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Drugs typically exert their desired and undesired biological effects by virtue of binding interactions with
protein target(s) and antitarget(s), respectively. Strategies are therefore needed to efficiently manipulate and
monitor cross-target binding profiles (e.g., imatinib and isoniazid) as an integrated part of the drug design
process. Herein we present such a strategy, which reverses the targetf lead rational drug design paradigm.
Enabling this approach is a catechol-rhodanine priVileged scaffold for dehydrogenases, which is easily
tuned for affinity and specificity toward desired targets. This scaffold crosses bacterial (E. coli) cell walls,
and proteome-wide studies demonstrate it does indeed bind to and identify NAD(P)(H)-binding proteins
that are potential drug targets in Mycobacterium tuberculosis and antitargets (or targets) in human liver.
This approach to drug discovery addresses key difficulties earlier in the process by only pursuing targets for
which a chemical lead and optimization strategy are available, to permit rapid tuning of target/antitarget
binding profiles.

The drug discovery process is costly and often inefficient.1

Genomics and proteomics advances have presented the promise
of improving efficiency, but this has largely translated into the
identification of new drug targets, not new drugs. What is needed
is a better coupling of the chemistry of drug design to advances
in genomics and proteomics. To partially address this, chemical
genetic approaches have been developed,2,3 where enzyme
inhibitors are used to knock out protein function. One advantage
of chemical genetics over traditional genetics is that besides
providing phenotypic data in the context of a whole organism,
it yields an inhibitor for subsequent optimization in the drug
discovery process. Still, this process is problematic in two ways:
(a) one cannot be certain that the inhibitor binds only to the
intended target, and (b) it is highly inefficient because new
inhibitors must be designed for each new target of interest. The
first question is relevant because binding to other proteins
(antitargets) can lead to toxic side effects. Further complicating
matters, in other cases such as imatinib4–6 (4-[(4-methyl-1-
piperazinyl)methyl]-N-[4-methyl-3-[[4-(3-pyridinyl)-2-pyrimidi-
nyl]amino]phenyl]benzamide methanesulfonate) and isoniazid,7

off-target binding is actually thought to contribute to drug
efficacy, thereby calling into question the one-target/one-drug
dogma that serves as the foundation for rational drug design.
The second question is relevant because the process of designing
potent inhibitors that are acceptable drug leads can take years
and varies in difficulty from protein to protein, being nearly
impossible for some protein targets, leading to the notion of
“druggable” protein targets.8,9 There is a vital need to identify
“druggable targets” (those for which potent and selective
inhibitors can be designed) as early in the drug discovery process
as possible. To address this second concern, compounds can
be designed based on “privileged scaffolds”,10–13 which are
druglike14,15 molecular structures that provide baseline affinity
for a whole protein family. These scaffolds then serve as starting

points for optimization against specific protein targets of interest
in the family, usually by building a focused combinatorial library
off of the scaffold. To this end, privileged scaffolds have been
reported for kinases,16 proteases,17,18 and GPCRs.19,20 We have
recently reported the first privileged scaffold for NAD(P)(H)-
binding proteins,21 based on a catechol-rhodanine ring system.
Proteins in this family include the oxidoreductases (aka dehy-
drogenases), with drug targets such as HMG-CoA reductase
(statin drugs), steroid-5R-reductase (finasteride), aldose reductase
(diabetes), and a large number of infectious disease targets,22,23

including enoyl CoA reductase, deoxyxylulose-5-phosphate
reductoisomerase (DOXPR), and dihydrodipicolinate reductase
(DHPRa); this family even includes enzymes other than oxi-
doreductases, such as sirtuins, ADP-ribosylating enzymes, and
ligases. The catechol-rhodanine privileged scaffold has served
as a template for building biligand libraries, where the ligand
attached to the scaffold is situated in the substrate pocket,
thereby giving specificity to a particular enzyme in the family
(Figure 1). It has been used to generate multiple potent (Kd e
200 nM) and selective inhibitors for dehydrogenases, including
DHPR and DOXPR,21 with affinity and selectivity readily tuned
by varying the fragment attached to the scaffold.

Despite the power of this scaffold, it has never been properly
verified as being specific for NAD(P)(H)-binding enzymes in a
proteome-wide manner. This is because a strategy was not
available to assess cross-reactivity (off-target binding) with other
family members, in the context of a whole proteome, whether
for the catechol-rhodanine scaffold itself or for biligand drug
leads constructed from it, for specific targets. This gets to the
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first concern mentioned above. Recent advances in chemical
proteomics6,24,25 now permit proteome-wide binding studies of
the scaffold (and later, of biligands) by covalently attaching
scaffold to a resin, binding all protein family members in a
proteome sample, then eluting with free scaffold (or biligand)
and identifying proteins with tandem MS. Such a strategy was
recently used to assess binding profiles for currently prescribed
drugs, such as imatinib4–6 and isoniazid.7 Both of these drugs
were thought to bind tightly to a single target, and it was later
discovered that their biological efficacy might actually be due
to binding to multiple targets. The strategy and tools presented
in this paper would now permit the assessment and optimization
of cross-target binding profiles (target/antitarget) across a
proteome as an integral part of the drug design process; in this
manner, binding profiles could be correlated with biological
efficacy up front in a rational manner rather than relying on
serendipitous and unknown off-target effects.

