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ABSTRACT: The transition between dormant and active
Mycobacterium tuberculosis infection requires reorganization of
its lipid metabolism and activation of a battery of serine
hydrolase enzymes. Among these serine hydrolases, Rv0045c is
a mycobacterial-specific serine hydrolase with limited sequence
homology outside mycobacteria but structural homology to
divergent bacterial hydrolase families. Herein, we determined
the global substrate specificity of Rv0045c against a library of
fluorogenic hydrolase substrates, constructed a combined
experimental and computational model for its binding pocket,
and performed comprehensive substitutional analysis to
develop a structural map of its binding pocket. Rv0045c
showed strong substrate selectivity toward short, straight chain alkyl esters with the highest activity toward four atom chains. This
strong substrate preference was maintained through the combined action of residues in a flexible loop connecting the cap and α/
β hydrolase domains and in residues close to the catalytic triad. Two residues bracketing the substrate-binding pocket (Gly90 and
His187) were essential to maintaining the narrow substrate selectivity of Rv0045c toward various acyl ester substituents, as
independent conversion of these residues significantly increased its catalytic activity and broadened its substrate specificity.
Focused saturation mutagenesis of position 187 implicated this residue, as the differentiation point between the substrate
specificity of Rv0045c and the structurally homologous ybfF hydrolase family. Insertion of the analogous tyrosine residue from
ybfF hydrolases into Rv0045c increased the catalytic activity of Rv0045 by over 20-fold toward diverse ester substrates. The
unique binding pocket structure and selectivity of Rv0045c provide molecular indications of its biological role and evidence for
expanded substrate diversity in serine hydrolases from M. tuberculosis.

The transition between dormant and active Mycobacterium
tuberculosis infection requires the reorganization of its

cellular and lipid metabolism.1−3 The importance of lipid
metabolism to the survival of M. tuberculosis is highlighted by
the presence of over 250 M. tuberculosis genes annotated as
involved in lipid metabolism, whereas bacteria such as
Escherichia coli have only 50 genes proposed to be involved
in lipid metabolism.4 Among the genes required for lipid
metabolism in M. tuberculosis are over 30 genes predicted to
encode serine hydrolases due to the presence of a conserved G-
X-S-X-G motif and a proposed α/β hydrolase fold.5 The
importance of serine hydrolases to metabolism and dormant
infection in M. tuberculosis has already made them exciting
targets for inhibition and therapeutic design.6,7 The expansion
of serine hydrolase activity in M. tuberculosis also suggests
unique environmental niches and likely divergent substrate
specificities among mycobacterial serine hydrolases.4,5,8 With
the ongoing exploitation of serine hydrolases as novel
biocatalysts, the serine hydrolases fromM. tuberculosis represent
an unexplored but potentially rich source of hydrolase scaffolds
for protein engineering.9,10 Characterization of the in vitro

substrate specificity of nine mycobacterial serine hydrolases
showcased the broad reactivity present within this enzyme
family, which includes measurable enzymatic activity toward
straight chain esters, vinyl esters, and triacylglycerols (TAGs).6

Among mycobacterial hydrolases, Rv0045c from M. tuber-
culosis has limited sequence similarity to other bacterial
hydrolases and showed only weak substrate selectivity toward
straight-chain p-nitrophenyl esters, making predictions of its
biological activity and physiological importance difficult.11−13

The three-dimensional structure of Rv0045c and its structural
alignment showed that Rv0045c was, however, structurally
similar to two different families of serine hydrolases: the ybfF
hydrolase from Escherichia coli and the (E)-2-(acetamido-
methylene) succinate (E-2AMS) hydrolase from Mesorhizobium
loti.13−15 These two families of bacterial hydrolases, however,
catalyze distinct metabolic reactions, complicating the pre-
diction of the natural reactivity and substrate specificity for
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Rv0045c.16−18 The ybfF hydrolases are proposed to catalyze
the hydrolysis of thioesters in malonyl- or succinyl-CoA but are
also capable of interesting biocatalysis reactions using their
bifurcated binding pocket.14,16−18 In comparison, E-2AMS
hydrolases catalyze the unusual and complicated final step in
the bacterial degradation of vitamin B6 to succinic semi-
aldehyde, ammonia, acetate, and carbon dioxide.15 Each of
these three hydrolase families contains a two helical structural
cap that controls their divergent substrate specificity, as the
loop connecting the cap domain to the α/β hydrolase domain
forms the binding pocket of the ybfF and E-2AMS hydro-
lases.13,15,18 Electron density for this loop was unfortunately
absent in the final structure of Rv0045c, and so the importance
of this key structural loop to controlling the substrate specificity
of Rv0045c is unknown.13

