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The prevalence of drug-resistant strains of Mycobacterium tuberculosis (M. tb) emphasizes the need for new 

antitubercular drugs. An essential component of the drug discovery process is the development of tools to 

rapidly screen potential drug libraries against important biological targets. Similarly to well-documented M. 

tb targets, the antigen 85 (Ag85) enzymes are involved in the maintenance of the mycobacterial cell wall. The 

products synthesized by these mycolyltransferases are the cell wall components most responsible for the 

reduced permeability of drugs into the bacterial cell, thereby linking Ag85 activity directly with drug resis

tance. This article presents the development of a high-throughput colorimetric assay suitable for direct mon

itoring of the enzymatic activity. The assay uses a synthetic substrate containing three chemical moieties: an 

octanoyl fatty acid, b-d-glucose, and p-nitrophenyl. In the context of the assay, Ag85 catalyzes the removal 

of the fatty acid and releases p-nitrophenyl-b-d-glucoside. The glucoside is hydrolyzed by b-glucosidase to 

release the p-nitrophenolate chromophore. With this assay, the KM and kcat values of Ag85C were determined 

to be 0.047 ± 0.008 mM and 0.062 s¡1, respectively. In addition, the assay exhibits a Z9 value of 0.81 ± 0.06, 

indicating its suitability for high-throughput screening applications and drug development.

© 2008 Elsevier Inc. All rights reserved.
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Enzyme-coupled assay
With the emergence of extensively drug-resistant strains of 

Mycobacterium tuberculosis (M. tb)1 [1], there is growing interest 

in the study of drug resistance mechanisms. In addition to iden

tified and characterized molecular mechanisms, M. tb antibiotic 

resistance is aided by the very low permeability of its thick hydro

phobic cell envelope [2]. The cell wall of M. tb is characteristic 

of the genus and is made of four major components: the plasma 

membrane (PM), the peptidoglycan (PG), the arabinogalactan (AG) 

matrix containing a covalently linked complex of mycolic acids, 

and the outer capsule-like layer. The PG, anchored in the PM, is 

covalently linked to the AG through a diglycosyl phosphoryl bridge. 

The resulting arabinogalactan–peptidoglycan complex (AGP) is 

esterified at the nonreducing ends, with mycolic acids forming a 
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	 1	 Abbreviations used: M. tb, Mycobacterium tuberculosis; PM, plasma membrane; 

PG, peptidoglycan; AG, arabinogalactan; AGP, arabinogalactan–peptidoglycan com

plex; mAGP, mycolyl–arabinogalactan–peptidoglycan complex; INH, isoniazid; 

EMB, ethambutol; ETH, ethionamide; TAC, thiacetazone; Ag85, antigen 85 com

plex; Ag85A, antigen 85A; Ag85B, antigen 85B; Ag85C, antigen 85C; TDM, treha

lose dimycolate; TMM, trehalose monomycolate; HTS, high-throughput screening; 

CHCl3, chloroform; EtOAc, ethyl acetate; CH2Cl2, methylene chloride; MeOH, meth

anol; DMSO, dimethyl sulfoxide; DMAP, dimethylaminopyridine; DIPEA, diisopro

pylethylamine; NaH, sodium hydride; TLC, thin-layer chromatography; ESI–MS, 

electrospray ionization–mass spectrometry; LC, liquid chromatography; HRMS, 

high-resolution mass spectrometry; SDS–PAGE, sodium dodecyl sulfate–polyacryl

amide gel electrophoresis; AChEs, acetylcholinesterase; PKS–TE, polyketide syn

thase thioesterase.	
mycolyl–arabinogalactan–peptidoglycan complex (mAGP). A layer 

of free glycolipids interacts with the mycolyl moiety of the mAGP. 

Finally, the outermost layer is a mixture of polysaccharides and 

proteins called the capsule.

Enzymes involved in the maintenance of the bacterial cell wall 

are of extreme importance to mycobacteria. The relative success of 

antitubercular drugs such as isoniazid (INH), ethambutol (EMB), 

ethionamide (ETH), and thiacetazone (TAC) targeting the biosyn

thesis of cell wall components illustrates this [3]. Another class of 

enzymes known to be involved in the maintenance of the myco

bacterial cell wall is the antigen 85 complex (Ag85). This family 

of proteins was first isolated as the major secreted component of 

M. tb culture filtrates [4]. Three homologous proteins compose 

Ag85: antigen 85A (Ag85A), antigen 85B (Ag85B), and antigen 

85C (Ag85C). The proteins bear a high amino acid sequence iden

tity (68–79%) in their mature secreted forms, but surprisingly the 

genes encoding Ag85 are in separate loci of the M. tb genome [5]. 

