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Abstract
Homocitrate synthase (HCS) catalyzes the first step of L-lysine biosynthesis in fungi by
condensing acetyl-Coenzyme A and 2-oxoglutarate to form 3R-homocitrate and Coenzyme A. Due
to its conservation in pathogenic fungi, HCS has been proposed as a candidate for antifungal drug
design. Here we report the development and validation of a robust, fluorescent assay for HCS that
is amenable to high-throughput screening for inhibitors in vitro. Using this assay,
Schizosaccharomyces pombe HCS was screened against a diverse library of ~41,000 small
molecules. Following confirmation, counter screens, and dose-response analysis, we prioritized
over 100 compounds for further in vitro and in vivo analysis. This assay can be readily adapted to
screen for small molecule modulators of other acyl-CoA-dependent acyltransferases or enzymes
that generate a product with a free sulfhydryl group, including histone acetyltransferases,
aminoglycoside N-acetyltransferases, thioesterases and enzymes involved in lipid metabolism.
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Introduction
Invasive fungal infections represent an escalating threat to human health. Although these
types of infections generally pose a low risk to healthy individuals, they occur frequently
and have a high rate of morbidity and mortality in immunocompromised individuals, such as
burn patients, transplant recipients, cancer patients undergoing chemotherapy and
individuals suffering from HIV/AIDS or other immunodeficiency syndromes [1–6]. While
progress has been made in devising new therapies to treat fungal infections, there remains a
pressing need to develop novel antifungal agents. Several classes of antifungal drugs are
used clinically to treat invasive fungal infections, including polyenes, azoles and
echinocandins, which target components of the cell membrane or cell wall [7–10]. However,
many of these drugs are associated with severe cytotoxic side effects or can interfere with
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other medications. Furthermore, there has been an alarming rise in drug resistant fungal
strains that do not respond to conventional therapies. [11]. For example, treatment of
invasive aspergillosis, most commonly caused by the pathogen Aspergillus fumigatus, with a
single drug has a cure rate of only 50% [10], underscoring the need to develop new drugs
and combinatorial therapies to combat fungal pathogens.

Several metabolic pathways have been proposed as targets for novel antifungal drug design.
The α-aminoadipate (AAA) pathway represents one such target. This pathway is responsible
for L-lysine biosynthesis in certain archaebacteria and fungi, including pathogens from the
genera Candida, Cryptococcus and Aspergillus [12]. In fungi, the AAA pathway consists of
eight steps catalyzed by seven enzymes. The divalent metal-dependent enzyme homocitrate
synthase (HCS) catalyzes the first reaction in this pathway by condensing 2-oxoglutarate (2-
OG) and acetyl-Coenzyme A (AcCoA) to yield 3R-homocitrate and Coenzyme A (CoA)
[13] (Supplemental Fig. 1). In the second reaction, homoaconitase has been proposed to
catalyze a two-step isomerization of 3R-homocitrate to form 2R,3S-homoisocitrate, which is
subsequently oxidized by homoisocitrate dehydrogenase to produce 2-oxoadipate. The
enzymes 2-aminoadipate aminotransferase, 2-aminoadipate reductase, saccharopine
reductase and saccharopine dehydrogenase catalyze the remaining four reactions in which 2-
oxoadipate is converted to L-lysine (Supplemental Fig. 1). Homologs of these latter four
enzymes catalyze lysine catabolism in mammals and are thus unfavorable candidates for
drug design [14].

Of the enzymes in the AAA pathway, HCS represents a prime target for inhibition for
several reasons. Notably, HCS catalyzes the first and committed reaction in the AAA
pathway and thus has a key role in regulating lysine homeostasis in fungi. HCS homologs
from several fungi have been shown to be feedback inhibited by L-lysine, which has an
essential role in modulating the metabolic flux through the AAA pathway [15–18]. Recent
structural studies have illustrated that L-lysine is a competitive inhibitor of the substrate 2-
OG, highlighting the potential for small molecules to regulate HCS activity [19;20]. In
addition to feedback inhibition, genetic studies of a Schizosaccharomyces pombe mutant
lacking Cu/Zn superoxide dismutase have revealed the activity and protein level of HCS
within cells is diminished under conditions of oxidative stress, suggesting that the enzyme is
also subject to redox regulation [21]. At the transcriptional level, HCS expression in
Saccharomyces cerevisiae is regulated through general control of amino acid biosynthesis
[22;23] as well as by the transcription factor Lys14, which is activated upon binding the
AAA pathway intermediate 2-aminoadipate semialdehyde [24–26]. Finally, a very recent
study by Schobel et al. reported that the deletion of the HCS gene in the pathogen A.
fumigatus virtually abolished virulence in a mouse model for bronchopulmonary
aspergillosis, whereas the virulence of the knockout strain was unaffected in a disseminated
model for invasive aspergillosis [27]. Because the major route of A. fumigatus infections is
through inhalation into the lungs, these findings imply that HCS inhibitors may find clinical
applications in treating allergic bronchopulmonary aspergillosis, aspergilloma, and chromic
pulmonary aspergillosis.

