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We describe mycobacterial phospholipase A activity (MPLA) and, using reverse genetics, have associated
this activity with putative mycobacterial cutinase. PLAs, which hydrolyze fatty acids on phospholipids, play a
significant role in human inflammatory states and disease pathogenesis. In prokaryotes, the recognition of
their role in virulence is more recent. Cutinases are serine esterases whose primary substrate is cutin, the waxy
exterior layer of plants. Mycobacterium tuberculosis has maintained seven putative cutinases, though it should
not encounter cutin; we demonstrate that known cutinases and MPLA cleave phospholipids in a PLA-type
manner and also hydrolyze Tween. We analyzed cutinase motifs in mycobacteria and found the motif very
prevalent. All mycobacteria tested had MPLA activity. These studies suggest an alternative use for putative
cutinases by the M. tuberculosis group that is likely related to MPLA activity and lipid metabolism.

Mycobacterium tuberculosis infects one-third of the world,
makes over 8 million ill each year, and kills 1.8 million, 450,000
of whom are children (8). Though M. tuberculosis is one of the
oldest known human pathogens, our ability to combat the
spread of the disease remains insufficient, and the global health
burden of tuberculosis is increasing (42). Keys to the success of
the tubercle bacillus include its ability to persist within its host
for decades, evading the immune system, and its uniquely
complex lipid-rich cell wall; both are felt to be target areas for
drug development (1, 3, 19, 25, 26). Though scientific advances
have increased our understanding of the cell wall and persis-
tence, much more remains to be learned. Lipid metabolism
and cell wall remodeling are important components of this
understanding. Our investigations describe a novel enzymatic
activity in mycobacteria, mycobacterial phospholipase A
(MPLA), which likely contributes to these processes and is
associated with putative mycobacterial cutinases.

PLAs cleave phospholipids into lysophosphatidylcholine
(LPC) and fatty acid (FA) (13). They are classified as PLA; or
PLA, based on whether they cleave the sn-1 or sn-2 FA, re-
spectively, at the ester linkage. They are further divided into
groups based on cellular location, calcium dependence, and
active site residues, among other attributes (11, 34). Some
PLAs are part of the alpha-beta hydrolase fold superfamily
(32). PLAs are essential components of bee and snake venom.
They are well described for humans, in whom their dysregula-
tion contributes to inflammation and disease (12, 44). In bac-
teria, PLAs as virulence factors are described for only a few
pathogens (17). For mycobacteria, MPLA activity is alluded to
in a few articles, though the protein imparting the activity has
not been purified nor the gene encoding the active protein
elucidated (2, 6, 24, 35, 38-41). The annotated M. tuberculosis
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amino acid sequence identifies no putative MPLAs, and simi-
larity and motif searches are also unrevealing.

Cutinases, also members of the alpha-beta hydrolase fold
superfamily, are serine esterases whose primary substrate is
cutin, a component of the waxy, exterior layer of plants (5, 16,
20). Cutinases cleave the cutin polymer into monomers, facil-
itating plant invasion by cutinase-producing fungi. In addition
to cutin, cutinase substrates include biodegradable plastics, tri-
and diacylglycerols, and certain nitrophenyl esters. Phospho-
lipase activity has not been previously associated with cuti-
nases. Cutinase research primarily focuses on phytopathogenic
fungi, on the use of cutinase in laundry agents to remove plant
stains, and on the use of cutinase to degrade biodegradable
plastics (4, 5, 10). Fusarium solani cutinase is perhaps the most
well studied cutinase (14). The cutinase catalytic triad is a
serine, an asparagine, and a histidine in an oxyanion hole.
Unlike phospholipases, they do not exhibit interfacial activa-
tion, though they are stabilized by detergents (28). Though
mycobacteria have open reading frames annotated as putative
cutinases based on motif searches, there is no published re-
search on them. M. tuberculosis has seven such annotations in
its proteome, even though it does not encounter plants (and
thus cutin) in its environment. This suggests an alternative use
for this family of enzymes by M. tuberculosis.

In this study, we describe secreted MPLA activity in myco-
bacteria. Purification of this activity demonstrates that it is
associated with mycobacterial cutinase. As exogenous active
protein expression has not yet been possible, we present the
data supporting the idea that mycobacterial cutinase is indeed
a PLA. We analyze the putative cutinases in mycobacteria and
explore the prevalence and cellular location of PLA and cuti-
nase activity. We report phospholipids and polysorbates
(Tween) as novel substrates for cutinases. We theorize that this
novel PLA/cutinase activity has been conserved in mycobacte-
ria because it plays an important role in mycobacterial lipid
manipulation (cell wall or nutritional) and thus pathogenesis.

Throughout this paper we will use the term MPLA to des-
ignate the enzyme that we purified for its PLA activity from
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Mycobacterium smegmatis, which was subsequently found by
mass spectrometry to be annotated as a cutinase (based on
motif, not activity) but which has PLA, general lipase, and
esterase activities.

