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Abstract

Cholesterol is a major carbon source for Mycobacterium tuberculosis (Mtb) during infection, and 

cholesterol utilization plays a significant role in persistence and virulence within host 

macrophages. Elucidating the mechanism by which cholesterol is degraded may permit 

identification of new therapeutic targets. Here, we characterized EchA19 (Rv3516), an enoyl-CoA 

hydratase involved in cholesterol side chain catabolism. Steady-state kinetics assays demonstrated 

that EchA19 preferentially hydrates cholesterol enoyl-CoA metabolite 3-oxo-chol-4,22-diene-24-

oyl-CoA, an intermediate of side chain β-oxidation. In addition, succinyl-CoA, a downstream 

catabolite of propionyl-CoA that forms during cholesterol degradation, covalently modifies 

targeted mycobacterial proteins, including EchA19. Inspection of a 1.9 Å resolution X-ray 

crystallography structure of Mtb EchA19 suggests that succinylation of Lys132 and Lys139 may 

perturb enzymatic activity by modifying the entrance to the substrate binding site. Treatment of 

EchA19 with succinyl-CoA revealed that these two residues are hotspots for succinylation. 

Replacement of these specific lysine residues with negatively-charged glutamate reduced the rate 

of catalytic hydration of 3-oxo-chol-4,22-diene-24-oyl-CoA by EchA19, as does succinylation of 

EchA19. Our findings suggest that succinylation is a negative feedback regulator of cholesterol 

metabolism, thereby adding another layer of complexity to Mtb physiology in the host. These 

regulatory pathways are potential non-catabolic targets for antimicrobial drugs.
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Cholesterol is a major carbon source for Mycobacterium tuberculosis (Mtb) during 

infection, and cholesterol metabolism is linked to energy production, virulence, and 

pathogenesis.1–2 In addition, transcriptional profiling has demonstrated that cholesterol 

regulates a subset of the Mtb genome, including genes involved in lipid metabolism.3 

Disruption of several of these genes leads to growth and persistence defects in mouse 

models of infection,3–5 which suggests that cholesterol utilization in Mtb has the potential to 

be a new therapeutic target.6

In efforts to target the cholesterol catabolic pathway, our laboratory is working on 

elucidating its biochemical steps, focusing specifically on the degradation of the cholesterol 

side chain. The side chain is degraded through a series of steps that are analogous to those 

involved in the β-oxidation of fatty acids and are catalyzed by gene products regulated by 

the KstR1 repressor.7 Specifically, side chain degradation involves three multistep β-

oxidation cycles, each of which produces a steroid intermediate with a truncated side chain 

and either acetyl-CoA or propionyl-CoA.8 We previously characterized and assigned the 

functions of several enzymes involved in these cycles.3, 9–14 The first oxidation step in each 

cycle is catalyzed by one of three KstR1-regulated acyl-CoA dehydrogenases (ACADs):10 

ChsE1-ChsE2 (Rv3544c-Rv3543c), ChsE3 (Rv3573c), and ChsE4-ChsE5 (Rv3504-

Rv3505). ChsE4-ChsE5 operates in the first cycle, utilizing 3-oxo-cholest-4-en-26-oyl-CoA 

(3-OCS-CoA); in the second cycle, ChsE3 catalyzes the dehydrogenation of 3-oxo-chol-4-

en-24-oyl-CoA (3-OCO-CoA); and in the last cycle, ChsE1-ChsE2 oxidizes 3-oxo-4-

pregnene-20-carboxyl-CoA. Both ChsE1-ChsE2 and ChsE4-ChsE5 form unique α2β2 

heterotetramers and are thus structurally different from the ACADs produced by humans.11 

ChsE3 adopts a similar structure in which the α and β domains are fused into a single 

polypeptide chain.15 Enoyl-CoA hydratases catalyze the second step in each β-oxidation 

cycle, that is, hydration of the unsaturated enoyl-CoA product of the ACAD reaction. 

Bonds et al. Page 2

ACS Infect Dis. Author manuscript; available in PMC 2021 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although β-oxidation is typically accomplished by members of the crotonase (S)-enoyl-CoA 

hydratase family (which is structurally distinct from the (R)-enoyl-CoA/MaoC hydratase 

family), the MaoC-like enoyl-CoA hydratase ChsH1-ChsH2 catalyzes hydration of branched 

enoyl-CoA steroid intermediate 3-oxo-4,17-pregnadiene-20-carboxyl-CoA (3-OPDC-CoA) 

in the third β-oxidation cycle in Mtb.9, 16 Work aimed at assignment of the hydratases that 

function in the first and second β-oxidation cycles is ongoing in our laboratory.

One candidate for the second cycle is the enoyl-CoA hydratase EchA19, which is encoded 

by the KstR1 regulon and is annotated to have both hydratase and 3-cis- to 2-trans-enoyl-

CoA isomerase activity.17 Protein sequence alignments suggest that EchA19 possesses the 

canonical crotonase protein fold (which is used by enoyl-CoA hydratases involved in 

mitochondrial and peroxisomal β-oxidation)18–20 and that EchA19 has the same structure as 

the Mycobacterium marinum homolog (PDB:4F47).

Post-translational covalent modification of amino acid side chains is known to influence an 

array of protein functions, including protein–protein interactions, enzymatic activity, and 

protein localization and stability.21–24 Recently reported evidence suggests that the enzymes 

that regulate cholesterol side chain degradation undergo post-translational modifications. For 

example, the thiolase responsible for generating acetyl- and propionyl-CoA, FadA5, is 

regulated by reversible disulfide bond between two pairs of cysteines in the active site.14 

Specifically, we have shown that the catalytic activity of FadA5 depends on the mycothiol 

redox potential in Mtb, which varies in response to oxidative stress encountered in host 

macrophages. In addition, other investigators have used whole-cell proteomic analyses to 

show that the Mtb proteome is highly succinylated, with protein targets having been found in 

various metabolic processes, including central carbon metabolism, lipid metabolism, and 

cholesterol metabolism.25–26 Nineteen KstR1-regulated enzymes, including EchA19, were 

identified in the succinylome analysis. The high level of succinylation on KstR1 enzymes 

suggests that steroid catabolism may be regulated by this post-translational modification, 

although its precise role in cholesterol metabolism has not been elucidated. Because 

complete degradation of the cholesterol side chain yields androstenedione, acetyl-CoA, and 

propionyl-CoA and because succinyl-CoA forms from propionyl-CoA via methylmalonyl-

CoA, we hypothesized that succinylation of KstR1-regulon enzymes might regulate the 

generation of propionyl-CoA, a toxic metabolite, from cholesterol.

