For whole cell assays, dose-response plot of cell growth
(ODgqg) was measured as a function of inhibitor concentration. An overnight culture of ¥/
pestis subsp. A1122 or F. tularensis subsp. novicida was grown in TSB-C and diluted to
ODgqg of 0.2. Aliquots of the culture (40 pL) were then dispensed into foam-capped 1.5 mL
microcentrifuge tubes containing 360 L of fresh TSB and the appropriate concentration of
inhibitor. Bacterial growth was monitored until ODggg = 1.5 for uninhibited samples;
approximately 22 hours for Y. pestisand 7 hours for £ tularensis. Each condition was
evaluated in duplicate. Nonlinear regression fitting the resulting dose-response plot was
achieved using GraphPad Prism version 4.00 for Windows (GraphPad software Inc, San
Diego, CA) and the equation F = 1/(1+[1]/ICsq) where F = fractional growth and [I] =
inhibitor concentration.
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3. Results

3.1 Overview of the Approach to High-Throughput Screening

In separate high-throughput screens, the LOPAC1280 [ibrary from Sigma Aldrich (containing
1280 purified pharmaceutically active compounds) was screened for inhibitory activity
against purified recombinant IspC and IspD. In order to identify hit compounds from the
LOPAC!280 |ibrary, a stepwise screen was performed in the manner illustrated Figure 1.

For the IspC screens (shown in teal in Figure 2), initial inhibitory activity was assayed in a
primary screen using Yersinia pestis 1spC (YplspC), then compounds demonstrating =75%
inhibition of native enzyme activity were taken into a secondary screen performed with the
Mycobacterium tuberculosis 1spC (MtblspC). Compounds with =75% inhibition in the
secondary screen were subsequently evaluated in a tertiary screen involving a coupled IspC-
IspD assay. This tertiary screen was designed to identify and eliminate library molecules
harboring chromophores with absorbance at 340 nm (which would appear as false hits in the
primary and secondary screens). Compounds retained from the tertiary screen were
evaluated for antimicrobial activity in a quaternary screen with £ fularensis subsp. novicida,
and were considered leads for further characterization if the compound reduced microbial
growth by 75% or greater at 100 uM. Further details on the development of the IspC
screening protocol are detailed in the Supplementary Materials.

For the IspD screens (shown in purple in Figure 2), initial inhibitory activity was assayed in
a primary screen using Francisella tularensis 1spD (FtlspD), then compounds demonstrating
>75% inhibition of native enzyme activity were taken into a secondary screen performed
with Escherichia coli 1spD (EclspD). Compounds with >75% inhibition in the secondary
screen were subsequently evaluated in a tertiary screen investigating inhibition of
pyrophosphatase, a component of the IspD assay. This tertiary screen was designed to
identify and eliminate library molecules which inhibited pyrophosphatase activity rather
than IspD activity in the primary and secondary screens. As for the inhibitors identified with
IspC, compounds retained from the tertiary screen with pyrophosphatase were evaluated in a
quaternary screen with £ tularensis subsp. novicidato determine antimicrobial activity.
Compounds reducing microbial growth by 75% or greater were retained and subsequently
further characterized. Further details on the development of the IspD screening protocol are
detailed in the Supplementary Materials.