Herein, we characterize the chemical reactivity of Rv0045c
from M. tuberculosis, determine the global substrate specificity
of Rv0045c using a library of fluorogenic hydrolase substrates,
and map the structural features controlling this substrate
specificity using a combination of comprehensive alanine-
scanning mutagenesis, kinetic analysis, and computer modeling.
Key structural features controlling the substrate specificity of
Rv0045c are identified that bracket the binding pocket and that
differentiate the substrate specificity of Rv0045c from
structurally similar bacterial hydrolases. Substitution analysis
based on homologous hydrolases also identifies variants of
Rv0045c with significantly increased catalytic activity against a

range of ester substrates, providing potential lead variants for
biocatalyst design. The unique sequence and structural
composition of Rv0045c and the expansion of hydrolase
scaffolds in M. tuberculosis make Rv0045c an interesting
biocatalyst target. Our comprehensive substrate specificity and
structural map of Rv0045c provide molecular indications of the
biological role of Rv0045c and evidence for the expanded
substrate diversity in serine hydrolases from M. tuberculosis.

■ EXPERIMENTAL PROCEDURES

Overexpression and Purification of Rv0045c Protein.
Rv0045c protein was overexpressed in E. coli as an N-terminal
6xHis-tag fusion using a bacterial expression plasmid (pET28a)
containing the Rv0045c gene from M. tuberculosis as previously
described.12,13 This bacterial plasmid (pET28-Rv0045c) was
transformed into E. coli BL21 (DE3) RIPL cells (Agilent, La
Jolla, CA). A saturated overnight culture of E. coli BL21 (DE3)
RIPL (pET28-Rv0045c) in LB media containing kanamycin
(40 μg/mL) and chloramphenicol (30 μg/mL) was used to
inoculate LB-media (250 mL) containing kanamycin (40 μg/
mL) and chloramphenicol (30 μg/mL), and the bacterial
culture was grown with constant shaking (225 rpm) at 37 °C.
When the OD600 reached 0.6−0.8, the temperature of the
culture was decreased to 16 °C and isopropyl β-D-1-
thiogalactopyranoside (IPTG) was added to a final concen-
tration of 1.0 mM. Protein induction proceeded overnight

Figure 1. Substrate specificity of Rv0045c against fluorogenic hydrolase substrates. (A) Activation of the fluorogenic substrates by Rv0045c.
Hydrolysis of the ester bond on the diacyloxymethyl ether fluorescein substrates by Rv0045c converts the fluorescein core from the nonfluorescent
lactone form to the highly fluorescent quinoid form. The rate of fluorophore activation is measured at a range of substrate concentrations to
determine the kinetic constants for fluorophore activation. (B) Fluorogenic substrate library. Each of the substrates is composed of diacyloxymethyl
ether fluorescein (1A) with varying R-groups. The differing R-groups have been organized into classes based on chemical functionality. All of the
substrates were synthesized as described previously.18,22,39 (C) Global comparison of the catalytic specificity (kcat/KM) of Rv0045c against each of the
21 substrates (structures and numbering given in panel B). (D) Substrate specificity of Rv0045c against alkyl ester substrates, illustrating the
substrate selectivity based on the carbon chain length. Detailed kinetic results for each substrate are provided in Supplemental Table 1, Supporting
Information.
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(∼16−20 h) at 16 °C. Bacterial cultures were collected by
centrifugation at 6000g for 10 min at 4 °C. The bacterial cell
pellet was resuspended in PBS (5 mL) and stored at −20 °C.
To disrupt the bacterial cell wall, lysozyme (50 mg; Sigma-
Aldrich) and 10× Bug Buster solution (700 μL; EMD
Millipore) were added to the thawed cell pellet; cell lysis
proceeded on an orbital shaker for 1 h at 4 °C. To remove
insoluble cell material, lysed cells were centrifuged at 16000g
for 10 min at 4 °C. Ni-NTA agarose (600 μL; Qiagen, Valencia,
CA) was added to the soluble fraction and allowed to incubate
at 4 °C for 30−60 min. The resin was washed three times with
PBS containing increasing concentrations of ice-cold imidazole
(30 mL each of PBS containing 10 mM imidazole, 25 mM
imidazole, or 50 mM imidazole) and recollected by
centrifugation at 2000g for 2 min at 4 °C. Rv0045c was eluted
in PBS containing 250 mM imidazole (1.0 mL) and dialyzed
(10K MWCO; Pierce, Rockford, IL) against PBS overnight at 4
°C with constant stirring.
The purity of Rv0045c was confirmed by SDS−PAGE on a

4−20% gradient gel (Novex-LifeTechnologies) visualized with
colloidal Coomassie brilliant blue; the purity was shown to be
greater than 95% (Supplemental Figure 2, Supporting
Information). The concentration of Rv0045c was determined
by measuring the absorbance at 280 nm and converted to
molarity units with an extinction coefficient of ε280 = 35 980
M−1 cm−1 calculated from the theoretical amino acid sequence
using the ProtParam online proteomics tool on the ExPASy
Web site (http://web.expasy.org/protparam).19

