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Background: Low molecular weight protein-tyrosine phosphatase A, MptpA, is a key virulence factor of Mycobacterium
tuberculosis.
Results: We determined the apo-MptpA NMR structure and identified the binding site of kinase PtkA and of inorganic
phosphate.
Conclusion: There is a major rearrangement in the D-loop in the apo-state of MptpA.
Significance:Detailed understanding of the intramolecular architecture and intermolecular interactions of bacterial apo-state
phosphatases is crucial for design of novel anti-infectives.

Protein-tyrosine phosphatases (PTPs) and protein-tyrosine
kinases co-regulate cellular processes. In pathogenic bacteria,
they are frequently exploited to act as key virulence factors for
human diseases. Mycobacterium tuberculosis, the causative
organism of tuberculosis, secretes a low molecular weight PTP
(LMW-PTP), MptpA, which is required for its survival upon
infection of host macrophages. Although there is otherwise no
sequence similarity of LMW-PTPs to other classes of PTPs, the
phosphate binding loop (P-loop) CX5R and the loop containing
a critical aspartic acid residue (D-loop), required for the cata-
lytic activity, are well conserved. In most high molecular weight
PTPs, ligand binding to the P-loop triggers a large conforma-
tional reorientation of the D-loop, in which it moves �10 Å,
from an “open” to a “closed” conformation. Until now, there
have been no ligand-free structures of LMW-PTPs described,
and hence the dynamics of the D-loop have remained largely
unknown for these PTPs. Here, we present a high resolution
solution NMR structure of the free form of the MptpA LMW-
PTP. In the absence of ligand and phosphate ions, the D-loop
adopts an open conformation. Furthermore, we characterized
the binding site of phosphate, a competitive inhibitor of LMW-

PTPs, on MptpA and elucidated the involvement of both the P-
and D-loop in phosphate binding. Notably, in LMW-PTPs, the
phosphorylation status of two well conserved tyrosine residues,
typically located in the D-loop, regulates the enzyme activity.
PtkA, the kinase complementary to MptpA, phosphorylates
these two tyrosine residues in MptpA. We characterized the
MptpA-PtkA interaction by NMR spectroscopy to show that
both the P- and D-loop form part of the binding interface.

Tuberculosis is a chronic infectious disease caused by the
facultative pathogenMycobacterium tuberculosis, which is one
of the oldest known pathogens, and has remained a major
global health problem, with an estimated total of up to 8.8 mil-
lion new cases and 1.4 million tuberculosis-related deaths
annually (1). Although there are several treatment options
available, the emergence of multidrug-resistant and extensive
drug-resistant M. tuberculosis strains prioritizes the need for
the development of new strategies to treat this widespread dis-
ease (2, 3). One of the emerging strategies in the drug develop-
ment process is the approach to target bacterial virulence fac-
tors, which play a key role in bacterial entry and survival in the
host cell (4). Protein-tyrosine phosphatases (PTPs)3 and pro-
tein-tyrosine kinases act as major virulence determinants by
modifying host-pathogen signaling pathways (5–8) and are
considered to be potential drug targets for anti-tuberculosis
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therapeutics (9). The genome of M. tuberculosis encodes two
PTPs, MptpA and MptpB, which are secreted during infection
and act as key virulence factors important for bacterial survival
during macrophage infection (6, 10). Protein phosphorylation
and dephosphorylation regulate various cellular functions,
including pathogenicity (9). The dephosphorylation is cata-
lyzed by different enzymes, which are categorized due to their
specificity and structural properties into (i) serine/threonine
and tyrosine phosphatases, (ii) dual specific phosphatases, and
(iii) polymerase-histidinol phosphatases. The tyrosine phos-
phatases are represented by two major subclasses, the HMW-
PTPs (�30 kDa) and LMW-PTPs (�20 kDa). MptpA (17.5
kDa) is a member of the LMW-PTP family. The MptpA dele-
tion mutant of M. tuberculosis reveals that MptpA is essential
for infection of host macrophages (11). The phagosome-lyso-
some fusion is important for macrophagemicrobicidal activity,
and some organisms, including M. tuberculosis, evade this
process for survival (12). MptpA dephosphorylates the host
macrophage protein VPS33B (vacuolar protein sorting 33B), a
protein that is responsible for the regulation of phagosome-
lysosome fusion and trafficking (11). Dephosphorylation of
VPS33B byMptpA ismediated by subunitH of themacrophage
vacuolar H�-ATPase machinery, a multisubunit protein com-
plex in the phagosome membrane-driven luminal acidification
(13). Inactivation of VPS33B by dephosphorylation leads to
arrest of the phagosome-lysosome fusion, thereby inhibiting
the cellular response to infection. Recently, it has been shown
that protein-tyrosine kinase A (PtkA) located immediately
upstream from MptpA in the same operon, phosphorylates
MptpA on two adjacent conserved tyrosine residues (14).
Although the exact role of this phosphorylation is not yet deter-
mined, it was speculated that phosphorylation might increase
the activity of MptpA or regulate its secretion (14). The impor-
tant role of MptpA as mediator of M. tuberculosis virulence is
evident, which makes it a potential drug target.
The HMW- and LMW-PTPs share a common cysteine-cat-

