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Abstract
Mycobacterium tuberculosis harbors over 160 genes encoding PE/PPE proteins, several of

which have roles in the pathogen’s virulence. A number of PE/PPE proteins are secreted

via Type VII secretion systems known as the ESX secretion systems. One PE protein, LipY,

has a triglyceride lipase domain in addition to its PE domain. LipY can regulate intracellular

triglyceride levels and is also exported to the cell wall by one of the ESX family members,

ESX-5. Upon export, LipY’s PE domain is removed by proteolytic cleavage. Studies using

cells and crude extracts suggest that LipY’s PE domain not only directs its secretion by

ESX-5, but also functions to inhibit its enzymatic activity. Here, we attempt to further eluci-

date the role of LipY’s PE domain in the regulation of its enzymatic activity. First, we estab-

lished an improved purification method for several LipY variants using detergent micelles.

We then used enzymatic assays to confirm that the PE domain down-regulates LipY activ-

ity. The PE domain must be attached to LipY in order to effectively inhibit it. Finally, we

determined that full length LipY and the mature lipase lacking the PE domain (LipYΔPE)

have similar melting temperatures. Based on our improved purification strategy and activity-

based approach, we concluded that LipY’s PE domain down-regulates its enzymatic activity

but does not impact the thermal stability of the enzyme.

Introduction
Mycobacterium tuberculosis (Mtb) is remarkably adept at interfering with host cellular pro-
cesses in order to evade destruction. This ability depends on the secretion of virulence factors
that modify the host environment. One family of proteins, known as PE and PPE proteins, are
involved in immune evasion and virulence[1–3]. PE/PPE proteins are unique to mycobacteria;
they were initially discovered when sequencing of theMtb genome revealed approximately 160
genes encoding proteins with Pro–Glu (PE) or Pro–Pro–Glu (PPE) motifs near their N-ter-
mini[4]. Subsequent analysis revealed that PE/PPE proteins comprise about 7% of the coding
capacity of theMtb genome[5]. Although PE/PPE domains have been identified in both patho-
genic and saprophytic mycobacteria, pathogenic mycobacteria maintain the highest number of
PE/PPE proteins[6].
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The PE motif is a moderately conserved, 110-residue domain found at the N-terminus of
PE proteins[4]. The PPE motif is a distinct, but also conserved, domain of about 180 residues
found at the N-terminus of PPE proteins[4]. The C-terminal domains of both PE and PPE pro-
teins are highly variable and can encode enzymatic domains, conserved sequence motifs or
large, repeated arrays of peptide motifs[4, 5]. Genes encoding PE and PPE proteins are often
proximal on theMtb genome and functionally linked[7]. In fact, structural studies show that in
some cases, PE and PPE proteins form heterodimeric complexes[8]. PE/PPE gene families co-
evolved with specialized, type VII secretion systems important toMtb virulence known as the
ESX secretion systems[9]. TheMtb genome encodes five type VII secretion systems, named
ESX-1 to ESX-5[10]. Studies using bothMtb andMycobacterium marinum revealed that sev-
eral PE and PPE proteins depend on ESX-5 for export[11, 12].

LipY is a PE protein with a C-terminal triglyceride (TG) lipase domain[13]. LipY is pro-
posed to have a dual role inMtb pathogenesis[14]. First,Mtb is known to store host-derived
TGs in lipid droplets that provide fuel during reactivation from dormancy[15–17]. LipY is the
primary contributor to the break down of these stored TGs[13]. Next, overexpression of LipY
has been implicated in increasedMtb virulence as shown by the enhanced mortality of TB-
infected mice[14]. The increased mortality associated with LipY overproduction is attributed
to down-regulation of host immunity by the products of LipY TG hydrolysis[14, 18]. These
two roles for LipY are consistent with the observation that LipY is found both intracellularly
and on the cell exterior[19].

LipY lacks a classic secretion signal but contains an YxxxD/E motif (Y-A-A-A-E) beginning
at position 88 of its PE domain. The YxxxD/E motif is found in several other PE proteins and
appears to be a general secretion signal required for recognition by the ESX-1 and ESX-5 secre-
tion systems[20]. In LipY the motif is essential for secretion by ESX-5[20]. In some ESX and
PE/PPE protein pairs, the YxxxD/E motif in one protein forms a joint motif with the sequence
WxG present in its partner[21]. However, there is little evidence to suggest LipY has a PPE
binding partner necessary for secretion[8, 22].

Upon export to the cell wall, LipY’s PE domain is removed by proteolytic cleavage[19]. One
study using the cell wall fraction ofMycobacterium smegmatis containing LipY hinted that
LipY’s PE domain could down-regulate its enzymatic activity[23]. This study also showed that
mycobacteria expressing LipY lacking its PE domain exhibited a greater reduction in intracel-
lular TG pools than mycobacteria expressing LipY. Therefore, it appears that although the
Y-A-A-A-E motif in the N-terminus of LipY is necessary for its export to the cell wall, the PE
domain likely has additional, unexplored functions. Here, we utilize biochemical assays with
purified proteins and determined that LipY’s PE domain regulates its enzymatic activity.