In an effort to discover small molecule inhibitors of HCS that may prove useful in
characterizing its functions in vitro and in vivo, we have developed and validated an in vitro
assay for HCS that is amenable to high-throughput screening (HTS). This method was
adapted from a fluorescent assay for histone acetyltransferases (HATs) [28] and detects the
formation of CoA produced through reaction of its free sulfhydryl group with the sulfhydryl-
sensitive fluorophore MMBC in a 384-well plate format. The utility of this assay was
demonstrated by screening a diverse chemical library composed of ~41,000 compounds to
identify inhibitors of S. pombe HCS (SpHCS), with dose response studies identifying several
potent inhibitors. This HTS assay will not only aid in discovering novel inhibitors of HCS
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but is also broadly applicable to other acyl-CoA-dependent acyltransferases that are
potential drug targets.

Materials and Methods
Reagents and protein purification

All reagents used were of the highest grade commercially available. The disodium salt of 2-
OG, trilithium salts of AcCoA and CoA and HEPES were purchased from Sigma. AcCoA
was treated with acetic anhydride (Fluka) to acetylate trace amounts of free CoA as
previously described [28] and was quenched with 100 mM HEPES (pH 7.5). AcCoA was
diluted 1:2 in 1 M HEPES (pH 7.5) to bring the pH to 5 prior to using in assays. The
fluorophore MMBC [10-(2,5-dihydro-2, 5-di-oxo-1H-pyrrol-1-yl)-9-methoxy-3-oxo-,
methyl ester 3H-naphthol(2,1-b) pyran-S-carboxylic acid, also known as ThioGlo 1] was
purchased from Berry & Associates (Ann Arbor, MI) and was prepared by dissolution in
anhydrous dimethyl sulfoxide (DMSO). The dye concentration was determined by
measuring absorbance at 381 nm (ε=15,100 M−1 cm−1

, Covalent Associates). MnCl2-
tetrahydrate was purchased from Acros Organics. Costar black 384-well polypropylene
plates (Corning Life Sciences) and anhydrous DMSO (Fluka or Acros) were used in all
assays. Full length SpHCS was recombinantly expressed in Escherichia coli Rosetta 2 DE3
cells (EMD Biosciences) and purified using a Zn(II)-charged immobilized metal affinity
sepharose column (GE Healthcare) followed by gel filtration chromatography as previously
described [29].

Small molecule libraries
In the primary screen, approximately 41,000 compounds were tested at the Center for
Chemical Genomics (CCG) in the Life Sciences Institute at the University of Michigan. This
library comprises several commercially available compound collections, including the
Maybridge Hit-finder Chemical Collection, a diversity collection from Chembridge, the
MicroSource Spectrum 2000 Library, the NIH Clinical Compound set and a diversity set
from ChemDiv.

Homocitrate synthase HTS assay
Primary screening was performed at room temperature by adding 100 mM HEPES (pH 7.5)
with 160 μM 2-OG (20 μl) to the 384-well microplates using a Multidrop 384 (Thermo
Scientific). Inhibitor compounds (0.2 μl of 1.2–2 mM stocks, n=1) or DMSO (0.2 μl for
negative and positive controls for inhibition n=32 per plate) were added using the pin-tool
application on a Biomek FX liquid handling robot (Beckman). A mixture of 100 mM
HEPES (pH 7.5) and 10.7 μM AcCoA (20 μl) was added to the positive controls for
inhibition (n=16 per plate). A solution of 100 mM HEPES (pH 7.5) 10 nM SpHCS and 10.7
μM AcCoA (20 μl) was added to the remaining wells with the Multidrop 384 to initiate the
assay, yielding final concentrations of 100 mM HEPES (pH 7.5), 80 μM 2-OG, 5.35 μM
AcCoA and 5 nM SpHCS. Plates were incubated at room temperature for 20 min and the
reactions were terminated with the addition of the detection reagent (40 μl of 25 μM MMBC
in DMSO). The plates were covered and after a 10 min incubation the fluorescence of the
MMBC-CoA adduct was measured at 470 nm using an excitation wavelength of 380 nm
using a PHERAstar plate reader (BMG Labs).