alyzed reaction mechanism. However, except for the catalyti-
cally important phosphate binding CX5R motif called the
P-loop and the critical aspartic acid residue in the D-loop, they
exhibit no other sequence similarity (15, 16). The engagement
of the phosphotyrosine substrate promotes a major conforma-
tional change in the PTP catalytic motifs (17), and notably, it
has been speculated that modifications in the D-loop influence
the catalytic activity of the protein (15, 16, 18). In most HMW-
PTPs, the binding of ligand or substrate at the P-loop triggers a
large structural change in the D-loop and swings its “open”
conformation by �10 Å to a “closed” conformation (18, 19). In
contrast, the role of the D-loop in LMW-PTPs is poorly under-
stood (20). This is not surprising because all of the previously
reported structures of LMW-PTPs (21–27), including the x-ray
structure ofMptpA (28), are obtained in the presence of ligands
(phosphate/anions or substrate mimetics), and hence, the con-
formation (anddynamics) of theD-loop in the absence of ligand
or substrate is unknown. In addition, a hallmark of the LMW-
PTPs is the presence of two adjacent and well conserved tyro-
sine residues in the D-loop, whose phosphorylation status reg-
ulates its functional activity (29, 30). Upon phosphorylation,
two effects are observed for several LMW-PTPs: (i) increase in

activity (29, 30) and (ii) negative regulation (31). The regulation
of the human LMW-PTP HCPTP-A, which has 37% sequence
similarity to MptpA, is carried out by the phosphorylation on
these two adjacent tyrosine residues (Tyr131 and Tyr132) (30).
The in vitro phosphorylation of HCPTP-A Tyr131/Tyr132 by
pp60v-Src has been reported and shows different effects on the
enzyme activity. Whereas phosphorylation of Tyr131 increases
the enzyme activity 25-fold, phosphorylation of Tyr132 does not
affect the enzyme activity but leads to the recruitment of an
adaptor protein Grb2 Src homology 2 domain, important for
signal transduction. These findings indicate that both tyrosine
residues are of crucial importance for the structural and func-
tional regulation of HCPTP-A. Biochemical assays showed that
the residues Tyr128 and Tyr129 in MptpA are phosphorylated
by the kinase PtkA (14). Both the phosphorylation of these
tyrosines and the structural conformation of the D-loop are
supposed to play an important role in the structure-function
relationship of MptpA.
Here, we present a high resolution solution nuclearmagnetic

resonance (NMR) structure of ligand-free MptpA, which
reveals that theD-loop adopts an open conformation compared
with the closed conformation observed in ligand-bound struc-
tures. Based on NMR chemical shift perturbations (CSPs), we
were able to map the MptpA binding site for inorganic phos-
phate (Pi), a competitive inhibitor of LMW-PTPs, and to clarify
the involvement of both the P- and D-loop in the catalytic
mechanism. Furthermore, we show by mass spectrometry that
PtkA can phosphorylate MptpA and show by NMR that the P-
and D-loop of MptpA form part of the PtkA binding interface.
Our results report a previously unknown conformation of

the D-loop in LMW-PTPs and refine our view of how the
D-loop shuttles between the open and closed conformation
upon ligand binding. The substantially different conformation
of D-loop amino acids in the apo-structure, presenting the
hydrophobic residues Tyr128 and Tyr129 in other conforma-
tions, allows for more specific structure-based drug design
strategies to the apo-state of MptpA in the future.