In the current study, we sought to establish whether EchA19 functions in steroid side chain 

catabolism and to identify its preferred steroid substrate. In addition, we investigated 

whether succinylation of the Lys132 and Lys139 residues of EchA19 alters the enzyme’s 

activity and whether the NAD+-dependent sirtuin Rv1151c catalyzes the desuccinylation of 

succinylated EchA19. Herein, we demonstrate that EchA19 specifically catalyzes the 

hydration of 3-oxo-chol-4,22-diene-24-oyl-CoA (3-OCDO-CoA) to form 3-oxo-chol-4-

ene-22-hydroxy-24-oyl-CoA (22-HOCO-CoA) and that the catalytic activity of EchA19 is 

depressed by succinylation of both Lys132 and Lys139.
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Results and Discussion

The cholesterol side chain catabolic pathway comprises three β-oxidation cycles involving 

KstR1-regulated enzymes and produces both methyl-branched (in cycles one and three) and 

straight-chain (in cycle two) steroid intermediates. We previously determined the substrate 

specificities of the three KstR1 ACADs (Scheme 1).10 Additionally, we demonstrated that 

the enoyl-CoA hydratase ChsH1-ChsH2 hydrates methyl-branched steroid 3-OPDC-CoA 

and thereby functions in the second step of the third cycle.9 There are two additional enoyl-

CoA hydratases in the KstR1 regulon: EchA19 and Rv3538. Rv3538 is predicted to be a 

MaoC-like enoyl-CoA hydratase, like ChsH1-ChsH2. EchA19, in contrast, belongs to the 

crotonase superfamily of hydratases and possesses a different structural architecture. The 

structural differences among the steroid intermediates and among the potential enzymes that 

degrade them, along with the activity of ChsH1-ChsH2, led us to hypothesize that the 

EchA19 utilizes straight-chain steroid intermediate 3-OCDO-CoA and functions in the 

second β-oxidation cycle.

Moreover, the potential additional layer of regulatory complexity that post-translational 

modifications introduce into the cholesterol catabolic pathway25, 27 prompted us to 

investigate how such modifications might affect EchA19 activity. Specifically, although 

various studies have demonstrated the effects of acetylation on metabolism in Mtb,28–32 the 

biochemical consequences of succinylation have yet to be fully investigated. Because 

succinyl-CoA is a downstream intermediate of cholesterol catabolism, we reasoned that 

succinylation could function as a negative feedback regulator. Therefore, we sought to 

investigate the activity of EchA19, assign its role in the cholesterol catabolic pathway in Mtb 
and to elucidate the effects of succinylation on EchA19 activity toward its preferred steroid 

substrate.

Assignment of EchA19 as an enoyl-CoA hydratase that preferentially hydrates cholesterol 
enoyl-CoA.

KstR1-regulated enzymes are annotated as catalyzing β-oxidation of fatty acids but 

demonstrate a preference for cholesterol-derived substrates over straight-chain fatty acids.
9–10 To determine whether EchA19 conformed to this paradigm, we assayed its catalytic 

activity with four different substrates: straight-chain fatty acid octenoyl-CoA and three 

cholesterol catabolites: (E)-3-OCDS-CoA, 3-OCDO-CoA, and 3-OPDC-CoA. The 

hydration reaction was monitored spectrophotometrically.

(E) −3-OCDS-CoA was prepared enzymatically from a synthetically produced mixture of 

(R/S)-3-OCS-CoA. Because ChsE4-ChsE5 oxidizes only (S)-3-OCS-CoA, MCR was 

included in the reaction mixture to epimerize the 3-OCS-CoA.13 3-OCDO-CoA and 3-

OPDC-CoA were prepared synthetically as previously described.9–10

First, by demonstrating turnover of octenoyl-CoA, we established that EchA19 is an enoyl-

CoA hydratase (Table 1). Then we determined its substrate specificity by testing it with the 

three cholesterol catabolites. EchA19 exhibited strict specificity for the unbranched side-

chain catabolite, 3-OCDO-CoA (Table 1 and Scheme 2). Comparison of the rates of 

EchA19-catalyzed hydration of octenoyl-CoA and 3-OCDO-CoA revealed that the kcat/Km 
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for 3-OCDO-CoA was 89 times higher than for octenoyl-CoA, clearly establishing EchA19 

as a hydratase that functions in the second β-oxidation cycle (Scheme 1). The steady-state 

activity profile is clearly hyperbolic (Figure S1). The 3-OCDO-CoA reaction was analyzed 

at equilibrium by LC-UV-MS and the 3-OCDO-CoA:22-HOCO-CoA substrate: hydrated 

product ratio was 30:70. On the basis of structural and sequence alignments, Srivastava et al. 

predicted that Mtb EchA19 possesses 3-cis to 2-trans enoyl-CoA isomerase activity; 

however, we did not investigate whether EchA19 catalyzes isomerization, because the 

cholesterol side chain catabolic pathway in Mtb is not predicted to produce unconjugated 

enoyl-CoA metabolites.

Homotrimer formation by Mtb EchA19.