In addition to being the immunodominant antigens, the proteins 

were characterized as mycolyltransferases using a radiometric 

assay [6]. This assay indicated that the enzymes are involved in 

the formation of the glycolipid trehalose dimycolate (TDM), also 

called cord factor.

Further studies in vivo, relying on the disruption of Ag85 genes, 

resulted in a variety of observations. The inactivation of the fbpC2 

(fibronectin binding protein C2) gene that encodes Ag85C resulted 

in 40% less cell wall bound mycolates but produced no change in 
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the quantity of noncovalently bound lipids such as TDM [7]. The 

decrease in bound mycolates seen in the 85C knockout greatly 

increased the permeability of the cell wall for hydrophobic and 

small hydrophilic compounds [7]. However, the ability of INH to 

permeate the cell envelope was not affected. Inactivation of the 

genes encoding 85A and 85B had no apparent effect on the levels 

of TDM or covalently linked mycolates [7,8]. In addition, growth of 

cultured mycobacteria was also not affected. Overall, these stud

ies demonstrate that the in vitro mycolyltransferase activity is 

also observed in vivo and that, because Ag85A and Ag85B could 

not compensate for the inactivation of fbpC2, the three enzymes of 

Ag85 are not fully redundant.

In a separate study, the disruption of fbpA, the gene encoding 

Ag85A, resulted in poor growth in a macrophage-like cell line, 

ultimately leading to the death of the mycobacteria. In contrast, 

disruption of fbpB, the gene encoding Ag85B, did not have any 

effect on mycobacterial survival [8]. Another study showed sig

nificant inhibition of M. tb growth in culture when the three fbp 

transcripts were targeted by modified oligodeoxyribonucleo

tides to inhibit translation [9,10]. Even though no clear evidence 

of a bactericidal effect of Ag85 inactivation was reported, the 

authors did show that the effect was bacteriostatic, represent

ing a significant achievement. Combination of this antisense 

technology with INH produced a synergistic bactericidal effect, 

indicating that a drug targeting Ag85 could greatly improve 

combination therapy for tuberculosis [10]. Moreover, a success

ful drug targeting all three enzymes from the complex decreases 

the likelihood of resistance because the odds that mutations 

occur in all three targets at the same time in the same organism 

are infinitesimal.

Another rationale for targeting Ag85 is its extracellular local

ization. The typical bacterial artillery against antibiotics, such as 

efflux pumps within the bacterial membrane and drug-modifying 

enzymes acting intracellularly, would have little effect on drugs 

targeting Ag85 [11,12]. Finally, because the mycolyltransferases are 

not found in humans, the xenobiotic nature of any specific inhib

itor containing trehalose or arabinose moieties targeting those 

enzymes would present minimal side effects.

The discovery of lead compounds that inhibit Ag85 necessi

tates a rapid and easy assessment of the activity of the enzymes 

in the presence of inhibitors. The only previously published mycol

yltransferase assay involves the isolation of trehalose monomyco

late (TMM) from M. tb and the enzymatic transfer of mycolic acids 

from a lipid-soluble TMM molecule to a radioactive water-soluble 

trehalose molecule and the manipulation of the radioactive prod

ucts in a two-phase reaction. A subsequent aqueous workup with 

extraction and thin layer chromatography allows visualization 

of the products [6]. Although the radiometric assay works well, 

it requires the use of radioactive-labeled molecules and is rela

tively slow. High-throughput screening (HTS) of large numbers 

of potential inhibitors is not feasible using this assay; therefore, a 

faster assay is needed. For development of a proof-of-concept HTS 

assay, a spectrophotometric method seemed to be the best can

didate.

When developing this assay, two major criteria needed to be 

met. First, the synthetic substrate must be of suffi cient similarity to 

the natural substrate to ensure specificity to the primary enzyme. 

Second, the reaction velocity must represent the enzymatic activ

ity of the primary enzyme and not that of any linked enzymes. 