EXPERIMENTAL PROCEDURES

MptpA Cloning, Expression, and Purification—The plasmid
pET16bTEV vector containing theMptpA sequence according
to RV2234 was obtained from Dr. Anil Koul. From the
pET16bTEV-MptpA vector, the base pairs corresponding to
full-length MptpA (amino acid residues 1–163; see Fig. 1A)
were amplified by PCR using 5�-AAA CCA TGG GGA TGT
CTG ATC CG-3� and 5�-TTA TTG CTC AGC GGT GGC
AGC A-3� as primers. The PCR product was double-digested
with NcoI/BlpId and cloned into the modified pKM263 (His6-
tagged ProtGB1-TEV between NdeI and XhoI) vector, which
contains the ProtGB1 for enhancement of solubility of the
expressed fusion partner. The authenticity of the clone was val-
idated via nucleotide sequencing. Protein expression was per-
formed in Escherichia coli strain BL21(DE3)pLysS (Novagen)
containing the desired plasmid using Lysogeny broth (LB)
medium at 37 °C supplemented with 100 �g/ml ampicillin and
34 �g/ml chloramphenicol. For induction of protein expres-
sion, 1 mM isopropyl-1-thio-�-D-galactopyranoside at A600 of
0.6–0.7 was added. The culture was incubated in 5-liter Erlen-
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meyer flasks for 12 h with aeration (150 rpm) at 16 °C before
harvesting the cells by centrifugation (6,000 � g, 30 min, 4 °C).
The cell pellet was resuspended in lysis buffer (300mMNaCl, 50
mM Tris-HCl (pH 8.0), 10 mM �-mercaptoethanol) with the
addition of complete protease inhibitor (1 tablet/100 ml of
EDTA-free, Roche Applied Science). After cell disruption
(Microfluidizer, 15,000 p.s.i., 2 cycles) the soluble fraction was
isolated from cell debris by centrifugation (18,000 � g, 45 min,
4 °C). The supernatant was applied to a Ni-NTA FastFlow col-
umn (GEHealthcare) following themanufacturer’s recommen-
dations. His6-tagged ProtGB1 was removed by tobacco etch
virus (TEV)-protease cleavage via dialysis overnight at 4 °C (300
mM NaCl, 50 mM Tris-HCl (pH 8.0), 10 mM �-mercaptoetha-
nol) and excluded by aNi-NTA column. Further purification of
the protein was performed by gel filtration on a HiLoad 26/60
Superdex 75 preparative grade column (GE Healthcare) in 25
mM HEPES (pH 7.0), 150 mM NaCl, and 1 mM DTT. The pro-
tein-containing fractions were pooled, concentrated, and
stored at �80 °C or immediately used for experimental proce-
dures. Doubly (13C,15N) labeled protein was expressed in M9
(32) minimal medium containing 15NH4Cl (1 g/liter) as nitro-
gen and [13C]glucose (2 g/liter) as sole carbon source.
PtkA Cloning, Expression, and Purification—The plasmid

vector (pET151/D-TOPO, Invitrogen) containing His6-tagged
TEV PtkA sequence was a kind gift from the laboratory of Prof.
Yossef Av-Gay (University of British Columbia). Using site-di-
rected mutagenesis, the PtkA sequence according to RV2232
(supplemental Fig. S1) was generated. The following primers
were used: 5�-GATCCCTTCACCCTTAAGATGTCTTCG
CCT CGT GAA CG-3�, 5�-CGT TCA CGA GGC GAA GAC
ATC TTA AGG GTG AAG GGA TC-3�, 5�-CAC GGT GGT
GGT CGG CTG GGG CTA CGG GCG CG-3�, and 5�-CGC
GCC CGT AGC CCC AGC CGA CCA CCA CCG TG-3�. For
the expression of unlabeled protein, ZYM-5052 autoinduction
medium (33) was used. The culture was incubated in 5-liter
Erlenmeyer flasks for 12 h with aeration (160 rpm) at 25 °C
before harvesting the cells by centrifugation (6,000� g, 30min,
4 °C). The cell pellet was resuspended in lysis buffer (300 mM

NaCl, 50 mM Tris-HCl (pH 8.0), 10 mM 2-mercaptoethanol)
with the addition of complete protease inhibitor (1 tablet/100
ml of EDTA-free, Roche Applied Science). After cell disruption
(Microfluidizer, 15,000 p.s.i., 2 cycles), the soluble fraction was
isolated from cell debris by centrifugation (18,000 � g, 45 min,
4 °C). The supernatant was applied to a Ni-NTA FastFlow col-
umn (GEHealthcare) following themanufacturer’s recommen-
dations. The His6 tag was removed by TEV-protease cleavage
via dialysis overnight at 4 °C (300 mM NaCl, 50 mM Tris-HCl
(pH 8.0), 10 mM �-mercaptoethanol) and excluded by a Ni-
NTA column. For further purification of the protein, gel filtra-
tion chromatography on a HiLoad 26/60 Superdex 75 prepara-
tive grade column (GE Healthcare) in 25 mM HEPES (pH 7.0),
300 mMNaCl, and 10mMDTTwas used. The protein-contain-
ing fractions were pooled, concentrated, and stored at �80 °C
or immediately used for experimental procedures.
Phosphatase Assay—Phosphatase activity was determined by

adding 20�MMptpA to the buffer (25mMTris-HCl (pH7.0), 50
mMNaCl, 2 mM EDTA) containing 25 mM p-nitrophenyl phos-
phate as substrate. The absorbance at 410 nm in a time-depen-

dent manner was followed using a UV spectrometer (Varian,
Cary50Bio) (supplemental Fig. S2). In parallel, assays with sam-
ples lacking MptpA were performed.
Luciferase Assay—Autophosphorylation activity was deter-

mined by using the Kinase-Glo� Plus luminescent kinase assay
(Promega). Different enzyme concentrations (500 nM and 1, 10,
and 50�M)were added to the assay buffer (300mMNaCl, 50mM