3.2 The Screening of the LOPAC280 [jprary — IspC

From the primary (Supplementary Figure 1A), secondary (Figure 3A), and tertiary screens
(Figure 3B) with IspC, a total of seven compounds were identified as potential lead
molecules and moved forward to a quaternary screen for antibacterial activity. The
antibacterial activity of the seven highlighted library compounds was evaluated using a
growth-inhibition assay with Francisella tularensis subsp. novicida Utah 112. All
compounds were screened in duplicate at 100 pM. As shown in Figure 3C, four of the
compounds significantly inhibit bacterial growth (structures of the compounds are provided
in Figure 4D). These compounds, including 3-(3, 5-Dibromo-4-hydroxybenzylidine-5-
iodo-1,3-dihydro-indol-2-one) or GW5074, 1,3,5-tris(4-hydroxyphenyl)-4-propyl-1H-
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pyrazole or PPT, 3’-[(8-Cinnamoyl-5,7-dihy droxy-2,2-dimethyl-2H-1-benzopyran-6-
yDmethyl]-2”,4",6” -trihydroxy-5"-methylacetophenone or Rottlerin, and 13-Methyl-
[1,3]benzodioxolo[5,6-c]-1,3-dioxolo[4,5-i] phenanthridinium chloride or Sanguinarine
chloride, were thus considered lead molecules as inhibitors of IspC.

To quantify the potency of each of these molecules, ECgg values were derived from
additional growth-inhibition assays performed with either £ tularensis subsp. novicida Utah
112 (presented in Supplementary Figure 2) or Yersinia pestis subsp. A1122 (presented in
Supplementary Figure 3). As each of the four select compounds demonstrate low
micromolar growth-inhibitory activity against £ fularensisand Y. pestis, we elected to
further characterize each in follow-on enzyme assays performed with YplspC and FtlspD
(detailed following in Section 3.6) At the conclusion of primary through quaternary
screening of the LOPAC280 |ibrary with IspC, the 4 identified hit compounds from the
initial library of 1280 gives a hit rate of 0.31%.

3.3 The Screening of the LOPAC280 [jprary — IspD

From the primary (Supplementary Figure 1A), secondary (Figure 4A), and tertiary screens
(Figure 4B) with IspD, a total of 5 molecules were identified as potential lead molecules and
moved forward to a quaternary screen for antibacterial activity. As with IspC, the quaternary
screen of IspD measured antibacterial activity of each of the potential lead molecules,
evaluated using a growth-inhibition assay with Francisella tularensis subsp. novicida Utah
112. All compounds were screened in duplicate against the microbe at 100 pM as previously.
Shown in Figure 4C, two of the compounds significantly inhibit bacterial growth (structures
of the compounds are provided in Figure 4C). These compounds, including 1,2-Dimethoxy-
N-methyl(1,3) benzodioxolo(5,6-c)phenanthridinium chloride or chelerythrine chloride and
1,1-Decamethylenebis(4-aminoquinaldinium) dichloride hydrate or Dequalinium chloride,
were thus considered lead molecules as inhibitors of IspD.

For the two lead compounds, ECsgq values were determined from additional growth-
inhibition assays performed with either £ fularensis subsp. novicida Utah 112 or Yersinia
pestis subsp. A1122 (the dose-response plots for £ tularensis are presented in
Supplementary Figure 2, and for Y. pestis are presented in Supplementary Figure 3). Both
compounds demonstrate low micromolar growth-inhibitory activity against £ tularensis, but
neither is active against Y. pestis. Given that the compounds were effective against £
tularensis, we elected to further characterize each in follow-on enzyme assays performed
with YplspC and FtlspD (detailed following in Section 3.6). At the conclusion of primary
through quaternary screening of the LOPAC280 Jibrary with IspD, the 2 identified hit
compounds from the initial library of 1280 gives a hit rate of 0.15%.

3.4 Overview of the Approach to Natural Product Screening

In separate screens, a proprietary natural product library was screened for inhibitory activity
against purified recombinant IspC and IspD. In order to identify hit compounds from the
natural product library, a stepwise screen was performed in the manner illustrated in Figure
5.
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For the IspC screens (shown in blue in Figure 5) and the IspD screens (shown in purple in
Figure 5), initial inhibitory activity was assessed in a primary screen with either YplspC or
FtlspD, respectively. Compounds demonstrating =75% inhibition of native enzyme activity
were considered suitable compounds for active component identification, and select
compounds were pursued based on percent inhibition of the enzyme and abundance of the
starting material (the extract). Active components were identified using an affinity extraction
method utilizing the enzyme as bait and subsequent matching of an MS/MS spectrum of the
isolated compound to that of a standard in the Metlin metabolite database. Once a compound
was initially identified using database matching, the pure compound was purchased and its
MS/MS spectrum was derived then compared to the MS/MS spectrum of the compound
isolated from the extract. If matched, then the compound was moved forward to a tertiary
screen with the purified enzyme (YplspC for the IspC screen or FtlspD for the IspD screen).
Residual enzyme activity under 25% justified moving the compound to quaternary
antibacterial screen with £ tularensis subsp. novicida. Compounds reducing microbial
growth by at least 75% at 100 pM were retained for ECsq determination and subsequent
further characterization.