Materials and Methods

LipY, LipYΔPE and PE Domain Purification
LipY, LipYΔPE (amino acids 150–437) and the PE Domain (1–149) were cloned into pET16b
expression vectors (Novagen) with a C-terminal His tag. The proteins were expressed in BL21
(DE3) E. coli cells and grown to an OD600 of ~0.7 at 37°C. Protein expression was induced with
0.7 mM isopropyl-beta-D-thiogalactopyranoside and cells were shaken at 18°C for 16 h. Cells
were then pelleted at 5,900 x g for 25 min and the pellet suspended in buffer A (20 mMHEPES
pH 7, 300 mMNaCl, 10 mM imidazole, 10% glycerol) before being lysed in a Nano DeBEE
Laboratory homogenizer (BEE International) at 20,000 psi. The lysates were cleared by centri-
fugation at 23,000 x g for 40 minutes. The resulting pellet was resuspended in buffer B (20 mM
HEPES pH 7, 300 mMNaCl, 10 mM imdazole, 10% glycerol, 0.5% w/v N-laurylsarcosine) with
agitation at 4°C for 1 hour (incubation time is critical) followed by centrifugation at 23,000 x g
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for 40 minutes. The supernatant was then incubated with pre-equilibrated nickel-nitrilotriace-
tic acid resin (Qiagen) with gentle agitation for 1 hour. The resin was washed with 4 column
volumes of buffer A followed by elution with buffer C (20 mMHEPES pH 7, 300 mMNaCl,
350 mM imidazole, 10% glycerol). Eluted protein was incubated with Tween 20 with gentle agi-
tation for 1 hour at 4°C and then loaded onto a pre-equilibrated Superdex 200 10/300 HR gel
filtration column (GE Healthcare) with Buffer D (20 mMHEPES pH 7, 100 mMNaCl, 10%
glycerol). Protein was eluted over 1 column volume with Buffer D. Protein that eluted between
8 and 10 mLs was collected and labeled ‘Peak 1’ while protein that eluted between 12 and
14 mL was labeled ‘Peak 2’. Protein was flash frozen in liquid nitrogen and stored at -80°C.
A final purity of>95% was achieved for both LipY and LipYΔPE (S1 Fig). Because LipY and
LipYΔPE were purified with detergent, we tested their ability to hydrolyze a natural triglyceride
substrate in buffer that did not contain detergent and found that both were active (S2 Fig).

Quantification of Active LipY and LipYΔPE by Activity-Based Protein
Profiling (ABPP)
LipY and LipYΔPE were diluted to the same concentration using ABPP buffer (20 mM Tris
pH 8, 100 mMNaCl). A 1.5 molar excess of ActivX TAMRA-FP serine hydrolase probe
(Thermo Scientific) was added to each sample and incubated for 30 minutes. The reactions
were quenched with addition of SDS loading dye and boiling for 10 minutes. To quantitate the
amount of active protein, a standard of the probe alone was prepared by serial dilution with
ABPP buffer. All samples were resolved using SDS-PAGE and imaged using a Typhoon Trio
+ imager (GE Healthcare Life Sciences). ImageQuant TL software was used for quantification
of bands corresponding to the TAMRA-FP serine hydrolase probe alone, probe-labeled LipY
and probe-labeled LipYΔPE.

Enzymatic Assays
Michaelis-Menten kinetics were measured as previously described[24]. Briefly, LipY or
LipYΔPE was diluted in assay buffer (20 mM Tris pH 8, 150 mMNaCl, 0.2% Fatty acid free
BSA, and 0.4% (v/v) Triton X-100) to a set concentration according to quantification by ABPP.
Next, the fluorogenic substrate 1,2-Di-O-lauryl-rac-glycero-3-(glutaric acid 6-methylresorufin
ester) known as DGGR (Sigma Aldrich) was added. Substrate hydrolysis was measured by
monitoring fluorescence with a 529 nm excitation wavelength and reading emission at 600 nm
with a 590 nm cutoff filter over 30 minutes at 37°C. Non-enzymatic hydrolysis was subtracted
and initial rates of hydrolysis were calculated using the first 10% of data. Initial rates were plot-
ted against substrate concentration and fitted to the Michaelis-Menten equation using Kaleida-
Graph software.

Circular Dichroism Measurements
Thermal stability assays were measured as previously described with some modifications[25].
Briefly, LipY or LipYΔPE was diluted to 10 μM in Buffer D and data were collected at 20°C.
Molar ellipticity of thermal denaturation was monitored at 222 nm from 4–90°C. Buffer D
was used as a blank and all data were converted to mean residue ellipticity (MRE) using Eq 1,
where Θ is MRE, signal is the CD signal, C is the protein concentration (mM), n is the number
of amino acids and l is the cell path length (cm)[26].

Y ¼ ð100� signalÞ � ðC � n� lÞ ð1Þ
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Results

Detergent separates LipY into 2 distinct peaks
Most PE/PPE proteins do not have well-characterized functions, but LipY is a well-character-
ized lipase. We therefore used LipY to determine how the PE domain affects its enzymatic
activity. To carry out these studies we first needed to resolve the oligomeric state of active LipY.
Although LipY is a 45 kDa protein, previous reports of its purification show that it elutes from
a gel filtration column at or near the void volume, indicating a protein of over 600 kDa[13].
LipY purified from this void fraction exhibited TG hydrolysis activity and in a previous study
was used for its biochemical characterization[13]. We developed an improved purification pro-
tocol in which LipY migrates in the included volume of a Superdex 200 gel filtration column
(Fig 1A, gray trace). To achieve this, we utilized detergent micelles to help solubilize nickel-
purified LipY. Lipases function at the lipid-water interface, and they are frequently purified
and crystallized in the presence of detergent micelles[27, 28]. After addition of Tween 20
(CMC = 0.6 mM) at a 270-fold molar excess over LipY, we observed that LipY elutes from a
size exclusion column in 2 distinct peaks: one is in the void volume (Peak 1) and one in the
included volume (Peak 2). By contrast, when LipY was not supplemented with detergent, only
Peak 1 was observed (Fig 1A, black trace). We next tested the contents of both peaks by West-
ern blot. These experiments confirmed that LipY migrates mainly in Peak 1 in the absence of
Tween 20 but migrates in Peak 2 when Tween 20 is added (Fig 1, inset).

This result raised the question of whether LipY was migrating independently or in/on the
detergent micelles. We next ran a sample containing only Tween 20 micelles on the size exclu-
sion column (Fig 1B). This trace revealed that LipY from Peak 2 matched the elution profile of
the Tween 20 micelles. Next, we wanted to determine if the protein in Peak 1 was refractory to
solubilization by detergent. We supplemented LipY isolated from Peak 1 with Tween 20,
repeated the purification strategy using gel filtration and observed both Peak 1 and Peak 2 in
the elution profile (Fig 1B, black trace). The appearance of LipY in both peaks was confirmed
via immunoblot analysis. Taken together, these results indicate that Tween 20 micelles can
extract LipY from a large, soluble aggregate.