These two criteria ensure that data obtained from the assay are 

biologically relevant, and this is especially important when using 

the assay for inhibitor screening. Because this assay was conceived 

specifically for use in identifying lead compounds that inhibit 

Ag85, labeling the substrate with a chromogenic moiety offered 

the most robust assay with the highest potential sensitivity [13].

Structural and mechanistic considerations guided the design 

of the acyl donor. Because Ag85 catalyzes the transfer of myco

late from trehalose to other carbohydrates [6,8], the assay requires 

a carbohydrate-based substrate that functions as the acyl donor 

in the same way as TMM functions as the mycolyl donor in vivo. 

Because TMM is highly insoluble in water, shortening the fatty acyl 

chain was essential to improve substrate solubility. Based on the 

crystal structure of Ag85A bound to octylthioglucoside, an octanoyl 

chain seemed to be a reasonable compromise between solubility 

and mycolic acid mimicry to ensure enzyme binding [14]. Because 

the mycolic acid in TMM is linked at the O6 position of the glucose 

moieties in trehalose, an octanoyl moiety linked at O6 of glucose 

is a reasonable structural analog. Therefore, a glucose derivative 

with an acyl chain should bear enough structural similarities with 

the natural substrate to be recognized by the enzyme. In addition, 

the active site of the Ag85 enzymes readily accommodates a vari

ety of carbohydrates and glycoconjugates. Both disaccharide mol

ecules such as trehalose [15,16] and glycoconjugates containing 

alkyl moieties such as octylthioglucoside [14] have been shown to 

bind within the active sites of Ag85B and Ag85C. Both structures 

indicate that ample space is available for a glucoside modified with 

a moderately sized chromophore. In the carbohydrate chemistry 

and chemical biology fields, glycosidases and p-nitrophenyl-con

taining compounds are used extensively, resulting in many exam

ples of O1 modification of glucose with p-nitrophenyl, or another 

of a large variety of chromophores and fluorophores, that can be 

readily cleaved by glucosidases [17,18]. Based on these previous 

studies, a glucose derivative esterified at the sixth position with 

an eight-carbon acyl chain and a p-nitrophenyl moiety attached 

by a b-linkage onto O1 of glucose was chosen as the substrate for 

the assay.

The coupled assay proceeds in two steps (Fig. 1). A nucleophilic 

attack on the ester linkage of the octanoyl chain by Ag85C releases 

p-nitrophenyl-b-d-glucoside, which is then hydrolyzed by b-gluco

sidase into glucose and p-nitrophenolate. The rate of p-nitrophen

olate release is observed by direct measurement of the absorbance 

over time. An excess of d-glucose is added to the reaction to func

tion as an acyl acceptor and to promote turnover of the enzyme. 

This article describes the development of this spectrophotometric 

Fig. 1. Coupled colorimetric acyl-transfer assay. The serine nucleophile from Ag85 attacks the ester linkage and releases the p-nitrophenyl-b-d-glucoside. b-Glucosidase then 

hydrolyzes the glycosidic bond of the glucoside, producing d-glucose and p-nitrophenolate. Measuring the absorbance at 405 nm allows direct monitoring of the change in 

p-nitrophenolate concentration. The Ag85C acyl-enzyme intermediate reacts with d-glucose to regenerate the apo form of Ag85C.
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acyltransferase assay for Ag85C, initial characterization of enzy

matic parameters, and the validation of the assay for HTS appli

cations.

Materials and methods

Materials

d-Glucose, acetone, chloroform (CHCl3), ethyl acetate (EtOAc), 

hexanes, methylene chloride (CH2Cl2), methanol (MeOH), 

dimethyl sulfoxide (DMSO), pyridine, and toluene were purchased 

from Fisher; p-nitrophenyl-b-d-glucopyranoside and thiazoli

dine-2-thione were purchased from Sigma–Aldrich; and dimeth

ylaminopyridine (DMAP), diisopropylethylamine (DIPEA), sodium 

hydride (NaH), and octanoyl chloride were purchased from Acros 

and were used without purification. All solvents were used as 

received except pyridine and CH2Cl2, which were dried and dis

tilled following standard procedures [19]. Silica (230–400 mesh) 

for column chromatography was obtained from Sorbent Technol

ogies, and thin-layer chromatography (TLC) precoated plates were 

obtained from EMD. TLCs (silica gel 60, f254) were visualized under 

UV light or by charring (5% H2SO4–MeOH). Flash column chroma

tography was performed on silica gel (230–400 mesh) using sol

vents as received. 1H NMR were recorded on either a Varian VXRS 

400 MHz spectrometer or a Varian INOVA 600-MHz spectrometer 

in CDCl3 or DMSO-D6 using residual CHCl3 or DMSO as internal ref

erence, respectively. 13C NMR were recorded on a Varian INOVA 

150.83 MHz spectrophotometer in CDCl3 using the triplet centered 

at d77.23 as internal reference. Mass spectra (electrospray ioniza

tion–mass spectrometry [ESI–MS]) were recorded on a Bruker Dal

tonics Esquire liquid chromatography LC-MS mass spectrometer. 