We obtained an X-ray crystal structure of EchA19 at a resolution of 1.9 Å (Table 2), which 

revealed the structure to be nearly identical to that of the M. marinum EchA19 orthologue 

previously deposited in the Protein Data Bank (PDB ID 4F47). EchA19 forms a 

homotrimeric complex with three complete active sites (Figure 1A), and each monomer 

possesses the canonical ββα protein fold of the crotonase superfamily.18 To investigate the 

interactions needed for substrate binding and catalysis, we modeled the substrate analog, 3-

OCDO-CoA into the active site of Mtb EchA19 (Figure 1B,C). Structural superposition of 

EchA19 with the rat mitochondrial bifunctional enoyl-CoA hydratase (PDB ID 2DUB) 

revealed that the catalytic glutamate residues and the substrate stabilization residues are 

conserved.19–20 The monomer–monomer interfaces of EchA19 form elongated tunnels that 

accommodate the aliphatic side chain of 3-OCO-CoA, and the phosphates of the CoA 

moiety face the solvent. At the end of each tunnel is a cleft that houses the cyclic steroid 

backbone of 3-OCO-CoA. 3-OCO-CoA binding is stabilized by hydrogen-bonding 

interactions between the Gly114, Ala64, Leu68, Ala25, Ala28, and Lys69 residues of 

monomer B (cyan) and the carbonyl oxygen at the 24-position of 3-OCO-CoA and the 

adenine ring of CoA (Figure 1C). Phe252′ of monomer C (purple) stabilizes the adenine 

ring of the adenosine through pi-stacking interactions. Lys69 and Lys255′ of monomer C 

form salt bridges with the 3′-phosphates of CoA (Figure 1C). This predicted binding 

conformation suggests that the aliphatic side chain of 3-OCO-CoA is located such that 

active site Glu117 and Glu137 residues are properly positioned to coordinate a water 

molecule that assists in the hydration of the α,β-alkene of the preferred enoyl-CoA 

substrate, 3-OCDO-CoA (Figure 1D).

Members of the crotonase superfamily of enoyl-CoA hydratases are generally used by 

bacteria and eukaryotes for the hydration of fatty acid enoyl-CoA metabolites.33–34 

Interestingly, EchA19 utilizes straight-chain steroid enoyl-CoA metabolite 3-OCDO-CoA, 

whose aliphatic side chain is structurally like those of fatty acid enoyl-CoA metabolites. 

Conversely, the other enoyl-CoA hydratases in the cholesterol side chain catabolic pathway 

(ChsH1-ChsH2 and Rv3538) possess a unique MaoC-like protein fold. ChsH1-ChsH2 

hydrates α-methyl-branched steroid enoyl-CoA 3-OPDC-CoA. The α-methyl branch 

structure of the 3-OCDS-CoA substrate and the predicted MaoC-like motif of Rv3538 

suggest that Rv3538 catalyzes hydration of 3-OCDS-CoA in the first β-oxidation cycle of 

the pathway. These assignments suggest that structural differences determine substrate 

specificity.
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Susceptibility of Mtb EchA19 Lys132 and Lys139 to succinylation.

Whole-cell proteomic analysis has shown that succinylation of the proteome occurs 

extensively in Mtb25 and that several cholesterol catabolic enzymes, including EchA19, are 

succinylated. EchA19 is succinylated at Lys132 and Lys139. Although the cellular 

concentration of succinyl-CoA will depend on the cell’s metabolic state, the succinyl-CoA 

concentration in the mitochondrial matrix is estimated to be 0.1–0.6 mM, which is sufficient 

to non-enzymatically succinylate protein lysines.35–36 Additionally, non-enzymatic 

succinylation can occur at pH 4–8, a range that overlaps with the intracellular pH (7.2) of 

Mtb in host macrophages.37–38 Non-enzymatic succinylation is attributed to succinyl-CoA’s 

higher reactive acylation potential relative to those of other transferred groups, including 

acetyl-CoA.37, 39–42 The reactivity of succinyl-CoA is postulated to result from its terminal 

carboxylate and its propensity to self-hydrolyze into free CoASH to form highly reactive 

succinic anhydride at physiological pH.37 Thus, succinylation of Mtb EchA19 may occur 

non-enzymatically in the cell.

We utilized protein mutagenesis and immunoblot analysis to investigate the extent to which 

Lys132 and Lys139 are required for the overall succinylation state of Mtb EchA19. To block 

succinylation at these two residues, we generated single lysine-to-glutamate mutants 

EchA19K132E and EchA19K132E and the double mutant EchA19K132E&K139E. These mutants 

also serve to model the negative charge introduced upon succinylation, although the side 

chains are at a shorter distance from the polypeptide backbone than those in the succinylated 

wild-type protein. Recombinantly expressed and purified EchA19wt and the lysine mutants 

were non-enzymatically succinylated with 50 μM succinyl-CoA at pH 7.2 and pH 8.1, and 

then the extent of succinylation was monitored with a polyclonal pan anti-succinyllysine 

antibody. After 60 minutes, succinylation of EchA19wt was only detected at pH 8.1. The 

single Lys132 and Lys139 mutants were succinylated to a lesser extent than EchA19wt. 

However, mutation of both Lys132 and Lys139 resulted in nearly complete abolishment of 

Mtb EchA19 succinylation (Figure 2A). An experiment with EchA19wt that was expressed 

in E. coli but not exposed to succinyl-CoA revealed that the in vivo concentration of 

succinyl-CoA in E. coli during recombinant expression was insufficient to succinylate 

EchA19 to detectable levels.

There are 13 lysine residues in each Mtb EchA19 monomer, and consistent with prior 

proteomic analysis, we demonstrated that Lys132 and Lys139 were most reactive. Their 

hyper-reactivity is consistent with their location at the entrance to the substrate binding site 

(Figure 2C, 2D). We hypothesize that the CoA moiety of succinyl-CoA may bind in the 

EchA19 CoA pocket, thereby increasing the effective concentration of succinyl-CoA and 

enhancing the rate of its reaction with the proximal ε-amino moieties of Lys132 and 

Lys139.40 The coenzyme A moiety of succinyl-CoA was modelled into the coenzyme A 

binding site. There are 2 possible conformations (yellow: conformation 1; gray: 

conformation 2, Figure 2C, 2D). The amino moieties of Lys132 and Lys139 are located near 

the thioester of the succinyl-CoA. In conformation 1, Lys139 can form a salt bridge with the 

terminal carbonyl and Lys132 can be succinylated by the second carbonyl. In conformation 

2, Lys 132 can form a salt bridge and Lys 139 is succinylated. Therefore, non-enzymatic 

succinylation of EchA19 at Lys132 and Lys139 may be due to self-succinylation.
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In addition to non-enzymatic or self-succinylation, there may be as-yet-unidentified succinyl 

transferases present in Mtb. The Mtb genome encodes 30 CoA transferases, including the 

well-characterized MtPat (Rv0998). Although these enzymes are annotated as acetyl-CoA 

transferases, some of them may catalyze the transfer of other acyl groups. Rv2170 transfers 

succinyl-, propionyl-, and acetyl-CoA to isocitrate dehydrogenase lysines.43 Additionally, 

Rv0802c contains a GCN5-related N-acetyltransferase motif and co-crystallizes with 

succinyl-CoA.44

Effect of succinylation on Mtb EchA19 activity.