The PE Domain of LipY contributes to formation of LipY aggregates in
Peak 1
We next sought to determine whether the PE domain of LipY or the mature lipase (LipYΔPE) is
responsible for LipY aggregation. On one hand, PE proteins are known to form dimers with their
cognate PPE partner for recognition and exportation by unique type VII secretion systems[8, 29].
Conversely, there are many examples of bacterial lipases that are prone to aggregation upon puri-
fication[28, 30]. To answer this question, we first expressed and purified recombinant LipYΔPE
(residues 150–437) and recombinant PE domain (residues 1–149) using nickel affinity chroma-
tography. Consistent with the purification of LipY, we added Tween 20 at a 270 fold molar excess
over protein to help solubilize the purified proteins prior to size exclusion chromotography. The
elution profile for the PE domain revealed the formation of two distinct peaks as we previously
observed with full length LipY (Fig 2). However, the elution profile of LipYΔPE featured a distinct
peak in the included volume with a smaller, broad peak in the void volume. Immunoblot analysis
of the size exclusion column fractions of LipYΔPE and the PE domain revealed that the majority
of purified PE domain is in the void volume (Peak 1) whereas the majority of purified LipYΔPE is
in the included volume (Peak 2). The data show that removal of the PE domain from purified
LipY dramatically reduces its aggregation into Peak 1. Taken together with data from Fig 1, these
results demonstrate that the PE domain drives the aggregation of LipY.
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LipY from Peak 2 is more active than LipY from Peak 1
Although LipY from Peak 1 elutes in the void as a high molecular weight aggregate, our lab and
others have observed that the LipY purified from Peak 1 maintains lipase activity[13]. We
therefore set out to compare the fraction of active LipY purified in Peak 1 and Peak 2. First, we
used activity-based protein profiling (ABPP) to measure the amount of active enzyme in both

Fig 1. Size exclusion chromatography of LipY with or without Tween 20. (A) LipY purified via Nickel affinity chromatography was resolved on a
Superdex 200 gel filtration column with (gray trace) or without (black trace) pre-incubation with a 270 fold molar excess of Tween 20. In the presence of
detergent a second peak in the included volume appears whereas a single peak in the included volume is observed when no detergent is present. (B) LipY
purified in the void volume (Peak 1) was pre-incubated with a 270 fold molar excess of Tween 20 and subjected to size exclusion chromatography (black
trace). This trace is overlayed with a trace of 6 mM Tween 20 alone (gray trace). Western blots against the His tag of LipY were used to detect the presence of
protein eluted from the gel filtration column in each experiment.

doi:10.1371/journal.pone.0135447.g001
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Peak 1 and Peak 2. In this method, the reactive fluorophosphonate group of the activity-based
probe (ABP) forms a covalent bond with the active site serine residue of active serine hydro-
lases, including lipases with a 1:1 ratio of ABP:active site[31]. We calculated the amount of
active enzyme in each peak (plotted in Fig 3A). LipY in Peak 2 contains more active enzymes
(~45% active) than Peak 1 (~32% active). We then compared the Michaelis-Menten kinetics
of LipY from Peak 1 and Peak 2 using the long-chain lipase substrate DGGR (Fig 3B). These
experiments confirmed that Peak 2 (Vmax = 3.2 ± 0.3 RFU s-1 pmol-1 total LipY) is more
active as compared to Peak 1 (Vmax = 2.5 ± 0.2 RFU s-1 pmol-1 total LipY). The Km values for
Peak 1 and Peak 2 are within the experimental error of each other (5.0 ± 1.5 and 4.8 ± 1.1 μM,
respectively).

To confirm that Peak 2 is more active than Peak 1 we used an established method to com-
pare the activities of the two peaks[33]. We used a separate protein purification as we observed
that the exact fraction of active protein in each peak varied from purification to purification
but Peak 2 was always more active than Peak 1. Tetrahydrolipstatin (THL) is a lipase inhibitor
that covalently modifies the active site of lipases[34, 35]. LipY (5 nM) was titrated with increas-
ing concentrations of THL, and the residual lipase activity was compared to untreated LipY.
Residual LipY activity was measured using the small, soluble substrate p-Nitrophenyl butyrate
(pNPB) at a concentration of 200 μM, which is 2 fold over the Km for LipY hydrolysis of pNPB.
Consistent with data shown in Fig 3, LipY in Peak 2 is more active than LipY in Peak 1 (S3
Fig). Protein purified from Peak 2 was used in all subsequent experiments as our studies show
that it is the disaggregated, more active form of the enzyme.

LipYΔPE is more active than LipY
A study comparing cells expressing LipY vs. LipYΔPE reported that the crude cell wall fraction
from the LipYΔPE-expressing cells had greater enzymatic activity[23]. These results suggest

Fig 2. The PE domain contributes to LipY aggregation in vitro. LipYΔPE and the PE domain were resolved on a Superdex 200 gel filtration column. Both
proteins were pre-incubated with a 270 fold molar excess of Tween 20 for 1 hour prior to being resolved on the column. In the gray PE domain trace, Peak 1
(~9.5 mL) elutes near the void volume and Peak 2 (~13 mL) elutes in the included volume. In the black LipYΔPE trace, a weak A280 signal was observed
between 9 and 12 mL and a single distinct peak (Peak 2) elutes in the included volume. Western blots against the His tag of each construct show that the
majority of the PE domain elutes in the void volume while the majority of LipYΔPE elutes in the included volume.

