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Type I sulfatases require an unusual co- or post-translational
modification for their activity in hydrolyzing sulfate esters. In
eukaryotic sulfatases, an active site cysteine residue is oxidized
to the aldehyde-containing C,-formylglycine residue by the
formylglycine-generating enzyme (FGE). The machinery
responsible for sulfatase activation is poorly understood in pro-
karyotes. Here we describe the identification of a prokaryotic
FGE from Mycobacterium tuberculosis. In addition, we solved
the crystal structure of the Streptomyces coelicolor FGE homo-
log to 2.1 A resolution. The prokaryotic homolog exhibits
remarkable structural similarity to human FGE, including the
position of catalytic cysteine residues. Both biochemical and
structural data indicate the presence of an oxidized cysteine
modification in the active site that may be relevant to cataly-
sis. In addition, we generated a mutant M. tuberculosis strain
lacking FGE. Although global sulfatase activity was reduced
in the mutant, a significant amount of residual sulfatase activ-
ity suggests the presence of FGE-independent sulfatases in
this organism.

Type I sulfatases are members of an expanding family of
enzymes that employ novel co- or post-translationally derived
cofactors to facilitate catalysis (1, 2). The formylglycine (Fgly)*
residue positioned within the active site of type I sulfatases is
thought to undergo hydration to a gem-diol, after which one of
the hydroxyl groups acts as a catalytic nucleophile to initiate
sulfate ester cleavage (Fig. 1a) (3). The FGly residue is located
within a ~13-residue consensus sequence termed the sulfatase
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motif (4) that defines this family of enzymes and is highly con-
served throughout all domains oflife (Fig. 15). Although FGly is
formed from cysteine residues in eukaryotic sulfatases, either
cysteine (within the core motif CX[P/A]XR) or serine (SXPXR)
can be oxidized to FGly in prokaryotic type I sulfatases. The co-
or post-translational machineries necessary for these respective
modifications appear to be different; FGE is able to activate
CXPXR-type sulfatases (5-7) and anaerobic sulfatase-maturat-
ing enzyme is responsible for modifying SXPXR-type sulfatases
and CXAXR-type sulfatases (8, 9). Some prokaryotes, such as
Mpycobacterium tuberculosis, have only CXPXR-type sulfatases
(10), whereas other species have only SXPXR-type sulfatases or
a combination of type I sulfatases (11). Some prokaryotes also
contain FGly-independent sulfatases. These sulfatases function
by distinct enzymatic mechanisms and are divided into two
categories, Fe(II) a-ketoglutarate-dependent dioxygenase sul-
fatases (type II sulfatases) and metallo-B-lactamase sulfatases
(type III sulfatases) (12—14). Unlike type I sulfatases, which
share a high degree of sequence similarity, type Il and III sulfa-
tases have highly divergent sequences, complicating the discov-
ery of these proteins by genomic search algorithms.

In higher eukaryotes, sulfatases are involved in a variety of
essential tasks, including extracellular matrix remodeling and
steroid titer regulation (1). In humans, FGE deficiency abolishes
the activity of all 17 human sulfatases, leading to the fatal disorder
multiple sulfatase deficiency (6, 15). Prokaryotic sulfatases have
not been thoroughly investigated but are generally assumed to be
used for sulfate scavenging (16). The acquisition and allocation of
sulfur-containing compounds, including inorganic sulfate, are
critical for many prokaryotes; the ability of M. tuberculosis to per-
sist within human macrophages, in particular, is thought to be
dependent on several sulfur-containing molecules such as myco-
thiol and sulfolipid-1 (17, 18). BLAST analysis (19) indicates that
the M. tuberculosis genome contains six type I sulfatases, a number
that is higher than most other bacterial genomes.

Several elegant biochemical and crystallographic studies on
human FGE have analyzed the novel thiol-to-aldehyde oxida-
tion catalyzed by this enzyme (6, 20). This recent work has
identified several intriguing properties of the eukaryotic variant
of this enzyme, including an active site that discriminates only
the conserved residues within the core sulfatase motif, the pres-
ence and relative reactivities of 2 catalytically essential cysteine
residues, the absence of cofactors, and the requirement of
molecular oxygen for substrate turnover (6, 20). In this study,
we have functionally identified the first prokaryotic FGE from
M. tuberculosis and created an FGE-deficient strain in order to
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FIGURE 1. Activation of sulfatases by formylglycine-generating enzyme (FGE) and proposed sulfatase
mechanism. g, FGE activates sulfatases by oxidizing an active site cysteine to a 2-formylglycyl residue (FGly).
Previously determined sulfatase crystal structures indicate that the active site FGly is hydrated, suggesting that
sulfate ester cleavage is mediated by a transesterification elimination mechanism (3). b, the sulfatase motif is
located toward the N terminus of sulfatases and targets the appropriate cysteine (*) for modification by FGE. Black