High-resolution mass spectrometry (HRMS) was performed on a 

Micromass Q-TOF2 instrument.

Synthesis of p-nitrophenyl 6-O-octanoyl-b-d-glucopyranoside

The alkylating agent was prepared by treating thiazolidine-2-

thione with octanoyl chloride in the presence of DIPEA in anhy

drous CH2Cl2 in 88% yield (see Fig. 2 and supplementary Material). 

Esterification of p-nitrophenyl-b-d-glucopyranoside with the acti

vated N-octanoylthiazilidine-2-thione alkylating agent gives the 

desired p-nitrophenyl 6-O-octanoyl-b-d-glucopyranoside in 44% 

yield (see Fig. 2 and supplementary Material) [20,21].

Molecular cloning

The portion of the M. tb fbpC2 gene encoding the secreted form 

of Ag85C lacking a stop codon was amplified by polymerase chain 

reaction and placed in pET-29 (EMD Biosciences) using NdeI and 

XhoI restriction enzymes (New England Biolabs). The resulting 

open reading frame produces a protein with a C-terminal 6£ his

tidine tag.

Protein purification of Ag85C

The expression plasmid pET29–Ag85C was transformed into T7 

express cells (New England Biolabs). The bacterial cells were cul

tured at 37 °C in Terrific Broth (Research Products International) to 

an optical density of 1.2 at 600 nm. The culture was then cooled to 

16 °C for 1 h, and protein expression was induced with the addi

tion of isopropyl b-d-1-thiogalactopyranoside (Anatrace) at 1 mM. 

The bacterial cells were harvested by centrifugation after 16 h of 

incubation at 16 °C. The pelleted cells were resuspended in binding 

buffer (20 mM sodium phosphate [pH 7.5] and 5 mM b-mercap

toethanol) and were stored at –80 °C until used for protein puri

fication.

The frozen aliquot of resuspended cells was thawed at room tem

perature and then placed on ice. Then 1 mM of lysozyme (Sigma–

Aldrich) and 0.1 mM of DNase1 (Sigma–Aldrich) were added to the 

suspension for catalytic hydrolysis of undesired components. The 

catalysis step was performed for 20 min on ice prior to lysis of the 

cells by sonication (Sonicator 3000, Misonix). The obtained sus

pension was clarified by high-speed centrifugation (11,000 rpm, 

fixed-angle rotor, 5810-R Centrifuge, Eppendorf). The pellet com

ponent was discarded, and the supernatant was filtered through an 

immobilized 0.22-lm membrane (Millex-GP, Millipore). The protein 

was first purified by immobilized metal affinity chromatography. A 

HisTrap FF 5 mL column (GE Healthcare) was used on a fast protein 

liquid chromatography system (ÄktaFPLC, Amersham Biosciences). 

The fractions containing Ag85C were pooled and diluted fivefold into 

binding buffer and subsequently were run on an ion exchange chro

matography column (HiTrap Q FF, GE Healthcare) on the ÄktaFPLC 

system. The fractions containing Ag85C were pooled, and solid 

ammonium sulfate was added to a concentration of 2.4 M. The pre

cipitated protein was pelleted by centrifugation and resuspended in 

crystallization buffer (10 mM Tris [pH 7.5], 2 mM ethylenediamine

tetraacetic acid, and 1 mM dithiothreitol). The final purification step 

used size exclusion chromatography on a Superdex 200 prep-grade 

column (XK 16/60, Amersham Biosciences) equilibrated with crystal

lization buffer (Fig. 3). The fractions containing Ag85C were pooled 

and stored at –80 °C until needed for the assay.