doi:10.1371/journal.pone.0135447.g002
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that the PE domain may down-regulate LipY enzymatic activity. However, because this result
was obtained using a crude cell wall fraction, it could also be explained by loss of an inhibitor-
binding site as a result of the deletion of the PE domain. Additionally, the authors created the
initial LipYΔPE construct by deleting the first 99 residues from LipY’s N-terminus. Subse-
quently, experimental evidence showing the precise cleavage site (after glycine 149) for removal
of the PE domain emerged[19]. We tested the role of the PE domain in LipY activity by com-
paring full length LipY and LipYΔPE generated using the physiological cleavage site. To com-
pare the activities of LipY and LipYΔPE, we first employed the method used in Fig 3A to
calculate the amount of active protein. After determining the amounts of active LipY and
LipYΔPE using the ABPP method, we compared Michaelis-Menten kinetics of equal amounts
of active protein using DGGR as a substrate. These data show that LipYΔPE is more active

Fig 3. There are more active LipYmolecules in peak 1 compared to peak 2. (A) Equal concentrations of
total LipY Peak 1 and Peak 2 were incubated with a 1.5 molar excess of TAMRA-FP serine hydrolase probe
for 30 minutes at room temperature. A standard was created using the probe alone. The amount of active
Peak 1 and Peak 2 were calculated based on the standard curve. (B) Bar graph showing the Vmax and Km

fromMichaelis-Menten curves comparing equal amounts of total LipY from Peak 1 and Peak 2 using the
DGGR substrate. Error bars represent the standard error of the mean of 6 independent measurements[32].

doi:10.1371/journal.pone.0135447.g003
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than LipY, as shown by the representative plot in Fig 4A. Analysis of multiple data sets revealed
Vmax values of 6.3 ± 0.8 and 11.3 ± 1.3 RFU s-1 pmol-1 for LipY and LipYΔPE, respectively,
indicating a significant difference in activity (p<0.015) between the two LipY variants (Fig 4B,
left graph). Loss of the PE domain does not affect substrate binding, as the Km values are equiv-
alent for LipY and LipYΔPE (Fig 4B, right graph).

As shown in Fig 2, we successfully expressed and purified the 149-amino acid PE domain of
LipY. We tested the ability of the purified PE domain to act as an inhibitor of LipYΔPE in
trans. Increasing amounts of PE domain were incubated with a constant amount of LipYΔPE
for 10 minutes prior to testing lipase activity. The initial velocity was plotted against substrate
concentration and data for each concentration of PE domain tested were fitted to the Michae-
lis-Menten equation. We observed negligible differences in activity of LipYΔPE alone and
LipYΔPE pre-incubated with PE domain (Fig 4C). This lack of inhibition indicates that the PE
domain only inhibits LipY when it is part of the same molecule.

The PE domain does not affect thermal stability of LipY
Finally, we asked if the PE domain might affect the thermal stability of full length LipY. We
probed the thermal stability of both LipY and LipYΔPE by measuring their thermal denatur-
ation using circular dichroism (CD) spectroscopy. Based on far-UV CD scans of both proteins,
we elected to measure unfolding at 222 nm. Both constructs showed a single thermal unfolding
transition. Furthermore, the melting temperatures (Tm) of the two constructs were very similar
(Fig 5). Both constructs had Tms near 75°C, which suggests that even in the absence of the PE
domain LipY is highly stable. This is in good agreement with a previous study measuring the
activity of LipY as a function of temperature. In this study LipY retained partial activity even
after incubation at 60°C for 15 minutes prior to an activity assay[13].

Discussion
PE and PPE proteins ofMtb were first described almost 17 years ago, and their molecular func-
tions are still not fully understood. Studies with individual PE/PPE proteins suggest that they
serve to target their C-terminal cargo to the type VII secretion systems[19, 36, 37]. However,
the physiological utility of employing a large, aggregation prone domain to target proteins for
secretion is not clear, and it is tempting to speculate that the PE domain may have additional
roles. LipY represents one of the best candidates for studying the PE domain because its enzy-
matic activity is well established and the cleavage site for the PE domain is known. In the case
of LipY, the PE domain has at least two distinct functions. First, it is clear that the YxxxD/E
motif acts as a secretion signal for export of the mature lipase to the cell wall[20]. Second, the
PE domain has been implicated as a regulator of enzyme activity[23]. Here, we utilize biochem-
ical assays to investigate this observation because experiments initially describing this regula-
tory function were carried out using crude cell wall fraction. Thus, it is possible that other
factors interacted with the PE domain to regulate LipY activity. Furthermore, only the first 99
amino acids were removed from LipY, as it was only later demonstrated that the PE domain
precedes a linker region and the physiological cleavage site is after amino acid position 149
[19].

We therefore compared the lipase activity of purified LipY and LipYΔPE generated using
the physiological cleavage site. We first needed to de-aggregate LipY and did so by utilizing
Tween 20 detergent micelles. These experiments led to the finding that the PE domain of LipY
provides an interface for its aggregation, as the isolated PE domain aggregated whereas
LipYΔPE was less susceptible to aggregation. Our data imply that PE proteins, especially those
associated with the cell wall ofMtb, are prone to aggregation via their PE domain. This should
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Fig 4. LipY’s PE domain downregulates its enzymatic activity. (A) Equal amounts of active LipY and
LipYΔPE as determined by ABPP were used to compare the Michaelis-Menten kinetics of the two constructs.
Hydrolysis of the lipase substrate, DGGRwas monitored at 37°C. Initial velocities for a representative data
set were fit to the Michaelis-Menten equation and plotted against substrate concentration. (B) Analysis of
multiple data sets reveals that LipYΔPE has a Vmax that is approximately two fold higher than the Vmax for
LipY (left graph). However, the Km is not affected (right graph). Error bars represent the standard error of the
mean of 6 independent measurements[32]. “*” corresponds to p<0.015 of the Vmax of LipY compared to
LipYΔPE. (C) LipYΔPE was titrated with 0, 10 or 100 nM PE domain and incubated for 10 minutes before
testing its residual lipase activity as described in (A).

doi:10.1371/journal.pone.0135447.g004
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be taken into consideration when purifying proteins from this family. We next quantified the
amount of active enzyme molecules using an activity-based method to compare equal amounts
of active LipYΔPE and LipY. We observed a clear increase in the maximum reaction velocity of
purified LipYΔPE compared to LipY thus confirming that the PE domain does indeed down-
regulate LipY activity. Finally, we added the isolated PE domain back to LipYΔPE and found
that it did not inhibit in trans.