Site-directed Mutagenesis—Site-
specific mutations in M. tuberculo-
sis FGE and S. coelicolor FGE were
produced with QuikChange PCR
mutagenesis kit (Stratagene) using
pET14b M. tuberculosis FGE or
pET151 S. coelicolor FGE plasmids
and the appropriate oligonucleo-
tides (supplemental Table S1) in the
mutagenesis reactions. Mutations
were confirmed by DNA sequenc-
ing, and plasmids were transformed
into BL21(DE3) cells for protein
expression as described below.

Protein Expression and Puri-
fication—Clonal populations of
BL21(DE3) cells harboring a His,-
tagged protein-encoding plasmid
were incubated in Luria Bertani
medium with ampicillin or kanamy-
cin with shaking at 37 °C until A4y, =
0.5, at which time the temperature
was lowered to 18 °C and 250 um
isopropyl-1-thio--p-galactopyran-
oside was added. After 12-16 h,
cells were harvested and resus-
pended in 20 ml of lysis buffer (50
mMm Tris, 500 mm NaCl, 10% glyc-
erol, 20 mMm imidazole, 1 mm dithio-

indicates an exact residue match; dark gray indicates conserved residues; light gray indicates similar residues.

probe the function of type I sulfatases in this human pathogen.
Additionally, we present the first structural and biochemical
data of a prokaryotic FGE to further our understanding of the
unique mechanism of this enzyme.

EXPERIMENTAL PROCEDURES

Preparation of Protein Expression Vectors—Supplemental
Table S1 lists the oligonucleotides used in this study. The gene
encoding M. tuberculosis FGE (Rv0712, encoding residues
2-299) was amplified from M. tuberculosis H37Rv genomic
DNA and cloned into pET14b (Novagen) using Ndel and Xhol
restriction sites. The gene encoding Streptomyces coelicolor
FGE (SCO7548, encoding residues 2—314) was amplified from
S. coelicolor A3(2) genomic DNA and cloned into pET151/p-
TOPO (Invitrogen). Open reading frames Rv2407 (encoding
residues 2-273), Rv3406 (encoding residues 2-295), and
Rv3762c¢ (encoding residues 2—626) were amplified from M.
tuberculosis H37Rv genomic DNA. Rv2407 was ligated into
pMAL-C2X (New England Biolabs) using BamHI and Pstl
restriction sites, and both Rv3406 and Rv3762c were ligated
into pET28b (Novagen) using Ndel and Xhol restriction sites.
Rv0484c, Rv0576, Rv1730c, Rv1980c, Rv2837c, Rv3137,
Rv3205c, and Rv3849 were all amplified from M. tuberculosis
H37Rv genomic DNA and cloned into pET151/D-TOPO. DNA
sequencing was performed to confirm the fidelity of each gene
product. Protein-encoding plasmids were transformed into
BL21(DE3) cells (Invitrogen).

20118 JOURNAL OF BIOLOGICAL CHEMISTRY

threitol, 1 mm Tris(2-carboxyeth-
yl)phosphine, 1 mm methionine, pH
7.5) per liter of culture and lysed by sonication. Cell lysate was
treated with DNase I (10 ug ml™"), cleared by centrifugation,
and applied to a 1-ml HisTrap column (GE Healthcare). The
column was washed with lysis buffer containing 35 mm imidaz-
ole, and His,-tagged protein was eluted using lysis buffer con-
taining 250 mMm imidazole. The eluted protein was concentrated
to <2 ml and further purified on a Sephadex 16/60 S300 col-
umn (GE Healthcare) using lysis buffer without imidazole.
Purified recombinant protein was subsequently concentrated
to ~20 mg ml ™. The identity and purity of M. tuberculosis and
S. coelicolor FGE were assessed by electrospray ionization mass
spectrometry (Bruker/Agilent Esquire). Rv2407 was not soluble
in Hiss-tagged form and was alternatively fused to maltose-
binding protein (MBP). Growth and lysis conditions for MBP-
Rv2407-producing cells were the same as above except with the
absence of imidazole in the lysis buffer. Cleared lysate was
applied to amylose resin (New England Biolabs) in lysis buffer,
washed in additional lysis buffer, and MBP-Rv2407 was eluted
in lysis buffer with 10 mm maltose and subsequently concen-
trated. Maltose-binding protein was cleaved and removed from
Rv2407 using Factor Xa (New England Biolabs) and amylose
resin.