Data analysis
To validate the HCS assay, the Z′-factor, (Z′, Eq. 1) [30] coefficient of variation (CV, Eq. 2)
and signal to noise (S/N) ratio were calculated from a single 384-well plate containing the
negative controls for inhibition (assay solution in the absence of inhibitors; n=192) and the
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positive controls for inhibition (assay solution without SpHCS; n=191 with one outlier
removed).

Eq. 1

Eq. 2

Compounds were considered initial hits if they: 1) exhibited ≥ 30.0% inhibition by plate,
where 0% inhibition is defined as the average of the negative controls for inhibition
(inhibitor omitted) and 100% is the average of the positive controls for inhibition (SpHCS
omitted) or 2) had an inhibition value that exceeded an SD of 3.0 by plate (calculated from
the negative controls and samples). Additional triage removed compounds with unfavorable
properties, including compounds flagged for cytotoxicity, promiscuous compounds (> 3 SD
in 10 or more previous screens) and molecules with maleimide groups that could react with
the free sulfhydryl group of CoA. Potential hits meeting these initial criteria (1399
molecules) were confirmed by re-screening in triplicate at the same concentration used in
primary screening using a Mosquito X1 liquid handling robot (TTP Labtech). Compounds
with ≥ 30.0% inhibition by plate were considered confirmed hits. Additional triage criteria
removed generally promiscuous compounds (≥ 30.0% inhibition in 10 or more previous
screens) and large compounds with topological polar surface area ≥ 140 Å2.

MMBC-CoA quenching and sulfhydryl-reacting counter screen
Compounds with confirmed activity were assayed to ensure that they were not false
positives due to intrinsic reactivity with the sulfhydryl group of CoA or due to fluorescence
quenching of the MMBC-CoA conjugate. This screen was conducted in triplicate essentially
as described above except that 1.0 μM CoA was substituted for SpHCS. The reporter reagent
was added, and the plates were covered and allowed to incubate at room temperature for 10
min before the fluorescence of the MMBC-CoA adduct was measured. Compounds that had
median percent inhibition value of > 30.0 % were rejected as probable false positives.

Metal chelation counter screen
To eliminate small molecule that indirectly inhibit HCS through chelation of its active site
divalent metal ion, a second counter screen was performed in triplicate as described for the
primary screen with the exception that a mixture of 100 mM HEPES (pH 7.5), 160 μM 2-
OG and 20 μM MnCl2 (20 μl) was added to the assay. Compounds that displayed median
percent inhibition values < 30.0% were removed as probable metal chelators.

Dose response analysis
Compounds classified as active hits after counter-screening triages were analyzed in dose
response studies (n=2) following the primary screening protocol. Compounds were serially
diluted two-fold using the Mosquito X1 (TTP Labtech) and Biomek FX (Beckman) robots,
yielding concentrations ranging from 0.586–75 μM in the assays. The fluorescence was
plotted versus the concentration of the inhibitor compounds (I) and a nonlinear regression
(Eq. 3) was fit to the data for compounds that exhibited a sigmoidal curve.

Eq. 3
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In this equation, “min” is the lower limit of the assay, “max” is the upper limit, [I] is the
log[compound], M1 is the log(IC50) and M2 is the Hill slope. For compounds in which the
concentration did not properly define either the upper or lower plateaus of the curve, the
value was entered manually using the negative or positive controls of the plate, respectively.
Subsequent triage eliminated compounds that did not exhibit sigmoidal dose response curves
or that had a pAC50 values < 4.5 or Hill slopes < −2.