Thus, the PE domain must be attached to the mature lipase in order to inhibit lipase activity.
It is likely that this connection is necessary because it increases the local concentration of the
PE domain at the site of inhibition. In data not shown, we tested PE domain concentrations up
to 0.5 μM but were not able to test higher concentrations due to the risk of PE domain aggrega-
tion. Our kinetic analysis shows that LipY has a lower Vmax and an equivalent Km as compared
to LipYΔPE. This is characteristic of noncompetitive inhibition, in which an inhibitor affects
enzyme activity by binding to a site other than the substrate-binding site (for example an allo-
steric site)[38]. However, understanding the precise molecular mechanism by which the PE
domain reduces LipY activity will require further mechanistic studies.

Our study includes a useful technical advance. We used three different methods to compare
the activities of LipY from Peak 1 and Peak 2: ABPP, active site titration using THL, and
Michaelis-Menten kinetics using a model triglyceride substrate. All methods demonstrated
that LipY from Peak 2 was more active than LipY from Peak 1. Generally, ABPP has been used
as a proteomics tool for screening inhibitors and identifying enzymes of interest in cell frac-
tions[39]. Our study shows that the TAMRA-FP serine hydrolase activity based probe is also

Fig 5. LipY and LipYΔPE share similar thermal unfolding profiles. CD temperature scans of LipY (black)
and LipYΔPE (gray) monitored at 222 nm between 25 and 95°C. Data points were collected every 1°C.

doi:10.1371/journal.pone.0135447.g005
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useful to quantify enzyme active sites. Because the ABPs only label active protein, this approach
offers a quicker, easier way to quantitate enzyme active sites than using pre-steady state kinetics
or active site titration.

LipY functions both intracellularly and extracellularly, and the PE domain is removed upon
secretion[19]. Our data suggest that the absence of the PE domain allows the mature lipase to
better hydrolyze TGs outside the cell, thus tuning LipY activity to its environment. The obser-
vations that the PE domain reduces LipY activity leads to the question of whether this is a
LipY-specific phenomenon or a common occurrence. Currently, few other PE/PPE proteins
have known enzymatic functions. It is also not well established if other PE/PPE domains are
cleaved upon secretion. However, some studies do hint that this may be true for certain PE/
PPE proteins. For example, a 2-D gel analysis showed that a number of proteins dependent on
ESX-5 for secretion into the culture were present at lower than expected molecular weights
[11]. Several PE/PPE proteins were among this group. As the biological functions of additional
PE/PPE proteins are uncovered, careful biochemical analysis will provide a better understand-
ing of the full significance and functionality of PE/PPE domains.

Supporting Information
S1 Fig. LipY and LipYΔPE after purification. (A) 50 pmoles each of LipY and LipYΔPE were
loaded on a 12% SDS-PAGE gel, which was stained with Sypro Orange and imaged using a
BioRad ChemiDoc Imaging System. The purity of the protein is demonstrated in the lane pro-
files to the right, which were analyzed using Image Lab 4.1.
(TIF)

S2 Fig. LipY and LipYΔPE are active on a natural triglyceride substrate. LipY and LipYΔPE
from Peak 2 (50 nM active protein) were incubated with triglyceride-rich lipoprotein particles.
Free fatty acids were released upon substrate hydrolysis; these were measured using a colori-
metric assay as described in S1 File. Three independent measurements were taken and error
bars represent the standard deviation.
(TIF)

S3 Fig. Active site titration and kinetics of LipY in peak 1 and peak 2. (A) Titration curve of
LipY Peak 1 and Peak 2 inhibited with THL. Residual enzyme activity was measured using p-
Nitrophenyl butyrate and normalized to uninhibited LipY. Activity versus ratio of THL to
enzyme was plotted and the linear portions of each set of data were fit linearly. (B) Michaelis-
Menten curves comparing equal amounts of total LipY from Peak 1 and Peak 2 using the
DGGR substrate.
(TIF)

S1 File. Supplemental Methods and References.
(DOCX)

Acknowledgments
We thank Melissa Babilonia-Rosa and Melissa Ritchie for helpful discussions concerning the
manuscript.

Author Contributions
Conceived and designed the experiments: SBN CKG. Performed the experiments: LJB CKG
CKH. Analyzed the data: SBN LJB CKG CKH. Wrote the paper: SBN CKG.

The PE Domain Modulates LipY Activity

PLOS ONE | DOI:10.1371/journal.pone.0135447 August 13, 2015 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135447.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135447.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135447.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135447.s004


References
1. Iantomasi R, Sali M, Cascioferro A, Palucci I, Zumbo A, Soldini S, et al. PE_PGRS30 is required for the

full virulence of Mycobacterium tuberculosis. Cell Microbiol. 2012; 14(3):356–67. Epub 2011/11/05. doi:
10.1111/j.1462-5822.2011.01721.x PMID: 22050772.

2. Tian C, Jian-Ping X. Roles of PE_PGRS family in Mycobacterium tuberculosis pathogenesis and novel
measures against tuberculosis. Microb Pathog. 2010; 49(6):311–4. Epub 2010/07/20. doi: 10.1016/j.
micpath.2010.07.004 S0882-4010(10)00128-2 [pii]. PMID: 20638467.

3. Cadieux N, Parra M, Cohen H, Maric D, Morris SL, Brennan MJ. Induction of cell death after localization
to the host cell mitochondria by the Mycobacterium tuberculosis PE_PGRS33 protein. Microbiology.
2011; 157(Pt 3):793–804. Epub 2010/11/18. doi: 10.1099/mic.0.041996–0 PMID: 21081760.

4. Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D, et al. Deciphering the biology of Myco-
bacterium tuberculosis from the complete genome sequence. Nature. 1998; 393(6685):537–44. Epub
1998/06/20. doi: 10.1038/31159 PMID: 9634230.