S. coelicolor FGE Crystallization—Attempts to crystallize
FGE homologs from M. tuberculosis, Mycobacterium smegma-
tis, and Mycobacterium avium were not successful because of
protein instability. S. coelicolor FGE was dialyzed into 10 mm
Tris, 150 mm NaCl, 1 mM Tris(2-carboxyethyl)phosphine, pH
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7.5. Crystals of Hisg-tagged S. coelicolor FGE were obtained
using vapor diffusion by mixing 1 ul of dialyzed protein with 1
wl of crystallization solution (100 mm Tris, 2.4 M ammonium
formate, 0.3% B-octylglucoside, 3.2% 2-butanol, pH 8.0) at
room temperature. Crystals grew over a period of 2 weeks and
were subsequently transferred to cryoprotectant consisting of
crystallization solution with 20% glycerol prior to flash-freezing
in liquid nitrogen.

S. coelicolor FGE Structure Determination—Data were col-
lected at beamline 8.2.2 at the Advanced Light Source using an
ADSC Quantum-Q315 CCD detector. Crystal quality was
extremely variable, and only one crystal of more than 100
screened diffracted to better than 3.0 A resolution. Diffraction
data from this crystal were reduced and scaled to 2.1 A resolu-
tion using HKL2000 (21); because of technical difficulties
encountered with collection, data could only be collected to
83% overall completeness (Table 1). Initial phases were deter-
mined by molecular replacement using the human FGE (Pro-
tein Data Bank entry 1Y1E) as a search model in PHASER (22).
The asymmetric unit contained five S. coelicolor FGE mono-
mers in space group P3;21. Initial stages of model refinement
included cycles of simulated annealing with torsion angle
dynamics and restrained B-factor refinement using CNS (23),
followed by manual model rebuilding using O (24). Model
building was aided by using bias-reduced prime-and-switch
phased maps (25) (supplemental Fig. S1). Because of small
structural differences observed between monomers in the
asymmetric unit, non-crystallographic symmetry restraints
were not used. The final cycles of refinement were carried out
with twin lattice symmetry (26) restraints as implemented in
REFMACS (27) using five twin lattice symmetry groups (corre-
sponding to each FGE monomer in the asymmetric unit).
Water molecules were added with ARP/WARP (28). The final
model contained residues 18305 in monomer A, residues
19-306 in monomer B, residues 20-306 in monomer C, resi-
dues 19 -305 in monomer D, and residues 19 —307 in monomer
E.Final R, and R;, . values were 19.5 and 23.3%, respectively.
Data collection and processing statistics are summarized in
Table 1. All figures were generated with PyMOL.

FGE Activity Assay—Wild type and mutant FGE from M.
tuberculosis and S. coelicolor were purified as described above.
The peptide substrate was synthesized by standard Fmoc (N-(9-
fluorenyl)methoxycarbonyl) solid phase synthesis methods and
consisted of the 13-residue sequence LCSPSRGSLFTGR, a sul-
fatase consensus motif. The N terminus was acetylated, the C
terminus was amidated, and the sequence was confirmed by
mass spectrometry. Assay conditions were similar to those
reported previously by Dierks et al. (6) in studies of human FGE.
Anaerobic experiments were performed in the same manner
except solutions were made anaerobic using an oxygen-scav-
enged gas manifold and reactions were started by mixing
enzyme with substrate in an anaerobic glovebox. EDTA was
added to the appropriate reactions at a concentration of 100
mM. Confirmation of FGly formation was performed by incubat-
ing 1 ul of desalted product with 1 ul of 5 mm biotin hydrazide
(Sigma) for 30 min at room temperature. Samples were mixed 1:1
(v/v) with matrix solution (10 mg ml™" a-cyano-4-hydroxy-cin-
namic acid with 2 mM ammonium citrate) and analyzed by matrix-
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TABLE 1
Data collection and refinement statistics
r.m.s., root mean square.

Data collection

Resolution (A)* 20-2.1 (2.1-2.17)

Wavelength (A) 1.00
Space group P3,21
Unit cell dimensions (a = b, ¢) (A) 142.4,217.1
Measured reflections 123276
Completeness (%) 83.4.(80.9)
Redundancy 2.6 (2.6)
Mosaicity (°) 0.32
I 15.8 (1.9)
R, (%)" 5.7 (23.3)
Wilson B factor 37.6
Refinement

R o (%)° 19.5

e O6)° 233
Number of residues/waters 1438/1017
R.m.s. bonds (A)/angles (°) 0.008/1.062

Ramachandran plot (%) 87.9/11.2/0.5/0.6°
Average B values 41.5

“Values in parentheses correspond to the highest resolution bin.