In the Mtb EchA19 structure, Lys132 and Lys139 are located at the entrance to the substrate 

binding site in a gate-like conformation, and their side chains extend into the solvent channel 

that leads to the active site (Figure 2C and 2D). Modeling suggests that succinylation at 

these specific sites disrupts substrate binding and subsequent catalysis (Figure 2C and 2D).

The lysine-to-glutamate EchA19 mutants mimicked succinylation, owing to the inversion of 

charge. Therefore, we investigated the effects of these introduced negative charges on the 

activity of EchA19 toward its preferred substrate, 3-OCDO-CoA (Table 1). We observed that 

the specific activity values for both EchA19K132E and EchA19K139E were lower than the 

value for EchA19wt, but reduction in activity was greatest for the double mutant 

(EchA19K132E&K139E); the rate for this mutant was nearly 1/16 that of the Wt). Thus, we 

inferred that succinylation of Mtb EchA19 has important consequences for enzymatic 

activity and suppresses cholesterol catabolism. As a further test, we measured the catalytic 

activity of EchA19wt(succ) and found that the kcat/Km was reduced 5.5-fold compared to 

EchA19wt, primarily a consequence of a reduced kcat. The specific activity of 

EchA19wt(succ) was half that of EchA19wt. Comparison of these rates suggests that 

EchA19wt succinylation is approximately 50% complete under the conditions utilized. 

Small-angle X-ray scattering analysis did not reveal any structural differences between 

EchA19wt and EchA19K139E (Table S3 and Figure S2)

Evaluation of succinylated EchA19wt as a substrate for Rv1151c.

The Mtb genome encodes one known deacylase, the NAD+-dependent sirtuin Rv1151c. Like 

other members of the sirtuin superfamily, which demonstrate activity with acylated proteins,
42, 45–46 Rv1151c catalyzes deacetylation, depropionylation, or desuccinylation of various 

proteins, including those involved in central carbon metabolism and cholesterol C and D ring 

catabolism.25, 28–29, 47 Therefore, we investigated whether succinylated EchA19wt was a 

substrate for Rv1151c. Succinylated EchA19wt was incubated with Rv1151c, and 

desuccinylation was monitored over 2 h. Succinylation is decreased 85% after 1 hour 

compared to the control and no further decrease was observed after an additional hour 

(Figure 3). Thus, succinylated EchA19wt is a substrate for Rv1151c. Because Rv1151c 

activity depends on the presence of NAD+ as a second substrate and because the 

NADH/NAD+ ratio increases as a consequence of cholesterol β-oxidation, the NADH/NAD+ 

potential may provide yet another post-translational regulatory mechanism for cholesterol 

catabolism in Mtb.
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Conclusion

The ability of Mtb to survive and persist in the harsh host environment is a tribute to its 

ability to adapt to changing environmental conditions. In this study, we identified EchA19 as 

the enoyl-CoA hydratase that catalyzes the hydration of 3-OCDO-CoA, and we found that 

the activity of this enzyme is negatively regulated by reversible succinylation. Two other 

enzymes involved in cholesterol side chain catabolism—ChsE4-ChsE5 (the ACAD in the 

first β-oxidation cycle) and ChsH1-ChsH2 (an enoyl-CoA hydratase in the third β-oxidation 

cycle)—are also succinylated,25–26 suggesting that all three β-oxidation cycles are post-

translationally regulated (Figure 4). Furthermore, enzymes involved in the degradation of the 

steroid rings carry the succinylation mark (FadA6 [Rv3556c], FadD3 [Rv3561], FadE32 

[Rv3563], HsaC [Rv3568c], HsaD [Rv3569c], and Rv3570c).25, 48 Employment of a 

downstream byproduct (succinyl-CoA) as a post-translational modifier to reduce catalytic 

activity suggests that succinylation operates as a negative feedback mechanism. The 

multivariate molecular cross-talk modalities in the cholesterol catabolic pathway highlight a 

sophisticated metabolic network with multiple layers of regulation, all of which must be 

considered in attempts to develop new antimycobacterial therapeutics.48

Methods

Materials, Bacterial Strains, Media, and General Methods.

The pET28B expression vector and ligation-independent cloning T4 polymerase were 

purchased from Novagen (Madison, WI). Polyclonal rabbit pan anti-succinyllysine primary 

antibody was purchased from PTM Biolabs (Chicago, IL). HindIII and NdeI restriction 

endonucleases and T4 DNA ligase were purchased from New England Biolabs (Ipswich, 

MA). XL1 Blue and BL21 (DE3) Escherichia coli cells, iProof high-fidelity DNA 

polymerase, and horseradish peroxidase–conjugated goat anti-rabbit secondary antibody 

were purchased from BioRad (Hercules, CA). A QuikChange site-directed mutagenesis kit 

and DpnI was purchased from Agilent (Santa Clara, CA). Kanamycin, ampicillin, and 

isopropyl β-D-1-thiogalactopyranoside were purchased from GoldBio (St. Louis, MO). His 

NTA resin was purchased from Qiagen (Germantown, MD). A HiLoad 16/60 Superdex 200 

prep-grade GE column was purchased from GE Healthcare Biosciences Corp. (Piscataway, 

NJ). MgCl2, ATP, free CoA, LB medium, HEPES, TAPS, and Tris-HCl were purchased 

from Fisher Scientific (Pittsburgh, PA). Ferrocenium hexaflurophosphate, bovine serum 

albumin (BSA) and 2,3-octenoic acid were purchased from Sigma Aldrich (St. Louis, MO). 

Tryptone and yeast extract were purchased from Becton Dickinson (Franklin Lakes, NJ). 

4,22-stigmastadiene-3-one was purchased from MP Biochemicals (Solon, OH). Primary 

crystallization screening kits were purchased from Hampton Research (Aliso Viejo, CA). 