Site-Directed Mutagenesis and Purification. Variants of
Rv0045c were produced by QuikChange II site-directed
mutagenesis of pET28-Rv0045c template DNA using a
derivation of the manufacturer’s suggested procedure (Agilent,
Santa Clara, CA), the only exception being specific annealing
temperatures and the mutagenesis primers (Integrated DNA
Technologies, Coralville, IA) outlined in Supplementary Table
6, Supporting Information. Mutagenic PCR products were
subjected to digestion with DpnI restriction endonuclease for 1
h at 37 °C to degrade wild-type template plasmid DNA.
Mutated pET28-Rv0045c plasmid DNA was replicated by
transformation into E. coli DH5α cells, followed by plasmid
DNA isolation/purification from saturated overnight cultures
using a commercial kit (IBI Scientific, Peosta IA). Proper
mutations in the Rv0045c DNA sequence were confirmed by
DNA sequencing (Genewiz, South Plainfield, NJ) using T7
and/or T7-terminal sequencing primers. Plasmids coding for
Rv0045c variants were transformed into E. coli BL21 (DE3)
RIPL cells, and variants of Rv0045c were overexpressed and
purified using the same procedure as for wild-type Rv0045c.
For variants of Rv0045c involving tyrosine and tryptophan
substitutions, the extinction coefficients were adjusted to
correct for the gain/loss of a chromophore (Rv0045c+Tyr
ε280 = 37 470 M−1 cm−1 ; Rv0045c+Trp ε280 = 41 480 M−1

cm−1).19

Thermal Stability Measurement. The thermal stability of
Rv0045c and Rv0045c variants was determined using differ-
ential scanning fluorimetry.20,21 Rv0045c protein (0.30 mg/
mL) was diluted in triplicate in PBS containing a 1:250 dilution
of 5000× Sypro Orange dye (Invitrogen, Carlsbad, CA). The
samples were heated from 15 to 80 °C at 1.0 °C/min in a
thermocycler (Biorad C1000 Thermocycler with CFX96 Real-
time System, Hercules, CA), and the change in Sypro Orange
fluorescence was followed over time (λex = 450−490 nm, λem =
610−650 nm). The midpoint denaturation temperature (Tm)

was determined by plotting the first derivative of fluorescence
versus temperature and finding the temperature at the midpoint
of the transition.

Kinetic Measurements with Fluorogenic Hydrolase
Substrates. The enzymatic activity of Rv0045c and variants of
Rv0045c was measured using fluorogenic hydrolase substrates
(Figure 1A,B) in a 96-well microplate assay.18,22,23 Fluorogenic
substrates were synthesized as previously described.18,22,24

Fluorogenic substrates were prepared as stock solutions in
DMSO (10 mM) and were diluted into PBS containing
acetylated BSA (Sigma; 0.1 mg/mL) to starting concentrations
between 100 and 1000 μM, depending on the Km value of
Rv0045c for the substrate. The majority of the substrates
(substrates 1−18) had the same starting concentration (100
μM) with fluorine containing substrates 19−21 requiring
higher starting concentrations (1000 μM). Eight serial dilutions
(1:2; 60 μL into 180 μL total volume) of each substrate were
made using PBS−BSA. Fluorogenic substrate dilutions (95 μL)
were then transferred to a black 96-well microplate (Corning,
Lowell, MA). Enzyme-catalyzed hydrolysis was initiated by
addition of Rv0045c or variants of Rv0045c (5 μL of 150 μg/
mL; final concentration Rv045c = 7.5 μg/mL) to diluted
fluorogenic substrates in the black 96-well microplate (100 μL
final volume), and the fluorescence change (λex = 485 nm, λem =
528 nm) was measured for 4 min at 25 °C on a Biotek Synergy
H1 multimode plate reader (Biotek Instruments; Winooski,
VT). The fluorescence change was converted to molar
concentrations using a fluorescein standard curve (300 nM−
2.3 nM for higher starting concentrations), whose fluorescence
was measured simultaneously. The initial rates of the enzyme-
catalyzed reactions were measured in triplicate and plotted
versus fluorogenic substrate concentration. The saturation
enzyme kinetic traces were fitted to a standard Michaelis−
Menten equation using Origin 6.1 software (OriginLab Corp.,
Northhampton, MA), and values for kcat, KM, and kcat/KM were
calculated. The error of the hyperbolic line fit was extrapolated
to the tabulated values for the kinetic constants.