5. Fishbein S, vanWyk N, Warren RM, Sampson SL. Phylogeny to function: PE/PPE protein evolution
and impact on Mycobacterium tuberculosis pathogenicity. Mol Microbiol. 2015. Epub 2015/03/03. doi:
10.1111/mmi.12981 PMID: 25727695.

6. McGuire AM, Weiner B, Park ST, Wapinski I, Raman S, Dolganov G, et al. Comparative analysis of
Mycobacterium and related Actinomycetes yields insight into the evolution of Mycobacterium tuberculo-
sis pathogenesis. BMCGenomics. 2012; 13:120. Epub 2012/03/29. doi: 10.1186/1471-2164-13-120
PMID: 22452820; PubMed Central PMCID: PMC3388012.

7. Strong M, Mallick P, Pellegrini M, Thompson MJ, Eisenberg D. Inference of protein function and protein
linkages in Mycobacterium tuberculosis based on prokaryotic genome organization: a combined
computational approach. Genome Biol. 2003; 4(9):R59. Epub 2003/09/04. doi: 10.1186/gb-2003-4-9-
r59 PMID: 12952538; PubMed Central PMCID: PMC193659.

8. Strong M, Sawaya MR, Wang S, Phillips M, Cascio D, Eisenberg D. Toward the structural genomics of
complexes: crystal structure of a PE/PPE protein complex fromMycobacterium tuberculosis. Proceed-
ings of the National Academy of Sciences of the United States of America. 2006; 103(21):8060–5. doi:
10.1073/pnas.0602606103 PMID: 16690741; PubMed Central PMCID: PMC1472429.

9. Abdallah AM, Gey van Pittius NC, Champion PA, Cox J, Luirink J, Vandenbroucke-Grauls CM, et al.
Type VII secretion—mycobacteria show the way. Nat Rev Microbiol. 2007; 5(11):883–91. Epub 2007/
10/09. doi: 10.1038/nrmicro1773 PMID: 17922044.

10. Ligon LS, Hayden JD, Braunstein M. The ins and outs of Mycobacterium tuberculosis protein export.
Tuberculosis (Edinb). 2012; 92(2):121–32. Epub 2011/12/24. doi: 10.1016/j.tube.2011.11.005 PMID:
22192870; PubMed Central PMCID: PMC3288827.

11. Abdallah AM, Verboom T, Weerdenburg EM, Gey van Pittius NC, Mahasha PW, Jimenez C, et al. PPE
and PE_PGRS proteins of Mycobacteriummarinum are transported via the type VII secretion system
ESX-5. Mol Microbiol. 2009; 73(3):329–40. Epub 2009/07/16. doi: 10.1111/j.1365-2958.2009.06783.x
PMID: 19602152.

12. Bottai D, Di Luca M, Majlessi L, Frigui W, Simeone R, Sayes F, et al. Disruption of the ESX-5 system of
Mycobacterium tuberculosis causes loss of PPE protein secretion, reduction of cell wall integrity and
strong attenuation. Mol Microbiol. 2012; 83(6):1195–209. Epub 2012/02/22. doi: 10.1111/j.1365-2958.
2012.08001.x PMID: 22340629.

13. Deb C, Daniel J, Sirakova TD, Abomoelak B, Dubey VS, Kolattukudy PE. A novel lipase belonging to
the hormone-sensitive lipase family induced under starvation to utilize stored triacylglycerol in Myco-
bacterium tuberculosis. J Biol Chem. 2006; 281(7):3866–75. PMID: 16354661.

14. Singh VK, Srivastava M, Dasgupta A, Singh MP, Srivastava R, Srivastava BS. Increased virulence of
Mycobacterium tuberculosis H37Rv overexpressing LipY in a murine model. Tuberculosis (Edinb).
2014; 94(3):252–61. Epub 2014/03/19. doi: 10.1016/j.tube.2014.02.001 PMID: 24631199.

15. Daniel J, Maamar H, Deb C, Sirakova TD, Kolattukudy PE. Mycobacterium tuberculosis uses host tria-
cylglycerol to accumulate lipid droplets and acquires a dormancy-like phenotype in lipid-loaded macro-
phages. PLoS Pathog. 2011; 7(6):e1002093. Epub 2011/07/07. doi: 10.1371/journal.ppat.1002093
PMID: 21731490; PubMed Central PMCID: PMC3121879.

16. Bloch H, Segal W. Biochemical differentiation of Mycobacterium tuberculosis grown in vivo and in vitro.
J Bacteriol. 1956; 72(2):132–41. Epub 1956/08/01. PMID: 13366889; PubMed Central PMCID:
PMC357869.

17. Low KL, Rao PS, Shui G, Bendt AK, Pethe K, Dick T, et al. Triacylglycerol utilization is required for
regrowth of in vitro hypoxic nonreplicating Mycobacterium bovis bacillus Calmette-Guerin. J Bacteriol.
2009; 191(16):5037–43. Epub 2009/06/16. doi: 10.1128/JB.00530-09 PMID: 19525349; PubMed Cen-
tral PMCID: PMC2725574.