MATERIALS AND METHODS

Materials. The synthetic substrates p-nitrophenylbutyrate (NPB) and 2-nitro-
phenylpalmitate (NPP) were purchased from Sigma (N9876 and N2627, respec-
tively). Polysorbates (Tween) 20, 40, 60, and 80 were purchased from Sigma
(P7949, P1504, P1629, and P8074, respectively). Radiolabel phospholipids pur-
chased from NEN Life Science Products included phosphatidylcholine (PC)
L-a-dipalmitoyl (dipalmitoyl-1-'*C) (NC682, 110 mCi/mM), bovine sphingomy-
elin (choline-methyl-'“C) (NEC663, 52 mCi/mM), and phosphatidylethano-
lamine L-a-palmitoyl-2-arachidonyl (arachidonyl-1-'*C) (NEC783, 48 mCi/mM).
3-Phosphatidyl-[3-1*C]serine 1,2-dioleoyl (CFA757, 54 mCi/mM) was purchased
from Amersham Biosciences. Unlabeled phospholipids were purchased from
Sigma, and stocks were kept in chloroform at —20°C. Snake venom PLA, from
Naja mossambica mossambica (P-7778) and Thermomyces lanuginosus (L-0777)
lipase were purchased from Sigma. Cutinase from F. solani was a kind gift from
Unilever Research and Development, Vlaardingen, The Netherlands. All chem-
icals unless otherwise noted were purchased from Sigma.

Strains and growth conditions. Gamma-irradiated whole cells of M. tubercu-
losis H37Rv, CSU 93, and Erdman as well as Mycobacterium bovis BCG were
obtained from Colorado State University. M. smegmatis ATCC 14468, M. smeg-
matis mc*155 (ATCC 700084), and Mycobacterium marinum H1726 (ATCC
25039) were purchased from the ATCC. M. smegmatis was grown at 37°C in
Luria-Bertani broth with 0.05% Tween 80, and M. marinum was grown at 32°C
in Middlebrook 7H9 agar with oleic acid-albumin-dextrose-catalase enrichment
and 0.05% Tween 80. Mycobacterial fractions obtained from Colorado State
University included crude culture filtrate, crude culture filtrate proteins, cell wall,
cell membrane, and cytosol from M. tuberculosis H37Rv.

Purification of M. smegmatis MPLA activity. A 7.185-liter amount of M. smeg-
matis 14468 culture supernatant, grown for 24 h at 37°C, was ammonium sulfate
precipitated in batches at 60%. After dialysis, the preparation was filtered with
a 0.45-pm filter to remove particulate and cation exchange was performed on SP
Sepharose columns (Amersham) with 50 mM Tris, pH 8.1. Activity remained in
the flowthrough. All anion-exchange column assays were done with a NaCl
gradient. Batches were applied to a UNO Q6 anion-exchange column (Bio-Rad)
with 50 mM Tris-HCI at pH 8.1. Active fractions were applied to a UNO Q1
anion-exchange column (Bio-Rad) with 50 mM Tris-HCI at pH 8.6. Active
fractions from all batches were then pooled and applied to the UNO Q1 column
again at pH 9.2. Fraction activity was assessed with PLA activity on ['*C]PC, and
the efficiency of the purification step was assessed with run-to-run comparative
quantitative FA release from PLA activity in trace units (measured with Quantity
One software) per milligram of protein and later repeated with all steps simul-
taneously. The protein concentration was followed with the bicinchoninic acid
(BCA) assay and was later repeated with a Nanodrop spectrophotometer. The
final active fractions were spin concentrated 25-fold (Vivaspin 15, VS1512),
loaded on a nondenaturing gel, and stained with colloidal blue. Protein bands
were eluted, and the PLA activity of each band was assessed with a 14C radiolabel
thin-layer chromatography (TLC) assay.

Gel electrophoresis conditions. Sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis was carried out according to the method of Laemmli (19a).
Nondenaturing gel conditions for resolution of the liquid chromatography-puri-
fied M. smegmatis MPLA activity included upper chamber running buffer (40
mM Tris-HCI, pH 8.89, 40 mM glycine), lower chamber running buffer (60 mM
Tris-HCI, pH 7.47), a 7.5% separating gel (237 mM Tris-HCI, pH 8.48), and a
stack gel (40 mM Tris-HCI, pH 6.9). After separation proteins were visualized by
staining with a colloidal blue staining kit (Invitrogen; LC6025) or a SilverQuest
silver staining kit (Invitrogen; LC6070).

Protein concentration determination. Protein concentrations were determined
by either the BCA method (BCA assay kit; Pierce 23225) per protocol or a
Nanodrop ND-1000 spectrophotometer per protocol.

Enzyme solutions for activity assays. (i) Control enzymes. Six units of snake
venom PLA, was used per reaction for a PLA activity control. Lyophilized F.
solani cutinase was resuspended at 3 mg/ml in H,O and then further diluted
depending on the assay. T. lanuginosus lipase was diluted from stock depending
on the assay.