Tris-HCl (pH 8.0), 10 mM DTT, 10 mMMgCl2) containing 1, 5,
10, and 100 �M ATP. After 60 min of incubation, the luciferase
mixture was added and incubated for 30 min before measuring
the relative light units with a luminometer (96-well plate;
Promega).
Phosphorylation Reaction—For the phosphorylation of 200

�M MptpA by 50 �M PtkA in 300 mM NaCl, 50 mM Tris-HCl
(pH 8.0), 10 mM DTT, the proteins were incubated with 10 mM

MgCl2 and 10 mM ATP for 12 h at 4 °C. Subsequently,
MALDI-MS as well as 31PNMR spectra were recorded to verify
the phosphorylation reaction.
NMR Spectroscopy—NMR experiments were conducted at

T � 303 K on a Bruker 500-MHz room temperature TXI-HCN
probe as well as Bruker 600-, 700-, 800-, 900-, and 950-MHz
spectrometers equipped with TXI-HCN cryogenic probes. The
spectrometers were locked on D2O. As an internal standard for
spectral calibration, 2,2-dimethyl-2-silapentane-5-sulfonic
acid (150�M)was used. The backbone resonance assignment at
T � 303 K (1.2 mM 15N,13C-labeled MptpA in 50 mM arginine/
glutamate, 25 mM HEPES (pH 7.0), 10 mM DTT) was obtained
using TROSY versions of HNCO (34), HNCA (34), HNCACB
(35), andHN(CO)CACB (35) triple resonance experiments and
was verified utilizing the NMR backbone resonances of MptpA
at T � 298 K as reported previously (36). The aliphatic side
chain resonance assignment was obtained from (H)CC
(CO)NH-TOCSY (37, 38) (mixing time, 21.1 ms) andH(C)CH-
TOCSY (39) (mixing time, 18 ms) experiments. For the aro-
matic side chain resonance assignment, (H)CB(CGCC-TOC-
SY)Har (40) (Phe/Tyr mixing time, 8.6 ms; Trp mixing time,
5.75 and 11.5 ms), three-dimensional Har(CC-TOCSY-CGCB-
CACO)NH (40), and (H)C(NC)H and HCD(CG)CB-TROSY
(41, 42) experiments were performed. NOE-based distance
restraints were obtained from three-dimensional 1H,1H-
NOESY-15N TROSY (43) (900 MHz; mixing time, 70 ms) and
three-dimensional 1H,1H-NOESY-13C-HSQC (aliphatic) and
constant time 13C,1H-TROSY (44) based three-dimensional
13C-separated 1H,1H-NOESY (aromatic) (950 MHz; mixing
time, 70ms) experiments. Heteronuclear 15N relaxation exper-
iments ((1H)-15N hetNOE, T1 and T2) (45–47) were performed
with a 15N-labeled MptpA (1.0 mM) sample (150 mM NaCl, 50
mM HEPES (pH 7.0), 10 mM DTT) at T � 298 K using a 600-
MHz spectrometer with cryogenic probe. The T1 longitudinal
15N relaxation rates were determined from spectra with differ-
ent delays of 10, 100, 400, 600, 800, 1000, 1200, and 1500ms. T2
transverse 15N relaxation rates were determined using the fol-
lowing delays: 35.2, 70.4, 105.6, 140.8, 176.0, 211.2, 246.4, and
281.6 ms. The (1H)-15N hetNOEs were obtained from the ratio
of peak intensities (INOE/Ino NOE) in spectra recorded with and
without the saturation of amide protons. The 3J(HN,H�) cou-
pling constants were obtained via a three-dimensional HNH�-
HMQC experiment (48, 49). Residual dipolar couplings were
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measured in pf1 bacteriophages as alignmentmedium (5 g/liter;
Profos) at 600 MHz. The 1D (HN,N) couplings were extracted
from IPAP-(15N,1H,)-HSQC (50) spectra. As the end point of
the titration of MptpA with PtkA (with steps of 0.5), a ratio of
1:2 (MptpA/PtkA) was used. The spectra were processed using
Topspin version 2.1 (Bruker Biospin) and analyzed using either
SPARKY version 3.114 or CARA version 1.8.4.2. The calcula-
tion of dynamics (S2) by using hetNOE and T1/T2 ratios was
executed with TENSOR2 (51) and ModelFree (52, 53).
Structure Calculation—Structure calculations were per-