Loop Modeling. The flexible loop in Rv0045c (residues
194−204; sequence QRGTVALMHGE) was modeled using
the FALC online loop-modeling server.25 The five best loop
models based on DFIRE scores were determined using the
FALCm method, which combines fragment assembly, analytical
loop closure, and local gradient minimization.25,26

■ RESULTS
Substrate Specificity of Rv0045c. On the basis of

computer modeling and limited kinetic analysis, Rv0045c was
predicted to prefer short, linear substrates of less than six
carbons.13 To define its precise substrate specificity and
potential biological substrates, the kinetic activity of Rv0045c
was characterized against a library of fluorogenic hydrolase
substrates with a diversity of acyl ester substituents (Figure
1A,B). This library of acyloxymethyl ether substrates features
broad substrate diversity, representative substrate building
blocks for multiple hydrolase classes, low background
fluorescence, high kinetic sensitivity, and reproducible reac-
tivity.18,22,24 Kinetic data for Rv0045c against 18 of the 21
different fluorogenic substrates showed classic hyperbolic
saturation enzyme kinetics and were fitted to the Michaelis−
Menten equation to determine values for kcat, Km, and kcat/Km
(Supplemental Table 1, Supporting Information). Three
aromatic substrates (15, 20, 21) failed to produce saturation
kinetic curves even at higher substrate concentrations.
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On the basis of the comparison of kcat/Km values (Figure
1C), Rv0045c strongly prefers short, straight chain acyl ester
substituents with highest activity against straight chain esters
with ether linkages included in the chain (substrates 6−8). This
preference for substrates 6−8 with highest activity against
substrate 6 matches the substrate specificity pattern of the ybfF
hydrolase.18 Rv0045c also showed bell-shaped substrate
reactivity against linear alkyl substrates with maximal activity
against a butyl ester and steep decreases in activity with even
single carbon additions to the alkyl chain (Figure 1D). Besides
linear ester substrates, Rv0045c had measurable activity (kcat/
Km > 10 M−1 s−1) against small, unsaturated esters (9, 10),
nonaromatic cyloalkyl esters (11−13), and a fluorinated propyl
ester (19), but strongly selects against reactivity with aromatic
and tertiary esters (Figure 1C). Although Rv0045c has been
modeled to fit a five-carbon ester in its binding pocket, how
Rv0045c strongly selects for these short alkyl substrates was
unclear, as a key substrate-binding loop was not present in the
crystal structure of Rv0045c.
Modeling and Kinetic Analysis of Flexible Loop. To

clarify the binding pocket structure of Rv0045c, the amino acid
residues encoding the missing flexible loop were modeled onto
Rv0045c. The loop model was constructed using the validated
modeling program FALC (fragment assembly and analytical

loop closure), an ab initio loop modeling method specifically
optimized for refining flexible loops with ill-defined electron
density from crystal structures.25 Using FALC, a series of
potential conformations for this Rv0045c loop were modeled
with the top five lowest energy conformations shown in Figure
2B.25 As these loop residues showed little sequence
conservation across bacterial homologues (Figure 2C),
alanine-scanning mutagenesis was performed on the loop
residues (residues 194−204) to assign their importance to the
catalytic activity of Rv0045c and to select the best loop model.
To perform alanine-scanning mutagenesis, each of the loop

residues was individually substituted with alanine, and the
resulting Rv0045c variant was purified to homogeneity and
characterized for relative thermal stability and catalytic activity
against the best fluorogenic substrate (6) (Supplemental Table
2, Supporting Information). For relative thermal stabilities, all
of the loop variants had Tm values within 1 °C of wild-type
Rv0045c, reaffirming the flexibility and lack of structural
contributions of this loop (Supplemental Table 2).13 In
comparison, loop variants had significant variations (>10-
fold) in catalytic activity from wild-type Rv0045c (Figure 2D).
This significant change in catalytic activity without affecting the
stability of Rv0045c indicates that these loop residues are
directly involved in substrate binding or orientation within the

Figure 2. Modeling of the flexible loop covering the binding pocket in Rv0045c. (A) Basic three-dimensional surface structure of Rv0045c. The
residues connecting the flexible loop that was missing from original structure of Rv0045c (PDB: 3P2M) are highlighted in purple. The catalytic
serine is shown in red and the catalytic histidine is in blue. (B) Top ranked loop models based on FALC model of the flexible loop in Rv0045c. The
top five loop models from FALCm based on fragment assembly, analytical loop closure, and gradient minimization are colored separately.25 The
DFIRE energy for all five models was within 5.26 (C) Conservation of flexible loop residues across bacterial homologues of Rv0045c. Sequences
aligned using ClustalW and relative weightings performed using Weblogo.40,41 Detailed sequence analysis along with percent identity between
homologues given in Supplemental Table 3, Supporting Information. (D) Relative catalytic activity of Rv0045c loop variants. The catalytic activity of
each of the Rv0045c variants was determined against substrates 6 and normalized based on the activity of wild-type Rv0045c against each substrate.
Variants with lower activity than the wild-type enzyme were given negative ratios. Detailed kinetic and thermal stability analysis for flexible loop
variants are given in Supplemental Table 3. (E, F) Final loop model for Rv0045c. The final model was chosen based on a combination of alanine
scanning mutagenesis results (D) and computational modeling (B). The loop model is shown in sticks (E) with the individual residues labeled to
highlight the proximity of Val198 and Leu200 to the active site and in surface representation (F) to illustrate the importance of the loop to defining
the binding pocket of Rv0045c.