Mtb genomic DNA was extracted from wild-type (WT) Mtb H37Rv bacteria culture. 

Traditional PCR and site-direct mutagenesis oligonucleotides were synthesized by IDT Inc. 

(Coralville, IA). Plasmid DNA sequencing was conducted by Genewiz (South Plainfield, 

NJ). LC-MS analysis was conducted on an Agilent UPLC/MS instrument with diode array 

and single quadrupole detector. Proteins were purified on a Knauer Azura fast protein LC 

system. Matrix-assisted laser-desorption time-of-flight (MALDI-TOF) MS was conducted 

on a Bruker Autoflex II TOF/TOF for MALDI-TOF. Bacteria cells were lysed with a 
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Constant Systems TS series benchtop cell disruptor (Kennesaw, GA). Fatty acid and 

cholesterol substrates were purified using a Shimadzu (Somerset, NJ) HPLC system. Steady-

state kinetics assays were conducted on a Shimadzu UV2550 UV–vis spectrophotometer. 

2xYT medium is composed of 16 g of tryptone, 10 g of yeast extract, and 5 g of NaCl. 

Recombinantly expressed proteins were purified in the buffers described below.

α-Methyl-CoA racemase (MCR) buffers.—MCR Buffer A (lysis/washing): 20 mM 

Tris-HCl (pH 8), 300 mM NaCl, 10 mM imidazole. MCR Buffer B (elution): 20 mM Tris-

HCl (pH 8), 300 mM NaCl, 500 mM imidazole. MCR Buffer C (dialysis/storage): 20 mM 

Tris-HCl (pH 8), 300 mM NaCl, supplemented with 5% glycerol.

Buffers for EchA19wt and succinylation mutants.—EchA19 Buffer A (lysis/

washing): 20 mM Tris-HCl (pH 8), 300 mM NaCl. EchA19 Buffer B (elution): 20 mM Tris-

HCl (pH 9), 300 mM NaCl (pH 9), 500 mM imidazole. EchA19 Buffer C (storage): 20 mM 

Tris-HCl (pH 8), 300 mM NaCl, supplemented with 5% glycerol.

Rv1151c buffers.—Rv1151c Buffer A (lysis/washing): 50 mM NaH2PO4 (pH 8, 300 mM 

NaCl, 20 mM imidazole. Rv1151c Buffer B (elution): 50 mM NaH2PO4 (pH 8), 300 mM 

NaCl, 500 mM imidazole. Rv1151c Buffer C (dialysis/storage): 50 mM Tris-HCl (pH 7.5), 

150 mM NaCl.

Expression Plasmid Construction.

Mtb genomic DNA was used as a template for PCR amplification of ChsE4-ChsE5 
(Rv3504-Rv3505), MCR (Rv1143), EchA19 (Rv3516), FadD17 (Rv3506), and Rv1151c 

(Rv1151c). The constructs used in this work are listed in Table S1 with the primers listed in 

Table S2 for either traditional or ligation-independent cloning, as described below.

Traditional cloning.—The pET28 vector was used to generate N-terminal His-tagged 

constructs for ChsE4-ChsE5, EchA19 (wild type and mutants), FadD17, and Rv1151c. Gene 

inserts were PCR-amplified by means of the iProof high-fidelity DNA polymerase protocol. 

Gene inserts and the pET28B vector were digested with NdeI and HindIII restriction 

enzymes for 6 h at 37 °C, and the enzymes were subsequently heat-inactivated for 20 min at 

80 °C. The vector was also treated with calf alkaline phosphatase to prevent self-ligation. 

The digested gene inserts and vector were gel-purified and then ligated with T4 ligase at 37 

°C for 14 h. Ligation reactions were transformed into XL1 Blue E. coli cells and selected on 

kanamycin (50 μg/mL) LB medium. Plasmids were amplified in and purified from XL1 Blue 

E. coli cells, and gene insertion was confirmed by sequencing of the full gene across 

insertion sites.

Ligation-independent cloning.—The ligation-independent cloning vector 2BT was 

used to generate N-terminal His-tagged constructs for MCR expression. Ligation reactions 

were transformed into XL1 Blue E. coli cells and selected on ampicillin (100 μg/mL) LB 

medium. Plasmids were amplified in and purified from XL1 Blue E. coli cells, and gene 

insertion was confirmed by sequencing the full gene across insertion sites.
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Site-directed mutagenesis.—EchA19 mutants (K132E, K139E, K132&K139) were 

generated using the Agilent site-directed mutagenesis protocol. The mutagenic primer 

sequences are shown in Table S2. The pET28B (EchA19wt) expression vector was used as a 

template for generation of the pET28B (EchA19K132E) and pET28B (EchA19K139E) 

plasmids. The pET28B(EchA19K139E) expression vector was used as the template for 

pET28B (EchA19K132E&K139E) plasmid generation. After PCR amplification, the parental 

DNA was digested with 1 μL of DpnI (10 U/μL). The DpnI-treated DNA (2 μL) was 

transformed into XL1 Blue E. coli cells for plasmid amplification and purification. 

Mutagenesis was confirmed by DNA sequencing of the coding sequence of the expression 

plasmids.

Protein Expression and Purification.

ChsE4-ChsE5 and FadD17 were expressed and purified as previously described.10, 12 All 

other proteins were expressed and purified by means of the following general procedure, 

unless indicated otherwise. A 7 mL culture (supplemented with 50 μg/mL kanamycin or 100 

μg/mL ampicillin [final concentrations]) was used to inoculate 1 L of 2xYT medium, and the 

1 L culture was incubated at 37 °C until it reached an OD600 of 0.8 (about 3 h). The 

incubation temperature of the 1 L culture was lowered to 25 °C, and the culture was allowed 

to equilibrate for 20 min. Isopropyl β-D-1-thiogalactopyranoside (final concentration, 400 

μM) was added, and the cell pellet was harvested after 20h.

The bacterial cultures were pelleted at 4870 g for 20 min at 4 °C. Buffer A (40–100 mL) was 

added to the cell pellet, and the cells were lysed with a cell disruptor. Homogenates were 

subjected to ultracentrifugation at 18600 xg for 1 h at 4 °C. The protein-containing 

supernatant was loaded onto an IMAC His Bind·Resin (5 mL), which was washed with 

Buffer A and eluted with Buffer B. Fractions were collected and dialyzed overnight against 

Buffer C with 10 kDa molecular weight cutoff MWCO dialysis tubing.

