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Most current diagnostic tests for tuberculosis do not reveal the
species or strain of pathogen causing pulmonary infection, which
can lead to inappropriate treatment regimens and the spread of
disease. Here, we report an assay for mycobacterial strain assign-
ment based on genetically conserved mycobacterial sulfatases. We
developed a sulfatase-activated probe, 7-hydroxy-9H-(1,3-dichloro-
9,9-dimethylacridin-2-one)–sulfate, that detects enzyme activity in
native protein gels, allowing the rapid detection of sulfatases in
mycobacterial lysates. This assay revealed that mycobacterial strains
have distinct sulfatase fingerprints that can be used to judge both
the species and lineage. Our results demonstrate the potential
of enzyme-activated probes for rapid pathogen discrimination for
infectious diseases.

Mycobacterium tuberculosis | chemical biology | fluorescence |
enzyme assay | hydrolase

Tuberculosis (TB) is caused by members of the Mycobacterium
tuberculosis complex (MTBC), which include Mycobacterium

bovis, Mycobacterium africanum, Mycobacterium microti, and the
hundreds of related strains of Mycobacterium tuberculosis. Pul-
monary disease can also be caused by other mycobacterial spe-
cies (e.g., Mycobacterium avium, Mycobacterium intracellulare,
Mycobacterium septicum,Mycobacterium kansasii) (1, 2). There is
an emerging appreciation of the phenotypic variation across
mycobacterial species and strains (3, 4), including the many
significant differences in virulence and immune responses to
different members of the MTBC (4, 5). Identification of the
infecting species is critical because therapeutics have variable
efficacy against the various pathogenic mycobacteria. For ex-
ample, most strains of M. bovis are resistant to pyrazinamide (6),
and pulmonary disease caused by the M. avium complex requires
different treatment than TB caused by members of the MTBC
(2). New assays for TB should be sought that enable various
species and strains to be distinguished unambiguously based on
easily detected variations in phenotype.
Enzyme probes have been developed to study human patho-

gens (7, 8); however, to date, they have not been explored as
a means for mycobacterial strain assignment. Of particular use
are probes that are enzyme-activatable and fluorogenic, going
from a dim to bright fluorescent state on substrate turnover.
Sensitivity is augmented because one enzyme can modify many
probes, dramatically increasing the fluorescence signal that can
be measured in complex samples. Furthermore, enzyme-acti-
vated probes can be used in a variety of assay platforms, in-
cluding molecular imaging and high-throughput screens (9–11).
In our research, we have targeted the mycobacterial sulfo-

transferases and sulfatases, which control the sulfation states of
biomolecules (12–14) (Fig. 1). Sulfated compounds have estab-
lished roles in metabolism and virulence in mycobacteria (13–
15). Sulfatases are conserved across mycobacterial genomes (13),
although their substrates, structures, and functions are largely
unknown. Since the 1950s, there have been efforts to use sulfa-
tase activity to detect mycobacteria (16). One assay uses a 2-wk
incubation with live mycobacteria in media containing the

colorimetric sulfatase substrate phenolphthalein disulfate (17).
Species and strain identification using this and other sulfatase
probes [e.g., p-nitrophenyl sulfate (p-NPS) (18) and 4-methyl-
umbelliferyl sulfate (4-MUS) (19); structures are shown in SI
Appendix, Fig. S1] have been largely ineffective due to slow re-
action kinetics, a high detection limit with these substrates, and
the lack of a simple platform to resolve strain-specific enzymes.
In this paper, we describe a method for discriminating myco-

bacterial species and strains using the sulfatase-activated fluo-
rophore 7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one)
(DDAO)–sulfate as an enzyme probe (Fig. 2). We separated
mycobacterial lysates on native polyacrylamide gels and found,
using DDAO fluorescence, unique sulfatase fingerprints that
were dependent on the mycobacterial species and lineage. This
in-gel assay was used to distinguish among different pathogenic
species and M. tuberculosis strains rapidly, including a selection
of M. tuberculosis strains from different geographical lineages.