The strategy proposed herein depends crucially on the
availability of a privileged scaffold that binds to a protein family
(dehydrogenases, in this case) and that has been designed in
such a way that it can be quickly modified to produce potent
inhibitors for a given family member (building biligands, in this
case). The latter has already been verified21 for the privileged
scaffold that is the topic of this paper, which is based on the
catechol-rhodanine acetic acid 1 (CRAA) shown in Figure 1.
But is this scaffold a viable starting point for drug discovery?
While the thiazolidine ring (rhodanine is a type of thiazolidine)
has been reported by Poupaert et al.26 as a frequently occurring
heterocyclic motif in anti-inflammatory, antipsychotic, and
anticonvulsant drugs, the rhodanine ring is less common. But
it does occur in drugs such as epalrestat ((2-[(5Z)-5-[(E)-3-
cyclohexyl-2-methylprop-2-enylidene]-4-oxo-2-thioxo-3-thiazo-
lidinyl]acetic acid)), a potent inhibitor of aldose reductase (AR),
and has been shown to have no significant toxicity in recent
clinical trials.27,28 The catechol group, though present in a
number of plant-derived natural products, can have toxicity
in some cases when it is oxidized to an o-quinone, which can
then alkylate cellular macromolecules or generate reactive
oxygen species.29,30 As such, 1 does seem to be a viable scaffold
upon which to build drug leads, using the strategies described

herein, with the caveat that the o-catechol may need to be
replaced if there is any toxicity.

The chemical proteomic strategy proposed herein also relies
on attaching a dehydrogenase-specific ligand to a resin, using
that affinity column with subsequent digestion of the eluted
proteins, and subjecting the tryptic peptides to electrospray LC/
MS followed by searching the MS/MS data against an appropri-
ate subset of the Uniprot database to identify all (reasonably
abundant) proteins in a proteome that bind the ligand. While
affinity purification using native cofactor has been applied to
dehydrogenases for over 30 years,31–33 it has never been coupled
to tandem MS to probe binding profiles for a dehydrogenase-
targeted privileged scaffold. And more broadly, although there
is emerging interest in using affinity chromatography coupled
to mass spectrometry to probe protein-ligand interactions across
a proteome,34 there is a need for more efficient coupling of this
assay methodology earlier in the drug design process, using the
chemical leverage provided by privileged scaffolds to create
an integrated drug discovery approach that blends (a) a broad
assessment of target/antitarget binding profiles, (b) a pragmatic
selection of druggable targets, and (c) an efficient chemical
strategy for tuning target/antitarget affinity. This paper presents
a foundation for such a strategy, applied using the first such
privileged scaffold for NAD(P)(H) binding proteins.

Results

2 (NHS-CRAA) Uptake into E. coli Cells and Labeling
of DHPR. To assess whether 1 (CRAA) can make it across
bacterial cell walls and therefore whether 1 is a viable scaffold
for anti-infective drug design efforts, experiments were per-
formed to determine if its N-hydroxysuccinimide ester, 2 (NHS-
CRAA, Figure 2), could enter E. coli and label intracellular
DHPR (dihydrodipicolinate reductase). DHPR is an anti-
infective drug target and is known to bind the CRAA scaffold
(1).21 The NHS-CRAA active ester (2)35 was synthesized as in
Figure 2. The NHS (N-hydroxysuccinimide) group reacts with
amines, and since it is attached to the linker position of 1 (where
the acetic acid chain is attached), it should reside at the interface
of the NADH and substrate binding sites21 (Figure 1), near lysine
16336 (see Supporting Information Figure S1). Indeed, DHPR
is labeled with the NHS-CRAA (2) active ester, based on
imaging of an SDS-PAGE gel of labeled protein (Supporting
Information Figure S1). Labeling is partially blocked by NADH
(Figure S2), indicating that the NHS-CRAA (2) probe is in fact
binding and labeling (at least partially) in the active site of
DHPR. Next, to explore whether cell wall penetration occurs,
uptake of 2 was measured into E. coli that was expressing E.
coli DHPR. Since we have recently shown that the CRAA
scaffold (1) is bifunctional, in that it is itself weakly fluores-
cent,33 protein labeling could be monitored by fluorescence
imaging of SDS-PAGE gels of crude cell extracts. In-cell
studies were performed by overexpressing DHPR in E. coli,
then exposing intact cells to the NHS-CRAA probe (2), washing
and lysing cells, and then running an SDS-PAGE gel to see if
the probe was able to covalently label the DHPR (Figure 3a).
Any NHS-CRAA probe (2) that was nonspecifically associated
with the cells was quenched by treatment with 100 mM Tris
before lysis. Gels show that significant labeling of the DHPR
did occur within the intact E. coli cells (Figure 3b), indicating
that scaffold can cross the cell wall in order to gain access to
DHPR. That there is more labeling in cells expressing DHPR
is evident based on the more intense color for cells expressing
DHPR (Figure 3c) and on fluorescence images of the cells
(Figure 4a).

Figure 1. Catechol-rhodanine privileged scaffold (CRAA, 1) and its
use in creating biligand inhibitors with high affinity and specificity for
specific dehydrogenase targets.
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CRAA (1) Affinity Chromatography and Nanospray-
LC/MS/MS. Our proteome fishing studies (Figure 5) require a
resin with a privileged scaffold, in this case 1, covalently
attached. The NHS-CRAA (2) active ester (Figure 2) was used
to prepare this affinity resin to permit purification of dehydro-
genase (NAD(P)(H)-binding protein) subproteomes from protein
mixtures. Crude cell lysates from E. coli and M. tuberculosis
were both loaded onto the affinity column, and proteins were
eluted using free CRAA (1) probe, as shown in Figure 5.
SDS-PAGE analysis of both microbial samples showed very
similar patterns (Figure 6a), although analysis of proteins that
were identified from M. tuberculosis (vide infra, Table 2)
indicates that some proteins have no E. coli homologues, and

for those that do, masses differ. So the apparent similarity in
gel patterns is more likely due to the prevalence of proteins in
these molecular weight ranges in both microbes. As with the
microbial samples, human liver proteins were loaded onto the
affinity resin and eluted with 1 (Supporting Information and
Figure 6b), to determine the CRAA-binding profile for the liver
proteome. It is noteworthy in this gel, which shows wash and
elution fractions, that proteins are specifically eluted by free 1.