3.5 The Screening of a Natural Product Extract Library

Run separate from the LOPAC1280 |ibrary screen, a natural product library was also
evaluated for inhibitory activity utilizing purified recombinant YplspC and FtlspD. This
library was produced in-house and comprises 155 individual ethyl acetate extracts, derived
from a wide variety of regional plants and fungi, each extract containing a diverse mixture of
metabolites. The extracts were individually evaluated in the assay at 50 pg/mL final
concentration, while 100 uM fosmidomycin and FR900098 were each used as positive
controls for inhibition of IspC, and 100 uM anthracene blue was used as the positive control
for IspD. Overall, nine different extracts were found to inhibit YplspC activity by 75% or
greater, and 11 different extracts were found to inhibit FtispD activity by 75% or greater
(Figure 6A). Most interestingly, e29 was found to inhibit the activity of both YplspC and
FtlspD by greater than 95%. In light of this, e29 was prioritized for subsequent active
component identification.

The e29 extract was obtained from the plant Rumex crispus, commonly known as Curly
Dock, an invasive weed species found throughout North America [23]. Although €29
inhibited both YplspC and FtlspD, YplspC was chosen first for active component
identification via the use of YplspC as an affinity bait. After incubation of the extract with
the enzyme, the enzyme-inhibitor complex was separated from the extract by centrifugation
through a 30 kDa ultrafiltration concentrator (the enzyme-inhibitor complex remains in the
retentate) and washed. Subsequent heat denaturation of the enzyme-inhibitor complex
released the associated inhibitor, which was immediately recovered by centrifugation
through a second 30kDa ultrafiltration concentrator (the enzyme remains in the retentate
whereas the inhibitor is now in the filtrate). The filtrate was then directly analyzed using an
LC-QToF (LC-MS/MS). Mass spectra comparison of the inhibitor to the METLIN
Metabolite and Tandem MS Database identified the molecule quercetin as the putative IspC
inhibitor. Figure 6B shows a comparison of the MS/MS spectrum of the isolate from €29 and
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the MS/MS spectrum of a purchased quercetin standard analyzed on our LC-QToF at a
collison energy of 40V.

To validate the inhibitory activity of quercetin, it and a small series of related flavonoids,
including common glycosylated forms of quercetin and the structurally similar catechins,
were purchased and screened at 100 uM against YplspC in a tertiary screen. As reported in
Table 1, quercetin effectively inhibits over 95% of the catalytic activity of YplspC, while
none of the glycosylated forms of quercetin nor the catechins showed any significant
inhibitory activity.

Quaternary bacterial growth-inhibition assays performed with quercetin and Francisella
tularensis subsp. novicida Utah 112 at 100 uM showed less than 25% residual growth,
justifying subsequent ECsq determination. Significant inhibitory activity associated with
quercetin is observed against both Yersinia pestis subsp. A1122 and Francisella tularensis
subsp. novicida Utah 112 (Supplementary Figure 4), with ECsg values under 50 uM for both
microbes. Notably, the ECsq values with quercetin are comparable to those obtained in
growth inhibition assays performed with FR900098 (Francisella tularensis. 36 M with
quercetin, 23 uM with FR900098[12]; Yersinia pestis. 29 UM with quercetin, 29 uM with
FR900098 [16]).