Results and Discussion
Genetic Conservation of Mycobacterial Sulfatases. Bioinformatics
analysis of mycobacterial genomes suggests the presence of sulfa-
tases from all three known classes. Types I and III were the most
attractive enzyme targets to us because they catalyze the hydrolysis
of sulfate esters (20–22) (Table 1) rather than the iron-dependent,
oxidative process characteristic of the type II sulfatases (23, 24).
Type I sulfatases have an unusual amino acid modification in

their active site that confers catalytic activity. The formylglycine-
generating enzyme (25–28) converts a cysteine residue within the
consensus sequence -C-X-P-X-R- to a formylglycine residue. In
water, the formylglycine aldehyde hydrates to form a geminal
diol, which serves as a nucleophile during hydrolysis of the sul-
fate ester (20) (SI Appendix, Fig. S2). There are five putative type
I sulfatases encoded in the M. tuberculosis H37Rv genome:
Arylsulfatase (Ats)A (Rv0711), AtsB (Rv3299), AtsD (Rv0663),
AtsF (Rv3077), and AtsG (Rv0296c).
Type III sulfatases are Zn2+-dependent metallo-β-lactamases.

Enzymes of this type encode a conserved metal binding motif
(21, 22), and there are three predicted in the genome of
M. tuberculosis (Rv2407, Rv3796, and Rv3762c) (26). Rv3796
[zinc-dependent sulfatase-A (ZnSulf-A)] has a Zn2+-binding
motif, but it was annotated previously as a type I sulfatase
(13). Computational prediction of the protein structure using
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Phyre (protein homology/analogy recognition engine) (29)
analysis supports the reclassification of ZnSulf-A as a member
of the metallohydrolase superfamily.

Development of a Sulfatase-Activated Fluorophore. The majority of
enzyme-activated probes target proteases (30) and other hydro-
lases (31). In the latter category, examples abound for glyco-
sidases, esterases, and phosphatases. Less explored are probes
that target sulfatases (32). The hydrolysis of a sulfate ester can
be used to modulate fluorescence, but the only scaffolds developed
for fluorescent detection of this reaction are UV light-excited
coumarins (e.g., 4-MUS) (33–35). As a commercially available
fluorogenic probe for sulfatases, 4-MUS has been used extensively
to assay sulfatase activity in vitro, but the high pKa of the hydrolysis
product 4-methylumbelliferone (4-MU) and the high Km value of
4-MUS with most sulfatases limits its sensitivity and versatility.
We evaluated existing hydrolase-activated fluorophore scaf-

folds and selected a far-red fluorophore, DDAO (Fig. 2).
DDAO’s excitation (600 nm) and emission (660 nm) maxima are
near optimal for monitoring enzyme activity in biological sam-
ples, which can have high autofluorescence and light scattering at
wavelengths below 600 nm. DDAO glycosides were reported as
chromogenic glycosidase substrates for in vitro enzyme assays
by Corey et al. (36). DDAO-β-D-galactoside has been used as
a fluorogenic probe for monitoring β-galactosidase activity in
vivo (37–39), and DDAO-phosphate has been used to monitor
phosphatase activity in vitro (40).
To produce an analogous sulfatase substrate, DDAO-sulfate,

the parent compound was sulfated using sulfur trioxide trime-
thylamine. In aqueous buffer, DDAO-sulfate (excitation = 450
nm, emission = 598 nm) had a large Stokes shift (150 nm) and
the quantum yield (ΦDDAO-sulfate = 0.028) is decreased 14-fold
compared with DDAO (ΦDDAO = 0.40). It is worth noting that
this compound is chromogenic and converts from yellow to blue
on sulfate ester hydrolysis. Although colorimetric assays are in-
herently less sensitive than fluorescent assays, monitoring hy-
drolysis by color change might be preferred for sample analysis in
low-resource settings. [The concentration limit for a colorimetric
assay can be calculated using the Beer–Lambert law. Assuming
the lowest accurate absorption reading is 0.01, then the detection
limit for DDAO is 244 nM.].