P Ryym = 100%3,3|1(h) — (UmM/Z, 2 4(h), where [(h) is the i measurement of
reflection /2 and (/(h)) is the average value of the reflection intensity.

‘R = 100" ||F sl = |Featcl/|Fobsls where F.p  and F., are the structure factor

work cale

amplitudes from the data and the model, respectively. Ry, .. is Ryo With 5% of the
reflections set aside throughout refinement.

4 Numbers correspond to the percentage of amino acid residues in the favored,
allowed, generously allowed, and disallowed regions, respectively. Calculated
using PROCHECK (42).

¢ Seven residues were observed in stereochemically strained conformations either
due to crystal packing contacts (Tyr-219 in monomers A and C) or hydrogen
bonding interactions (Asn-232 in monomers A-E).

assisted laser desorption/ionization-time of flight mass spectrom-
etry (Applied Biosystems Voyager DE Pro).

Metal Detection—A multielement standard solution was pre-
pared by appropriate dilution of inductively coupled plasma
standards of calcium, copper, iron, manganese, magnesium,
and zinc (Sigma). Metal content of M. tuberculosis and S. coeli-
color FGE was analyzed by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) using a PerkinElmer Optima
3000 DV. Absence of iron, copper, and zinc in S. coelicolor FGE
was confirmed at beamline 8.3.1 at the Advanced Light Source.
Absorption edges of these metals were examined using a double
crystal monochromator and the x-ray fluorescence detector of
the beamline.

M. tuberculosis FGE-deficient Strain Production—An
unmarked, in-frame genetic deletion of the FGE-encoding
open reading frame Rv0712 was created in M. tuberculosis
H37Rv using allelic replacement (29). A 2-kb region upstream
of Rv0712 was amplified and inserted into the mycobacterial
delivery vector p2NILX between HindIII and Xbal restriction
sites. p2NILX is derived from pNIL (29) and modified with the
addition of an Xbal restriction site between Kpnl and Notl
restriction sites. A 2-kb region downstream of Rv0712 was
amplified and inserted into p2NILX between Xbal and Pacl
restriction sites. Selection markers lacZ and sacB were digested
from pGOAL17 and ligated into p2NILX using the Pacl restric-
tion site. The completed delivery vector was treated with UV
light (120 mJ cm ™ ?) and electroporated into electrocompetent
M. tuberculosis H37Rv as described previously (30). Selection of
the mutant was performed as described previously (29), and
genotype was confirmed by Southern blot analysis (supplemen-
tal Fig. S2). The complemented strain was produced by trans-
forming the Afge strain with the integrating vector
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FIGURE 2. Function of M. tuberculosis FGE (Rv0712) in vitro and in vivo. g, a synthetic peptide resembling a sulfatase motif was treated with recombinant M.
tuberculosis FGE, and the resulting oxidation of cysteine to FGly was monitored by mass spectrometry. The C263S FGE mutant was inactive on the peptide substrate.
Theionsatm/z 1427 and 1445 are sodium adducts of the modified and unmodified peptide, respectively. b, upon treatment with biotin hydrazide, the FGly-containing
peptide forms a hydrazone adduct with biotin, resulting in a mass shift of +240 Da. ¢, lysates from wild-type (WT), Afge, and complemented (Afge + fge) strains of M.
tuberculosis H37Rv were tested for sulfatase activity using the fluorogenic substrate 4-methylumbelliferyl sulfate (4MUS) with and without sulfatase/phosphatase
inhibitors. Limpet sulfatase was used as a positive control. E. colilysate was used as a negative control. d, lysates from WT, Afge, and Afge + fge strains of M. tuberculosis
H37Rv were tested for phosphatase activity using the fluorogenic substrate 4-methylumbelliferyl phosphate with and without sulfatase/phosphatase inhibitors. The
recombinant M. tuberculosis phosphatase PtpA was used as a positive control. Error bars represent S.D. == mean between three independent experiments.