formed using the software packages CYANA (54–56) and
ARIA/CNS (57, 58). Initial structure calculations and optimiza-
tions were done independently with CYANA version 3.9 and
ARIA version 1.2. The final structure calculation was per-
formed with CYANA version 3.9 and refined using ARIA ver-
sion 1.2 protocols. The MptpA resonances were manually
assigned and used as input together with unassigned NOESY
peak lists for fully automated NOESY resonance assignment
and calibration. The three-dimensional 15N and 13C separated
NOESY spectra were peak-picked using the restricted peak-
picking routine of SPARKY version 3.114 (59). The NOESY
peak lists were refined by manual inspection of the resonances
around crowded regions and the diagonal. Furthermore, all of
the resonances between 4.72 and 4.76 ppm were excluded
because of overlap with the water signal. The chemical shift
tolerances were set to 0.10 ppm for the heavy atoms and 0.02
and 0.03 ppm for the bound protons and other protons, respec-
tively. In addition to NOE data, hydrogen bond distances and
amply defined dihedral angle restraints (based on TALOS�
predictions (60, 61) and confirmed with NOESY resonance
assignments and initial structure calculations) as well as 1D
(H,N) residual dipolar coupling and 3J(HN,H�) coupling con-
stant (Karplus relation) restraintswere included in the standard
structure calculation with CYANA version 3.9 (100 structures
per iteration, 15,000 refinement steps). The final bundle of the
20 best structures was used as input for optimization with CNS
version 1.1 (62) using the ARIA version 1.2 setup and protocols
for refinement in explicit water (63). The NOE distance
restraints were converted to ARIA/CNS format. Next to the
1D(H,N) residual dipolar couplings (anisotropy,�18.72, rhom-
bicity 0.17), 3J(HN,H�) coupling constants, hydrogen bonds,
and dihedral angle restraints, T1/T2 relaxation values were also
included as diffusion anisotropy restraints (anisotropy, 1.25;
rhombicity, 0.39; �c � 12.12) in this refinement stage. The
standard protocols and allhdg5.3 force field were used with
optimized potentials for liquid simulations non-bonded
parameters. The final structure bundle was analyzed with
PROCHECK version 3.5.4 (64, 65) and CING (66).

RESULTS

NMR Resonance and NOE Cross-peak Assignment of MptpA—
The 1H, 15N, and 13C resonances of MptpA were assigned at
T � 303 K and verified with the previously reported backbone
amide resonances at T � 298 K (36) (Biological Magnetic Res-
onance Data Bank entry 6722). We carried out additional NMR
experiments to assign the aromatic side chain resonances ((H)CB-
(CGCC-TOCSY)Har (40), three-dimensional Har(CC-TOCSY-
CGCBCACO)NH, (H)C(NC)H, HCD(CG)CB-TROSY (41, 42))

and completed the assignment of the aliphatic side chain reso-
nances using (H)CC(CO)NH-TOCSY (37, 38) and H(C)CH-
TOCSY (39). These experiments were all performed atT� 303
K, which allowed us also to extend the backbone amide reso-
nance assignment of MptpA with a nearly complete side chain
assignment. We were able to assign 96.8% of all proton reso-
nances at pH 7.0 and T � 303 K (Fig. 1B). In the two-dimen-
sional 1H,15N TROSY experiment, 151 backbone amide pro-
tons of 156 expected resonances were resolved, and 15 side
chain resonanceswere detected. The resonances for a stretch of
amino acids, including Thr12, Gly13, and Arg17 (interestingly
being part of the active site), as well as the single amino acids
Thr119 andHis132 weremissing, although for all of those except
Arg17 the side chain assignment could be achieved. For the
automated NOESY cross-peak assignment, peak lists contain-
ing intensities were generated from the three-dimensional 15N
and 13C separated NOESY spectra by using the restricted peak-
picking routine of SPARKY. In total, 11,735 peakswere selected
as input data for CYANA, whereas peaks close to the H2O sig-
nal (4.72–4.76 ppm) were excluded from further analysis. The
automated NOESY assignment routine assigned 7,764 peaks,
resulting in 4,821 NOE-based distance restraints (on average
about 29 per residue). After the structure calculation with
CYANAand refinement in explicit water withCNS usingARIA
protocols, a bundle of 20 structures (Fig. 2A) with an average
backbone RMSD of 0.22 � 0.04 Å and all heavy atom RMSD of
0.62 � 0.04 Å, for the core of the protein (residues 3–114 and
132–158) excluding the flexible termini and part of the D-loop,
was calculated (Table 1).
The Overall Structure of Apo-MptpA—MptpA adopts the