We validated DDAO-sulfate as an enzyme-activated probe by
determining the kinetic parameters for this compound with
commercially available sulfatases (SI Appendix, Table S1). Sul-
fatase activity from Aerobacter aerogenes was evaluated in buffer
[50 mM Tris, 100 mM NaCl, 2.5 mM MgCl2, 250 μM CaCl2
(pH = 7.5)] at 37 °C, and the formation of DDAO was detected
in real time. Hydrolysis of DDAO-sulfate in the absence of en-
zyme was negligible over the course of the experiment. The Km
value for DDAO-sulfate was determined to be 164 ± 14 μM. For
comparison, A. aerogenes sulfatase was evaluated using p-NPS
and 4-MUS. The Km value for p-NPS was 1,800 ± 120 μM, and
that for 4-MUS was 700 ± 160 μM (32).
The pKa of DDAO is 5.0 (41), and the formation of DDAO

can be monitored continuously at any pH above this value. This
is an important feature for a sulfatase probe because many sul-
fatases have an acidic pH optimum (12). In contrast, the pKa of
4-MU is 7.8 (42), and acidic enzyme reactions must be quenched
by basification for detection of fluorescence. The high pKa of
4-MU prevents its use in continuous assays of enzymes at acidic
pH. Sulfatases from three other sources were examined at their
optimal pH, pH 5.0, and the Km values with DDAO-sulfate were
determined (abalone entrails = 29 ± 3 μM, Helix pomatia = 13 ±
3 μM, Patella vulgata = 54 ± 0.00008 μM). By contrast, the
reported Km values for P. vulgata with p-NPS and 4-MUS are
26,000 ± 2,000 μM and 2,500 ± 500 μM, respectively (34). Thus,
DDAO-sulfate appears to be generally recognized as a substrate
by a wide variety of sulfatases, which is an essential feature for
screening purposes.

In Vitro Sulfatase Activity in Mycobacterial Lysates.We used DDAO-
sulfate to detect active sulfatases in lysates from 10 mycobacte-
rial species. All mycobacteria were grown to midlogarithmic
phase in vitro before lysis by mechanical disruption, as described
in SI Appendix. Lysates were then incubated at 37 °C with 25 μM
DDAO-sulfate. We examined lysates from M. tuberculosis
(H37Rv, Erdman, and CDC1551), M. bovis [bacillus Calmette–
Guérin (BCG)], M. kansasii, M. avium, M. intracellulare, M.
africanum, Mycobacterium smegmatis, Mycobacterium marinum,
Mycobacterium nonchromogenicum, and M. septicum. All species
hydrolyzed DDAO-sulfate to a detectable amount of DDAO
within 10 min (SI Appendix, Fig. S3). Most of these species were
classified previously as lacking sulfatase activity (16). This activity
was likely missed in earlier studies due to the use of substrates
lacking the requisite sensitivity.
Sulfatase activity was confirmed in a parallel assay using

4-MUS. The signal-to-background ratio was lower, even though
we used a higher probe concentration (1 mM 4-MUS). After
a 30-min reaction, this assay confirmed sulfatase activity in every
species tested (SI Appendix, Fig. S3). Although these two fluo-
rescent assays demonstrated that sulfatase activity is detectable
in mycobacterial lysates, they cannot be used to distinguish be-
tween MTBC species and M. tuberculosis strains accurately. The
96-well plate assay is also not suited to detecting activity from
individual sulfatases (e.g., AtsB vs. AtsD).

An In-Gel Assay for Sulfatase Activity in Mycobacterial Lysates. We
developed an in-gel assay for profiling the activities of individual
sulfatases that is analogous to zymography, a technique used for
detecting protease activity following sample separation by poly-
arylamide gel electrophoresis (43, 44). Gels containing resolved
mycobacterial lysates were soaked in 10–25 μM DDAO-sulfate
for less than 15 min before imaging using a fluorescence scanner
(excitation = 633 nm, emission = 670 bp 30). As shown in Fig. 3,
every mycobacterial species analyzed possessed active sulfatases,
as indicated by fluorescent bands, and discrete sulfatase “fin-
gerprints” were identified that correlated with each species.
Some species (e.g., M. smegmatis, M. marinum) produced

distinct patterns, whereas other species showed similar but not
identical banding patterns (e.g., Mycobacterium flavescens,
M. nonchromogenicum). We observed that the M. tuberculosis
strains have unique banding patterns compared with other