Results
Homocitrate synthase fluorescence assay

In prior structural and functional studies, we characterized the kinetic parameters of SpHCS
using a fluorescent assay that was adapted from a previously reported HAT assay
[19;28;29]. This assay monitors CoA production by reacting its sulfhydryl group with the
thiol-sensitive dye MMBC to form a highly fluorescent MMBC-CoA adduct (Fig. 1) [31].
Using this method, we measured the steady state kinetic parameters for the Zn(II)-bound
form of the enzyme (kcat = 303 ± 4 min−1, Km(AcCoA) = 10.7 ± 0.6 μM and Km(2-OG) = 159 ±
15 μM) [29]. Based on this initial work, we optimized the assay for HTS using SpHCS as a
model due to its relative stability compared to other HCS homologs that can rapidly lose
activity or require a complex stabilization buffer to preserve enzymatic activity [27;32;33].
To adapt the assay for screening in a 384-well plate format, a series of controls were
performed to optimize the assay conditions. Fluorescent assays were performed using
substrate concentrations at half of their respective Km values (5.35 μM AcCoA and 80 μM
2-OG) to facilitate the identification of compounds that competitively inhibit HCS. Under
these conditions, we determined the reaction linearity with respect to time and enzyme
concentration and observed that up to 10 nM SpHCS produced a linear velocity for up to 20
min (Fig. 2A). The initial velocities were also linear with respect to enzyme concentration
between 0–20 nM (Fig. 2B). In the HTS assays, 5 nM SpHCS was used because this
concentration yielded a reasonable S/N ratio at 20 min while limiting AcCoA consumption.

Additional controls were conducted to optimize the fluorescent assay for HTS. The
compounds in the small molecule library are dissolved in DMSO and were assayed at final
DMSO concentrations of 0.5% (v/v) in the primary assay and up to 3% (v/v) in dose
response analysis. Thus, it was necessary to determine to what extent DMSO affected
SPHCS activity. Control assays with increasing concentrations of DMSO demonstrated that
SpHCS retained 100% activity in 1% DMSO and ~90% activity up to 6% DMSO, indicating
that the solvent does not appreciably inhibit the enzyme under the concentrations used in
HTS (Fig. 2C). We also verified that SpHCS retains full activity for at least 1 hour at 24 °C
using standard assay conditions and saturating substrate concentrations (200 μM AcCoA and
5 mM 2-OG), enabling us to conduct the HTS at room temperature without concern for a
loss in enzymatic activity (data not shown).

After completing the initial enzymatic controls, we statistically validated the HCS assay for
HTS by performing an equal number of negative controls (assay solution without
compounds representing 0% inhibition) and positive controls (assays with SpHCS omitted
representing 100% inhibition) in a single 384-well microplate (Fig. 2D). Analysis of the
control data yielded a Z′ value of 0.73, indicating an excellent assay in which there is a large
separation between the variations in the sample and control signals [30]. The CV value and
an S/N ratio from the control plate were 6.7% and 5.6 respectively, which are acceptable
statistical values for HTS [34].
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HTS for inhibitors of HCS
A diverse library of 40,879 compounds was screened for small molecule inhibitors of
SpHCS. Each compound was added at a single concentration (6–10 μM) to black 384-well
plates containing the 2-OG substrate. The assay was initiated with the addition of a mixture
of AcCoA and SpHCS, with negative and positive controls included in each plate to simplify
the analysis of the inhibition data and to provide plate-by-plate statistics to detect any
irregularities in the assay. The reporter reagent MMBC was added after a 20 min incubation
and fluorescence intensity was read in a PHERAstar plate reader (Table 1). A scatter plot of
the MicroSource Spectrum 2000 library shown in Fig. 3 is representative of the data for the
complete primary screen. The Z′ value was calculated for each plate and averaged 0.75 for
this particular assay with all primary assays averaging Z′ values between 0.73–0.82.
Additionally, the S/N ratio and CV value averaged between 7.9–14.9 and 4.9%–6.2%,
consistent with the values determined from the initial control plate. Following primary
screening, a total of 1665 compounds were categorized as actives and additional triage
excluded undesirable compounds as outlined in the methods (Table 2). After triage, a total
of 1399 compounds were selected for confirmation assays that were performed in triplicate
for each compound. Re-screening confirmed 595 active compounds and triage eliminated
additional compounds (Table 2), yielding a final total of 496 (~1 %) positive hits.