Next, to identify the inhibitor of IspD present in €29, we used the same affinity bait
approach described with YplspC. LC-MS/MS reveals the active inhibitor of IspD also to be
quercetin, as shown in Figure 4C with a comparison of the MS/MS spectrum of the isolate
from e29 and the MS/MS spectrum of a purchased quercetin standard analyzed at a collison
energy of 40V. To validate this discovery, we assayed the activity of FtlspD in the presence
of 100 uM commercially purchased quercetin. The FtlspD activity was reduced to 4% of the
uninhibited control, confirming that quercetin is indeed an inhibitor of I1spD. Given the
known antibacterial activity of quercetin against both £ tularensisand Y.pestis (as
determined in the quaternary natural product screen for IspC inhibitors; see Supplementary
Figure 4), quercetin was retained as a lead molecule for inhibition of IspD. The structure of
quercetin is given in Figure 6D.

Literature records a striking number of biological activities associated with quercetin. The
flavonoids as a class are noted for their antioxidant properties; quercetin is no exception,
having been reported to inhibit the production of both reactive oxygen species (ROS) and
nitric oxide (NO). [24] It has been reported as a direct competitive inhibitor of cytochrome
p450 function, with a K of 15.4 uM against CYP34A [25], and as a noncompetitive
inhibitor of lipoxygenase with an 1Csq of 4.8 uM. [26] Quercetin has been described to have
anticancer properties, interfering with signaling in the JAK-STAT pathway [27], PI3K-Akt-
mTOr pathway (competitive inhibitor of PI3K, K4 = 0.28 uM [28]) and the MAPK-JNK
pathway (inhibitor of INK, IC55 = 1 uM [29]), and shows biological effects at
physiologically relevant concentrations [30]. In addition, quercetin has noted antiviral
properties, including effects on hepatitis C ([31], inhibitor of nonstructural protein 5A of
HCV [32]) as well as influenza A (inhibitor of HA2 subunit [33]). Quercetin shows noted
anti-MRSA activity by several groups ([34] [35] [36]), although reports conflict over its
activity against £. coli ([37], [38]). Antibacterial activity has been observed in various
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flavonoid-containing plants used in folk medicine in places like Iran [39], Turkey [40], and
Kenya [41]. The anti-inflammatory effects of quercetin [42] are well documented, including
evidence that quercetin blocks mast cell cytokine release [43]. Despite the abundance of
biological activities associated with quercetin, reports have become available implicating
quercetin as a “Pan Assay Interference compound”, or PAIN, which nonspecifically
interferes with a wide spectrum of assays ([44] [45]), leading to some concern over the
association between target and biological effect. Further clinical trials have been called for to
establish the clinical uses of quercetin. [46] Given the interest in this molecule from a large
range of fields, we next elected to further characterize quercetin, along with the 6 top hits
obtained from the LOPAC1280 |ibrary screen. This characterization is fully described in the
subsequent Section 3.6.

3.6 Hit Characterization

To determine relative potency of the hit compounds from both the LOPAC1280 and natural
product libraries, inhibitory dose-response curves for quercetin and each of the 6
LOPAC1280 hjt compounds were determined using the enzyme assay with YplspC or
FtlspD, as appropriate, and are given in Supplementary Figure 5. Given the hydrophobicity
of several of the inhibitors, as well as the steep dose response curves of several of the
inhibitors, most specifically sanguinarine chloride and PPT, each inhibitor was examined for
aggregation using a 0.01% Triton X-100 detergent screen, as recommended as a simple
predictive test to identify aggregating inhibitors [47]. Neither YplspC nor FtlspD showed
significant changes in activity in the presence of this quantity of detergent. As shown in
Figure 7A, each compound was determined to be significantly less effective in the presence
of small amounts of detergent, defined as a 25% increase in residual activity in the presence
of detergent, with the exception of sanguinarine chloride. Additional examination of
sanguinarine chloride, given in Supplementary Figure 6, reveals that sanguinarine chloride is
also an aggregating inhibitor, based on its mixed inhibition profile and its variable ICsgp,
dependent on enzyme concentration. Based on these positive control tests, all compounds
identified were determined to aggregate in assay buffer conditions and are unsuitable for
further investigation. A literature search reveals reports of rottlerin, quercetin, and
dequalinium chloride forming aggregates in solution, and we corroborate this observation.
([48], [49], [38], [50].)