Fig. 1. Sulfation is controlled by two classes of enzymes, sulfotransferases
and sulfatases. Sulfotransferases catalyze sulfuryl group transfer to bio-
molecules using an activated donor called 3′-phosphoadenosine-5′-phos-
phosulfate (PAPS). Sulfate ester, or N-sulfate, hydrolysis is catalyzed by
sulfatases. Sulfated biomolecules include steroids, lipids, carbohydrates, and
proteins. PAP, 3′-phosphoadenosine-5′-phosphate.

Fig. 2. Sulfatase catalyzed hydrolysis of DDAO-sulfate to form DDAO. Hy-
drolysis of DDAO-sulfate results in red-shifted excitation (600 nm) and
emission (660 nm) maxima. DDAO has a 14-fold increase in quantum yield
(QY) compared with DDAO-sulfate.
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mycobacterial species, including M. avium, M. bovis (BCG), M.
kansasii, M. intracellulare, and M. africanum. This is notable
because each of these species causes pulmonary disease (45, 46).
Among the M. tuberculosis strains, Erdman stood out because it
possessed a bright band at a lower apparent molecular weight in
addition to the higher molecular weight bands it shared with
H37Rv and CDC1551.
We observed that M. avium and M. intracellulare produced

different sulfatase patterns in the in-gel assay, and, as suggested
by Falkinham (18), sulfatase activity might be used to distinguish
between members of the M. avium complex. Falkinham dem-
onstrated that sulfatase bands could be detected in resolved
lysates of M. avium, M. intracellulare, and Mycobacterium scrof-
ulaceum (18). In that work, sulfate ester hydrolysis was detected in
a gel following an overnight incubation with 6-bromo-2-naphthyl
sulfate, a chromogenic substrate. DDAO-sulfate enables more
sulfatase bands to be observed in M. avium (three bands vs. one
band) and M. scrofulaceum (two bands vs. one band). Both in-gel

methods produced two bands in lysates from M. intracellulare.
However, in the current work, sulfatase bands were observed after
minutes of exposure to DDAO-sulfate, compared with the hours
of exposure required for 6-bromo-2-naphthyl sulfate.
To explore the sensitivity of the DDAO-sulfate assay, we

evaluated how much total protein lysate is required to detect
sulfatase bands. The detection limit varied by species, and sul-
fatase bands could be observed with as little as 20 ng of total protein
for M. africanum, M. marinum, M. kansasii, and M. flavescens. For
M. nonchromogenicum and M. bovis (BCG), 40 ng of lysates was
required for detection of sulfatases. A larger amount (200 ng)
was loaded to detect M. tuberculosis (H37Rv and CDC1551).
This requirement might reflect lower levels of sulfatase activity in
these species or the longer processing time required to obtain
sterile lysates from M. tuberculosis compared with other species
(e.g., M. marinum).
There are 15 human sulfatases, most of which reside in-

tracellularly (12), that we thought might produce fluorescent
bands in our in-gel assay and thereby obscure bacterial strain
assignments. To test their ability to hydrolyze DDAO-sulfate, we
prepared and analyzed mammalian cell lysates from a variety of
cell lines (e.g., CHO, Jurkat, RAW macrophages, COS-7, Rat-1
fibroblasts) (SI Appendix, Fig. S4). Furthermore, we evaluated
M. tuberculosis-infected macrophages. We did not observe any
fluorescent signal resulting from the activation of DDAO-sulfate
by mammalian sulfatases. Most human sulfatases are lysosomal
and, accordingly, have an acidic pH optimum; we examined sul-
fatase activity at pH 7.5, which may account for their lack of de-
tection. Additionally, sulfatase activity may be lost or diminished
during sample preparation for membrane-associated sulfatases,
such as steroid sulfatase (47). The lack of detectable human
sulfatase activity in the in-gel assay suggests that our assay will be
useful for analyzing sulfatase activities in clinical samples, which
could contain a mixture of human and mycobacterial cells.