(ii) Mycobacterial supernatants. To assay M. smegmatis and M. marinum
culture supernatants, 50 wl unprocessed supernatant was used. For M. tubercu-
losis H37Rv, crude filtered culture supernatant (50 pl) was used. In addition, 200
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ml of crude filtered culture supernatant was precipitated with 80% ammonium
sulfate and resuspended with 5 ml of 25 mM Tris, pH 7.4, with and without 0.5%
Triton, and half of this was dialyzed to remove the ammonium sulfate. Fifty
microliters of these solutions was then assayed. In addition, 160 pg of lyophilized
culture filtrate protein from Colorado State University in 50 pl of 25 mM Tris,
pH 7.4, with 0.5% Triton was assayed.

(iii) Mycobacterial gross cell wall/membrane fraction. Mycobacterial pelleted
cells were resuspended in 300 pl per 0.1 g (wet weight) of cells and then
disrupted three times, on ice, with a tissue tearer (Biospec Products, model
985-370) at 30,000 rpm for 30 s. The cell debris was pelleted (15 min, 16,000 X
g, 4°C), and 50 pl of this supernatant was used for assay.

(iv) M. tuberculosis H37Rv, fractionated. One hundred sixty micrograms of cell
wall, cytosol, and membrane was used per radiolabel assay, resuspended in 50 pl
of 25 mM Tris, pH 7.4, with 0.5% Triton X-100. For the NPB assay, the final
concentration of each M. tuberculosis H37Rv fraction in the 200-pl assay mixture
was as follows: whole cells, 0.5 mg/ml; culture filtrate protein, 0.31 mg/ml; cell
wall, 0.1 mg/ml; membrane, 0.25 mg/ml; and cytoplasm, 0.18 mg/ml, as assessed
with a Nanodrop spectrophotometer. For substrate specificity and turnover rate
assays, partially purified MPLA after the liquid chromatography steps was used.
Purified MPLA after the native gel electrophoresis purification step was also
checked for MPLA activity on ['*C]PC and for cutinase activity on NPB
and NPP.

PLA activity assays. Unlabeled dipalmitoyl PC was resuspended at 23 mM in
chloroform. Cold PC (0.25 1) and 0.1 pl of *C-radiolabeled phospholipid per
reaction were dried down and then resuspended with 50 pl of 50 mM Tris, pH
7.4, buffer with 0.5% Triton per reaction mixture to make mixed micelles. This
solution was sonicated three times for 30 s each, with vortexing in between. Fifty
microliters of this substrate was then added to 50 pl of enzyme solution and
incubated at 37°C for 2 to 3 hours. The reaction was quenched with 100 pl of
chloroform-methanol-HCI (50:50:0.3, vol/vol/vol), vortexed, and centrifuged at
13,000 rpm for 2 minutes. The organic phase was then plated on 60-angstrom
silica plates (Whatman 4807-425) that were prerun in chloroform-methanol (1:1,
vol/vol) and then placed in hexane-diethyl ether-acetic acid (70:30:1, vol/vol/vol)
solvent. Lipids were visualized by being charred with 10% cupric sulfate (wt/
vol)-8% phosphoric acid (vol/vol).

Polysorbate (Tween) activity assays. Polysorbate was added to 50 mM Bis-
Tris, pH 7.0, at a concentration of 2% (wt/vol). Fifty microliters of this was added
to 50 pl of enzyme solution and incubated for 4 hours at 37°C. The reaction
mixture was quenched with 100 pl of HCl-methanol-HCl (50:50:0.3, vol/vol/vol),
vortexed, and centrifuged at 13,000 rpm for 2 minutes. The organic phase was
then plated on 60-angstrom silica plates (Whatman 4861-820) and placed in
chloroform-methanol-acetic acid (13:3:1, vol/vol/vol) solvent. Lipids were visu-
alized by being charred with 10% cupric sulfate (wt/vol)-8% phosphoric acid
(vol/vol).

Cutinase activity assays. Cleavage of NPB and that of NPP were used as
surrogates for cutinase activity. One hundred fifty microliters of 10 mM NPB
resuspended in 50 mM Bis-Tris, pH 7.0, with 5% glycerol was added to 50 .l of
enzyme solutions and control buffer in a 96-well plate and incubated at 25°C. For
NPP, 20 mg was resuspended in 2.65 ml acetonitrile and isopropanol (1:4,
vol/vol); 10 pl of this was added to 140 pl of 50 mM Bis-Tris, pH 7.0, with 5%
glycerol; and this was added to 50 wl of enzyme solution. Absorbance was read
with a plate spectrophotometer at 415 nm at various time points.

Turnover rate calculations. For calculation of turnover rate, an extinction
coefficient for p-nitrophenyl of 15,250 mol ™! cm ™! and a path length of 0.8 cm
for the 96-well plate were used in Beer’s law equation (18). Masses used were as
follows: M. smegmatis putative cutinase, 29.175 kDa; F. solani cutinase, 22.362
kDa; and T. lanuginosus, 29.923 kDa.