For both human liver and M. tuberculosis eluents, nanospray-
LC/MS/MS analysis was performed followed by searching the
MS/MS data against an appropriate subset of the Uniprot
database to determine which CRAA-binding proteins were
present in reasonably high abundance. To complement this

Figure 2. Synthesis of the NHS-CRAA active ester (2) and CRAA aminohexylagarose matrix.

Figure 3. (a) E. coli uptake study. Cartoon representation of the uptake study demonstrating that NHS-CRAA ester (2) can cross the E. coli cell
wall to react with overexpressed DHPR and other intracellular proteins. (b) SDS-PAGE analysis of the crude cell lysate from the experiment in
part a. Lane 1: protein marker. Lanes 2 and 4: lysate of cells with DHPR present (+IPTG). Lanes 3 and 5: lysate of cells without DHPR present
(-IPTG). Lanes 2 and 3 were fluorescently scanned using a Kodak Image Station. Lanes 4 and 5 were scanned with a CanonScan D1250U2F
document scanner after Coomassie blue staining, used with the same Gel. (c) Vials of E. coli cells just prior to lysis, showing the CRAA-associated
color change in the cells containing overexpressed DHPR (left) relative to those without DHPR (right).
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whole proteome (actually subproteome) analysis, CRAA-eluted
fractions were also separated using SDS-PAGE, and protein
bands at ∼35 and ∼55 kDa (Figure 6c) were in-gel-digested.
Then peptides were extracted from the gel and analyzed as
above. In both cases, proteins were first digested with trypsin,
then zip-tip-cleaned and injected into an LC-MS system (LTQ
with a linear ion trap from Thermo-Fisher). Whole subproteome
analyses are in Table 1 (human liver) and Table 2 (M.

tuberculosis), while analysis of extracted bands is in Table 3.
Complete data sets, even for very low scoring hits, are given in
Supporting Information (Figures S8 and S9). Generally, LC/
MS data indicate that >50% of these proteins are dehydroge-
nases or other NAD(P)(H) binding proteins, as expected. Better
identifications were obtained from the human liver sample,
perhaps because the M. tuberculosis sample workup involves
irradiation, which may cause some protein damage. In any case,

Figure 4. E. coli fluorescence labeling: (a) fluorescence and (b) bright field images of E. coli cells containing overexpressed DHPR, after incubation
with NHS-CRAA (2) and subsequent washing with PBS. A 100× objective and 495 nm/520 nm excitation/emission filters were used.

Figure 5. Proteome fishing with a privileged scaffold. Cartoon representation of how the CRAA (1) affinity column is used for target fishing in
a proteome pool either to initially identify potential targets and antitargets (top branch) or to later characterize the binding profile for a particular
biligand drug lead candidate (bottom branch). The top branch also demonstrates how one assesses whether a privileged scaffold really is targeting
a gene family (as intended), such as NAD(P)(H) binding proteins.

Figure 6. SDS-PAGE analysis of the proteome fishing experiments described in Figure 5. (a) SDS-PAGE analysis of CRAA-captured proteins
from E. coli and M. tuberculosis H37Rv proteomes. Lane 1: protein marker. Lane 2: E. coli crude cell lysate. Lane 3: E. coli column wash. Lanes
4-6: E. coli fractions after elution with free CRAA (1). Lane 7: M. tuberculosis crude cell lysate. Lane 8: M. tuberculosis column wash. Lanes
9-11: M. tuberculosis fractions after elution with free CRAA (1). (b) SDS-PAGE analysis of CRAA-captured proteins from human liver proteome.
Lane 1: Protein marker. Lane 2, crude cell lysate. Lanes 3-5: column wash. Lanes 6-12: fractions after elution with free CRAA (1). (c) SDS-PAGE
analysis of human liver and M. tuberculosis H37Rv protein fractions after CRAA (1) affinity column chromatography, showing the protein bands
that were cut and extracted for nanospray-LC/MS/MS proteomic analysis. Samples identical to those loaded on the gel were polymerized in a gel
piece as described in Methods and subjected to whole proteomic analyses. Labeled bands A-D are referred to in Table 3 (database search results).
Gels were silver-stained.
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several M. tuberculosis proteins could be identified with high
certainty. Analysis of extracted bands was intended as a check
on the whole subproteome analyses, although in general there
was lower signal-to-noise (and, as a consequence, scores) for
these samples. Still, there is generally good agreement between
extracted band data and whole subproteome analysis, especially
when scores are higher (>10) and percent coverage of the
protein sequence is more complete (g7%).