Comparison of DDAO-Sulfate with p-NPS, 4-MUS, and 5-Bromo-4-
Chloro-3-Indolyl Sulfate. We used the in-gel assay to compare
DDAO-sulfate with p-NPS, 4-MUS, and 5-bromo-4-chloro-
3-indolyl sulfate (X-Sulf). We separated protein lysates on four
identical native protein gels before a 15-min incubation with
each substrate (SI Appendix, Fig. S5). DDAO-sulfate (25 μM)
was able to reveal >45 fluorescent bands. X-Sulf (10 mM) rapidly
produced six blue bands, whereas p-NPS (10 mM) revealed only
four pale yellow bands. 4-MUS (1 mM) produced 20 fluorescent
bands. DDAO-sulfate revealed more bands with 40-fold to 400-
fold less probe. From this direct comparison, we conclude that
DDAO-sulfate is rapidly activated by the greatest number of
mycobacterial sulfatases and that it is the superior sulfatase
substrate for mycobacterial species discrimination.

Table 1. Genomic conservation of type I and III sulfatases

Type 1 sulfatases Type III sulfatases

AtsA AtsB AtsD AtsF AtsG ZnSulf-A ZnSulf-B ZnSulf-C

M. tuberculosis H37Rv* Rv0711 Rv3299 Rv0663 Rv3077 Rv0296c Rv3796 Rv2407 Rv3762c
M. tuberculosis CDC1551 + + + + + + + +
M. smegmatis + − − + + − + +
M. marinum + + + + + + + +
M. canetti + + + + + − + +
M. kansasii + + + + + − + +
M. avium + − − − − − + +
M. intracellulare + − − − + − + +
M. africanum − + + + + − + +
M. bovis (BCG) + + + + + + + +

+, sulfatase gene is encoded in the genome; −, sulfatase gene is absent in the genome.
*Rv numbers are provided for each sulfatase encoded in M. tuberculosis H37Rv.

Fig. 3. Sulfatase activity profiling of mycobacterial species. Lysates were
resolved by native gel electrophoresis before exposure to 25 μM DDAO-
sulfate in buffer [50 mM Tris (pH 7.5 at 37 °C); 100 mM NaCl; 250 μM MnCl2,
MgCl2, and CaCl2]. Fluorescence imaging (excitation = 633, emission = 670
bp 30) revealed bands of DDAO fluorescence that are associated with sul-
fatase activity. Two laboratory strains, M. smegmatis and M. marinum, are
indicated by a line at the top of the image. Species that can cause human
pulmonary disease are indicated by a dashed line at the top of the gel.
Members of the MTBC, including M. bovis, M. africanum, and M. tubercu-
losis, are labeled, with three strains of M. tuberculosis occupying the last
three lanes. MW, molecular weight.
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Identification of Active Sulfatases. We used mass spectrometry
(MS)-based proteomics methods to identify a subset of the sul-
fatases that hydrolyze DDAO-sulfate. We examined lysates
from M. tuberculosis, M. bovis (BCG), M. kansasii, and M.
avium. Crude lysate was partially enriched for sulfatases using an
anion exchange column, resolved by native gel electrophoresis,
and exposed to 10 μM DDAO-sulfate. Fluorescent sulfatase
bands were excised and subjected to in-gel tryptic digestion and
protein identification by MS. Sulfatase identities are indicated
next to the fluorescent bands in the gel shown in Fig. 4, and
identified peptides for each sulfatase are provided in SI Appendix,
Table S4.
In M. tuberculosis H37Rv, we identified AtsB (Rv3299) as the

brightest fluorescent band. As described in SI Appendix, heter-
ologous AtsB expression and transposon mutants confirmed that
AtsB produces a set of fluorescent bands in M. tuberculosis lysates
(SI Appendix, Fig. S6). We were able to isolate an M. tuberculosis
Erdman band in the vicinity of the AtsB bands; this band had
peptide matches with AtsG (Rv0296c). AtsB bands were also ob-
served in lysates from M. africanum and M. bovis (BCG), and they
were confirmed using MS analysis of the latter strain.
Notably, the M. tuberculosis Erdman strain stands out from