Counter screen to detect MMBC-CoA quenching and sulfhydryl-reactive compounds
Inspection of the chemical structures of the 496 positive hits revealed that several of the
compounds had large aromatic systems with extended conjugation that may quench the
fluorescence of the MMBC-CoA adduct. In addition, certain compounds possessed moieties
that could react with the free sulfhydryl group of CoA. To eliminate these potential false
positives, an MMBC-CoA counter screen was conducted by substituting SpHCS in the
initiation step with 1.0 μM CoA (Table 1). This concentration of CoA was used to mimic the
approximate amount of CoA generated in the negative control reactions. The CoA counter
screen data identified 54 compounds as either suspected fluorescence quenchers or as being
sulfhydryl-reactive (Table 2). Representative compounds eliminated in this counter screen
are shown in Supplemental Table S1.

Counter screen to detect potential metal chelators
A second potential source of false positive hits in the HTS involve compounds that
indirectly inhibit HCS through chelation of its active site divalent metal ion that is required
for catalysis [35]. To isolate potential metal chelators, a counter screen was devised in which
excess Mn(II) was added to the HTS assay. This transition metal was chosen for this counter
screen because: 1) we were unable to reconstitute the activity of the SpHCS apoenzyme with
Mn(II) in vitro and 2) inductively coupled plasma mass spectrometry analysis of the
recombinant enzyme purified under divalent metal free conditions indicated that it does not
bind Mn(II) in vivo (unpublished data). Control assays demonstrated that the addition of 10
μM MnCl2 to 5 nM SpHCS under the HTS conditions caused only a modest (~10%)
decrease in activity compared to enzyme assayed in the absence of the metal ion (Fig. 4A).
To evaluate whether the addition of 10 μM MnCl2 could preclude inactivation by metal
chelators (tested at 6–10 μM), SpHCS was assayed in the presence of increasing
concentrations of the metal chelator EDTA in the absence or presence of 10 μM MnCl2. The
results demonstrated that the addition of MnCl2 effectively blocked inactivation of SpHCS
by concentrations of EDTA up to 10 μM (Fig. 4B). This counter screen was then applied to
the 496 confirmed hits using the HTS assay protocol (Table 1) by including 10 μM MnCl2
in the enzyme and 2-OG solution used to initiate the assay. Analysis of the data identified 81
compounds as probable metal chelators (Table 2), with representative compounds eliminated
by this counter screen illustrated in Supplemental Table S2. Furthermore, an inspection of
the remaining hits revealed 20 compounds that contained a 8-hydroxyquinoline functional
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group, a reported metal chelator that can bind a variety of biologically relevant divalent
metal ions [36]. These compounds were also excluded from further analysis (Table 2).

Identifying potent inhibitor compounds of HCS
In order to quantify the inhibition of SpHCS, dose response curves were measured for the
338 compounds remaining after the CoA and Mn(II) counter screen triages. Each compound
was assayed in duplicate in serial two-fold dilutions ranging from 0.586 – 75.0 μM
following the primary assay protocol (Table 1). Of the compounds analyzed by dose
response, 266 exhibited sigmoidal behavior for which IC50 values were calculated.
Representative data for the dose responses plots for three compounds with differing IC50
values are illustrated in Fig. 5A. The 266 compounds had IC50 values ranging from <1.0 –
135 μM with 16 compounds being particularly potent with sub-micromolar values (Fig. 5B).
Compounds that exhibited reasonable potency (pAC50 > 4.5) and a Hill slope between 0 and
−2 were prioritized for future analysis.