Biochemistry Article

dx.doi.org/10.1021/bi501108u | Biochemistry 2014, 53, 7386−73957389



Rv0045c active site. Key residues (Val198 and Leu200) to the
catalytic activity were congregated toward the center of the
loop and flanked by residues with no observed role in the
catalytic activity (Figure 2D). On the basis of the relative
importance of loop residues to the catalytic activity of Rv0045c,
one loop model was chosen that best matched the computa-
tional and alanine scanning data (Figure 2E). The orientation
of this loop model places key catalytic residues (Val198 and
Leu200) in closest proximity to the active site and available for
direct interaction with incoming substrates. This loop
orientation also positions residues not involved in the catalytic

activity (Arg195, Glu196, Met201, and Glu204) away from the
active site. The location of the chosen loop model for Rv0045c
also recapitulates the enclosed substrate-binding pocket of ybfF
and creates a binding pocket with the appropriate size to
accommodate the preferred four atom substrates (Figure 2F).14

Analysis of Binding Pocket and Active Site of
Rv0045c. With the structure of the flexible, connecting loop
inserted into the structure of Rv0045c (Figures 2E,F), the
binding pocket shape and orientation shifts from the small,
shallow binding pocket originally modeled to bind p-nitro-
phenyl caprylate to a larger, binding cavity similar to ybfF

Figure 3. Importance of the binding pocket and active site amino acids to the catalytic activity and thermal stability of Rv0045c. (A) Binding pocket
and catalytic residues substituted with alanine in Rv0045c. Each of the residues shown in ball and stick was individually substituted with alanine and
the relative contribution of each side-chain to the catalytic activity and thermal stability determined. (B) Conservation of binding pocket residues
across bacterial homologues of Rv0045c. Sequences aligned using ClustalW and relative weightings performed using Weblogo.40,41 Detailed
sequence analysis along with percent identity between homologues given in Supplemental Table 3. (C) Relative catalytic activity of Rv0045c binding
pocket variants. The catalytic activity of each of the Rv0045c variants was determined against substrates 6 and normalized based on the activity of
wild-type Rv0045c against each substrate. Variants with lower activity than the wild-type enzyme were given negative ratios. Detailed kinetic and
thermal stability analysis for binding pocket variants are given in Supplemental Table 4. (D) Thermal stability of Rv0045c variants. The thermal
stability of each variant was determined by measuring the increase in Sypro Orange fluorescence in response to increasing temperature. Results are
shown with their standard error values. (E) Substrate specificity of G90A, H187A, H187Y, and G90A H187A variants of Rv0045c. Experiments were
conducted and are shown the same as (C), except using the fluorogenic substrate specified (number from Figure 1B). (F) Relative catalytic activity
of H187X variants of Rv0045c. Experiments were conducted and are shown the same as (C). Detailed kinetic and thermal stability analysis for
H187X variants are given in Supplemental Table 6.
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hydrolases with space to accommodate a range of acyl ester
substrates.13 To build a complete model of the binding pocket
of Rv0045, a comprehensive alanine scan of the binding pocket
and active site of Rv0045c was constructed using 12 additional
alanine variants of Rv0045c (Figure 3A). As compared to the
flexible loop residues, the active site and binding pocket
residues showed much wider degrees of sequence conservation
across bacterial homologues (Figure 3B), varying from the
absolutely conserved catalytic triad residues (Ser154, Asp178,
and His309) to only slightly conserved binding pocket residues
(Ile252 and Phe255). Each of the 12 residues was individually
substituted with alanine; the resulting protein was then purified
to homogeneity (Supplemental Figure 2) and characterized for
enzymatic activity and thermal stability (Supplemental Table
3).
Overall, the relative catalytic activity (as measured by kcat/