two other laboratory strains, H37Rv and CDC1551, by the
presence of a distinct sulfatase band at a lower apparent mo-
lecular weight. We used MS to determine that this activity is
from the type III sulfatase ZnSulf-B (Rv2407). Although MS can
be used to confirm which sulfatases are present in each species,
we must emphasize that the banding patterns alone are sufficient
to distinguish mycobacterial species rapidly.
AtsA (Rv0711) and AtsD (Rv0663) were also identified in

mycobacterial lysates, as indicated in Fig. 4. ZnSulf-A (Rv3796)
can hydrolyze DDAO-sulfate, but this enzyme was not observed
in mycobacterial lysates.

Evaluation of Sulfatase Inhibitors. We sought further confirmation
that the fluorescent bands observed were produced by active
sulfatases using sulfatase inhibitors. First, we evaluated a set of
arylsulfamates, which are known type I sulfatase inhibitors (48–
51). Inhibition is irreversible and active site-directed, probably
through covalent modification of the formylglycine residue (51).
Four different arylsulfamates were examined for their ability to
inhibit type I sulfatases in mycobacterial lysates. Lysates were
incubated with 500 μM arylsulfamate for 1 h at 37 °C and then
analyzed using the in-gel assay with DDAO-sulfate to detect
remaining sulfatase activity (Fig. 5). Arylsulfamates vary in re-
activity, with the highest reactivity assigned to compounds with
lower pKa values for the parent phenol (51). Coumarin sulfa-
mate (Stx64), a potent inhibitor of human steroid sulfatase (49),
was the most reactive compound we examined, with a pKa of 7.8
for the parent phenol. In M. tuberculosis, incubation with Stx64

resulted in complete disappearance of the fluorescent bands
associated with AtsB. Type I sulfatase bands in M. avium, M.
africanum, and M. kansasii also disappeared. Inhibition of type I
sulfatases was near complete following incubation with cyano-
sulfamate (pKa = 7.97) or chlorosulfamate (pKa = 9.41). Partial
inhibition was observed for lysates incubated with phenyl-
sulfamate, whose parent phenol has a pKa of 10 (51). The in vitro
growth of M. tuberculosis was not inhibited by treatment with up
to 1 mM arylsulfamate.
Arylsulfamates do not inhibit type III sulfatases, but metal

chelators could affect substrate hydrolysis by sequestering the
required Zn2+ ion. Accordingly, the fluorescence assigned to
ZnSulf-B activity in M. tuberculosis Erdman and M. kansasii
was diminished following treatment with metal chelators, in-
cluding tetrakis-(2-pyridylmethyl)ethylenediamine (2 mM) and
1,10-phenanthroline monohydrate (4 mM) (Fig. 5). The fluo-
rescence observed for the lowest apparent molecular weight
sulfatase band in the lysates of both M. africanum and M. avium
was diminished following treatment with either of these zinc
chelators, indicating that these two species produce active type
III sulfatases. DDAO-sulfate hydrolysis was unaffected by in-
cubation with phosphatase inhibitors.

Lineage-Specific Sulfatase Patterns. Clinical isolates and laboratory
strains ofM. tuberculosis have been assigned to six lineages based
on comparative genomics. The lineages, which are named for
particular geographic locations and human populations (52), are
Indo-Oceanic, East Asian, East African-Indian, Euro-American,
West African 1, and West African 2 (3). The two West African
lineages include strains previously designated as M. africanum,
which have an attenuated phenotype and are genetically related
to M. bovis (53). The Beijing strains, some of which have been
linked to higher virulence and drug resistance (54), are included
in the East Asian lineage. H37Rv, CDC1551, and Erdman are
assigned to the Euro-American lineage.
Using the in-gel assay, we first examined nine different strains

from three lineages: Indo-Oceanic, Euro-American, and East

Fig. 4. Assignment of sulfatase bands based on MS. Protein lysates were
resolved and imaged. Fluorescent bands were excised and subjected to MS
analysis. Sulfatase identities are indicated next to the fluorescent bands.
Identified peptides for each sulfatase are provided in SI Appendix, Table S4.