Mass spectrometry of purified MPLA. Proteins from partially purified samples
were resolved by native and SDS-polyacrylamide gel electrophoresis, bands were
excised and digested in-gel with trypsin, and mass spectrometry was performed as
described previously (36). Data were analyzed using SEQUEST to compare the
theoretical tandem mass spectrometry spectra of an annotated M. smegmatis library
and compare data against the annotated M. tuberculosis H37Rv genome (7).

RESULTS

Identification and purification of MPLA activity in myco-
bacteria. While we were investigating phospholipase C activity
in M. tuberculosis, products consistent with MPLA activity (FA
and LPC) were seen on TLC, and mass spectrometry con-
firmed their presence (data not shown). Because a putative
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TABLE 1. Purification of MPLA activity from M. smegmatis

Purification step for MPLA activity Total protein”

Total activity”

Sp act (trace units Purification factor

from M. smegmatis 14468 Vol (ml) (mg) (trace units of FA) of FA mg™") % Yield (fold)
Culture supernatant 7,185 11,783 23,719,984 0.171 100 1
60% ammonium sulfate 63.6 91.6 5,169,812 616 22 3,602
precipitation

Cation-exchange flowthrough 108.8 97.0 4,382,557 466 18.5 2,725
UNO Q6, pH 8.1 90.0 13.5 552,123¢ 3,029 2.3 17,713
UNO Q1, pH 8.6 50 1.5 51,327¢ 22,812 0.22 133,403
UNO Q1, pH 9.2 16 0.88 29,476° 38,062 0.12 222,585
Native gel electrophoresis 0.3 0.03 —

“ Total protein was measured using the BCA assay.

b Total activity was measured using a ['*C]PC assay and Quantity One software to measure trace units of released FA.
¢ Total activity in these specimens may be inaccurate because all of the substrate was consumed.
4 These calculations were not made because purified preparation was conserved for mass spectrometry and other assays.

gene encoding an MPLA could not be identified by BLAST
and motif searching, purification for reverse genetics was un-
dertaken. The purification is summarized in Table 1. MPLA
activity was purified from M. smegmatis 14468 instead of M.
tuberculosis H37Rv because M. smegmatis, unlike H37Rv, se-
cretes the MPLA activity into the culture supernatant and is
not a biosafety level 3 pathogen. Purification was followed by
TLC analysis using ['*C]PC as a substrate. Purification in-
cluded a 60% ammonium sulfate precipitation of 7.2 liters of
culture supernatant, followed by a cation-exchange step. In
cation exchange, MPLA activity was in the flowthrough, and
though this step did not add to the purification, it removed
particulate not removed by the 0.45-um filter that would oth-
erwise clog the UNO Q columns. The flowthrough from cation
exchange was then applied to anion exchange on an UNO Q6
column, pH 8.1, followed by an UNO Q1 column at pH 8.6.
Active fractions were then applied to the UNO Q1 column
again at pH 9.2. At this point in purification, specific activity
had increased from 0.2 to 38,062 trace units of FA per milli-
gram, a purification of 222,585-fold. This product was desig-
nated “partially purified MPLA” and is referred to as such in
this paper. These active fractions were then spin concentrated
10-fold, and native gel electrophoresis was performed. Four
bands were visible with Coomassie colloidal blue (Fig. 1A);
these bands, as well as eight other areas of the gel without
visible protein, were eluted, and MPLA activity was assessed by

A.Native  B. MC Phosphatidylcholine assay for MPLA C.SDs
gel activity from eluted native gel proteins gel

" MPLA hetivity ™

FIG. 1. (A) Native gel after column purification of M. smegmatis
MPLA activity. (B) The gel was cut into 12 fractions, protein was
eluted, and radiolabel *C TLC was performed for MPLA activity;
activity is in the sixth fraction from the indicated band (solid arrow) on
the native gel. Mass spectrometry was done on this fraction. (C) An
SDS gel of the active fraction showed one band at 30 kDa (dashed
arrow).

TLC (Fig. 1B). Activity was associated with only one band
eluted from the native gel, and this fraction was also active on
NPB and NPP (see below). This product was designated “pu-
rified MPLA.” This preparation produced only one band on a
silver-stained SDS electrophoretic gel, at approximately 30
kDa (Fig. 1C).

Identification of the gene encoding MPLA activity in M.
smegmatis. Activity eluted from the native gel during purifica-
tion was digested with trypsin and subjected to mass spectrom-
etry. Mass densities were then compared to the annotated
proteome of M. smegmatis mc*155. Four trypsin fragments
were identified, two in the M. smegmatis homologue of M.
tuberculosis Rv1926¢, annotated as an immunoprotective ex-
tracellular protein, and two in Rv3452, annotated as cutinase 4.

Analysis of Rv1926c did not show any lipase motifs, while
analysis of Rv3452 revealed it as a serine esterase in the same
superfamily (alpha-beta hydrolase fold) as some PLAs, and
thus this family of enzymes was pursued.