pMV306.kan containing the entire Rv0712 open reading frame
under the control of the glutamine synthase promoter.
Sulfatase/phosphatase Assay—M. tuberculosis H37Rv strains
were grown in 7H9 medium supplemented with albumin-dex-
trose-catalase (BD Biosciences) at 37 °C until Ay, = 1.0. Cells
were lysed by mechanical disruption using 0.1 mm zirconia
beads (FastPrep; MP Biomedicals), and the crude lysate was
cleared by centrifugation and filtered through a 0.22-um mem-
brane. Cleared lysate samples were normalized for total protein
concentration (Bio-Rad AC/DC protein assay kit), and 50 ug of
lysate protein was added to buffer (50 mm Tris, 500 mm NaCl,
100 um MgCl,, 100 um MnCl,, 100 um CaCl,, pH 7.5), protease
inhibitors (Protease Inhibitor mixture set III; EMD Bioscience),
and 8 mm 4-methylumbelliferyl sulfate (4MUS; Sigma). Limpet
sulfatase (Sigma) was used at a final concentration of 1 ug ml ™"
as a positive control. Escherichia coli lysate (strain TOP10;
Invitrogen) was prepared in the same manner as M. tuberculosis
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lysate, and 50 ug of lysate protein was used per reaction. Reac-
tions were incubated at 37 °C for 3 h and stopped by adding 4
volumes of 0.5 M Na,CO,;/NaHCO,, pH 10.5. Sulfatase activity
was measured using a fluorimeter (Gemini XL; Molecular
Devices) using excitation and emission wavelengths of 360 and
460 nm, respectively. Lysate extracts exhibited steady state
behavior. Sulfatase/phosphatase inhibitors were used accord-
ing to the manufacturer’s instructions and included microcys-
tin, cantharidin, p-bromotetramisole, sodium vanadate,
sodium molybdate, sodium tartrate, and imidazole (Phospha-
tase Inhibitor Mixtures 1 and 2; Sigma). Sulfatase activity of
recombinant Rv2407, Rv3406, and Rv3762c was determined
using the same conditions mentioned above, with the addition
of 1 mm a-ketoglutarate, 200 um ascorbate, and 100 um FeCl,
to the buffer. Phosphatase activity was monitored as described
above except with the substitution of 4-methylumbelliferyl
phosphate for 4MUS.
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FIGURE 3. Structure of S. coelicolor FGE. g, stereo superposition of S. coelicolor FGE (green) and human FGE (gray). S. coelicolor FGE secondary structure
elements are indicated. Ca®* ions are rendered as spheres. Overall root mean square deviation is 0.65 A. Strep, S. coelicolor. b, comparison of the residues
surrounding the potential Ca®" binding site of S. coelicolor FGE and the second Ca?* binding site of human FGE. Proper coordination geometry is
impaired with a E66A mutation in S. coelicolor FGE. Water molecules are rendered as red spheres, and Ca™ is rendered as a green sphere. c, surface
representation of the putative exosite of S. coelicolor FGE. The surface is colored according to residue conservation between all known and putative FGEs
(based on amino acid sequence alignment); white represents non-conserved residues, light blue represents weakly conserved residues, medium blue
represents conserved residues, and dark blue represents identical residues. The 6-residue peptide substrate is modeled from the human FGE-peptide
complex structure (37) (Protein Data Bank entry 2AIK). A hypothetical extended peptide substrate is represented as a red ribbon. d and e, active site
cysteines 272 and 277 appear to exist in a partial disulfide bond. Cys-272is shown in two alternate conformations. Electron density between Cys-272 and
Ser-269 has been modeled as a water molecule (d) but also is consistent with formation of a hydroperoxide at partial occupancy (e). Monomer E is shown.
Prime-and-switch map is contoured at 1.5 .
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NBD Labeling—Hisg-tagged S. coelicolor FGE was treated
with 1:50 (w/w) tobacco etch virus protease to remove the
N-terminal His, tag before 4-chloro-7-nitrobenz-2-oxa-1,3-di-
azole (NBD) labeling and mass spectrometric analyses. S. coeli-
color FGE (45 um) was incubated in buffer (25 mm potassium
phosphate, 150 mm NaCl, pH 7.0) with 1 mm NBD (Invitrogen)
for 30 min at room temperature (31). The sample was desalted
by C,s reversed phase chromatography, and protein-NBD
adducts were detected by mass spectrometry (Bruker/Agilent
Esquire). Mapping of NBD adducts was performed by digesting
NBD-reacted S. coelicolor FGE with 1:50 (w/w) trypsin, desalt-
ing by C, reversed phase chromatography, and analyzing the
resulting peptide fragments using electrospray ionization Fou-
rier-transform ion cyclotron resonance mass spectrometry
(Bruker 9.4T Apex III).