Fig. 5. Evaluation of sulfatase inhibitors. Mycobacterial lysates (10 μg) were
incubated for 1 h with phosphatase inhibitor mixture (lane 1), arylsulfamate
(lanes 2–5), metal chelator (lanes 6–7), or water (lane 8). Lysates were re-
solved by electrophoresis before incubation with 10 μM DDAO-sulfate in 100
mM Tris·Cl (pH 7.5 at 37 °C) with 100 mM NaCl. Lane 1, phosphatase inhibitor
mixture; lane 2, coumarin sulfamate (Stx64); lane 3, phenylsulfamate; lane 4,
cyanosulfamate; lane 5, chlorosulfamate; lane 6, tetrakis-(2-pyridylmethyl)
ethylenediamine; lane 7, 1,10-phenanthroline monohydrate; lane 8, water.
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Asian. These strains were derived from clinical samples collected
at the University of California, San Francisco. For each of these
strains, we observed lineage-specific banding patterns (Fig. 6).
Resolved lysates from the Indo-Oceanic lineage lacked bands
associated with AtsB but clearly displayed bands associated with
AtsD and ZnSulf-B. The Euro-American lineage had AtsB ac-
tivity and lacked AtsD activity. The ZnSulf-B activity varied by
Euro-American strain, which is consistent with what we have
observed for other members of this lineage (H37Rv, Erdman,
and CDC1551). We examined strains from the East Asian line-
age and observed activity in each strain for three different sul-
fatases: AtsB, AtsD, and ZnSulf-B.
South Africa has a high TB burden, with patients infected by

M. tuberculosis strains from several different lineages. The Uni-
versity of Stellenbosch, near Cape Town, has a collection of
clinical isolates with a high degree of strain diversity (55, 56).
Lysates derived from a selection of strains were evaluated using
the in-gel assay (Fig. 7), and we found that the lineage-specific
patterns are similar to those observed with the Indo-Oceanic,
Euro-American, and East Asian strains shown in Fig. 6. For
example, the M. tuberculosis strains from the East Asian lineage
(nos. 1125 and 2701) displayed sulfatase activity at locations
corresponding to AtsB, AtsD, and ZnSulf-B. Strain no. 198 has
a drug-resistant phenotype (57) but still retained sulfatase bands
consistent with other members of the Euro-American lineage
(e.g., strain nos. 2576, 405, 1127, and 3380). These trends were
observed in a subsequent set of analyzed strains (SI Appendix,
Fig. S7). Our findings indicate that both the mycobacterial spe-
cies and M. tuberculosis lineage can be assigned based on the
sulfatase fingerprints revealed by our assay. For clinical settings,
the ability of DDAO-sulfate to reveal lineage-specific patterns of
sulfatase activity could be very powerful because, for human
pulmonary disease, rapid species and strain assignment are es-
sential for effective treatment.

Conclusion
We have described an activity-based sulfatase probe, DDAO-
sulfate, that can be used in the context of an in-gel assay to dis-
criminate mycobacterial species and strains rapidly. The assay is
fast (5–15 min); requires only micromolar probe concentrations;
and detects a variety of type I and III sulfatases, including AtsA,

AtsB, AtsD, AtsG, and ZnSulf-B. Mycobacterial species pro-
duced fluorescent bands that varied in intensity and position
on the gel, and the pattern of these bands might be used to
identify a particular strain or species. As further evidence that
mycobacterial sulfatases are a good target for clinical assays,
M. avium, M. intracellulare, and M. kansasii (45, 46) could
be distinguished from M. tuberculosis based on patterns of
sulfatase activity.
Although genome sequencing provides information on the

sulfatase genes present in various species, the activity of each
sulfatase is more informative. For example, both M. tuberculosis
strains H37Rv and CDC1551 encode nine sulfatases, yet only
AtsB activity was observed in the in-gel assay. In contrast, the M.
tuberculosis Erdman fingerprint revealed AtsB and ZnSulf-B
activity. Similarly, the genomic encoding of AtsD is not pre-
dictive of activity in lysates, as observed using the in-gel assay to
examine sulfatases in various strains of M. tuberculosis.
Strain variation among members of the MTBC is an area of