Of the highest scoring human liver proteins (Table 1), 5 out
of 6 (excluding keratin, a very abundant protein) were dehy-
drogenases. The top hit, malate dehydrogenase, has more than
50% peptide coverage and a very high score, while glutamate,
aldehyde, and retinal dehydrogenases also had high percent
coverage (>20%). Binding of 1 to two of these dehydrogenases
(glutamate and malate) was subsequently verified experimentally
in NMR STD (saturation transfer difference) binding assays
(Supporting Information Figure S7). Other dehydrogenases that

appear to bind 1, based on lower but still statistically significant
scores and percent coverage, include (Supporting Information
Figure S8) alcohol dehydrogenases, isocitrate dehydrogenase,
R-aminoadipic semialdehyde dehydrogenase (gi116241244), and
NADP-dependent leukotriene B4 12-hydroxydehydrogenase
(gi23503081). It is noted that for tandem MS analysis of bands
at around 55 and 35 kDa, isocitrate/aldehyde and malate
dehydrogenases, respectively, are again identified with high
certainty, confirming that they do indeed bind to 1.

As with the liver proteins, M. tuberculosis proteins were
bound to the CRAA-affinity resin, then eluted with free CRAA
(1), and fractions were analyzed using electrospray LC/MS/
MS. Of the highest scoring (score >13) M. tuberculosis proteins
(Table 2), there were four possible pyridine nucleotide-binding
proteins out of six proteins identified. The other proteins bind
ATP, so the CRAA scaffold (1) may have some modest affinity
for ATP binding sites as well. Interestingly, three of the proteins

Table 1. Mass Spectrometry-Based Identification of Proteins Identified in the Target Fishing Study Using the CRAA Affinity Column: Human Liver
Proteomea

accession number (gi) annotated function (human) molecular weight (Da) coverage (%) score

6648067 malate dehydrogenase,
mitochondrial precursor

35 531 52 1557

1346343 keratin, type II cytoskeletal 1 66 018 23 852

113611 fructose-bisphosphate aldolase B
(liver-type aldolase)

39 473 24 643

118504 aldehyde dehydrogenase,
mitochondrial precursor

56 381 28 526

118541 glutamate dehydrogenase 1,
mitochondrial precursor

61 398 29 523

118495 retinal dehydrogenase 1 (aldehyde
dehydrogenase family 1 member
A1)

54 862 22 377

81175178 keratin, type I cytoskeletal 9
(cytokeratin-9) (CK-9) (keratin-9)
(K9)

62 129 30 346

59802911 10-formyltetrahydrofolate
dehydrogenase (aldehyde
dehydrogenase family 1 member
L1)

98 829 15 252

a Pyridine nucleotide (NAD(P)(H)) binding proteins are indicated in bold. Annotation is directly from the database.

Table 2. Mass Spectrometry-Based Identification of Proteins Identified in the Target Fishing Study Using the CRAA Affinity Column: M. tuberculosis
Proteomea

accession number (gi) annotated function (Mycobacterium tuberculosis) molecular weight (Da) coverage (%) score

81671721 possible oxidoreductaseb 33 220 30 80

54036852 chaperone protein clpB 92 568 15 31

2829534 riboflavin biosynthesis protein ribD [includes
diaminohydroxyphosphoribosylaminopyrimidine deaminase]

35 366 8 26

1706274 bifunctional enzyme cysN/cysC [includes sulfate adenylyltransferase
subunit 1]

67 839 3 20

81671959 putative uncharacterized proteinc 30 296 30 17

81340808 putative uncharacterized proteind 38 520 16 13
a Pyridine nucleotide (NAD(P)(H)) binding proteins are indicated in bold. Annotation is directly from the database. Of the M. tuberculosis nucleotide

(NAD(P)(H)) binding proteins indicated, two have homologues in E. coli: gi81671721 is similar to the E. coli protein gi75240619 (Mr ) 42 233 g/mol), and
gi2829534 is similar to the E. coli protein gi75230139 (Mr ) 39 456 g/mol). b A subsequent NCBI search indicates this protein has homology to coenzyme
F420-dependent N5,N10-methylene tetrahydromethanopterin reductase or other flavin-dependent oxidoreductases. c A subsequent NCBI search indicates
this protein has homology to 17-�-hydroxysteriod dehydrogenase and to hydratase-dehydrogenase-epimerase. It contains the R-hydratase-like hot dog fold.
Other proteins with this fold include fatty acid synthase beta subunit and MaoC dehydratase. d Protein of closest homology with annotated function, based
on a BLAST search (E ) 10-24), is the nitroreductase from Burkholderia dolosa (gi:124901246). Enzymes in this family catalyze the NAD(P)H dependent
reduction of flavin or nitro compounds using FMN or FAD as cofactor.
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had no annotated function, but a subsequent NCBI search (i.e.,
updated annotation) and BLAST alignments identified the
closest homologues to in fact be NAD(P)(H) binding proteins.
This highlights the potential value of CRAA (1) target fishing
in functional proteomic efforts, by even capturing uncharacter-
ized proteins and providing suggestive data on their cofactor
binding preferences, as well as the start of a chemical genetic
probe.

Discussion

The methods presented herein were developed to address two
of the major roadblocks in drug design projects and in the
development of chemical genetic probes (i.e., functional ge-
nomics): (a) there is a need to know the binding profile (target,
antitarget binding) for a molecule as broadly as possible, whether
it is a privileged scaffold that targets many proteins in a gene
family or a highly specific drug lead intended for one protein,
and (b) there is a desperate need to speed up chemistry by
including, integral to this process, a strategy for rapid tuning
of a binding profile; this is accomplished by using a privileged
scaffold that can be rationally modified to target a protein of
interest (Figure 1). A central element of this pragmatic approach
to drug discovery is to make sure that protein targets are only
pursued if a druglike inhibitor is already in hand, which can be
rationally modified for higher affinity with minimal effort. This
addresses up front the common concern over whether a protein
target is “druggable”. One additional drug discovery challenge,
in the case of anti-infectives, is the formidable barrier of needing
to cross the microbial cell wall. The studies presented herein
present a strategy to drug discovery that attempts to address all
of these problems, with a focus on NAD(P)(H)-binding proteins.
The approach relies on the availability of a privileged scaffold
that targets a gene family and that is easily modified to achieve
higher affinity for a given target. We have previously described