RESULTS AND DISCUSSION

Using BLAST analysis, we identified M. tuberculosis H37Rv’s
open reading frame Rv0712 to be >30% identical to the human
FGE SUMF]1 (5, 6). Recombinant Rv0712 was able to modify a
synthetic peptide containing the sulfatase motif as determined
by mass spectrometry (Fig. 2a). The presence of FGly within the
substrate was confirmed by treating the modified peptide with
biotin hydrazide, which formed a covalent adduct with the pep-
tide via hydrazone formation (Fig. 2b). Together these data
implicate Rv0712 as the FGE of M. tuberculosis.

Similar to the human genome, the M. tuberculosis genome
appears to encode only one functional copy of FGE. Therefore,
we expected that the disruption of Rv0712 in M. tuberculosis
would produce a sulfatase-deficient strain. Rv0712 was dis-
rupted in M. tuberculosis H37Rv using homologous recombi-
nation and confirmed by Southern blot analysis (supplemental
Fig. S2). Afge M. tuberculosis was viable and demonstrated no
obvious growth defects in vitro.

Sulfatase activity of the Afge strain was compared with that of
wild-type (WT) H37Rv and to the Afge mutant into which FGE
expression was restored by complementation. Crude lysates
were generated from these three M. tuberculosis strains, and
global sulfatase activity was determined using the general sul-
fatase substrate 4MUS. The Afge strain exhibited a substantial,
yet surprisingly incomplete, loss of sulfatase activity (Fig. 2c).
We considered the possibility that the residual sulfatase activity
resulted from phosphatases hydrolyzing 4MUS (32). However,
when sulfatase activity was monitored in the presence of a mix-
ture of broad spectrum sulfatase/phosphatase inhibitors, Afge
was not affected (Fig. 2¢). Indeed, activity in lysates from WT
and complemented Afge was reduced by ~40% in the presence
of the inhibitor mixture, matching the sulfatase activity of Afge
in the absence of inhibitors. Given that the applied inhibitors
are known to inhibit FGE-dependent sulfatases (33), these
data suggest that M. tuberculosis possesses FGE-independ-
ent sulfatases.

To verify further that promiscuous phosphatases were not
responsible for the residual sulfatase activity, we monitored
phosphatase activity of crude lysates from each strain using
4-methylumbelliferyl phosphate. All three strains exhibited the
same level of phosphatase activity in the absence of inhibitors,
and activity was abolished in all strains in the presence of the
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FIGURE 4. M. tuberculosis and S. coelicolor FGE activity is dependent upon
molecular oxygen but independent of metal cofactors. g, a synthetic pep-
tide resembling the sulfatase motif (mass, 1421.7 Da) was used as a substrate
for FGE. Conversion of cysteine to FGly resulted in a loss of 18 Da that was
detected by mass spectrometry. b and g, metal chelator EDTA had no effect
on activity. ¢, h, i, loss of active site cysteines in M. tuberculosis and S. coelicolor
FGE abolished activity. d, loss of active site Ser-260 in M. tuberculosis FGE
significantly reduced activity. e, M. tuberculosis FGE was inactive in the
absence of molecular oxygen. f, WT S. coelicolor FGE was able to oxidize the
synthetic peptide. j, active site Trp-234 in S. coelicolor FGE is not essential for
catalytic activity. The ion at m/z 1427 is the sodium adduct of the FGly-con-
taining product peptide. Mtb, M. tuberculosis; Strep, S. coelicolor.

inhibitors (Fig. 2d). These data further indicate that phospha-
tases are not accountable for the residual 4MUS hydrolysis
activity observed in the Afge strain and that FGE-dependent
sulfatases are responsible for ~40% of the total 4MUS hydrol-
ysis activity in M. tuberculosis lysate.

We next searched the M. tuberculosis genome for potential
sources of FGE-independent sulfatase activity. The majority of
known or putative prokaryotic sulfatases are of the type I class.
However, some prokaryotes also have FGly-independent sulfa-
tases that operate via different enzymatic mechanisms; these
enzymes may not be sensitive to broad spectrum sulfatase
inhibitors. Based on sequence similarity with known FGly-in-
dependent sulfatases from other prokaryotes, M. tuberculosis
has three putative FGly-independent sulfatases encoded by
open reading frames, Rv2407, Rv3406, and Rv3762c. We
expressed recombinant forms of these proteins in E. coli, but
the purified proteins exhibited no activity in the 4MUS assay,
indicating that these putative sulfatases are probably not
responsible for the residual sulfatase activity in Afge M. tuber-
culosis (supplemental Fig. S3). Considering the lack of sequence
similarity among FGly-independent sulfatases, M. tuberculosis
may have other sulfatases not detectible by BLAST analysis.
The identification of novel sulfatases in M. tuberculosis is there-
fore an important goal for the future.