Given the lack of suspected specific lead compounds identified in the LOPAC1280 and
natural product screen, further investigation was considered for LOPAC1280 compounds that
passed primary, secondary and tertiary screening, but did not show antibacterial activity.
Both Francisella tularensis and Yersinia pestis are Gram negative microbes that may be
limiting antimicrobial activity through reduced cell well penetration or efflux pumps.
Therefore, it was hypothesized that select other compounds that were identified in the
LLOPAC1280 screening campaign still may function as novel scaffolds for IspC or IspD
inhibitor development, albeit that these scaffolds would likely need to be optimized to
improve cellular penetration. There were three inhibitors of IspC and of IspD identified in
tertiary screening that failed to show significant antimicrobial activity in the quaternary
screen (Figure 3 and Figure 4): NF023, Suramin Hexasodium, and 1-OMe-Tyrphostin AG
538 with respect to IspC, and Aurintricarboxylic acid, 6-hydroxy-DL-DOPA, and U-74389G
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maleate with respect to IspD. These compounds were subsequently examined for their
inhibition in the presence and absence of Triton X-100 to determine if any of these
compounds were also functioning as aggregators. Figure 7B shows that addition of 0.01%
Triton X-100 did not attenuate inhibition for suramin hexasodium, an identified IspC
inhibitor, or 6-hydroxy-DL-DOPA, an identified IspD inhibitor. Because neither of these
compounds were as likely to be aggregating inhibitors given the insensitivity to detergent,
both were investigated for potency and mechanism of action. As shown in Supplementary
Figure 7, both suramin and 6-hydroxy-DL-DOPA were confirmed as non-aggregating
compounds, based on suramin’s consistent 1Csq against variable YplspC concentrations, and
6-hydroxy-DL-DOPA’s competitive mechanism with respect to CTP. However, given
concerns over suramin’s specificity given it’s known side effects and wide range of other
targets ([51], [52], [53], [54], [55], [56]), and 6-hydroxy-DL-DOPA’s known neurotoxicity
and chemical instability ([57], [58]), both suramin and 6-hydroxy-DL-DOPA would be
challenging lead molecules for further development as MEP pathway inhibitors.