Rossmann fold typical for LMW-PTPs consisting of a four-
stranded parallel �-sheet (�1(Leu5–Cys11), �2(Ala37–Ala43),
�3(Leu85–Leu89), and �4(Arg106–Leu110)) connected via five
�-helices (�1(Cys16–Arg32), �2(Asp55–His65), �3(Gly77–Ala82),
�4(Asp90–Leu100), and �5(His132-Asn160)). The active site
motif 11CTGNICRS18 is highly conserved among all known
LMW-PTPs containing the catalytic active Cys11, which is bur-
ied in a crevice flanked by three loops (�2–�2, �2–�3, and
�4–�5) containing hydrophobic residues (Trp48, Tyr128, and
Tyr129). The �2–�2 loop containing residue Trp48 (W-loop,
Gly44–Asp55) and the �4–�5 loop containing residue Asp126
(D-loop, Arg111–Asp131) are both in spatial proximity to the
P-loop and contain crucial residues for substrate specificity
(Trp48 and His49) as well as residues involved in the catalytic
mechanism (Asp126) (Fig. 2B). The amide protons of most of
the active site residues (Thr12, Gly13, Asn14, Ile15, Cys16,
Arg17, and Ser18) are pointing toward the inside of the
P-loop, in agreement with structures of the LMW-PTP of
Bos taurus (23).
Comparison of Apo- and Ligand-bound MptpA—The avail-

able x-ray structures ofMptpA are in complex with either chlo-
ride (PDB entry 1U2P) or glycerol (PDB entry 1U2Q) (28).
Comparison of MptpA x-ray structure (PDB entries 1U2P and
1U2Q) and our solution structure bundle (PDB entry 2LUO)
reveals an RMSD of 1.31 � 0.05 and 1.34 � 0.05 Å (all heavy
atoms and backbone residues 4–158), respectively. We per-
formed a structural alignment, based on our structure, of only
the P- and D-loop motifs, which confirmed the conserved
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P-loop structure (0.31 � 0.06 and 0.27 � 0.03 Å) but revealed
major deviations in the D-loop orientation represented by an
RMSD of 2.14 � 0.21 and 1.92 � 0.19 Å (Table 2). Detailed
analysis of the x-ray structures of MptpA (PDB entries 1U2P
and 1U2Q) (28) revealed crystal packing artifacts concerning
the D-loop region. The crystal packing restricts the orientation
of the D-loop residues Glu125 and Asp126. The structural com-
parison of the D-loop conformation in solution and in the x-ray
structures ofMptpA (PDB entries 1U2P and 1U2Q) (28) reveals
major deviations for the residues Glu125, Asp126, Pro127, Tyr128,
Tyr129, and Gly130. Notably, the side chain orientation of resi-
dues Tyr128 and Tyr129 in the D-loop is different as well as for
Trp48 in the W-loop. Specific distance measurements between
the residues in the D-loop and residues in the P-loop and
W-loop clearly indicate this and show themore open confirma-
tion for the binding pocket (Fig. 3, A and B). In particular, the
distance between Trp48 N�1 and Tyr128 O� is nearly 13 Å dis-

placed. Consequently, the surface surrounding the active site is
influenced because the hydrophobic residues Tyr128/Tyr129 are
pointing in the opposite direction of the P-loop (Fig. 4, E and F).
Furthermore, the key residue Asp126 involved in catalysis is
about 3 Å further apart from the active site as observed in the
x-ray structures (Fig. 3, A and B).
Structure Comparisons with Other LMW-PTPs—Our solu-

tion structure of M. tuberculosis MptpA in its apo-state was
compared with the x-ray crystal and NMR solution structures
of LMW-PTPs of other organisms: yeast (LTP1 from Saccharo-
myces cerevisiae), human (HCPTP-A), bovine (BPTP), eukary-
otic parasite (TPTP from Tritrichomonas foetus), and bacterial
(YwiE from Bacillus subtilis, cj1258 fromCampylobacter jejuni
and Wzb from Escherichia coli). The LMW-PTP sequences
from these different organisms have identities between 26 and
38% (Fig. 5). The active site motif (H/V)CX5R(S/T) (P-loop) is
well conserved in all species, as well as Ser42 and the D-loop

FIGURE 1. A, full-length MptpA amino acid sequence construct (Rv2234, Met1–Ser163). Additional residues G(�3)–G(0) originate from subcloning. B, 1H,15N
TROSY-HSQC spectrum of MptpA at 900 MHz. The inset shows the enlargement of the region between 7.4 and 9.0 ppm in 1H and between 117.6 and 124.2 ppm
in the 15N dimension. Amide protons of side chain resonances are indicated by horizontal lines. The spectrum was recorded at T � 303 K in the following buffer:
1.2 mM MptpA, 50 mM arginine/glutamate, 25 mM HEPES (pH 7.0), 10 mM DTT, 10% D2O, and 150 �M 2,2-dimethyl-2-silapentane-5-sulfonic acid. Additional
peaks seen in the TROSY-HSQC spectrum with low intensities possibly arose from sample heterogeneity.
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motif DP (Asp126 and Pro127 in MptpA), which is followed by
hydrophobic residues (Tyr128 and Tyr129 in MptpA). Further-
more, Ser42, which is part of the hydrogen bonding network
surrounding the P-loop, is conserved among all species. Addi-
tionally, Glu22 is highly conserved and is also found to be in
close spatial proximity to His71, which is involved in formation
of the P-loop conformation. Although there is hardly any
sequence similarity for theW-loop, around residue Trp48 (only
residues Gly51 and Gly55 are conserved to some extent), it
shows a high structural resemblance to the other LMW-PTPs
(Fig. 5, green). The overall fold of MptpA secondary structure
elements is highly consistent with structures found in other
eukaryotic and prokaryotic LMW-PTPs.
Comparison of P- and D-loop Motifs—Superimposing only