such a probe for NAD(P)(H)-binding proteins,21 which is shown
in Figure 1. The study presented herein extends this work by
(a) showing that this scaffold is able to cross bacterial cell walls
(Figures 3 and 4), (b) demonstrating that it truly is a privileged
scaffold for NAD(P)(H) binding proteins (Tables 1–3) based
on proteome-wide profiling (Figures 5 and 6), and (c) identifying
potential drug targets (Table 2) and antitargets (Table 1) to be
pursued in future drug design efforts, coupled with proteome-
wide profiling studies (Figure 5).

With regard to penetrating bacterial cell walls, uptake studies
were performed by monitored labeling of intracellular proteins
using the CRAA (1) privileged scaffold tethered to an amine-
reactive reagent. This is effectively an activity-based probe,
analogous to those described for other protein families in the
field of chemical proteomics38,39 but not yet reported for
NAD(P)(H) binding proteins. The attachment point for the NHS
group was chosen to be at the end of the CRAA (1) linker, in
the position that is normally proximal to or in the substrate site
(Figure 1), so it will only label proteins that have an amine in
that position. Fortunately (and by design), DHPR has an amine
in this position, and so it could be labeled. Incubation of purified
DHPR with NHS-CRAA (2) does in fact lead to covalent
labeling (Supporting Information Figures S1 and S2). Labeling
is also observed if intact E. coli cells that are overexpressing
DHPR are exposed to probe (Figures 3 and 4). This could only
happen if the probe can cross the cell wall, providing unambigu-
ous evidence that there is nothing about the CRAA scaffold
(1) that would inherently preclude transport across cell walls.
Of course, cell wall penetration will vary significantly depending
on the bacteria in question and is based on what is attached to
the CRAA (1) linker (as in Figure 1), but these results are
encouraging in that at least in some cases cell wall penetration
will be possible.

Table 3. Mass Spectrometry-Based Identification of Proteins Captured in the Target Fishing Study Using the CRAA Affinity Column: Analysis of
Proteins Extracted from Bandsa

accession number (gi) annotated function (human) molecular weight (Da) coverage (%) score

(A) Human Liver Proteins in Band A (45-60 kDa)

74762137 tubulin �-2A chainb 49 906 26 148

21903432 isocitrate dehydrogenase [NADP] cytoplasmic (cytosolic
NADP-isocitrate dehydrogenase)b

46 659 24 84

118504 aldehyde dehydrogenase, mitochondrial precursor (ALDHclass 2)b 56 381 16 36

55977864 tubulin R-1A chain (tubulin B-R-1) (tubulin R-3 chain) (R-tubulin 3)b 50 135 15 19

(B) Human Liver Proteins in Band B (30-35 kDa)

6648067 malate dehydrogenase, mitochondrial precursorb 35 531 7 3

accession number (gi) annotated function (Mycobacterium tuberculosis) molecular weight (Da) coverage (%) score

(C) Mycobacterium tuberculosis Proteins in Band C (50-65 kDa)

2829534 riboflavin biosynthesis protein ribD 35 366 8 4

1706274 bifunctional enzyme cysN/cysCb 67 839 3 3

2497387 putative transposase Rv3428c 45 494 2 2

(D) Mycobacterium tuberculosis Proteins in Band D (30-35 kDa)

81671721 possible oxidoreductaseb 33 220 27 78

81668779 exopolysaccharide phosphotransferase cpsY 60 268 2 7

1706274 bifunctional enzyme cysN/cysC 67 839 3 3

2829534 riboflavin biosynthesis protein ribDb 35 366 8 3
a Pyridine nucleotide (NAD(P)(H)) binding proteins are indicated in bold. b Only these proteins have the correct mass for the extracted band(s).
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Next, to assess whether the CRAA scaffold (1) is a privileged
scaffold for NAD(P)(H)-binding proteins and to identify po-
tential target and antitarget proteins, crude cell lysates from E.
coli and M. tuberculosis were both loaded onto the affinity
column and proteins eluted using free CRAA (1) probe (Figure
5). SDS-PAGE analysis of both microbial samples showed very
similar patterns (Figure 6a), suggesting some overlap in their
dehydrogenase subproteomes and corresponding binding profiles
for the CRAA privileged scaffold (1), although some of this
apparent overlap may also be due to the prevalence of proteins
in this molecular weight range. Because Mycobacterium tuber-
culosis is of greater interest as a drug target,40,41 proteomics
studies were pursued to identify potential targets in its proteome.
Interestingly, 4 out of the top 6 scoring proteins from the
Mycobacterium tuberculosis proteome were NAD(P)(H)-binding
proteins, although this was not obvious based on the initial
annotation of the database (3 out of the 4 hits were for proteins
of undefined function). An analogous study with a human liver
proteome sample also resulted in the identification of proteins
that were mostly (>50%) NAD(P)(H)-binding proteins. Given
that most proteomes comprise <5% dehydrogenases,23 the
CRAA scaffold (1) appears to have good selectivity for this
gene family. Now, any proteins that were identified in either
the human or Mycobacterium tuberculosis proteomes have a
baseline affinity for 1, so more potent inhibitors could easily
be made for a target of interest using the biligand design strategy
outlined in Figure 1 and previously validated.21 Only pursuing
protein targets for which the start of a potent inhibitor/drug lead
is available is highly pragmatic because it identifies “druggable”
targets at the start of the drug discovery process. But are any
of the identified proteins in Tables 1 and 2 drug targets, and/or
are they worth pursuing as targets of chemical genetic probes
for basic research objectives (i.e., functional genomics)?