The PE Domain Modulates LipY Activity

PLOS ONE | DOI:10.1371/journal.pone.0135447 August 13, 2015 12 / 14

http://dx.doi.org/10.1111/j.1462-5822.2011.01721.x
http://www.ncbi.nlm.nih.gov/pubmed/22050772
http://dx.doi.org/10.1016/j.micpath.2010.07.004
http://dx.doi.org/10.1016/j.micpath.2010.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20638467
http://dx.doi.org/10.1099/mic.0.0419960
http://www.ncbi.nlm.nih.gov/pubmed/21081760
http://dx.doi.org/10.1038/31159
http://www.ncbi.nlm.nih.gov/pubmed/9634230
http://dx.doi.org/10.1111/mmi.12981
http://www.ncbi.nlm.nih.gov/pubmed/25727695
http://dx.doi.org/10.1186/1471-2164-13-120
http://www.ncbi.nlm.nih.gov/pubmed/22452820
http://dx.doi.org/10.1186/gb-2003-4-9-r59
http://dx.doi.org/10.1186/gb-2003-4-9-r59
http://www.ncbi.nlm.nih.gov/pubmed/12952538
http://dx.doi.org/10.1073/pnas.0602606103
http://www.ncbi.nlm.nih.gov/pubmed/16690741
http://dx.doi.org/10.1038/nrmicro1773
http://www.ncbi.nlm.nih.gov/pubmed/17922044
http://dx.doi.org/10.1016/j.tube.2011.11.005
http://www.ncbi.nlm.nih.gov/pubmed/22192870
http://dx.doi.org/10.1111/j.1365-2958.2009.06783.x
http://www.ncbi.nlm.nih.gov/pubmed/19602152
http://dx.doi.org/10.1111/j.1365-2958.2012.08001.x
http://dx.doi.org/10.1111/j.1365-2958.2012.08001.x
http://www.ncbi.nlm.nih.gov/pubmed/22340629
http://www.ncbi.nlm.nih.gov/pubmed/16354661
http://dx.doi.org/10.1016/j.tube.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24631199
http://dx.doi.org/10.1371/journal.ppat.1002093
http://www.ncbi.nlm.nih.gov/pubmed/21731490
http://www.ncbi.nlm.nih.gov/pubmed/13366889
http://dx.doi.org/10.1128/JB.00530-09
http://www.ncbi.nlm.nih.gov/pubmed/19525349


18. Rollof J, Braconier JH, Soderstrom C, Nilsson-Ehle P. Interference of Staphylococcus aureus lipase
with human granulocyte function. Eur J Clin Microbiol Infect Dis. 1988; 7(4):505–10. Epub 1988/08/01.
PMID: 3141158.

19. Daleke MH, Cascioferro A, de Punder K, Ummels R, Abdallah AM, van der Wel N, et al. Conserved
Pro-Glu (PE) and Pro-Pro-Glu (PPE) protein domains target LipY lipases of pathogenic mycobacteria
to the cell surface via the ESX-5 pathway. The Journal of biological chemistry. 2011; 286(21):19024–
34. Epub 2011/04/08. doi: 10.1074/jbc.M110.204966 M110.204966 [pii]. PMID: 21471225; PubMed
Central PMCID: PMC3099717.

20. Daleke MH, Ummels R, Bawono P, Heringa J, Vandenbroucke-Grauls CM, Luirink J, et al. General
secretion signal for the mycobacterial type VII secretion pathway. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2012; 109(28):11342–7. doi: 10.1073/pnas.
1119453109 PMID: 22733768; PubMed Central PMCID: PMC3396530.

21. Solomonson M, Setiaputra D, Makepeace KA, Lameignere E, Petrotchenko EV, Conrady DG, et al.
Structure of EspB from the ESX-1 Type VII Secretion System and Insights into its Export Mechanism.
Structure. 2015; 23(3):571–83. doi: 10.1016/j.str.2015.01.002 PMID: 25684576.

22. Riley R, Pellegrini M, Eisenberg D. Identifying cognate binding pairs among a large set of paralogs: the
case of PE/PPE proteins of Mycobacterium tuberculosis. PLoS computational biology. 2008; 4(9):
e1000174. doi: 10.1371/journal.pcbi.1000174 PMID: 18787688; PubMed Central PMCID:
PMC2519833.

23. Mishra KC, de Chastellier C, Narayana Y, Bifani P, Brown AK, Besra GS, et al. Functional role of the
PE domain and immunogenicity of the Mycobacterium tuberculosis triacylglycerol hydrolase LipY.
Infect Immun. 2008; 76(1):127–40. Epub 2007/10/17. doi: 10.1128/IAI.00410-07 PMID: 17938218;
PubMed Central PMCID: PMC2223678.

24. Lafferty MJ, Bradford KC, Erie DA, Neher SB. Angiopoietin-like protein 4 inhibition of lipoprotein lipase:
evidence for reversible complex formation. The Journal of biological chemistry. 2013; 288(40):28524–
34. doi: 10.1074/jbc.M113.497602 PMID: 23960078; PubMed Central PMCID: PMC3789953.

25. Jha RK, Wu YI, Zawistowski JS, MacNevin C, Hahn KM, Kuhlman B. Redesign of the PAK1 autoinhibi-
tory domain for enhanced stability and affinity in biosensor applications. Journal of molecular biology.
2011; 413(2):513–22. doi: 10.1016/j.jmb.2011.08.022 PMID: 21888918; PubMed Central PMCID:
PMC3202338.

26. Greenfield NJ. Using circular dichroism spectra to estimate protein secondary structure. Nature proto-
cols. 2006; 1(6):2876–90. doi: 10.1038/nprot.2006.202 PMID: 17406547; PubMed Central PMCID:
PMC2728378.

27. Carrasco-Lopez C, Godoy C, de Las Rivas B, Fernandez-Lorente G, Palomo JM, Guisan JM, et al. Acti-
vation of bacterial thermoalkalophilic lipases is spurred by dramatic structural rearrangements. The
Journal of biological chemistry. 2009; 284(7):4365–72. Epub 2008/12/06. doi: 10.1074/jbc.
M808268200 PMID: 19056729.

28. Salameh MA, Wiegel J. Effects of Detergents on Activity, Thermostability and Aggregation of Two Alka-
lithermophilic Lipases from Thermosyntropha lipolytica. The open biochemistry journal. 2010; 4:22–8.
doi: 10.2174/1874091X01004010022 PMID: 20361033; PubMed Central PMCID: PMC2847205.

29. Houben EN, Korotkov KV, Bitter W. Take five—Type VII secretion systems of Mycobacteria. Biochi-
mica et biophysica acta. 2014; 1843(8):1707–16. doi: 10.1016/j.bbamcr.2013.11.003 PMID: 24263244.