To understand better the unique enzymatic mechanism and
substrate binding characteristics of prokaryotic FGEs, the
structure of the M. tuberculosis FGE ortholog from S. coelicolor
was determined to a resolution of 2.1 A. The overall topology of
the bacterial FGE is remarkably similar to the recently deter-
mined human FGE structure (20) (Fig. 34). Similar to human
FGE, S. coelicolor FGE has low secondary structure content,
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FIGURE 5. Active site cysteines 272 and 277 in S. coelicolor FGE are engaged in a partial disulfide bond.
a, S. coelicolor FGE was labeled with NBD, and adducts were detected by mass spectrometry. Two populations
of NBD-modified S. coelicolor FGE were observed. One population had a single NBD adduct, which corresponds
to disulfide connected Cys-272 and Cys-277 (see b). The other population had three NDB adducts correspond-
ing to Cys-272 and Cys-277 thiols (see ¢). Multiple charge states are shown for both populations. Numbers
above each ion peak indicate the number of NBD adducts attributed to each population. b—d, NBD adducts
were mapped to each surface-exposed thiol using mass spectrometry after trypsinolysis. Shown are the +2
charge state ions corresponding to disulfide-connected Cys-272 and Cys-277 (b, calculated mass, 1,471.58;
observed mass, 1,471.58), NBD adducts on both Cys-272 and Cys-277 (c, calculated mass, 1,799.58; observed
mass, 1,799.61), and an NBD adduct on Cys-301 (d, calculated mass, 1486.52; observed mass, 1,486. 54).
e, Cys-301 was not observed as a free thiol (expected position of +2 charge state ion shown). Cys-301 was an
additional surface-exposed thiol that served as an internal control to assess labeling efficiency.

containing 16% a-helix and 12% B-sheet. Both share the novel
“FGE fold,” but the S. coelicolor FGE variant contains only one
Ca®" ion as determined by coordination geometry and ICP-
AES (supplemental Table S2). The human variant is stabilized
by two Ca>* ions; this difference may be partially due to a E66A
substitution in S. coelicolor FGE that disrupts an appropriate
coordination environment (Fig. 3b). However, the previously
reported human paralog FGE structure contains a proline at the
corresponding position yet still contains a Ca®" ion at this site
(34). Regardless, ICP-AES data indicate that enzymatically
active M. tuberculosis FGE lacks both Ca®* ions (supplemental
Table S2), suggesting that the FGE fold may not require a diva-
lent cation.

The active sites of the prokaryotic and human FGE are
remarkably similar. Both are ~20 A in length, 12 A in width,
and 10 A in depth and can accommodate only 6 of the 13 amino
acids that define the sulfatase motif. Considering that the sul-
fatase motif extends toward the C terminus of the peptide sub-
strate for another 8 residues beyond the core consensus
sequence (CXPXR) (Fig. 1), it is possible that FGE has evolved
a secondary binding region to aid in substrate recognition. A
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disulfide bond (Fig. 3, d and e). Bio-
chemical confirmation of these par-
tial disulfides was provided by treat-
ing the three solvent-exposed
cysteines of native S. coelicolor FGE
with the thiol-labeling reagent
NBD. Two distinct populations cor-
responding to S. coelicolor FGE with
either one or three NBD adducts
were detected by intact protein
mass spectrometry (Fig. 5), con-
firming the partial disulfide status of
these residues. A previous study also investigated the reactivity
of the human FGE equivalents of Cys-272 and Cys-277 using
the thiol-reactive reagent iodoacetamide (37).