P-loop (Cys11–Arg17) and a part of the D-loop (Leu122–Asp131)
residues of all compared LMW-PTPs confirmed the conserved
conformation of the P-loop and revealed a reorientation of the

D-loop (Table 2). The side chain orientation of residues Tyr128/
Tyr129 ofMptpA in the x-ray structure is consistentwith bovine
BPTP (Fig. 4, A and B). Furthermore, similar deviations con-
cerning the conformation of the D-loop are observed. Fig. 3, C
andD, shows a detailed view of the P-loop electrostatic surface
after superposition of the x-ray structures from bovine BPTP
and MptpA with the here elucidated solution structure of
MptpA. Both x-ray structures, in complex with chloride/phos-
phate, show the same orientation of the two adjacent tyrosine
residues in the D-loop, pointing toward the active site motif
(Fig. 3, C and D,magenta and green). However, the side chains
of Tyr128/Tyr129 represented by our NMR structure in the apo-
state are not oriented toward the active site cavity (Fig. 3,C and
D, cyan). We should also mention that although in bovine
LMW-PTP (BPTP), in the presence of phosphate, a protein
concentration-dependent dimerization induced by the interac-
tion of W- and D-loop residues is observed (20), we do not

FIGURE 2. Solution structure of apo-MptpA. A, superposition of the backbone traces showing the bundle of the 20 lowest energy structures and rotated by
180°. B, ribbon representation of the lowest energy structure. The loop regions involved in substrate binding are highlighted. Blue, P-loop (Cys11–Arg17)
connecting �1-�1; green, W-loop (Ser44–Glu55) connecting �2-�2; magenta, D-loop (Arg111–Asp131). The side chain residues crucial for the catalytic activity
(Cys11 (P-loop) and Asp126 (D-loop)) and substrate specificity (Trp48 (W-loop)) are shown as sticks. The overall structure of MptpA consists of a four-stranded
parallel folded �-sheet (�1(Leu5–Cys11), �2(Ala37–Ala43), �3(Leu85–Leu89), �4(Arg106–Leu110)) connected via five �-helices (�1(Cys16-Arg32), �2(Asp55–His65),
�3(Gly77–Ala82), �4(Asp90–Leu100), �5(His132-Asn160)) also known as the Rossmann fold. The P-loop is flanked by the W- and D-loop. C, backbone dynamics of
MptpA measured at 600 MHz and T � 303 K. Mapping the S2 values on the backbone bundle of 20 lowest energy structures. Colors range from blue (S2 � 1) to
red (S2 � 0) to gray (no data/no reliable fit). The very low order parameters for the N and C terminus (white, Met1, Ser2, Gly161, and Ser163) are not shown. The
figure was generated by PyMOL.
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observe a similar concentration-dependent dimerization in
MptpA.
Hydrogen Bond Analysis—The hydrogen-bonding network

observed in the bundle of the 20 best structures of apo-MptpA
revealed a stabilization of the Cys11 amide by interacting with
the carbonyl of Ala43; thus, the catalytic active thiolate group of
Cys11 is pointing inside the substrate binding pocket. The
hydrogen bond network interconnecting the residues Asn14,
Ser18, Ser42, and His71, found in all LMW-PTPs, is reported to
stabilize the observed strained, left-handed (� � 60°; � � 45°)

conformation of residue Asn14. The conformation of Asn14 in
x-ray structures (of bovine BPTP, human HCPTP-A, yeast
LPT1, and M. tuberculosis MptpA) is described as a strained,
left-handed helix with a positive � angle. The solution struc-
tures solved by NMR spectroscopy (bovine BPTP, human
HCPTP-A, yeast LPT1,T. foetusTPTP, andC. jejuni cy1258) in
the presence of at least 20mMphosphate lead to the assumption
of a transient hydrogen bonding network, including Asn14,
Ser42, and His71. Due to the proposed transient hydrogen bond
network, Asn14 was reported to exist in two possible conforma-
tions. In solution and in the presence of phosphate, Asn14 was
found in the �-helical as well as in the �L-helical conformation
(68). Our apo-state solution structure of MptpA solved here
reveals a predominantly left-handed conformation of Asn14.
The �-helical conformation of Asn14 in the solution structure
of MptpA was observed in only two of the 20 best structures.
This 2-foldness could be a feature representing the flexibility
and dynamics of this region in solution, but it should be noted
that this could also be influenced to some extent by themissing
amide resonances for the nearby residues Thr12 and Gly13. In
the apo-state solution structure ofMptpA, the left-handed con-
formation of Asn14 (� � 59.0 � 6.2°; � � 21.4 � 5.5°) is stabi-
lized by the potential hydrogen network of Asn14, Ser18, Ser42,
andHis71. The distancemeasured betweenAsn14N	2 and Ser18