After dialysis, the protein solution was concentrated by ultrafiltration (MWCO 10 kDa) to 

less than 2 mL, and the protein was purified by size-exclusion chromatography on a 

Superdex 200 column pre-equilibrated with Buffer C. Protein-containing fractions were 

analyzed with 12% SDS PAGE gel. The fractions were then concentrated, and protein 

concentrations were determined by means of UV spectroscopy at 280 nm using the 

following extinction coefficients: ε280nm (ChsE4) = 68,995 M−1 cm−1, ε280nm(ChsE5) = 

36,565 M−1 cm−1, ε280nm(EchA19) = 17,210 M−1 cm−1, ε280nm(MCR) = 57,410 M−1cm−1, 

ε280nm(FadD17) = 56,840 M−1 cm−1, and ε280nm(Rv1151c) = 51,700 M−1 cm−1. Protein 

purities were determined by SDS-PAGE (Figure S3) and identities were confirmed by means 

of tryptic digestion and MALDI-TOF MS.

Synthesis of Cholesterol-CoA Substrates.

The protocols for synthesis of the saturated cholesterol substrates 3-OCO-CoA and 3-OCS-

CoA and unsaturated cholesterol substrate 3-OPDC-CoA have been described previously.
9–10 Octenoyl-CoA was synthesized from octenoic acid by means of the mixed anhydride 

method, as previously described.9
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3-OCDS-CoA.—3-OCDS-CoA was synthesized enzymatically with the acyl-CoA 

dehydrogenase ChsE4-ChsE5 and MCR.10, 13 Specifically, an isomeric mixture of (R) and 

(S) 3-OCS-CoA (1 mM) was incubated with ChsE4-ChsE5 (10 μM) and MCR (10 nM) with 

the electron acceptor ferrocenium hexafluorophosphate (250 μM) in 100 mM TAPS buffer 

(pH 8.5) for 5 h at 25 °C. The progress of the reaction was monitored by MALDI-TOF MS. 

The product was purified by HPLC on a semiprep C18 column (Phenomenex: Torrance, CA) 

with 10 mM ammonium acetate containing acetonitrile (linear gradient from 5% to 100% 

over 50 min).

3-OCDO-CoA.—20-Formyl-pregn-4-en-3-one was obtained by ozonolysis of 4,22-

stigmastadiene-3-one with reductive workup.49 To a cooled (0 °C on ice) solution of NaH 

(30 mg, 1.25 mmol) in 5 mL of THF, tert-butyl diethylphosphonoacetate (315 mg, 1.25 

mmol) was added dropwise. After the reaction was stirred for 5 min, a solution of 20-

formyl-pregn-4-en-3-one (275 mg, 0.8 mmol) in 5 mL of THF was added, and the mixture 

was allowed to warm to 25 °C and then stirred for an additional 12 h. The THF was removed 

by rotary evaporation, and the resulting solid residue was dissolved in 5 mL of TFA and 5 

mL of CH2Cl2 and stirred at 25 °C for 3 h. The TFA and CH2Cl2 were evaporated, and the 

residue was purified by flash chromatography with 1:4 EtOAc/hexane as the eluent to yield 

3-OCDO-acid (180 mg, 61%). 3-OCDO-CoA was then synthesized enzymatically from the 

3-OCDO-acid using the steroid-CoA ligase FadD17. Specifically, 3-OCDO-acid (0.66 mM) 

was incubated with FadD17 (0.5 μM) for 1 h at 30 °C in a reaction buffer containing 1.1 mM 

free CoA, 2.5 mM ATP, 10 mM MgCl2, and 100 mM HEPES (pH 8.0). The product was 

purified on an HPLC system equipped with a semiprep C18 column (Phenomenex) with 10 

mM ammonium acetate containing acetonitrile (linear gradient from 5% to 100% over 50 

min) as the eluent.

Non-enzymatic Succinylation of Proteins and Immunoblot Analysis.

WT and mutant EchA19 (10 μM) were incubated with 50 μM succinyl-CoA in 100 mM 

Tris-HCl (pH 8.1) at 25 °C. At the indicated reaction time, an aliquot of the reaction mixture 

was added to SDS loading dye (final concentration, 1× SDS 6% β-mercaptoethanol). The 

reaction/SDS aliquots were boiled for 10 min, allowed to cool, and then loaded onto 12% 

SDS PAGE gel, with a total of 200 ng of protein added to each well. The gels were run at 70 

V for 30 min and then at 135 V for 1.5 h. The gels were then transferred to pre-activated 

(with methanol) polyvinylidene difluoride membrane at a constant voltage of 30V for 16h at 

4 °C; the transfer buffer contained 25 mM Tris (pH 8.3), 190 mM glycine, and 20% 

methanol. After transfer, the membrane was blocked with TBST buffer (25 mM Tris-HCl 

[pH 7.5], 150 mM NaCl, 2.5 mM KCl, 0.1% Tween 20) supplemented with 5% (w/v) non-

fat milk for 1 h at rt with rocking. The membrane was then incubated with TBST buffer 

supplemented with 5% non-fat milk and pan anti-succinyllysine antibody (1:1000 dilution) 

for 16 h at 4 °C with rocking. The membrane was washed in TSBT for 10 min with rocking 

(3 times) and then incubated with horseradish peroxidase–conjugated goat anti-rabbit 

antibody (1:3000 dilution) for 1 h at rt with rocking. The membrane was subsequently 

washed with TBST buffer for 10 min (3 times). Blots were developed with 

chemiluminescence enhancer solution using a ChemiDoc instrument (BioRad: Hercules, 

CA).
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Hydratase Assay.