Any drug designed to be an anti-infective would need to be
optimized to not disrupt function of vital proteins in the human
proteome. And since the liver is the body’s first line of defense
(after passage through the intestinal mucosa) before drugs go
into the general circulation, proteome profiling was done against
the human liver proteome. Of the human liver proteins identified
(Table 1), 5 out of 6 (excluding keratin) were dehydrogenases.
In terms of antitargets of concern, any drug leads designed using
the CRAA (1) privileged scaffold (Figure 1) should certainly
be tested against malate, glutamate, isocitrate, and the various
aldehyde dehydrogenases listed in Table 1 and in Supporting
Information. It is also noted that some of these proteins may
prove to be useful targets for human disease in their own right.
In this regard, it is interesting that CRAA (1) has affinity for
various aldehyde dehydrogenases. This is perhaps not surprising
because the drug epalrestat, also known as ONO-2235,27,28 also
contains a rhodanine core and is an aldose reductase inhibitor
used to treat diabetes. Indeed, this suggests that our CRAA core
(1) might be used as a starting point for building other aldose
reductase inhibitors, with different and tunable off-target binding
profiles. Another human enzyme that may bind 1 is NADP-
dependent leukotriene B4 12-hydroxydehydrogenase, which is
involved in eicosanoid inactivation and is a target of indometha-
cin42 as well as other nonsteroidal anti-inflammatory drugs
(NSAIDs).43 Our proteome fishing data suggest that 1 might
also be pursued as a starting point for inhibitors of this enzyme
by properly tuning affinity based on what fragments are added
to the scaffold (Figure 1). Another enzyme that may bind 1 is
R-aminoadipic semialdehyde dehydrogenase (AASD). Genetic
deficiency in AASD is known to cause pyridoxine-dependent
epilepsy.44,45 While seizures in such individuals cannot be

prevented using antiepileptic drugs, they can be avoided by
treatment with pyridoxine.46 So it appears that AASD is an
antitarget to be avoided. But any potential problems from
transient inhibition of AASD are likely to be less severe than
the genetic knockout just described and in any case could be
alleviated by treatment with pyridoxine. Conversely, the CRAA
scaffold (1) could be used as a starting point for designing a
more potent inhibitor of AASD (Figure 1) for chemical genetic
studies in model organisms that contain close homologues of
human AASD, such as zebrafish (gi27882244), rat (gi149064286),
and Xenopus (gi51703516).

If any human proteins are to be pursued as drug targets,
specificity should be checked against the other metabolically
important dehydrogenases listed in Table 1 to avoid toxicity
and to achieve an acceptable therapeutic index. So important
outcomes of the human proteome data are (a) a list of targets
that could be pursued in subsequent drug discovery efforts,
especially for diabetes (aldose reducatse) and inflammation
(NADP-dependent leukotriene B4 12-hydroxydehydrogenase),
(b) a list of human antitargets for these drug discovery efforts,
and (c) a proteomics-based strategy for assessing binding profiles
(described in Figure 5) to assess off-target effects. Finally, these
data confirm that 1 is behaving as a privileged scaffold for
dehydrogenases, in the context of the human liver proteome.

Toward the goal of using the CRAA privileged scaffold (1)
in anti-infective drug discovery efforts, analogous proteome
fishing studies were performed using crude cell lysates from
Mycobacterium tuberculosis. As with the human liver proteins,
M. tuberculosis proteins were bound to the CRAA-affinity resin,
then eluted with free 1, and fractions were analyzed using
tandem MS. Of the highest scoring M. tuberculosis proteins
(score >13, Table 2), there were four possible pyridine
nucleotide-binding proteins out of six proteins identified.
Interestingly, three of the captured proteins had no annotated
function, but subsequent NCBI searches and BLAST alignments
identified the closest homologues to be NAD(P)(H)-binding
proteins; this highlights the value of CRAA-based proteome
fishing in functional proteomic efforts, even providing the start
of a chemical genetic probe to later explore function. There is
also some likelihood that one or more of these proteins could
be drug targets. For example, the top scoring protein in Table
2 has high homology to a coenzyme F420-dependent N5,N10-
methylene tetrahydromethanopterin reductase. Coenzyme F420
was first discovered in methanogenic archaea47,48 and is now
known to be present in mycobacteria. Indeed, Daniels has
suggested that targeting of F420-dependent enzymes might be
pursued as a new strategy for killing mycobacteria.49 RibD,
another Mycobacterium tuberculosis hit (Table 2), is essential
for synthesis of riboflavin. While this may not be a viable drug
target, a potent inhibitor of RibD would provide a chemical
knockout to complement genetic knockouts of RibD (such
mutants are riboflavin auxotrophs50), to explore function. One
potential application might be to create transient vitamin B2
auxotrophy if one wanted to incorporate isotopically labeled
riboflavin into a microbially expressed protein. Finally, the two
“putative uncharacterized proteins” in Table 2 are also of interest
not just as potential drug targets but because chemical genetic
probes might help to better define their function. One of these
proteins has the highest homology to 17-�-hydroxysteroid
dehydrogenase/hydratase-dehydrogenase-epimerase, but very
little is known about the role of 17-�-ketodehydrogenases in
microbes. The human homologue (17-�-hydroxysteroid dehy-
drogenase) is involved in the synthesis of estradiol from estrone
and so is a target for breast cancer and endometriosis.51 What
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metabolic role the microbial enzyme plays, and whether it is a
viable drug target, is not known52 but could certainly be probed
with chemical genetic probes based on the CRAA scaffold (1).
The other uncharacterized protein identified in Table 2 is in
the nitroreductase family. Purkayastha et al.53 have noted that
nitroreductases may play a role in helping mycobacteria respond
to different host conditions; for example, a nitroreductase is up-
regulated when mycobacteria are inside the macrophage.
Because mycobacteria survive and multiply inside macroph-
ages,54 it is important to better understand the enzymes that are
up-regulated and perhaps facilitate their survival in this environ-
ment. Dissecting this regulatory regulatory cascade might
uncover new drug targets and could possibly provide a better
basic understanding of how the bacteria can hide within the
host’s own defense system. Higher affinity ligands constructed
off the CRAA scaffold (1) would minimally serve as chemical
genetic probes and perhaps even as drug leads.