Discussion
The enzymes in the first half of the AAA pathway for L-lysine biosynthesis are highly
conserved in fungal pathogens and represent potential targets for antifungal drug design.
Initial efforts to inhibit fungal lysine biosynthesis have focused on the rational design of
inhibitors of homoaconitase and homoisocitrate dehydrogenase, the second and third
enzymes in this pathway, respectively (Supplemental Fig. 1) [37; 38]. The results presented
here represent the first effort to employ HTS to identify small molecule inhibitors of HCS,
which is a nexus for the biochemical and transcriptional regulation of lysine biosynthesis in
fungi. The fluorescent HCS assay used for HTS is easy, reproducible and amenable to a 384-
well plate format and also assay displays excellent statistical parameters for HTS. Two
counter screens were devised to eliminate false positive hits due to quenching of the
fluorescence of the MMBC-CoA adduct or indirect inhibition of SpHCS activity by metal
ion chelators. The latter counter screen failed to eliminate many compounds containing an 8-
hydroxyquinoline moiety, which has previously been reported to exhibit metal chelation
properties [36]. This group was shown to bind Mn(II) at pH 7.0 at a 10:1 ratio of compound
suggesting that its binding affinity may be too weak to effectively chelate Mn(II) under the
HTS conditions. Due to the uncertainty as to whether 8-hydroxyquinoline-bearing
compounds inhibited SpHCS through metal chelation, they were categorized as false
positives and excluded from subsequent dose response analysis. Of the compounds that were
analyzed by dose response, 78% exhibited sigmoidal plots for inhibition, with 122
compounds (0.3% of compounds screened) displaying desirable potency and reasonable Hill
slopes. These compounds have been prioritized for future in vitro and in vivo studies
designed to characterize their kinetic mechanisms of inhibition and to assess their efficacy in
inhibiting HCS in cell-based assays. Moreover, these compounds may prove useful in
elucidating the nuclear functions of HCS, which has recently been implicated in DNA
damage response in S. cerevisiae [39].

In addition to its applicability to HCS, the HTS assay described here can also be readily
adapted to identify chemical modulators of other acyl-CoA-dependent acyltransferases or
enzymes that generate a product bearing a free sulfhydryl group. For example, this assay
could be used to screen for inhibitors of 2-isopropylmalate synthase, an enzyme that is
structurally and mechanistically related to HCS. 2-isopropylmalate synthase catalyzes the
first step in leucine biosynthesis by reacting 2-oxoisovaletate and AcCoA to generate 2-
isopropylmalate and CoA. The leucine biosynthetic pathway is essential in Mycobacterium
tuberculosis, rendering this enzyme a potential target for anti-tubercular drug design [40].
Aminoglycoside N-acetyltransferases are another category of AcCoA-utilizing enzymes that
are pharmacologically relevant drug targets. These enzymes are members of the GCN5-
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related N-acetyltransferase superfamily and detoxify antibiotics by catalyzing the AcCoA-
dependent acetylation of the pendant amine groups of aminoglycosides, such as kanamycin
and gentamicin [41]. HATs represent an additional class of biomedically important AcCoA-
dependent N-acetyltransferases. These enzymes belong to various classes, including the
GCN5, p300/CBP and MYST families, and acetylate the terminal ε-amine groups of specific
lysines in histones and non-histone proteins [42]. HATs have been causally linked to cell
proliferation and tumor suppression, and small molecules that modulate their activity may
offer novel avenues for treating various forms of cancer. In addition, the yeast HAT Rtt109
has recently been reported to be essential to the virulence of the fungal pathogen C.
albicans, suggesting that Rtt109-specific inhibitors may hold clinical value in combating
candidiasis [43]. Finally, enzymes involved in lipid metabolism that produce CoA could be
screened using this assay. One such class of enzymes is the acyl-CoA thioesterases, which
catalyze the hydrolysis of fatty acyl-CoA esters to yield a free fatty acid and CoA. These
enzymes represent important regulators of lipid metabolism and other cellular processes and
include acyl-CoA thioesterase 7, which has been recently identified for its roles in
inflammation and neurodegenerative diseases [44]. In summary, the fluorescent HCS assay
offers a rapid and facile method for screening the activity of acyl-CoA-dependent
acyltransferases implicated in disease and is readily scalable for HTS applications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic of the fluorescent HCS assay. The CoA produced in the HCS reaction is
quantified through its reaction with the sulfhydryl-sensitive fluorophore MMBC (also
known as ThioGlo 1). The reaction yields an MMBC-CoA adduct that fluoresces strongly at
470 nm when excited at 380 nm.
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Fig. 2.
Optimization of the fluorescent HCS assay for HTS. (A) Linearity of SpHCS activity versus
time with substrate concentrations equal to half Km values. Relative fluorescence units
(RFU) were plotted versus time, and linear regressions were fit to the data points (n=8) with
error bars indicating one SD. (B) Plot of initial velocity versus enzyme concentration. A
linear regression was fit to the data with error bars representing the curve fitting error of the
slope of the linear plots in panel A. (C) Activity of SpHCS in the presence of increasing
concentrations of DMSO. The fraction activity was calculated relative to the activity of the
enzyme in the absence of DMSO. Data are the average of three replicates with the error bars
indicating one SD. (D) Scatter plot of the RFUs for an equivalent number of positive (black
circles, n=191) and negative controls (gray circles, n=192) for inhibition from a single 384
well plate. These data were used to calculate the Z′ value of the optimized HTS assay.
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Fig. 3.
HTS results for the MicroSource Spectrum 2000 compound library. The x-axis represents
the compounds screened (black circles), the positive controls (dark gray circles), and the
negative controls for inhibition (light gray circles). The y-axis corresponds to the RFU
values for the compounds and controls. Dashed lines represent the two criteria used to
identify potential inhibitors and represent: 1) 3.0 SD as calculated from the negative controls
and samples and 2) a 30% inhibition threshold.
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Fig. 4.
Control assays for the metal-chelation counter screen. (A) SpHCS activity in the presence of
increasing concentration of MnCl2. The fraction activity was calculated relative to the
activity of the enzyme in the absence of MnCl2. The averages of three measurements with
an error of one SD are illustrated. (B) Fractional activity of SpHCS incubated with 0 or 10
μM MnCl2 in the presence of increasing concentrations of EDTA. Data represent the
average of triplicate measurements normalized to SpHCS activity in the absence of MnCl2
and EDTA with error bars indicating one SD.
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Fig. 5.
Dose response analysis of small molecule inhibitors of SpHCS. (A) Dose response curves
for three representative compounds with differing IC50 values. A sigmoidal nonlinear
regression was fit to the data points (n=2) with error bars indication one SD. (B) Range of
the IC50 values for compounds that exhibited sigmoidal dose-response curves.
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Table 1