KM) differences between Rv0045c variants and wild-type
Rv0045c ranged from significant decreases in catalytic activity
(>100-fold for the catalytic triad) to slight increases in catalytic
activity (<5-fold increase for G90A, H187A, I252A) (Figure
3C). Deletion of each of the catalytic triad residues individually
destroyed the catalytic activity of Rv0045c with the most
significant decrease observed for the essential nucleophilic
serine residue (Ser154). Outside the catalytic triad, the nine
other binding pocket residues played smaller roles than even
the flexible loop residues in determining the catalytic activity of
Rv0045c (Figure 3C). The only variant with a significant
change in catalytic activity (>10-fold) was F282A. Phe282 is
located adjacent to the catalytic serine and is likely necessary to
maintain proper positioning of the serine nucleophile (Figure
3A). The majority of the remaining binding pocket residues
showed only minimal importance to the catalytic activity of
Rv0045c even with fairly substantial changes in the thermal
stability of Rv0045c variants (Figure 3D).
Even though the majority of the binding pocket residues

showed only minor roles in the catalytic activity, three residues
(G90A, H187A, I252A) showed slight but significant increases
in their relative catalytic activity compared to wild-type
Rv0045c (Figure 3C,D). Two of these residues (Gly90 and
His187) are positioned at the entrance to the binding pocket of
Rv0045c and Ile252 packs against Gly90 in the back of the
binding pocket cavity (Figure 3A). The relative positioning of
Gly90 and His187 on opposing sides of the entrance to the
binding pocket suggested a potential role in maintaining the
narrow substrate specificity of Rv0045c. To measure the
relative importance of these positions to the substrate
specificity of Rv0045c, the catalytic activity of the G90A and
H187A Rv0045c variants was measured against a range of
structurally distinct fluorogenic substrates (substrates 3, 6, 13,
14, 18; Figure 3E; Supplemental Table 4). Against a straight
chain alkyl substrate (3) and a small cycloalkyl substrate (13),
substitution of G90A and H187A significantly increased the
catalytic activity of Rv0045c (3−8 fold) with larger increases
observed for H187A (Figure 3E). This effect was diminished
with a larger cycloalkyl (14) and a tertiary ester substrate (18),
but activities higher than wild-type Rv0045c were still measured
with all five substrates. To see if this catalytic effect was
synergistic, a double variant G90A/H187A Rv0045c was
constructed, and its catalytic activity was measured against
the subset of fluorogenic substrates (Figure 3E). The double
variant had nearly identical thermal stability to the wild-type
protein and individual single variants (Figure 3D), suggesting
that the overall folded stability of this variant is not significantly

changed. The G90A/H187A variant however showed reduced
catalytic activity toward all five different fluorogenic substrates
(Figure 3E). Thus, independent substitution of Gly90 and
His187 broadens the substrate specificity and increases the
catalytic activity of Rv0045c, but the substitutional effect was
not additive.
The comprehensive alanine-scanning mutagenesis of the

flexible loop and binding pocket of Rv0045c provided a global
picture of the residues controlling the substrate specificity and
catalytic activity of Rv0045c (Figures 4A,B). Outside the
essential catalytic triad residues (red), only a few residues
distributed on both sides of the binding pocket contribute
significantly to the catalytic activity of Rv0045c (orange). In
this global picture, loop residues distributed over the binding
pocket serve as essential a role in substrate recognition and
catalysis as binding pocket residues surrounding the active site
(Figures 2D and 3C). Instead of the majority of substitutions
significantly decreasing the catalytic activity of Rv0045c,
Rv0045c was surprisingly easily modulated to have increased
activity toward a diverse set of substrates with independent
substitution of Gly90 and His187. This modulation was easily
accomplished with only single amino acid substitutions to these
selectivity residues that flank the binding pocket (green).

Substrate Selectivity Residue Controls the Activity of
Rv0045c. Among the two selectivity residues, the relative
positioning and sequence conservation of His187 was especially
intriguing, as the analogous position in the ybfF hydrolase is
completely conserved as a tyrosine residue.14 This tyrosine also
makes two direct hydrogen bonds to the malonate substrate
bound in the crystal structure of ybfF from E. coli, suggesting a
central role for this tyrosine in substrate recognition (Figure
4C).14 To determine the role of His187 in controlling the
substrate specificity of Rv0045c, His187 was substituted with 10
amino acids from across different structural and chemical
classes and the relative thermal stability and catalytic activity of
the variants characterized (Supplemental Table 5, Supporting
Information).
Similar to the H187A variant, the majority of the

substitutions at position 187 made only minor changes to the
thermal stability of Rv0045c even with large changes to the
amino acid structure, including substitutions with cyclic
(proline), negatively charged (aspartate), and large hydro-
phobic (tryptophan) residues (Supplemental Table 5). The
catalytic activity of the different His187 substitutions, however,
varies widely with the majority of the substitutions leading to
small (<5-fold) decreases in the catalytic activity (Figure 3F).
Similar to the alanine substitution (H187A), exchange of
position 187 with other small amino acids (glycine and serine)
led to small but significant increases in the relative catalytic
activity. The largest shift in the catalytic activity was observed
with the analogous substitution to ybfF hydrolases (H187Y;
Figure 3F). H187Y Rv0045c had an 8-fold increase in the
relative kcat/Km values for substrate 6 compared to wild-type
Rv0045c. Similar to the G90A and H187A variants, the
increased activity of the H187Y variant was maintained across
different fluorogenic substrates and showed significantly higher
increases in activity (>20-fold) with substrates 3 and 13 (Figure
3E). Additionally, like G90A and H187A, the increased activity
of H187Y was diminished with larger or sterically constrained
substrates (14 and 18). This position (His187) in Rv0045c
thus serves as a central substrate selectivity residue, as many
substitutions decreased the activity, small substitutions slightly
increased the activity, and tyrosine substitution drastically
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increased the catalytic activity and broadened the substrate
specificity of Rv0045c.