Of the scaffold-binding M. tuberculosis proteins identified,
it is certainly not yet known which (if any) will be useful drug
targets because of a lack of proper annotation. But the above
discussion points out an especially useful feature of the CRAA
probe (1): it can be used both as a platform for drug design and
for development of chemical genetic probes. That is, biligands
designed with specificity for these proteins of unknown function
could then be used to explore phenotypic effects of a chemical
knockout. If the phenotypic effect suggests a mechanism to kill
the microbe, then at least there is the start a drug lead in hand.
The intention of this study, then, is to prepare a foundation for
future drug design and chemical genetic initiatives by providing
a chemical scaffold for optimization (CRAA, 1), a strategy for
using it to generate new and potent biligand inhibitors (Figure
1), a proteome-wide method for assessing target and antitarget
binding broadly (Figures 5 and 6) to correlate with phenotypic
effects, and a list of targets and antitargets in both human and
Mycobacterium tuberculosis to begin pursuing (Tables 1–3).

Methods

Equipment and Materials. Nano-HPLC-mass spectrometry was
performed using an LTQ mass spectrometer (Thermo-Fisher)
coupled to a Surveyor HPLC system (Thermo Fisher) equipped
with a Finnigan Micro AS autosampler. The instrument was
interfaced with an Aquasil C18 PicoFrit capillary column (75 µm
× 10 cm) from New Objective. A Kodak Image Station 2000MM
System was used for gel fluorescence scanning (Figure 3b), and
an Olympus BX60 microscope was used for fluorescene imaging
of cells (Figure 4). All Novex gel products for the SDS-PAGE
experiments were from Invitrogen, as was the SilverQuest staining
kit. All salts, buffers, enzymes, and other chemical reagents are
from Sigma-Aldrich and are of biochemical reagent grade, unless
specified otherwise. The ω-aminohexylagarose and the human liver
proteins (cytoplasmic) are also from Sigma. The M. tuberculosis
H37Rv whole cell lysate was from Colorado State University. These
proteins are from cells that were grown in glycerol-alanine stocks
for 14 days, then washed with PBS. After γ-irradiation (to
inactivate), cells were disrupted (French Press) and the lysate was
centrifuged to remove cell debris. Lysis buffer was PBS with 8
mM EDTA and protease inhibitors. Further details are available at
www.cvmbs.colostate.edu/microbiology/tb/cellysate.htm.

Synthesis of 1 (CRAA): 5-[(3,4-Dihydroxyphenyl)methylene]-
4-oxo-2-thioxo-3-thiazolidineacetic Acid. Synthesis was largely
as described before.37 Briefly, 3-rhodanine acetic acid was reacted
with 3,4-dihydroxybenzaldehyde in acetic acid/acetate at 90 °C for
6 h. After the mixture was cooled, yellow crystals were poured
into cold water, filtered, washed, and then crystallized from acetic
acid.

Synthesis of 2 (NHS-CRAA): (5-[(3,4-Dihydroxyphenyl)-
methylene]-4-oxo-2-thioxo-3-thiazolidineacetic N-Hydroxysuc-

cinimide Ester).55 Under a N2 atmosphere, a mixture of 6.22 g of
1, 5.75 g of N-hydroxysuccinimide, 20.6 g of DCC, 50 mL of
DMSO, and a small amount of DMAP catalyst was reacted at room
temperature overnight. The next day the reaction was monitored
by NMR (Supporting Information Figure S6) and with TLC (using
EMD silica gel 60 F254 developed with chloroform/methanol/acetic
acid, 12:3:1 v/v/v), visualized using a 254 nm UV light (the Rf of
1 is 0.39 and the new spot’s Rf is 0.68). The DCU (dicyclohexy-
lureo) was vacuum-filtered off, and the NHS-CRAA (2, Figure 2)
DMSO solution was used in the next step without further
purification.

Synthesis of CRAA (1) Agarose Matrix (5-[(3,4-Dihydroxy-
phenyl)methylene]-4-oxo-2-thioxo-3-thiazolidineacetic ω-Ami-
nohexylagarose Amide).56 NHS-CRAA ester (2) DMSO solution
was added dropwise into 100 mL of ω-aminohexylagarose sus-
pended in 600 mL of 100 mM phosphate buffer, pH 10.0. During
this process, the pH was maintained at 10.0, and then the reaction
was run at 7 °C in a refrigerator overnight. The next day, 60 mL
of 1 M Tris-HCl buffer, pH 6.5, was added to the reaction mixture
to stop the reaction. Then 47.7 g of sodium chloride was added to
form a final 0.5 M saline solution. The liquid layer was decanted,
and the labeled matrix (Figure 2) was washed with a large amount
of deionized water. Then ∼10 mL of matrix was packed into a 1
cm × 20 cm column for column chromatography.