Analysis of cutinases in mycobacteria. Searches in NCBI
(http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi), Tuberculist
(http://genolist.pasteur.fr/TubercuList/), Pfam (http:/www.sanger
.ac.uk/Software/Pfam/), and TIGR (http://www.tigr.org/) data-
bases found that all mycobacteria in these databases have 1 to 11
open reading frames annotated as cutinases (Table 2). M. tuber-
culosis H37Rv has eight such annotations (Table 2). Six of
these indeed have an identifiable cutinase motif, P-x-[STA]-x-
[LIV]-[IVT]-x-[GS]-G-Y-S-[QL]-G and C-x-(3)-D-x-[iv]-c-x-
G-[gst]-x(2)-[LIVM]-x(2,3)-H  (http://ca.expasy.org/cgi-bin
/prosite-search-ac?PDOC00140), with all three catalytic sites
(S, D, and H [shown by bold]); one has a partial motif; and one
does not contain the motif and appears to be a partial protein
adjacent to another probable cutinase. M. tuberculosis CSU 93
and M. bovis each have seven putative cutinases. The M. smeg-
matis cutinase that we identified by mass spectrometry is most
similar to M. tuberculosis H37TRv 3452 (42%). H37Rv 3452 has
37% similarity with F. solani cutl2 and 57 to 72% similarity
with the other M. tuberculosis putative cutinases (Fig. 2). The
mycobacterial cutinases are designated as such based on the
presence of the motif, not on activity.

Activity of M. smegmatis purified MPLA on the cutinase
substrates NPB and NPP. Described cutinase substrates in-
clude cutin, tri- and diacyclglycerols, nitrophenyl esters, and
biodegradable plastics. Though techniques for making cutin
powder have been described, our attempts to make a workable



4156 PARKER ET AL.

TABLE 2. Database search of available annotated mycobacterial open reading frames for putative cutinases and MPLA activity

determined by [**C]dipalmitoyl PC assay”

J. BACTERIOL.

Organism with putative cutinases CIIJ\ii(;a(;(fes Gene designation(s) MPbI)‘/A,I{Cé},VHy
M. tuberculosis H37TRv 7 Rv1758, 1984c, 2301, 3451, 3452, 3724, 3802c Yes
M. tuberculosis CSU 93 7 MT3827, 3909, 3557, 1805, 2037, 3559, 2358 Yes
M. tuberculosis Erdman ? Yes
M. bovis subsp. bovis AF2122/97 7 Mb3832c, 2006¢, 3751, 1788, 3482, 3481, 2323 Yes
M. bovis BCG strain Pasteur 1173P2 6 BCG 1789, 2317, 3517, 3518, 3784, 3864c Yes
M. avium subsp. paratuberculosis 11 MAP 4236c, 1476c, 4237c, 3495c¢, 0218, 0333, 3428c, 2020, 1662c, 1680c, 2304 NT
M. avium 104 10 MAYV 0216, 0369, 1682, 2169, 2741, 2759, 2961, 4283, 4394, 4396 NT
M. smegmatis mc* 155 11 Msmeg 0194, 1184, 1403, 1526, 1528, 1529, 2095, 2474, 4465, 5878, 6354 Yes
M. smegmatis 14468 ? Yes
M. leprae TN 1 ML 0099 NT
M. marinum 25039 ? Yes
M. marinum 11566 ? Yes
M. vanbaalenii PYR-1 10 Mvan 0371, 1283, 1439, 1440, 1441, 1924, 3105, 3344, 5793, 5804 NT

“The data were compiled from Tuberculist, Pfam, TIGR, and NCBI. The search was done using the search term “cutinase” for annotation and with the protein
sequence from M. tuberculosis H37Rv 3452 in a Blast search. ?, proteome not available.
? See Fig. 3. NT, not tested.

cutin substrate were unsuccessful. This difficulty is well recog-
nized, and many authors recommend using NPB as a surrogate
for cutinase activity (33). Purified MPLA, as well as control F.
solani cutinase and T. lanuginosus lipase, was active in this

F. Sol cutl2
M. smeg cut
Rv1758
Rv1984c
Rv2301
Rv3451
Rv3452
Rv3iT724a
Rv3724b
Rv3B02c

F. Sol cutl2
M. smeg cut
Rv1758
Rv1984c
Rv2301
Rv3451
Rv3452
Rv3iT724a
Rv3724b
Rv3802c

F. Sol cutl2
M. smeg cut
Rv1758
Rv1984c
Rv2301
Rv3451
Rv3452
Rv3iT724a
Rv3iT724b
Rv3B02c

F. Sel cutl2
M. smeg cut
Rv1758
Rv1984c
Rv2301
Rv3451
Rv3452
Rv3724a
Rv3724b
Rv3802c

169
193
126
150
165
167
170

81
126
198

232
293
188
218
231
236
227

81
188
286
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------ NRAGGSLSSLSPLFGSKBIDLQHEIQEIQHEEE::::::EHEEEEEIDG---------------YI?TYTTQAASPVVQRLRAGSVP----HLP
—————— GRAGGLMSALTPQFGSKTINLCNNGDPICSDG——~—-—--NRWRAHLG YVPGMTNQARRFVASRI
AQFLGQYG--APPIAIGPLYQPKTLOLCADGDSICGDG~~=====-NSPVAHGLY ~ =~ ======—————— AVNGMVGQGANFAASRL
DLVLGVTLIADGRRQQOGV-GNQVP~-~---PSPRGEGAEI TLHEVPVLSGLG-LTMTGPRPGGFGALDGRTNEICAQGDLICAAPA~~~~~~ QAFSPANLPT