In addition to the two active site cysteines, S. coelicolor and
M. tuberculosis FGE require molecular oxygen for catalysis as
no FGly formation was observed in reactions performed in an
anaerobic environment (Fig. 4e and data not shown). Asa mem-
ber of the oxygenase family, FGE might be expected to contain
atransition metal, such as iron or copper, or an organic cofactor
such as FADH for activation of molecular oxygen. However,
analysis by ICP-AES and x-ray absorption edge scanning indi-
cated that active M. tuberculosis and S. coelicolor FGE lack all
redox active metals (supplemental Table S2 and data not
shown). Additionally, these FGEs do not require addition of
metals to function in assays in vitro and can function in the
presence of EDTA (Fig. 4, b and g). Similarly, UV-visible
absorption spectroscopy did not reveal the presence of chro-
mophoric organic cofactors (data not shown). Together with
electron density information for S. coelicolor FGE, these data
indicate that prokaryotic FGEs, similar to human FGE, do not
use exogenous cofactors for catalysis.
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FIGURE 6. A subpopulation of S. coelicolor FGE C277S does not contain a reduced Cys-272 residue. g, S.
coelicolor FGE C277S was labeled with NBD, and adducts were detected by mass spectrometry. Two popula-
tions of NBD-modified S. coelicolor FGE C277S were observed. One population corresponds to Cys-272 as a free
thiol with a single NBD adduct on Cys-301 (see b and d). The other population had NDB adducts at both Cys-272
and Cys-301 (see ¢ and d). Multiple charge states are shown for both populations. Numbers above each ion
peak indicate the number of NBD adducts attributed to each population. b—-d, NBD adducts were mapped to
each surface-exposed thiol using mass spectrometry after trypsinolysis. Shown are the +2 charge state ions
corresponding to Cys-272 as a free thiol (b, calculated mass, 1,457.61; observed mass, 1,457.60), Cys-272 with
an NBD adduct (c, calculated mass, 1,620.62; observed mass, 1,620.60), and Cys-301 with an NBD adduct (d,
calculated mass, 1,486.54; observed mass, 1486.54). e, Cys-301 was not observed as a free thiol (expected
position of +2 charge state ion shown). Cys-301 was an additional surface-exposed thiol that served as an

internal control to assess labeling efficiency.

As an alternate means of activating molecular oxygen, FGE
may function similarly to other cofactor-less oxygenases and
make unique use of conventional residues (38). Conserved res-
idues within reactive distance from the catalytic cysteine pair of
S. coelicolor FGE include Trp-234 and Ser-269. Roeser et al. (37)
hypothesized that Trp-234 may function to activate molecular
oxygen, similar to the proposed mechanism of O, reduction by
catalytic antibodies (39). However, mutation of Trp-234 to Phe
or Ala did not abolish activity (Fig. 4/ and data not shown),
indicating that molecular oxygen activation must be achieved
by another route. Activity was severely reduced by the S269A
equivalent mutation in M. tuberculosis FGE (S260A) (Fig. 4d),
similar to the equivalent human FGE mutant (S333A). It has
been speculated that this active site serine acts as a nucleophile
during catalysis (20), but no experimental evidence has as yet
confirmed this hypothesis.

Interestingly, Cys-272 itself may be involved in activating
molecular oxygen. All 5 modeled Cys-272 residues within the
asymmetric unit of S. coelicolor FGE have extra electron density
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the observed electron density of S.
coelicolor FGE. However, mass
spectrometric analysis of intact S.
coelicolor and M. tuberculosis FGE
revealed no mass anomaly (supple-
mental Fig. S4 and data not shown),
suggesting that if Cys-272 is modi-
fied, the modification is transient or
acid-labile. In the current structure,
we conservatively have modeled
this density as water but note the possibility of hydroperoxide
formation as being consistent with a role for Cys-272 and Ser-
269 in activating O,,.

CONCLUSION

In summary, we have functionally characterized prokaryotic
FGE from M. tuberculosis and solved the structure of the
ortholog from S. coelicolor. Our studies indicate that FGE-acti-
vated sulfatases account for approximately half the total 4AMUS
hydrolysis activity in M. tuberculosis lysate, suggesting that this
organism possesses FGE-independent sulfatases that have yet
to be identified. Defining the complete repertoire of sulfatases
from M. tuberculosis (and other prokaryotes) is the subject of
future studies and will provide a platform for defining the role
of sulfatases in the life cycle and pathogenesis of bacteria.

In addition to defining a new niche of enzyme mechanisms in
which thiol reactivity might be directly exploited in molecular
oxygen activation, FGE may offer new avenues for protein engi-
neering. The aldehyde group has unique electrophilic reactivity
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that has been exploited in other contexts for selective biocon-
jugation (40). The sulfatase motif can therefore serve as a genet-
ically encoded chemical tag, as we have recently reported (41).
Notably, the prokaryotic FGEs studied here are soluble proteins
that are readily expressed in heterologous systems. By contrast,
human FGE is an endoplasmic reticulum-associated protein
that modifies its substrates as they enter the secretory pathway.
The availability of a structure for prokaryotic FGEs, as pre-
sented here, may provide the basis for engineering new sub-
strate specificities and creating a spectrum of tailored sulfatase
motifs.
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