Enzyme concentration determination

The enzyme concentration was determined using absorbance 

spectroscopy with 280 nm wavelength light. The extinction coef

Fig. 2. Synthetic scheme of the Ag85C acyl donor substrate. Reactants for the two synthetic steps are shown. All products were analyzed by 1H NMR, 13C NMR, and LC–MS 

(see supplementary material). The p-nitrophenyl 6-O-octanoyl-b-d-glucoside represents the acyl-donor substrate used in this study.
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ficient was obtained from computational calculations on the 

ExPASy website [22]. The predicted extinction coeffi cient for the 

recombinant Ag85C protein was 84,340 M¡1 cm¡1. An additional 

absorbance reading at 260 nm allowed the calculation of the 

A280nm/A260nm ratio to confirm that the A280 nm value represents the 

true protein concentration and not the concentration of a protein/

nucleic acid mixture. The typical A280 nm/A260 nm ratio for purified 

Ag85C used in the assay was 1.97, indicating that little or no nucleic 

acid was present in the sample. The experiments were performed 

on a Genesys 6 spectrophotometer (Thermo Electron) with a 1 cm 

pathlength.

Control experiments and standard curves

A 0.2 mM solution of p-nitrophenol was prepared using the 

buffer conditions of the assay (50 mM sodium phosphate [pH 7.4], 

3 mM d-glucose, and 2% DMSO). A wavelength scan experiment 

(340–800 nm) was then performed on the absorbance plate reader 

(SpectraMax 340PC, Molecular Devices). The data were exported 

from Molecular Devices SoftMax Pro5 software and analyzed in 

GraphPad Prism 5 software.

The extinction coeffi cient of p-nitrophenolate in the reaction 

buffer was determined from calibration curve studies with stan

dard p-nitrophenol solutions. A range of solutions (0.5–300 lM) 

was prepared by serial dilution of a stock 0.1 M p-nitrophenol solu

tion. The absorbance of each solution at 405 nm was measured on 

the plate reader. The data from three independent experiments 

were exported from SoftMax Pro5 and analyzed in GraphPad Prism 

5 to yield the standard curve.

The negative and positive control experiments and the Ag85C 

concentration course experiments were run following the assay 

procedure described hereafter. For the control experiments, the 

relevant enzymes were omitted. For the concentration course, 

various amounts of Ag85C enzyme (0.01–1.5 lM) were used with 

other components held constant.

Standard acyltransferase assay

The assay was performed under atmospheric pressure at room 

temperature in a 96-well plate format. The synthetic substrate was 

dissolved and stored in 100% DMSO. In each assay reaction, the 

following components and an appropriate volume of buffer were 

combined, resulting in a total reaction volume of 100 lL. A master 

mix was prepared with 2 units of b-glucosidase (Sigma–Aldrich), 

3 mM of d-glucose (Fisher Scientific), 50 mM sodium phosphate (pH 

7.4), and 1% DMSO. The 1 lL of the substrate in DMSO solution was 

added to each well to reach the desired substrate concentration 

(10–200 lM) followed by the addition of Ag85C to a final concen

tration of 100 nM. The release of the signaling molecule, p-nitro

phenolate, was monitored by measurement of the absorbance at 

405 nm every 30 s for 1 h.

b-Glucosidase concentration course

The glucosidase concentration course was performed under the 

same conditions as mentioned above except that the final Ag85C 

concentration was increased to 200 nM to improve the signal for 

the reactions at low b-glucosidase concentrations. The b-glucosi

dase concentrations were varied from 0.1 to 5 units/reaction.

Data analysis

The data were exported from Molecular Devices SoftMax Pro5 

software, and initial velocity (Vi) values were calculated using 

Microsoft Excel. The data were normalized using negative controls 

(no Ag85C added). The Vi values were entered into GraphPad Prism 

5 to determine Km and Vmax values. Z9 values from the positive and 

negative controls were calculated using the Vi values to validate 

the assay for inhibitor screening [23].

Results and discussion

Purification of Ag85C

The published purification protocol for Ag85C is suffi cient for 

crystallization studies [14,15]. However, to eliminate contami

nating nucleic acids and obtain an A280nm reading that represents 

the Ag85C protein concentration most accurately, an additional 

column chromatography step was required. Subjecting Ag85C 

to anion exchange chromatography removes the contaminating 

nucleic acids as measured by UV–visible absorption spectroscopy 

at wavelengths of both 280 and 260 nm. The final purification 

step involves size exclusion chromatography (Fig. 3A) and results 

in highly purified Ag85C as exhibited by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS–PAGE) (Fig. 3 B).