Homocitrate synthase HTS protocol.

Step Parameter Value Description

1 2-OG substrate 20 μLa 100 mM HEPES (pH 7.5), 160 μM 2-OG

2 Library compounds 0.2 μL 1.2–2 mM in DMSO

3 Positive inhibition control 20 μL 100 mM HEPES (pH 7.5), 10.7 μM AcCoA

4 Assay initiation 20 μL 100 mM HEPES (pH 7.5), 10.7 μM AcCoA, 10 nM SpHCS

5 Incubation time 20 min room temperature

6 Detection reagent 40 μL 25μM MMBC in DMSO

7 Incubation time 10 min room temperature

8 Assay readout 380 nm ex/ 470 nm em PHERAstar (BMG Labtech) plate reader, fluorescent module

Step Notes

1 384-well black plates (Corning), 8-tip Multidrop dispenser (Thermo Scientific), added to all columns

2 Pintool transfer with Biomek FX (Beckman), DMSO added to control columns 1–2 and 23–24

3 8-tip Multidrop dispenser (Thermo Scientific), added to columns 23–24

4 8-tip Multidrop dispenser (ThermoScientific), added to columns 1–22

5

6 8-tip Multidrop dispenser (Thermo Scientific), added to all columns

7 Plates covered with opaque (tinfoil) cover

8

a
Amount added per well. The notes listed in the bottom of the table refer to the steps in the upper part of the table.
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Table 2

Screening results identifying inhibitors of SpHCS.

Compound Category # of Compounds

Total compounds in primary screen 40,879

Total hits (SD >3 or % inhibition >30%) 1665

Flagged cytoxic compounds −27a

Promiscuous compounds (SD > 3 in ≥ 10 previous screens) −216

Maleimide containing compounds −23

Total compounds in confirmation screen 1399 (3.4 %)

Total hits (median % inhibition > 30%) 595

Generally promiscuous compounds (> 30% inhibition in ≥ 10 previous screens) −67

Large compounds (topological polar surface area ≥ 140 Å2) −14

Compounds with limited availability −18

Total compounds for counter screens 496 (1.2 %)

Sulfhydryl-reacting or MMBC-CoA quenching compounds (% inhibition ≥ 30%) −54

Metal chelators (% inhibition < 30%) −81

8-hydroxyquinoline containing compounds −20

Compounds with limited availability −3

Total compounds analyzed for dose response 338 (0.8 %)

Total hits (compounds with sigmoidal dose response curves) 266

Compounds with pAC50 values <4.5 (IC50 >31.6 μM) −86

Compounds with Hill slope values <−2.0 −59

Compounds for follow-up studies 122 (0.3 %)

a
A minus (−) sign before the number indicates that the number of compounds eliminated from further consideration at this step.
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