NHS-CRAA Ester (1) in In-Cell Uptake and Labeling
Study.57 E. coli containing the pET11a DHPR expression construct
was inoculated into 30 mL of LB culture medium, growing
overnight at 37 °C, 225 rpm. The next day, 10 mL of this culture
was added to two flasks (flasks A and B, each containing 800 mL
of LB medium with 50 µg/mL carbenicillin). The OD600 was
monitored until it reached ∼1.0. To flask A was added 0.8 mL of
a 0.4 M IPTG stock to start induction.58 Flask B was used as a
control without induction. Five hours later, cells were collected
(centrifuged 10 min at 4000 rpm) and washed once with 100 mM
PBS buffer, pH 7.4. The cells were then suspended in 100 mL of
pH 7.4 PBS buffer (8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4,
0.24 g of KH2PO4 in 1.0 L) and incubated for 5 min. Then 1 mL
of NHS-CRAA ester (2) was added to each flask and incubated at
room temperature for about 30 min (Figure 3a). An amount of 10
mL of 1 M Tris-HCl, pH 6.5, was added to each flask and shaken
for another 5 min to quench the reaction. The cells were collected
again by centrifuging and washed twice with PBS buffer. The cells
were lysed with SDS loading buffer (50 mM Tris-HCl (pH 6.8),
100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10%
glycerol) and were run on a 4-12% Bis-Tris SDS-PAGE gel
(Figure 3b). The gel was fluorescently imaged on a Kodak Image
Station to selectively detect 1 which has λmax for absorbance and
emission at 465 and 535 nm.37 Cells were fluorescently imaged in
PBS buffer after the wash (before lysis) using 495 nm/520 nm
excitation/emission filters on the fluorescence microscope. Comple-
mentary fluorescence and bright field images may be shifted slightly
relative to each other because of bacterial motion between image
captures. Exposure time was 1/3.5 s, and 1000× magnification was
used (Figure 4). Fluorescence images of control cells (no IPTG
treatment, no DHPR) indicate much less labeling of cells, with the
majority of the fluorescence coming from cellular debris (Supporting
Information Figure S3).

General Procedure for CRAA (1) Affinity Column Chroma-
tography and Target Fishing.32 The CRAA (1) affinity column
was equilibrated with buffer A, which contains 25 mM Tris-HCl,
50 mM NaCl, and 0.1% NaN3, pH 7.8. Washing was done until
the eluent was nearly colorless (1 is intensely colored). Then the
protein sample (E. coli, M. tuberculosis or human liver) was loaded
onto the affinity column and washed with a large amount of buffer
A until no protein sample was detected using a Bradford assay
(BioRad). The buffer volume used was usually 10-fold of the
packing volume of the column. Then the affinity column was eluted
with buffer B, which is the same as buffer A except containing 4
mM 1. Fractions were collected, then separated on an SDS-PAGE
gel and stained using a SilverQuest kit. Fractions from E. coli and
M. tuberculosis were compared and showed very similar banding
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profiles based on SDS-PAGE gel analysis (Figure 6a). Human
liver and M. tuberculosis fractions either were used directly for
mass spectral analysis (next section) or were separated using
SDS-PAGE, with protein extracted from the bands indicated in
Figure 6c.

Sample Preparation for Mass Spectrometry. Pooled fractions,
after elution from the CRAA (1) affinity column, were concentrated
using a Centricon filter with 10 kDa cutoff (Millipore). Then 100
µL of affinity purified protein mixtures were polymerized in the
presence of 100 µL of acrylamide/bis (30% T/2.67% C), 2 µL of
10% ammonium persulfate, and 2 µL of TEMED. With this mixture
a 15% gel piece was formed. Polymerization was performed in the
cap of an Eppendorf tube. The polymerized gel pieces were then
transferred to the corresponding Eppendorf tube in 1 mL of 40%
methanol and 7% acetic acid and incubated for 30 min. The gel
pieces were washed twice in water for 30 min each time while
sonicating. Gel pieces were then washed twice in 50% acetonitrile
for 30 min each time while sonicating. The gel pieces were then
washed twice again, this time in 50% acetonitrile in 50 mM
ammonium bicarbonate, pH 8.0. The gel pieces were then dried
using a speed vac from Savant. To each gel piece was added 200
µL of 20 mM ammonium bicarbonate, pH 8.0, containing 1 µg of
trypsin (Promega); this was incubated overnight at 37 °C. Each
gel piece with the digested proteins was then extracted twice with
70% acetonitrile in 0.1% formic acid. From this step onward, all
water used was MS quality water. Corresponding extracts of each
gel were pooled together and dried. To each dried sample was added
6 M guanidine ·HCl in 5 mM potassium phosphate and 1 mM DTT,
pH 6.5. This was sonicated, and peptides were extracted using a
C18 ZipTip from Millipore. Extracted peptides were then collected
into an insert in a vial to be used for mass spectrometry and dried
in the inserts. To each dried sample was added 5 µL of 0.1% formic
acid in MS water containing 5% acetonitrile. Samples were then
ready for mass spectrometry and were injected into the LTQ LC/
MS. The MS/MS data were collected and searched against the
appropriate subset of the Uniprot database.
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