QASPONPLTGTETSVQPAEEPAPTLG

GSVPQLPGSVLOMPGTAAPAPESLHGR

--------------- TLNTLAGGAGQPVHAMYATPEFW----NSDG-EPATEWTLNWAHQLIENAPHPKHR

assay (Tables 3 and 4). We present gross activity and a calcu-
lated turnover rate (molecules per minute [Table 4]); the ex-
periment was done in triplicate, on partially purified MPLA
after all liquid chromatography steps. The turnover rate for
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FIG. 2. Alignment of a known cutinase, F. solani cutl2, with M. smegmatis cutinase that we found through reverse genetics of MPLA activity
and the eight putative H37Rv cutinases. Active sites (S, D, and H) are in bold; the cutinase motif is underlined. All putative cutinases except 3724a
have a cutinase motif, and all except 1758 and 3724b appear to have secretion signals.
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TABLE 3. Substrate specificities of known PLA,, known cutinases, and our purified MPLA

Specificity for substrate®:

Enzyme
PC PE PS NPB NPP T20 T40 To0 T80
Snake venom PLA, + + + - - — — - —
T. lanuginosus lipase + + + + + + + + +
F. solani cutinase + + + + + + + + +
M. smegmatis purified MPLA + + + + + + + + +

“ PE, phosphatidylethanolamine; PS, phosphatidylserine; SM, sphingomyelin; T20 to T80, Tween 20 to Tween 80, respectively; —, not specific; +, specific.

our purified protein is very low compared to those of known
cutinases under these conditions, though it was steady over
time out to 165 min. Snake venom PLA, was not active on
NPB (data not shown). While NPB reflects esterase activity,
NPP reflects lipase activity (29). Purified MPLA, as well as
control F. solani cutinase and 7. lanuginosus lipase, was active
in this assay while snake venom PLA, was not (Table 3).

MPLA activity in mycobacteria. All mycobacteria tested,
including M. tuberculosis H37Rv, CSU 93, and Erdman; M.
bovis and M. bovis BCG (Pasteur); M. marinum 25039 and
11566; and M. smegmatis 14468 and mc?155, have MPLA ac-
tivity by [**C]PC TLC assay (Fig. 3). An interesting difference
did exist, however. M. marinum 25039 and 11566 and M. smeg-
matis 14468 and mc*155 all had MPLA activity in their culture
supernatant, while activity was not detected in the supernatant
of M. tuberculosis H37Rv. Because some of the cutinases are
described in culture filtrate protein from H37Rv (Rv1984c,
Rv3452, and Rv2301), there was concern that our result was
due to specimen processing (37). We thus tested culture filtrate
protein, irradiated cell-depleted supernatant, and cell-depleted
supernatant with and without ammonium sulfate precipitation
and still found no culture supernatant MPLA activity in M.
tuberculosis H37Rv. Activity in M. tuberculosis H37Rv was as-
sociated with the cell pellet, and upon fractionation the activity
was in the cell membrane and cell wall fractions in both a
radiolabeled PC assay and an NPB assay (Fig. 4), by both total
protein and pmol mg~'. The average activity (wmol mg ') at
60 minutes was as follows: whole cells, 0.57; culture filtrate
protein, 0.40; cell wall, 1.80; cell membrane, 6.62; and cyto-
plasm, 0.54.

PLA activity in M. smegmatis partially purified MPLA and
known cutinases. Because it is difficult to see why mammalian
pathogens such as those in the M. tuberculosis complex would
retain seven cutin-degrading enzymes, we sought to explore
possible alternative substrates. Radiolabeled phospholipids in
a TLC assay were used to investigate PLA activity of purified

TABLE 4. Total activity and turnover rate”

Total NPB
.. Turnover rate
Enzyme activity (min~1)
(A41(])
F. solani cutinase 3.1 5,024 =77
T. lanuginosus lipase 0.43 916 = 74
M. smegmatis purified MPLA 0.84 0.8 £0.1

“ Total absorbance and turnover rate data are averages of three independent
determinations on NPB. Data are for the 60-minute time point. Protein concen-
trations were determined prior to dilution with a Nanodrop spectrophotometer;
after dilution concentrations should be 75 ng/ml for F. solani cutinase and T.
lanuginosus lipase.

MPLA and known cutinases. F. solani cutinase, which contains
a full cutinase motif, and 7. lanuginosus lipase, which does not
contain the full cutinase motif but is known to have cutinase
activity as well as extended-spectrum lipase activity, were in-
vestigated along with snake venom PLA, and partially purified
MPLA. F. solani, T. lanuginosus, snake venom PLA,,, and par-
tially purified MPLA were all active on PC, phosphatidyleth-
anolamine, and phosphatidylserine. Partially purified MPLA
alone was active on sphingomyelin (Fig. 5).