Determination of assay parameters

To determine the optimal wavelength to monitor the release 

of p-nitrophenolate during the assay, a wavelength scan was 

performed with a stock p-nitrophenol solution (Fig. 4A).  

Fig. 3. Size exclusion chromatogram and corresponding SDS–PAGE results. (A) The 

fractions containing purified enzyme are surrounded by the black box. Fractions 

representing the Ag85C peak, the fractions at the void volume of the column, and 

the loaded sample were subjected to SDS–PAGE. Both A280nm and conductivity 

traces are shown. (B) A Coomassie-stained SDS–PAGE gel shows the sample loaded 

onto the Superdex 200 column and the protein components of the eluted fractions. 

M, marker; L, sample injected onto column; numbers represent the corresponding 

eluted fractions. From the gel, it is clear that fractions 28 to 33 contain significant 

amounts of highly purified Ag85C.
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The curve reaches an absorption maximum at 395 nm. However, 

to be consistent with current literature, an absorbance of 405 nm 

was chosen for the assay. Because the value of the molar extinc

tion coeffi cient varies depending on the assay conditions and the 

wavelength, absorbance readings of p-nitrophenol solutions at 

various concentrations were carried out in the assay conditions. 

The plotted values of absorbance over pathlength versus p-nitro

phenol concentration yielded a linear plot with a correlation 

coeffi cient (r2) of 0.99. The extinction coeffi cient was calculated 

from these data to be 15,300 M¡1 cm¡1 (Fig. 4B).

Control reactions were carried out in the presence and absence 

of both enzymes to ensure that the assay was functioning as 

expected and that each step of the assay was dependent on the 

presence of all components (Fig. 5). Without any enzyme present, 

there is no increase in absorbance observed over time, meaning 

that the chromophore is not released by nonenzymatic hydroly

sis under current assay conditions. The addition of b-glucosidase 

caused a slight increase in absorbance over time, indicating that 

b-glucosidase displays a low activity against the synthetic sub

strate resulting in a slow release of the chromophore. The addition 

of Ag85C to the mixture produced a significant increase of absor

bance over time that results from the deacylation of the starting 

substrate followed by a relatively rapid release of the chromophore 

catalyzed by b-glucosidase. The background reaction due to hydro

lysis of the acylated synthetic substrate by b-glucosidase was mea

sured, and the initial velocity values were subtracted from assay 

values for rigorous analysis of the data.

Once the preliminary parameters were fixed, an Ag85C concen

tration course experiment determined the optimal concentration 

Fig. 4. Characterization of p-nitrophenol in assay conditions. (A) Wavelength scan 

of p-nitrophenol in reaction buffer. Purchased p-nitrophenol was added to the assay 

reaction buffer to determine the absorption maximum of the compound under 

conditions of the acyl-transfer assay. Although the absorption peak is near 395 nm, 

405 nm was chosen for consistency with previously published data. (B) Standard 

curve for p-nitrophenol. A concentration course of p-nitrophenol versus absor

bance at 405 nm in standard buffer conditions is shown. These data were used to 

determine the extinction coeffi cient for the p-nitrophenolate product in the assay.

Fig. 5. Positive and negative control reactions. Reactions were performed with no 

enzyme (|), glucosidase only (+), Ag85C, and glucosidase (£). The concentration of 

the substrate in each reaction was 175 lM.

Fig. 6. Relationship between enzyme concentration and catalytic rate exhibited by 

the assay. (A) Raw data from the assay illustrate the increasing rate of p-nitrophen

olate production as Ag85C is increased. Concentrations of Ag85C tested are 10 nM 

(–), 25 nM (+), 50 nM (£), 100 nM (|), 250 nM ($), 500 nM (D), 1000 nM (s), and 

1500 nM (e). The data for the four lowest enzyme concentrations are superimposed 

in this plot. Linear regression allowed initial velocity values to be determined. (B) 

Initial velocity values as a function of Ag85C concentration. The initial velocity val

ues obtained from assays performed with varying enzyme concentrations show a 

linear relationship between velocity and Ag85C concentration.
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of Ag85C (Fig. 6). The initial velocity values were calculated for each 

Ag85C concentration and were plotted (Fig. 6B). The plot shows a lin

ear correlation between the initial velocity values and the concentra

tion of Ag85C with a correlation factor of 0.99. This experiment deter

mined the range of Ag85C concentrations that lead to a linear change 

in the rate of the reaction and that, under the current assay conditions, 

Ag85C appears to catalyze the slowest step of the coupled assay.