■ DISCUSSION

Hydrolases control essential roles in the metabolic and
virulence pathways of M. tuberculosis and other mycobac-
teria.5,27 Among mycobacterial hydrolases, the Rv0045c
hydrolase from M. tuberculosis is distinct from the normal Lip
and Cut family hydrolases in M. tuberculosis, whose relative
substrate specificity and biological importance have been
characterized using a variety of methodologies.6,8,28 Rv0045c
represents a unique bacterial subfamily of proposed metabolic
hydrolases, along with the structurally similar ybfF hydrolases
from Gram-negative bacteria like E. coli and Vibrio cholerae and
E-2AMS enzymes in M. loti.13,14,18 The strong selectivity for
four atom ether alkyl substrates in both Rv0045c and ybfF
enzymes indicates similar biological substrates for these
structurally conserved bacterial hydrolases. On the basis of
cocrystallization and kinetic analysis, ybfF was proposed to
recognize and hydrolyze malonyl- or succinyl-CoA thioesters.14

The binding pocket of Rv0045c was, however, modeled to only
contain sufficient space for a five-carbon linear acyl ester
substituent, but refinement of the binding pocket model was
hindered by the lack of electron density for the flexible loop
overhanging the active site and connecting the cap and α/β
hydrolase domains (Figure 2A).13 Computational insertion of
the loop to Rv0045c and loop refinement by alanine scanning
mutagenesis provided a complete picture of the binding pocket
of Rv0045c (Figure 2). In the completed binding pocket of
Rv0045c, the flexible loop creates an enclosed cavity and
recapitulates the binding pocket of the ybfF hydrolase.14

Although Rv0045c does not have two distinct bifurcated lobes
to its binding pocket like ybfF, the positioning and proposed
flexibility of the connecting loop on Rv0045c could rearrange to
enclose bound substrates and increase substrate selectivity,
providing Rv0045c with a substrate selectivity mechanism
similar to other lipases and hydrolases.29−31

In addition to the flexible loop, two residues bracketing the
entrance to this enclosed binding pocket also control the
substrate selectivity of Rv0045c. These selectivity residues
(Gly90 and His187) together control the substrate access

channel of Rv0045c and when mutated reduce the substrate
selectivity of Rv0045c (Figure 3). The increased catalytic
activity and broadened substrate specificity of the Gly90 and
His187 variants is not solely due to removal of steric occlusion
of the binding pocket, as insertion of the larger alanine residue
for Gly90 and the larger tyrosine residue for His187 would
likely increase the steric hindrance in the binding pocket.
Instead, the potential combined effect of the opposing positive
charge on His187 and the partial negative charge on the
carbonyl oxygen of Gly90 may create a stereoelectronic
selectivity filter for the Rv0045c binding pocket. The presence
of similar polar residues and stereoelectronic filters in close
proximity to the active site has been identified as a key
predictor of the broadened reactivity and substrate specificity of
promiscuous enzymes.32 The reduced kinetic activity of the
G90A H187A Rv0045c variant, however, indicates that Gly90
and His187 function independently to provide redundant
control over the substrate selectivity of Rv0045c. A full
understanding of the effect of these mutations on substrate
binding will however require future crystallographic analysis, as
even single alanine substitutions can significantly shift the
substrate-binding mode in a hydrolase.33,34

The role of His187 in controlling the substrate specificity of
Rv0045c is especially intriguing, as the catalytic activity of
Rv0045c was increased by 8−20-fold with the H187Y
substitution, depending on the acyl ester substrate (Figure
3E). The mechanism for this shift in substrate specificity with
tyrosine substitution can be inferred based on changes in the
catalytic activity with different amino acid substitutions. For
instance, the increased activity of H187Y across multiple
fluorogenic substrates shows that the increased activity is not
due to a specific hydrogen bonding interaction between the
phenolic alcohol of tyrosine and the ether oxygen of substrate 6
(Figures 4A−C). The decreased catalytic activity for the H187F
and H187W variants also indicates that the increased catalytic
activity of H187Y Rv0045c is not merely due to hydrophobic
stacking with the fluorescein core of the fluorogenic substrate
or even reorientation of the binding pocket. The importance of
the alcohol portion of the ester bond to the catalytic activity of
Rv0045c was not investigated in this study but may play a
connected role in controlling the substrate selectivity of