Tween-hydrolyzing activity of M. smegmatis partially puri-
fied MPLA and known cutinases. While we were investigating
optimal conditions for supernatant MPLA activity in M. smeg-
matis, it was noted that the addition of Tween 80 to the culture
medium enhanced MPLA activity. As Tween compounds are
FA esters of sorbitan polyethoxylates, we investigated the abil-
ity of partially purified MPLA and known cutinases to release
FA from Tween in a TLC assay. All of these enzymes, but not
snake venom PLA,, cleave Tween 20, 40, 60, and 80 (Fig. 6),
which are predominantly composed of lauric, palmitic, stearic,
and oleic acids, respectively.

DISCUSSION

Mycobacteria have MPLA activity that is associated with
putative cutinase. Though MPLA activity has been alluded to
in a few publications, this is the first paper to definitively

. M. tuberculosis M. bovis BCG
M. smegmatis H37Rv (P+S), (P), M. marinum
14468 (P+S),and  gy93 (Pyand 25059,
me2155 (P+S). Erdman (P). PLA control
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FIG. 3. MPLA activity determined by TLC of various mycobacte-
rial strains. Cell pellets (P) and culture supernatants (S) were assayed
using ['“C]dipalmitoyl PC labeled on both palmitic acids. The presence
of ["*CJFA and ["*C]LPC indicates hydrolysis of [*C]dipalmitoyl PC
from MPLA activity. A,, snake venom PLA,. Culture supernatant
from H37Rv is lyophilized culture filtrate (shown). Nonlyophilized
H37Rv culture supernatant and nonlyophilized ammonium sulfate-
precipitated H37Rv culture supernatant were also tested and were
inactive; M. marinum 11566 (P+S) and M. marinum 25059 (P) were
tested and were active (data not shown).
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A. M. tuberculosis MPLA activity on PLA
substrate ¥C DPPC by cellular location

J. BACTERIOL.

B. M. tuberculosis MPLA activity on cutinase substrate NPB by cellular location

FA$ - - — - 2

micromols/mg
IS

Y

Pc-b'.....

/l
= 2 —— e e — e

2 ¥ pEp—— -
i~ - Uyt e
U-dﬁgiu—;p;mg.,v_g.;ﬁ:mya.-.-. EFFEEEREERE E s
] 20 40 &0 . 80 100 120 140 160
LPC - . ® time, minutes
= —+-wholecells —=-CFP —s—cellwall ——membrane - = -cytoplasm
WC. €5 CW CM € Ay

FIG. 4. (A) TLC of M. tuberculosis H37Rv MPLA activity by cellular location using ['*C]dipalmitoyl PC (DPPC) labeled on both palmitic acids.
The presence of ["*C]FA and ["*C]LPC indicates hydrolysis of ['*C]dipalmitoyl PC from PLA activity. WC, whole cells; CS, culture supernatant;
CW, cell wall; CM, cell membrane; C, cytosol; A,, snake venom PLA,. Results were consistent with those in panel B. (B) MPLA activity of M.
tuberculosis H37Rv by cellular location on cutinase substrate NPB in wmol per mg protein. Activity is predominantly in cell membrane and cell
wall in both the PLA and the cutinase assays. CFP, culture filtrate protein.

confirm this activity using radiolabeled '*C and the first paper
to associate this activity with a specific mycobacterial protein.

We present the evidence that associates mycobacterial
MPLA activity with mycobacterial cutinase. First, the presence
of a cutinase motif correlates with MPLA activity, as the motif
and the activity are found in all mycobacteria tested. Second,
the cellular localization of M. tuberculosis MPLA activity cor-
relates with the localization of cutinase activity, as both are
found in the cell membrane and cell wall. Third, purification of
MPLA activity from M. smegmatis yielded a protein identified
as a putative cutinase by mass spectrometry, and this purified
MPLA has cutinase activity by NPB and NPP assays, while
known snake venom PLA does not. Fourth, we report that
known cutinases have PLA activity, and thus it is reasonable

PC PE PS SM
- -
FAl  whg i .-u'.."
- ..
LY -
re o*™|° A =v gEngg
LIS == o £ % - 4.
SMTFA, SMTFA, SMTFA, SMTFA,

FIG. 5. PLA activity by TLC of known cutinases and M. smegmatis
partially purified MPLA on various substrates. PC, [**C]PC labeled on
both palmitic acids; PE, [**C]phosphatidylethanolamine sn-2 arachi-
donic acid; PS, ["*C]phosphatidylserine labeled on the head group;
SM, [**C]sphingomyelin labeled on the head group. The presence of
[**C]JFA and/or [**C]lysophospholipid (LL) indicates hydrolysis of
[**C]phospholipid from PLA activity. Lanes: S, substrate alone; M, M.
smegmatis partially purified MPLA; T, T. lanuginosus lipase; F, F.
solani cutinase; A,, snake venom PLA,.

that a protein purified for its MPLA activity is a putative
cutinase. Fifth, partially purified MPLA and known cutinases,
but not snake venom PLA, share another previously unde-
scribed group of substrates, the Tweens.