To ensure that b-glucosidase is not limiting, a similar concen

tration course approach was used where b-glucosidase concen

trations were varied. Reactions were performed in the standard 

conditions with the following exceptions. Twice the Ag85C con

centration of the standard assay was used (200 nM), and the sub

strate concentration was fixed at 175 lM. The data shown in Fig. 

7 illustrate that the Vi for each reaction increases with respect to 

b-glucosidase concentration between 0.1 and 1 unit/reaction. At 

b-glucosidase concentrations of 1 unit/reaction and higher, the 

initial velocity peaks near 0.02 lM/s, indicating that the Ag85C 

activity is now limiting the velocity of the reaction. Based on these 

data, a concentration of 2 units/reaction, or 20 units/mL, of b-glu

cosidase was used for all subsequent assays.

With all of the above experiments in mind, ultimately the fol

lowing assay parameters were chosen because they led to consis

tent results while using a minimal amount of reagents: 100 nM 

Ag85C, 2 units of b-glucosidase, 3 mM d-glucose, and 2% DMSO.

Assay validation

The Z9 factor, a statistical parameter, was developed for the eval

uation of the inherent signal-to-noise ratio and to quantitatively 

represent assay reproducibility [23]. To determine this parameter 

for the described assay, the Vi values for a series of negative and 

positive controls were measured. For the negative control assay, 

reactions were performed in the presence of b-glucosidase but 

lacking Ag85C. The positive control reactions were performed 

using assay conditions mentioned previously. Two separate sets of 

16 control experiments were used to evaluate Z9. From these data, 

the calculated Z9 value was determined to be 0.81 ± 0.06, thereby 

indicating an excellent signal-to-noise ratio for the assay and that 

it is suitable for HTS applications.

Enzyme kinetics

Once assay parameters were defined, we performed a series of 

experiments under conditions of varying substrate concentrations 

to determine the kinetic parameters of the acyl-transfer reaction 

catalyzed by Ag85C. The absorbance versus time graphs provided 

the data to determine the initial velocity values of each reac

tion. Plotting Vi versus substrate concentrations produced curves 

resembling those expected for enzymes obeying Michaelis–Men

ten kinetics. The data were fit to the Michaelis–Menten model 

(Fig. 8) to determine the kinetic parameters Vmax and Km, which 

were calculated to be 0.0062 ± 0.0003 lM/s and 0.047 ± 0.008 mM, 

respectively (r2 = 0.92). This Vmax value corresponds to a reasonable 

kcat value of 0.062 s¡1.

The Km value determined for the Ag85C assay using the syn

thetic substrate is similar to that seen for other members of the 

a/b hydrolase superfamily of enzymes, the fold family to which 

Ag85 belongs. Other well-characterized members of this fold fam

ily include acetylcholinesterase (AChEs) and polyketide synthase 

thioesterase (PKS–TE). Kinetic studies with AChEs from the electric 

eel and PKS–TE from Bacillus brevis have shown these enzymes to 

possess Km values of 100 and 3 lM, respectively [24,25]. These Km 

values are quite similar to the value observed in our assay, indicat

ing that the synthetic Ag85 substrate performs well in mimicking 

the natural substrate.

In contrast, the kcat value for Ag85C is much lower than that 

observed for other a/b hydrolases such as AChEs [24] and other 

carboxylesterases [26]. These enzymes have very high turnover 

numbers on the orders of 104 or 105 s¡1. However, the kcat for 

Ag85C is more reflective of the value measured for the PKS–TE 

[25]. The reasons for these differences are not clear, but one can 

rationalize that the kcat values may reflect the identity of the 

nucleophile in the second step of the enzymatic reaction. AChEs 

and carboxylesterases use water as the nucleophile to disrupt 

the acyl-enzyme intermediate, whereas Ag85 and PKS–TE do not. 

Rather, PKS–TE relies on an intramolecular nucleophilic attack at 

the thioester linkage that produces the cyclic product and allows 

release from the active site. The relatively low turnover number 

of 1 s¡1 possibly reflects the requirement of a structural change 

in the substrate to promote this attack. The Ag85 mechanism 

goes a step further and requires an intermolecular nucleophilic 

attack, which further depresses the turnover rate with respect 

to PKS–TE. However, although the described assay uses d-glu

cose as the acyl acceptor at a 3 mM concentration, this might 

not reflect the concentration encountered by the enzyme in vivo. 