4. Discussion

Each of the initial hits compounds identified from the LOPAC280 and natural product
libraries displaying antimicrobial activity showed evidence of aggregation, either through
sensitivity of inhibition to detergent, or sensitivity of inhibition to enzyme concentration.
Given the percentage of hits identified as aggregators in HTS campaigns, both in this work
and others [59], not including such analysis of hits increases the likelihood of pursuing
compounds that do not inhibit the expected target in a specific manner. Given aggregating
inhibitors would be expected to inhibit diverse enzymes if assay conditions are similar,
further investigation into the specificity of each cohort of LOPAC1280 inhibitors is
warranted. For the aggregating inhibitors of IspD, investigation into the IspC primary and
secondary screens reveals that both chelerythrine and dequalinium were identified as
inhibitors of IspC in the primary screen with YplspC. They were subsequently both
eliminated following the secondary screen with MthIspC, with chelerythrine reducing the
residual activity of MtblspC to 27%, only 2% over the set 25% cut-off for the secondary
screen. It is likely that the identified aggregating inhibitors of IspD function as aggregating
inhibitors of IspC, with decreases in potency just great enough to avoid being retained in the
secondary screen of IspC. In the same way, investigation of the aggregating IspC inhibitors
reveals that all showed some activity against IspD in the primary screen, with rottlerin being
the least potent at 52% residual FtlspD activity in the primary screen. Sanguinarine reduced
FtlspD residual activity to 27%, just missing the primary screen cut-off. Both GW5074 and
PPT were identified as inhibitors of FtispD in the primary screen, and were eliminated with
47% and 55% residual activity of EclspD in the secondary screen, respectively. It is known
that aggregating inhibitors are exceptionally sensitive to changes in protein concentration, as
shown in the case of sanguinarine in Supplementary Figure 7. Because the IspD assays were
performed with roughly twice the concentration of enzyme as the IspC assays (1.8 uM
versus 0.89 uM), in addition to the pyrophosphatase, it is perhaps unsurprising that
aggregating inhibitors in the IspC assays were in general less potent when examined in the
IspD assays.
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Based on these observations, it is apparent that HTS protocol design is crucial in identifying
false positive compounds. In the protocol used here, we account for false positives due to
assay constraints using the tertiary screens, and false positives due to aggregation
phenomena using a combination of screens for detergent sensitivity, changes in potency
dependent on enzyme concentration, and mechanism of action via Lineweaver Burk plots.
The HTS protocol delineated provides a rational start to probing IspC and IspD for
additional sites to expand the chemical space for inhibitors of these enzymes. Use of this
HTS protocol for IspC and IspD with additional molecular libraries, including the
appropriate control assays and investigation for aggregation, may unveil further compounds
suitable as novel antibiotics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The MVA and MEP biosynthetic pathways
A) The MEP pathway is used by higher plants, the plastids of algae, apicomplexan protozoa,

and many eubacteria, including numerous human pathogens. Pyruvate (1) is condensed with
glyceraldehyde 3-phosphate (2) to yield 1-deoxy-D-xylulose 5-phosphate (DXP; (3)) [60], a
branch point intermediate with a role in £. coli vitamin B1 and B6 biosynthesis ([61], [62],
[63], [64]) as well as isoprene biosynthesis. In the first committed step of the £. co/i MEP
pathway, 1-Deoxy-D-xylulose 5-phosphate reductoisomerase (also called MEP synthase,
Dxr or IspC) catalyzes the reduction and rearrangement of 3 to yield MEP (4) [65]. CDP-
ME synthase then converts MEP into 4-(cytidine 5’ -diphospho)-2-C-methyl-D-erythritol
(CDP-ME; (5)). CDP-ME kinase phosphorylates CDP-ME, which is subsequently cyclized
(coupled with the loss of CMP) by cMEPP synthase to yield 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate (7) ([66], [67], [68], [69], [70]). A reductive ring opening of 7 produces 1-
hydroxy-2-methyl-2-butenyl diphosphate (HMBPP; (8))([71], [72], [73], [74], [75]) which is
then reduced to both IPP and DMAPP in a ~5:1 ratio ([76], [77], [78], [79], [80], [81], [82]).
B) The MVA pathway is utilized by humans and other eukaryotes, archaebacteria, and
certain eubacteria to produce IPP and DMAPP, the building blocks of isoprenoids. The
pathway is initiated by the enzymatic condensation of 3 molecules of acetyl-CoA (12) to
form 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) (14), which is then reduced to MVA

Anal Biochem. Author manuscript; available in PMC 2019 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Haymond et al.

Page 21

(15) by HMG-CoA reductase ([83], [84]). Subsequent phosphorylation and decarboxylation
yield IPP (10) ([85], [86], [87]) which is converted to DMAPP (11) by an isomerase [88].
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Figure 2. Tiered screening procedure utilized with the LOPAC1280 library screen
Compounds were passed through 4 tiers of screening for both IspC (teal) and IspD (purple).