30. Schlieben NH, Niefind K, Schomburg D. Expression, purification, and aggregation studies of His-
tagged thermoalkalophilic lipase from Bacillus thermocatenulatus. Protein Expr Purif. 2004; 34(1):103–
10. Epub 2004/02/10. doi: 10.1016/j.pep.2003.11.014 PMID: 14766305.

31. Simon GM, Cravatt BF. Activity-based proteomics of enzyme superfamilies: serine hydrolases as a
case study. The Journal of biological chemistry. 2010; 285(15):11051–5. doi: 10.1074/jbc.R109.
097600 PMID: 20147750; PubMed Central PMCID: PMC2856978.

32. Vaux DL. Basic statistics in cell biology. Annu Rev Cell Dev Biol. 2014; 30:23–37. Epub 2014/07/09.
doi: 10.1146/annurev-cellbio-100913-013303 PMID: 25000992.

33. Scandura JM, Zhang Y, Van NostrandWE,Walsh PN. Progress curve analysis of the kinetics with
which blood coagulation factor XIa is inhibited by protease nexin-2. Biochemistry. 1997; 36(2):412–20.
doi: 10.1021/bi9612576 PMID: 9003194.

34. Hadvary P, Lengsfeld H, Wolfer H. Inhibition of pancreatic lipase in vitro by the covalent inhibitor tetra-
hydrolipstatin. The Biochemical journal. 1988; 256(2):357–61. PMID: 3223916; PubMed Central
PMCID: PMC1135417.

35. Ransac S, Gargouri Y, Marguet F, Buono G, Beglinger C, Hildebrand P, et al. Covalent inactivation of
lipases. Methods in enzymology. 1997; 286:190–231. PMID: 9309652.

The PE Domain Modulates LipY Activity

PLOS ONE | DOI:10.1371/journal.pone.0135447 August 13, 2015 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/3141158
http://dx.doi.org/10.1074/jbc.M110.204966
http://www.ncbi.nlm.nih.gov/pubmed/21471225
http://dx.doi.org/10.1073/pnas.1119453109
http://dx.doi.org/10.1073/pnas.1119453109
http://www.ncbi.nlm.nih.gov/pubmed/22733768
http://dx.doi.org/10.1016/j.str.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25684576
http://dx.doi.org/10.1371/journal.pcbi.1000174
http://www.ncbi.nlm.nih.gov/pubmed/18787688
http://dx.doi.org/10.1128/IAI.00410-07
http://www.ncbi.nlm.nih.gov/pubmed/17938218
http://dx.doi.org/10.1074/jbc.M113.497602
http://www.ncbi.nlm.nih.gov/pubmed/23960078
http://dx.doi.org/10.1016/j.jmb.2011.08.022
http://www.ncbi.nlm.nih.gov/pubmed/21888918
http://dx.doi.org/10.1038/nprot.2006.202
http://www.ncbi.nlm.nih.gov/pubmed/17406547
http://dx.doi.org/10.1074/jbc.M808268200
http://dx.doi.org/10.1074/jbc.M808268200
http://www.ncbi.nlm.nih.gov/pubmed/19056729
http://dx.doi.org/10.2174/1874091X01004010022
http://www.ncbi.nlm.nih.gov/pubmed/20361033
http://dx.doi.org/10.1016/j.bbamcr.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24263244
http://dx.doi.org/10.1016/j.pep.2003.11.014
http://www.ncbi.nlm.nih.gov/pubmed/14766305
http://dx.doi.org/10.1074/jbc.R109.097600
http://dx.doi.org/10.1074/jbc.R109.097600
http://www.ncbi.nlm.nih.gov/pubmed/20147750
http://dx.doi.org/10.1146/annurev-cellbio-100913-013303
http://www.ncbi.nlm.nih.gov/pubmed/25000992
http://dx.doi.org/10.1021/bi9612576
http://www.ncbi.nlm.nih.gov/pubmed/9003194
http://www.ncbi.nlm.nih.gov/pubmed/3223916
http://www.ncbi.nlm.nih.gov/pubmed/9309652


36. Abdallah AM, Verboom T, Hannes F, Safi M, Strong M, Eisenberg D, et al. A specific secretion system
mediates PPE41 transport in pathogenic mycobacteria. Mol Microbiol. 2006; 62(3):667–79. Epub 2006/
11/02. doi: 10.1111/j.1365-2958.2006.05409.x PMID: 17076665.

37. Cascioferro A, Daleke MH, Ventura M, Dona V, Delogu G, Palu G, et al. Functional dissection of the PE
domain responsible for translocation of PE_PGRS33 across the mycobacterial cell wall. PLoS One.
2011; 6(11):e27713. Epub 2011/11/24. doi: 10.1371/journal.pone.0027713 PONE-D-11-15395 [pii].
PMID: 22110736; PubMed Central PMCID: PMC3218021.

38. Segel IH. Enzyme kinetics: behavior and analysis of rapid equilibrium and steady state enzyme sys-
tems. New York: Wiley; 1975. xxii, 957 p. p.

39. Cravatt BF, Wright AT, Kozarich JW. Activity-based protein profiling: from enzyme chemistry to proteo-
mic chemistry. Annu Rev Biochem. 2008; 77:383–414. Epub 2008/03/28. doi: 10.1146/annurev.
biochem.75.101304.124125 PMID: 18366325.

The PE Domain Modulates LipY Activity

PLOS ONE | DOI:10.1371/journal.pone.0135447 August 13, 2015 14 / 14

http://dx.doi.org/10.1111/j.1365-2958.2006.05409.x
http://www.ncbi.nlm.nih.gov/pubmed/17076665
http://dx.doi.org/10.1371/journal.pone.0027713
http://www.ncbi.nlm.nih.gov/pubmed/22110736
http://dx.doi.org/10.1146/annurev.biochem.75.101304.124125
http://dx.doi.org/10.1146/annurev.biochem.75.101304.124125
http://www.ncbi.nlm.nih.gov/pubmed/18366325