The activities of WT and mutant EchA19 were assayed with octenoyl-CoA, 3-OPDC-CoA, 

3-OCDO-CoA, and 3-OCDS-CoA as substrates in 100 mM HEPES (pH 7.4) and 3 mM 

ethylenediaminetetraacetic acid (EDTA). Inclusion of EDTA was essential to eliminate a 

contaminating phosphatase activity that could not be removed through repeated 

chromatography. Enzymatic activity was monitored at substrate concentrations ranging from 

2 to 100 μM (cholesterol substrates) or 2 to 300 μM (octenoyl-CoA). Reactions were 

monitored at 263 nm, and initial velocities were determined upon addition of one of the 

following enzymes: EchA19wt (89 nM with octenoyl-CoA or 300 pM with 3-OCDS-CoA), 

EchA19K132E (500 pM), EchA19K139E (1 nM), EchA19K132E&K139E (3 nM), or 

succinylated EchA19wt (1 nM). A change in extinction coefficient (ε263nm) value of 6700 M
−1 cm−1, which corresponds to α,β-unsaturation of the enoyl-CoA substrates, was used to 

quantify product formation.

LC-MS Analysis.

Cholesterol substrates and products were detected with a Kinetex EVO C18 column (2.6 μm, 

100 Å, 100 × 2.1 mm; Phenomenex) with Solvent A1 (H2O containing 10 mM ammonium 

acetate, pH 7) and Solvent B2 (95:5 CH3CN/H2O containing 10 mM ammonium acetate, pH 

7) using the following separation parameters: t = 0–3 min, B2 = 5–30%; t = 3–28 min, B2 = 

30–55%; t = 28–33 min, B2 = 55–95%; t = 33–34 min, B2 = 95–99%; the flow rate was 0.40 

mL/min, and the temperature was 35 °C. The MS method was as follows: —instrument 

state, TOF 2 GHz ExtDyn 3200; calibration with a small-molecule reference mix (3 

reference masses); acquisition, ESI m/z = 100–3200, 1 Hz, centroid mode; Vcap, 4000 V; 

desolvation gas flow rate, 11 L/min; desolvation gas temperature, 300 °C; nebulizer 

pressure, 45 psig; fragmentor voltage, 175 V; detector voltage, 780 V. The diode-array 

detector (DAD) method parameters were as follows: 205–500 nm, 2 nm slit, 2 nm step, 1 

mAU threshold, DAD1-A 215 ± 5 nm; DAD1-B 260 ± 5 nm; reference 500 ± 25 nm, 

acquisition, 5 Hz. The injection volume was 10.0 μL (T = 5 °C). The identity of the 3-

OCDO-CoA hydration product at reaction equilibrium was confirmed by high resolution 

LC-MS analysis. 22-HOCO-CoA ([MH+]/z, UV260 30%): 1137.3660 (calc) 1137.3567 

(meas); 3-OCDO-CoA ([MH+]/z, UV260 70%): 1119.3554 (calc), 1119.3454 (meas).

Rv1151c Desuccinylase Activity.

EchA19wt (20 μM) was incubated with 100 μM succinyl-CoA for 60 min, and then the 

reaction mixture was buffer exchanged against EchA19 storage buffer 20 mM Tris-HCl (pH 

8), 300 mM NaCl with a spin centricon (MWCO 10 kDa) to remove excess succinyl-CoA; 

with a final succinyl-CoA concentration of 1 pM. The resulting protein (5 μM) was 

incubated for 2 h with Rv1151c (2 μM) in a solution containing 25 mM Tris-HCl (pH 7.5), 

137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.1% BSA, and 1 mM NAD+. An aliquot of the 

reaction mixture was added to SDS loading dye (final concentration, 1× SDS) containing 6% 

β-mercaptoethanol. Reactions were monitored by means of immunoblot analysis, as 

described above. Two hundred nanograms of protein was loaded in each well.
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X-Ray Crystallization, Data Collection and Structure Determination.

Potential conditions for crystallization of EchA19wt (13 mg mL−1) were screened with the 

following 96-well crystallization screens: NeXtal (NeXtal Biotechnologies), Crystal Screen, 

and Index (Hampton Research). Hit conditions were optimized by means of the hanging 

drop method in 24-well trays. Crystals were grown in a solution of 0.2 M MgCl2 and 0.1 M 

Tris (pH 8.5) supplemented with 25% PEG3350 and cryocooled in a cryoprotecting solution 

containing 5% glycerol. Data were collected at the FMX beamline at NSLS-II (Brookhaven 

National Laboratory, Upton, NY) and processed using the autoPROC software package.50 

The structure was solved through molecular replacement using Phaser,51 with 4F47 as the 

search model. Refinement was carried out with the PHENIX suite52 with several cycles of 

manual model building using Coot.53 Data collection and refinement statistics are 

summarized in Table 2. The electron density of Mtb EchA19Wt was of sufficient quality to 

build most protein residues (Glu2-Ala64, Ile90-Arg263). Mtb EchA19 crystallized in the 

P231 space group, with one monomer of the protein in the asymmetric unit. The biological 

assembly is (believed to be) a trimer, and thus includes two symmetry-related copies of the 

molecule.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mtb enoyl-CoA hydratase EchA19 is a homotrimer with conserved active site residues 
and CoA binding residues and large binding pockets to accommodate cholesterol metabolite 
substrates.
A) KstR1-regulated EchA19 is a homotrimer (monomer A, magenta; monomer B, cyan; 

monomer C, purple) with three substrate binding pockets formed by the monomer–monomer 

interfaces. Each monomer possesses the canonical αββ protein fold of the crotonase-like 

family. B) 3-OCDO-CoA is modeled into an active site of Mtb EchA19. 3-OCDO-CoA 

adopts an elongated conformation within the active site (monomers B and C are shown). C) 

Conserved active site residues (Glu117 and Glu137) and substrate interacting residues in the 

substrate binding pocket are Ala25, Ala28, Ala64, Leu68, Lys69, and Gly114 (which belong 

to monomer B) and Lys255’ and Phe253’ (which belong to monomer C). The Leu68 and 

Lys69 residues are located in a disordered region of the Mtb EchA19 crystal structure 
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(Gly65–Arg89). The shortened side chain of Lys255’ is the result of incomplete electron 

density for this residue in the protein structure. D) Catalytic residues Glu117 and Glu137 

coordinate a water molecule (depicted as a red circle), positioning it for addition to the 

alkene of 3-OCDO-CoA.
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Figure 2. EchA19 enzymes are succinylated at sites near the substrate binding pockets.
A) Recombinant EchA19wt and three lysine mutants (EchA19K132E, EchA19K139E, and 