Further experiments using liposomes or micelles harboring the 

substrate may give a more biologically relevant representation of 

the kcat value for Ag85C.

Fig. 7. Reaction velocity is limited by the activity of Ag85C. This plot shows ini

tial velocity from reactions performed with varying concentrations of b-glucosi

dase. Ag85C was fixed at 200 nM, and the synthetic substrate was kept at a constant 

concentration of 175 lM. These data show that no increase in reaction velocity is 

observed at b-glucosidase concentrations higher than 1 unit/reaction.

Fig. 8. Determination of Ag85C kinetic parameters. Assays were performed 12 times 

for each substrate concentration, and data from the first 500 s from each reaction 

were subjected to linear regression analysis to obtain initial velocities. Those Vi 

values are plotted against substrate concentration. The Km and Vmax values were 

obtained by fitting these data to the Michaelis–Menten equation.
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Another possibility for the relatively low Ag85C kcat value is 

the required conformational change that occurs during catalysis. 

The crystal structure of Ag85C covalently modified at S124 clearly 

indicates a conformational change in the enzyme as a direct con

sequence of forming the acyl-enzyme intermediate [15]. The con

sequences of this conformational change are twofold. First, residue 

H260, the general base in the first step of the catalytic reaction, has 

moved away from the active site nucleophile, S124. This precludes 

H260 from acting as the general base in the second enzymatic step. 

Second, the region encompassing residues 210 to 221 has changed 

significantly in conformation, resulting in the repositioning of this 

loop near the active site leading to modification of the carbohy

drate binding pocket. This would seem to preclude Ag85C from 

using trehalose as an acyl acceptor [15,16], but available enzymatic 

data clearly show acyl transfer to trehalose [6].

These two structural consequences seem to expand the substrate 

binding and catalytic repertoire of Ag85C. However, requiring the 

repositioning of a general base to activate a hydroxyl moiety on the 

acyl acceptor to promote nucleophilic attack on the acyl-enzyme 

intermediate may have also led to the significantly lower Ag85C 

kcat value in relation to that of PKS–TE.

Conclusion

This article has presented the development of a colorimet

ric assay for the measurement of Ag85C enzymatic activity. Ini

tial results from this assay show a reproducible rate response to 

changes in either substrate concentration or Ag85C concentra

tion. We have also shown that, under the current reaction regime, 

Ag85C concentration determines the initial velocity in the assay, 

allowing accurate determination of kinetic parameters defined for 

Ag85C by Michaelis–Menten kinetics.

The kinetic parameters obtained for Ag85C for the synthetic 

substrate indicate that there is room for improvement in both sub

strate specificity and solubility. In addition, the large size of the 

carbohydrate binding pocket in the Ag85C active site makes this 

system a prime candidate for improvement by using a fluorogenic 

moiety on the synthetic substrate to improve the sensitivity of the 

assay. However, the calculated Z9 value of 0.81 indicates that the 

assay already exhibits an excellent signal-to-noise ratio and so 

improvement is not essential for library screening.

The design of the assay focused on requiring a very small reaction 

volume, making it immediately amenable to HTS applications. We 

completed the screening of a small drug library as proof-of-principle 

for the coupled assay. A hit rate of 3% was obtained, with the best 

inhibitory compounds showing a 90% decrease in the reaction veloc

ity. This inhibitory activity is reciprocated in a Kirby–Bauer disk assay 

using Mycobacterium smegmatis as a surrogate for M. tuberculosis. 

Observable zones of inhibition again validated Ag85C as a good drug 

target by confirming that growth inhibition of mycobacteria can be 

affected by inhibiting Ag85C activity. Use of the described assay will 

certainly aid in both lead identification and structure–activity rela

tionship studies for new Ag85 inhibitors and antitubercular drugs.

As further evidence of the versatility of this assay, we recently 

described characterization of mono- and diacylated arabinofur

anosides that are produced when reacting Ag85C with the acyl 

donor and using, as the acyl acceptor, a diarabinofuranoside that 

mimics the nonreducing termini of the mycobacterial AG [27]. Cur

rent work is, and future work will be, focused on better under

standing of the substrate specificity and substrate range of all 

three enzymes of the Ag85 complex.
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