For IspC, these included a primary screen with YplspC, a secondary screen with MthlspC, a
tertiary screen with MtblspC coupled with FtispD, and a quaternary antibacterial assay. For
IspD, these included a primary screen with FtlspD, a secondary screen with EclspD, a
tertiary screen with pyrophosphatase, and a quaternary antibacterial screen. Cut-off values
for each screen are indicated (% residual enzyme activity or % residual growth). Compounds
retained through the quaternary screen for both IspC and IspD were considered lead
compounds and were examined for mechanism of inhibition.
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Figure 3. Screening of the LOPAC1280 library against IspC
A) Secondary screening of the LOPAC1280 primary screen hits for IspC. Residual activity of

MtblspC when assayed in the presence of 100 uM of each of the LOPAC280 |ibrary
compounds identified in the primary screen. For clarity, each library molecule was assigned
a numeric designation, ranging from 1-232 (the association of number, compound name,
and residual enzyme activity is tabulated in Supplementary Figure 1B). Residual activity
exceeding 100% reflects additional oxidation of NADPH over a well containing vehicle
only. Library compounds demonstrating 75% or greater reduction in MtblspC activity were
selected for the tertiary screen. B) Tertiary screening of the LOPAC280 Jibrary secondary
screen hits for IspC via MtblspC-FtlspD coupled assay. The residual activity of MtbispC
was measured with a coupled assay utilizing M. tuberculosis IspC and F. tularensis 1spD
(grey), and compared to the secondary screen values measuring MtblspC activity using the
Agyg (black). Those compounds with less than 40% residual activity in the coupled assay
were retained for quaternary antibacterial screening. Error bars are calculated as the
deviation from the mean of two independent measurements. C) Quaternary screening of the
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LOPAC1280 tertiary screen hits for IspC against £ tularensis novicida. Antibacterial activity
of LOPAC280 inhibitors against £ tularensis subsp. novicida Utah 112 was measured in
duplicate at 100 pM; compounds with less than 25% fractional bacterial growth were
selected for ECsq determination. Fractional growth is calculated as the ratio of cell density
(ODgqp) in the presence of 100 uM inhibitor to cell density in the presence of vehicle only.
Error bars are calculated as the deviation from the mean of two independent measurements.
D) Structures of lead compounds.
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Figure 4. Screening of the LOPAC1280 library against IspD
A) Secondary screening of the LOPAC1280 primary screen hits for IspD. Residual activity of

EclspD when assayed in the presence of 100 uM of each of the LOPAC280 [ibrary
compounds identified in the primary screen. For clarity, each library molecule was assigned
a numeric designation, ranging from 1-33 (the association of number, compound name, and
residual enzyme activity is tabulated in Supplementary Figure 1C). Library compounds
demonstrating 75% or greater reduction in EclspD activity were selected for the tertiary
screen. B) Tertiary screening of the LOPAC1280 secondary screen hits for IspD against
pyrophosphatase. Shown in black is the residual activity of pyrophosphatase versus the
residual activity of EclspD shown in grey in the presence of 100 uM inhibitor. Those
compounds with greater than 50% residual activity in the pyrophosphatase assay were
retained for quaternary antibacterial screening. Error bars are calculated as the deviation
from the mean of two independent measurements. C) Quaternary screening of the
LOPAC1280 tertiary screen hits for IspD against F. tularensis novicida. Antibacterial activity
of LOPAC280 inhibitors against £ tularensis subsp. novicida Utah 112 was measured in
duplicate at 100 pM; compounds with less than 25% fractional bacterial growth were
selected for ECsq determination. Fractional growth is calculated as the ratio of cell density
(ODgqp) in the presence of 100 uM inhibitor to cell density in the presence of vehicle only.
Error bars are calculated as the deviation from the mean of two independent measurements.
D) Structures of lead compounds.
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Figure 5. Tiered Screening procedure utilized with the natural product library screen
Compounds were passed through 4 tiers of screening for both IspC (teal) and IspD (purple).