Figure 4. Binding pocket structures of Rv0045c and ybfF hydrolases. (A and B) Relative contributions of binding pocket and loop residues to the
catalytic activity of Rv0045c. Stick (A) and surface representations (B) of the binding pocket of Rv0045c colored coded for their relative
contributions to the catalytic activity of Rv0045c against substrate 6. Colors represent relative changes to the catalytic activity (kcat/KM) upon
substitution to alanine: red (>30-fold decrease); orange (>5-fold decrease); blue (<5-fold decrease) for binding pocket; purple (<5-fold decrease) for
loop; green (>1-fold increase). (C) Binding pocket of the ybfF hydrolase from E. coli (PDB: 3BF8). The tyrosine residue (Tyr208) in ybfF that is a
structural homologue to His187 in Rv0045c is shown hydrogen bonded to the cocrystallized malonate. The catalytic serine residue (Ser89) is shown
in sticks for context.
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Rv0045c. For the catalytic activity against various acyl ester
substituents (Figure 1B), the comparison of the H187Y and
H187F variants instead argues that the additional phenolic
alcohol on the tyrosine substitution plays a new role in
substrate stabilization or catalytic reactivity. The large shift in
the catalytic activity of Rv0045c with this single substitution at
the entrance to the binding pocket (Figures 4A,B) also
identifies this conserved structural position in the Rv0045c
hydrolase as a key residue controlling its substrate selectivity.
The difference in the amino acid residue at position 187
between Rv0045c and ybfF and the concomitant change in
catalytic activity upon residue swapping suggests that Rv0045c
and ybfF likely recognize different biological substrates. Thus,
while ybfF catalyzes the hydrolysis of thioester bonds in
malonyl- and/or succinyl-CoA, Rv0045c maintains similar
substrate specificity but uses the histidine at position 187 to
recognize a slightly different and yet unidentified biological
substrate.14 The sequence space for these two hydrolases may
however be amenable to recombinatorial engineering where
shuffling of limited residues between homologous enzymes can
significantly broaden the chemical reactivity and substrate
specificity of homologous enzymes.35 The presence of this
broad substrate specificity and easy adaptability in these families
of hydrolases matches with the observed higher promiscuity
present in lipid metabolizing enzymes and in enzymes from
actinobacteria.36

Members of the ybfF hydrolase family have also drawn
interest due to their biocatalytic potential.16−18 For example,
the ybfF hydrolase from E. coli utilizes its bifurcated binding
pocket to efficiently catalyze a rapid, stereoselective reaction
with 1,2-O-isopropyideneglycerol (IPG) esters, a potential
pharmaceutical starting material in the production of β-
blockers, prostaglandins, and leukotrienes.16,17 An unusual
feature to the bioengineering of ybfF was the decoupling
between the roles of individual binding pocket residues in
maintaining the folded stability and catalytic activity of ybfF.18

Similar decoupling was also observed in Rv0045c, as changes in
the catalytic activity did not correlate with changes in thermal
stability. For example, substitution of Q92A and L155A caused
5−6 °C changes in the Tm values but only led to minor changes
in the relative kcat/Km values (<5-fold) from wild-type Rv0045c
(Figure 3; Supplemental Table 4, Supporting Information).
This conserved pattern of decoupled roles of binding pocket
residues in maintaining the thermal stability and catalytic
activity suggests evolutionary selection for this relative
independence in this protein family.37 Additionally, the
conserved structural α/β hydrolase fold for Rv0045c and
ybfF appears to have great structural plasticity, making their
structural arrangement an excellent scaffold for ongoing protein
engineering.18 Whether this structural plasticity carries over
into the structurally similar E-2AMS hydrolases is an interesting
area for future investigation, especially as E-2AMS hydrolases
already catalyze an unusual chemical conversion.15

■ CONCLUSIONS
Rv0045c is a unique α/β hydrolase family enzyme from M.
tuberculosis. Comparison of the substrate specificity of Rv0045c
and other bacterial hydrolases places Rv0045c into the family of
small, metabolic hydrolases. Rv0045c has a broad, open binding
pocket but shows narrow substrate specificity for short, straight
chain alkyl substrates. Substrate selectivity residues bracketing
the binding pocket regulate this narrow substrate specificity and
differentiate its substrate specificity from structurally homolo-

gous hydrolases. The easy manipulation of the substrate
selectivity of Rv0045c make it an interesting enzyme engineer-
ing target where the key substrate selectivity residues identified
in this study could be used as starting points for future
saturation mutagenesis studies.38 With its unique structural
features, lack of sequence and structural conservation in
mammals, and potential role in metabolism, Rv0045c also
represents an interesting hub in mycobacterial metabolism,
where the current structural analysis could be used to develop
chemical modulators of Rv0045c activity to study its biological
activity and its importance under different growth conditions.
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