Furthermore, it is logical that cutinases have PLA activity.
The alpha-beta hydrolase fold superfamily encompasses many
enzymes. Cutinases are the smallest members of this family,
and in our analysis they bear particular resemblance to the
group VII PLA.s, and to the other PLA,s using a catalytic
serine, though without the C, domain or a cap over their
catalytic domain. However, for cutinases to be established as
PLAs, certain criteria put forth in the literature must be ful-
filled (34). We will pursue this once we have exogenously
expressed protein. Though PLA activity may not be the pri-

0A

FIG. 6. Tween hydrolysis by known cutinases and M. smegmatis
partially purified MPLA assessed by TLC. The presence of oleic acid
indicates hydrolysis. Lanes: OA, oleic acid; T80, Tween 80 alone; A,
snake venom PLA,; M, M. smegmatis partially purified MPLA; FS, F.
solani cutinase (7.5 wg/ml); TL, T. lanuginosus lipase (7.5 pg/ml), all
with Tween 80. M. smegmatis partially purified MPLA and F. solani
and T. lanuginosis cutinases, but not snake venom PLA,, also hydro-
lyzed Tween 20, Tween 40, and Tween 60 (data not shown).
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mary activity of all cutinases, PLA activity is clearly a part of
the cutinase repertoire. In pathogens that do not encounter
cutin, the presence of these enzymes likely represents an evo-
lutionary divergence, and activity on other substrates is likely
to be more important. Our data add a broad range of phos-
pholipids and the Tweens to the list of cutinase substrates. Of
particular interest is partially purified MPLA’s activity on
sphingomyelin, a phospholipid not known to exist in mycobac-
teria (27).

The activity of these enzymes on Tween is also intriguing, as
Tween is widely added to mycobacterial culture medium to
prevent cell clumping. A longtime debate has been the concern
over Tween as a viable carbon source and the influence of
Tween on growth (21, 31), antimicrobial susceptibility (45),
and the mycobacterial cell wall (22, 23). The ability of cutinases
to cleave these compounds, releasing FAs, provides insight
into possible uses of Tween by mycobacteria and the possibility
that Tween could alter experimental results, especially in stud-
ies of mycobacterial lipids (43). We are pursuing further in-
vestigations in this regard.

Though the MPLA activity is not specific to pathogenic
mycobacteria, the difference in the locations of the activity—in
the cell membrane and wall in M. tuberculosis H37Rv and
additionally in the culture supernatant in strains of M. mari-
num and M. smegmatis—is intriguing and may suggest an en-
vironmental adaptation. Extracellular secretion may provide
an advantage for an environmental organism that degrades
plant matter, while for an intracellular pathogen this may be a
disadvantage due to toxicity. We cannot explain why the cuti-
nase proteins published as being in the culture supernatant are
not active under our MPLA assay conditions. Either these
enzymes were inactivated in processing, are inhibited, or need
a certain cofactor, or not all proteins with a cutinase motif have
PLA activity. Notably, it has long been known that esterase
activity is absent from the culture supernatant of M. tubercu-
losis, in contrast to other mycobacteria, as this property was
used as a tool to differentiate them; our results are consistent
with this observation (9).

The low turnover rate for NPB by partially purified MPLA
compared to that of known cutinases may reflect damage to
MPLA during the purification process, conditions which are
not optimized, or a difference in substrate specificity. Formal
kinetic studies will be undertaken when purified recombinant
protein is available, as well as kinetic studies on other sub-
strates.

While a few other bacteria have cutinases, the majority of
organisms found with the motif are fungi. No proteins with a
cutinase motif have been identified in humans. Though cuti-
nases are important in phytopathogens, which can occasionally
cause opportunistic infections, this is the first publication on
cutinases in a strictly mammalian pathogen. The cutinase motif
is prevalent in environmental as well as pathogenic strains of
mycobacteria. Though M. tuberculosis complex organisms have
retained seven open reading frames annotated as cutinases, it
is likely that evolutionarily the activities of these enzymes have
diverged. Though individually the M. tuberculosis cutinase
genes are not essential, according to Himar1-based transposon
mutagenesis in H37Rv (15, 30), their redundancy implies an
important role. As there is no rationale for cutinases in mam-
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malian hosts, we propose that these enzymes act on other
FA-containing substrates.

Conclusion. Mycobacteria including the M. tuberculosis com-
plex have MPLA activity, and this activity is associated with
proteins annotated as mycobacterial cutinases. Known cuti-
nases from F. solani and T. lanuginosus have PLA activity as
well, supporting this association. The redundancy of cutinases
in the M. tuberculosis genome suggests an important role, and
as this pathogen should not encounter cutin, their activity must
be directed at alternative substrates, and possibilities include
an array of phospholipids and Tweens. The activity of these
enzymes may contribute to virulence through their likely mod-
ification of mycobacterial and environmental lipids, either for
cell wall remodeling or for carbon scavenging.
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