active exploration (3, 4, 52). In addition to evaluating laboratory
strains of M. tuberculosis (H37Rv, CDC1551, and Erdman), we
examined a number of lysates derived from strains of M. tuber-
culosis collected from patients. Sulfatase patterns varied signifi-
cantly among different lineages of M. tuberculosis and produced
distinct fluorescent patterns for three lineages: Indo-Oceanic,
East Asian, and Euro-American. Future work will focus on
evaluating an expanded set of clinical isolates for sulfatase ac-
tivities and in-gel activity patterns. Further efforts will focus on
developing DDAO-sulfate assays that can be used by clinicians
as diagnostic tools for TB.

Materials and Methods
Preparation of Mycobacterial Lysates. Mycobacterial cultures were grown to
log phase (OD600 = 0.5–1.5) before harvesting by centrifugation at 4 °C. The
supernatant was discarded, and the pellet was frozen (−20 °C). Pellets were
put in 50 mM Tris·Cl (pH 7 at 4 °C), 100 mM NaCl, 0.5 mM CaCl2, and 0.5 mM
MgCl2, plus protease inhibitors. Cells were lysed by mechanical disruption on
a bead-beating instrument. Crude lysates was clarified by centrifugation (10
min, 16,000 × g, 4 °C). Mycobacterial cell pellets from BioSafety level 3
pathogens (e.g., M. tuberculosis) were sterilized by filtration twice through
a 0.2-μm filter.

In-Gel Activity Assay.Mycobacterial lysates (1–20 μg) were resolved by native
gel electrophoresis (4–15% Tris·Cl Criterion gel; Bio-Rad) in 1× Tris·glycine

Fig. 6. M. tuberculosis strain-specific variation in sulfatase activity. Protein
lysates were isolated from three distinct M. tuberculosis lineages: Indo-
Oceanic, Euro-American, and East Asian. Lysates were resolved and imaged
to reveal sulfatase activity. The three Indo-Oceanic samples, nos. 1833, 2311,
and 1718, have bands that correspond to AtsD (Rv0633) and type III sulfatase
(ZnSulf-B; Rv2407) activity. The Euro-American samples, nos. 0056, 0354,
3453, and 3253, all lack the highest AtsD band but have bands that match
the pattern observed for AtsB (Rv3299). Two of the Euro-American samples,
nos. 0056 and 0354, have the lowest band, corresponding to ZnSulf-B
(Rv2407) activity. The East Asian strains, nos. 3244 and 2014, have bands
corresponding to AtsD, AtsB, and ZnSulf-B activity.

Fig. 7. M. tuberculosis strains from South Africa have varying patterns of
sulfatase activity. The name of each lineage is color-coded: Euro-American
(red; nos. 2576, 405, 1127, 3380, and 198), Indo-Oceanic (pink; no. 1659),
East Asian (blue; nos. 2701 and 1125), and India and East Africa (purple;
no. 974). Additional strains were evaluated and are shown in SI Appendix,
Fig. S7.
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buffer. Gels were run at 180 V for 55 min on top of ice before soaking in
50 mM Tris (pH 7.5 at 37 °C); 100 mM NaCl; and 250 μM MnCl2, MgCl2,
and CaCl2, with 10–25 μM DDAO-sulfate. Fluorescence of DDAO was
detected on a fluorescence scanner (Typhoon 9410 Variable Mode Imager,
GE Healthcare; excitation = 633 nm, emission = 670 bp 30, 100-μm reso-
lution). Images were analyzed and false-colored (Green-Fire-Blue) using
ImageJ (58).

Further information on synthetic methods, mycobacterial growth, lysate
preparation, and sulfatase assays is available in SI Appendix. Ethics approval to
collect strains of M. tuberculosis was obtained by Stellenbosch University from
the Health Research Ethics Committee (N10/04/126).
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