For both enzymes, these included a primary screen with the appropriate enzyme (YplspC for
IspC screen, and FtlspD for IspD screen), a secondary assessment to determine the active
component in the extract, a tertiary screen to confirm the compound identification, and a
quaternary screen for antibacterial activity. Cut-off values for each screen are indicated (%
residual enzyme activity in primary and tertiary screens or % residual growth for quaternary
antibacterial screen). Compounds retained through the quaternary screen for both IspC and
IspD were considered lead compounds and were examined for mechanism of inhibition.
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Figure 6. Screening the natural product library against IspC and IspD
A) Primary natural product library screen for inhibitors of IspC or IspD. Each natural

product extract is alphanumerically identified as el through e155. FR900098 and
fosmidomycin (100 pM) serve as positive inhibition controls with YplspC. Anthracene blue
(100 uM) serves as a positive control for FtlspD. The residual enzyme activity for YplspC is
indicated in black, whereas the residual enzyme activity of FtlspD is indicated in grey. All
residual activity values were calculated using an uninhibited assay with vehicle (DMSO)
only. B) Secondary IspC screen for active compound identification of €29. Comparison of
MS/MS spectrum of e29 active component with respect to YplspC (black) with an MS/MS
spectrum of a pure quercetin standard run in-house (green). Comparison of spectra shown at
a collision energy of 40 V. Peaks at 302 m/z indicate the precursor ion. C) Secondary IspD
screen for active compound identification of e29. Comparison of MS/MS spectrum of €29
active component with respect to FtispD (black) with an MS/MS spectrum of a pure
quercetin standard run in-house (grey). Comparison of spectra shown at a collision energy of
40 V. Peaks at 302 m/z indicate the precursor ion. D) Structure of quercetin.

Anal Biochem. Author manuscript; available in PMC 2019 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Haymond et al.

Page 28
n . Inhibitors with YplIspC : llnhihitors with FtlspD \
L} ” 1 r 1
125+
N
* N *
:g FOD N s il verso s sanaissnamgionasarsas s ersird § .............................. T
z N N
= 754 N N *
: N N x
£ 504 § §
=
el IN N N — ;
-9
N N
0 =N ] |I| % = I=II
@ & £ & §£ g £ & & g £
: & & ©° E & 3 T ® &
> = = @ =
:
Inhibitor, 100 uM 1 Without detergent

With 0.01% Triton X-100

Inhibitors with YpIspC Inhibitors with FtlspD

-

10014y

Percent Residual Activity
i
P iz

Uninhibited YpIspC=
Suramin Hexasodium
Uninhibited FtIspD
Awrintricarboxeylic acid
6-hydroxy DL DOPA.
U-74389G maleat

I-OMe-Tyrphostin AG 538

Inhibitor, 100 M [ Without detergent
With 0.01% Triton X-100

Figure 7. Aggregation inhibition determination using detergent screening
Residual activity of YplspC (white) or FtispD (dark grey) in the absence (open bars) and

presence (hatched bars) of 0.01% Triton X-100. All samples are standardized to an
uninhibited control containing the vehicle (DMSO) and 0.01% Triton X-100 if necessary.
FR900098 was used as a positive control for specific inhibition. The cut-off for significant
attenuation of inhibition was set as 25% or greater increase in residual enzyme activity;
compounds with significantly attenuated activity in the presence of Triton X-100 are
indicated with a star. Error bars are calculated as the deviation from the mean of two
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independent measurements. A) Inhibition is attenuated in the presence of Triton X-100 for
all inhibitors except sanguinarine chloride, and inhibitor of IspC. B) Inhibition is attenuated
in the presence of Triton X-100 for all inhibitors except suramin hexasodium, an inhibitor of
IspC, and 6-hydroxy DL DOPA, an inhibitor of IspD.
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Tertiary IspC Screen for inhibitory activity of commercially purchased quercetin and additional structurally

related flavonoids when assayed with YplspC.

Compound % Residual Activity
Quercetin 4.83
Quercitrin 78.21
Quercetin 3-B-D-glucoside 76.25
Quercetin 3-D-Galactoside 76.779
Catechin 96.65
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