EchA19K132E&K139E) were incubated with 50 μM succinyl-CoA at pH 8.1 for 60 min, and 

the extent of succinylation was monitored with a pan anti-succinyllysine antibody. B) 

Densitometry analysis of blots from three replicates of experiment shown in (A). Intensity 

was scaled to 100% for succinylated EchA19wt. Errors shown are the standard error of 

measurement. C) and D) The active site of EchA19 with succinyl-CoA modeled in the CoA 

pocket identified in the 3-OCDO-CoA-bound model (Figure 1). Lys132 and Lys139 (dark 

blue) are located near the CoA binding pocket of EchA19.
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Figure 3. Succinylated Mtb EchA19 is a substrate for the sirtuin Rv1151c.
A) Succinylated EchA19wt (5 μM) was incubated with 2 μM Rv1151c in the presence of 1 

mM NAD+ in a solution containing 25 mM Tris-HCl (pH 7.5), 137 mM NaCl, 2.7 mM KCl, 

1 mM MgCl2, and 0.1% BSA. Desuccinylase activity catalyzed by Rv1151c was monitored 

as a function of time over 2 h, and remaining succinylated EchA19 was detected with a pan 

anti-succinyllysine antibody. B) Densitometry analysis of blots from three replicates of 

experiment shown in (A). Intensity was scaled to 100% for succinylated EchA19wt. Intensity 

was scaled to 100% for succinylated EchA19wt. Errors shown are the standard error of 

measurement.
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Figure 4. Succinylation provides an additional layer of metabolic regulation for cholesterol 
utilization in Mtb.
During cholesterol catabolism in Mtb, the cellular NADH pool increases, and toxic 

propionyl-CoA is produced (blue box). Succinyl-CoA is produced by C and D ring 

metabolism and by carboxylation of propionyl-CoA to form methylmalonyl-CoA followed 

by isomerization (purple box). The cholesterol catabolic enzyme EchA19 is post-

translationally regulated by succinylation, which reduces the enzyme’s activity, suggesting 

that a negative feedback mechanism regulates cholesterol catabolism on the basis of the 

levels of propionyl-CoA and succinyl-CoA produced (gray box). Succinylation of EchA19 is 

reversed by Rv1151c. Several other enzymes at each stage of cholesterol catabolism have 

known sites of succinylation,25 and the catalytic activities of these enzymes are postulated to 

be similarly regulated by this modification. HIP: 3aα‐H‐4α(3’‐propanoate)‐7aβ‐
methylhexahydro‐1,5‐indanedione.
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Scheme 1. 
Cholesterol side chain catabolism involves three β-oxidation cycles.
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Scheme 2. 
EchA19 catalyzes hydration of 3-OCDO-CoA to form 22-HOCO-CoA.
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Table 1.

Catalytic rate constants for wild type and mutant EchA19.
a

Enzyme substrate Km (μM) kcat (s−1) kcat/Km (M−1 s−1) Specific Activity (μmol min−1 mg−1)
b

EchA19wt octenoyl-CoA 3.4 ± 1.8 1.2 ± 0.1 (3.5 ± 0.1) × 105 ND

EchA19wt 3-OCDO-CoA 5.8 ± 1.9 181.2 ± 18.7 (31.2 ± 7.6) × 106 18.2 ± 5.0

EchA19K132E 3-OCDO-CoA ND ND ND 2.2 ± 0.7

EchA19K139E 3-OCDO-CoA ND ND ND 2.4 ± 0.7

EchA19K132E&K139E 3-OCDO-CoA ND ND ND 1.2 ± 0.5

Succinylated EchA19wt 3-OCDO-CoA 8.0 ± 2.7 45.7 ± 5.6 (5.7 ± 1.4) × 106 8.6 ± 0.8

EchA19wt 3-OCDS-CoA NA NA NA NA

EchA19wt 3-OPDC-CoA NA NA NA NA

a
Rate constants are averages of three technical replicates. Errors are standard deviations of nonlinear fits to the Michaelis–Menten equation. NA, no 

activity; no product could be detected with 40 μM substrate and 300 pM enzyme. ND, not determined. Where Km and kcat were not determined, 

values could not be calculated, because at concentrations required to measure saturated activity, the substrates formed aggregates that prevented 
accurate monitoring of enzymatic activity.

b
Specific activity (μmol min−1 mg−1) was determined by calculating the rate of product formation when 1 nM of enzyme was added to 10 μM 

substrate (3-OCDO-CoA). The error bars are the standard deviations of the calculated rates for three or four independent experiments.
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Table 2.

Crystallography data collection and refinement statistics for Mtb EchA19

Parameter Value
a

Wavelength (Å) 0.97934

Resolution range (Å) 37.71–1.915 (1.983–1.915)

Space group P 3 2 1

Unit cell a = b = 75.413 Å, c = 68.89 Å, α = β = 90°, γ = 120°

Total reflections 344811 (12826)

Unique reflections 17862 (1755)

Multiplicity 19.3 (14.8)

Completeness (%) 99.88 (100.00)

Mean (I) (sigma) 19.4 (2.4)

Wilson B-factor (Å2) 35.94

Rmerge 0.078 (0.867)

Rmeas 0.080 (0.898)

Rpim 0.018 (0.231)

CC1/2 0.999 (0.931)

Reflections used in refinement 17845 (1755)

Reflections used for Rfree 861 (95)

Rwork 0.1810 (0.2788)

Rfree 0.2342 (0.3856)

Number of nonhydrogen atoms 1825

Macromolecules 1748

Ligands 1

Solvent 76

Protein residues 237

RMS (bonds) (Å) 0.011

RMS (angles) (deg) 1.06

Ramachandran favored (%) 96.57

Ramachandran allowed (%) 2.58

Ramachandran outliers (%) 0.86

Rotamer outliers (%) 1.16

Clashscore 2.01

Average B-factor Å2 56.23

Macromolecules 56.44

Ligands 40.65

Solvent 51.65

Number of TLS groups 4

PDB ID 6WYI

a
Statistics for the highest-resolution shell are shown in parentheses.
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