O
, Ser42 O
, and His71 H�2 (5.4 � 1.5, 4.2 � 1.9, and 4.0 � 1.5
Å) support the presence of a hydrogen bond network in this
region. In 13 of the 20 best structures, distances fromAsn14N	2

to Ser18 O
 of 4.6 � 1.0 Å, of 3.1 � 0.4 Å to Ser42 O
, and of
3.4 � 0.2 Å to His71 H�2 are observed. Spatial proximity
between Asn14 and Ser18, Ser42, and His71 is observed fre-
quently, indicating the presence of a hydrogen bond network.
Analysis of the Active Site-stabilizing Network—In addition

to the aromatic residues Trp48, Tyr128, and Tyr129 surrounding
the active site, the amino acids His49, Asp123, and Arg91 place a
unique charge distribution around the active site (28). The
interaction between Thr12 O
1 and His93 N�2 further stabilizes
the P-loop. This interaction is a unique feature of bacterial
LMW-PTPs, whereas His93 is found to be replaced by aspartic
acid in all knownmammalian LMW-PTPs. Distance analysis of
Thr12 O
1 and His93 N�2 revealed a close spatial proximity
(3.0 � 0.5 Å) of these atoms, confirming a potential hydrogen
bond interaction. In turn, the backbone amide proton of His93

interactswithAsp90O	2, which is found to be conserved among
bacterial LMW-PTPs. Hence, the interaction between His93

and the side chain of Asp90 is of crucial importance for the
substrate specificity and confirmed in our structure. Distance
measurements based on the apo-state solution structure show
that Glu22 is in spatial proximity to the imidazole ring of His71.
Multiple sequence alignment identifies Glu22 and His71 as
highly conserved among LMW-PTPs (Fig. 5). Therefore, the
electrostatic interaction between Glu22 and His71 must be of
pivotal importance for the conformation of the active sitemotif.
The distance between Glu22 O�1 andHis71 N	1 of 4.15� 0.35 Å
and of 2.98 � 0.19 Å between Glu22 O�2 and His71 N	1 of apo-
MptpA is in good agreement to the observed distances of
3.71� 0.68 and 3.72� 0.80 Å in YxiE, the LMW-PTP ofB. sub-
tilis (27).

TABLE 1
Structural statistics for the ensemble of the 20 best NMR structures of
MptpA

Parameter Value

NOESY assignmenta
Selected cross-peaks 11,735
Assigned cross-peaks 7,764

Experimental restraints
NOE-based distance restraints
Total 4,821
Intraresidual (�i � j� � 0) 815
Sequential (�i � j� � 1) 1,292
Medium range (2 ��i � j� � 4) 1,103
Long range (�i � j� � 5) 1,611

Restrained hydrogen bonds 69
Dihedral angle restraints
Torsion angle (�/�) 301

Diffusion anisotropy restraints
T1/T2 values for HN 108

Residual dipolar couplings
1D(H,N) coupling restraints 119

Scalar couplings
3J(HN,H�) 83

RMSD from average for residue (Å)b
Backbone N, CA, C� 0.22 � 0.04
Heavy atoms 0.62 � 0.04

Ramachandran plot (%)c
Most favorable 81.8
Additional allowed 17.9
Generously allowed 0.3
Disallowed 0.0

a Automated NOESY peak picking performed by SPARKY. Values were obtained
by using CYANA.

b Values were calculated for the core of the protein comprising residues 3–114
and 132–158 (thus excluding the flexible termini and part of the D-loop) by us-
ing MOLMOL.

c Values were calculated for all residues excluding glycines and prolines by using
PROCHECK.

TABLE 2
Comparison of 20 best NMR structures of MptpA P-loop and D-loop
motifs and of different LMW-PTPs
Average pairwise RMSD values of P-loop and D-loop motif. RMSD values are given
inÅ. All 20 best structures fromMptpAwere taken into account. For the alignment,
only the backbone atoms in question (P-loop, Cys11–Arg17; as part of the D-loop,
Lys122–Asp131), respectively, were superimposed before the RMSDwas calculated
using MOLMOL 2K.2. For the comparison with other NMR structures (BPTP,
TPTP, YxiE, and Cj1258), every possible combination between the clusters of avail-
able structures was superimposed, before calculating the RMSD. The coordinate
files ofMptpA (PDB entries 1U2P and 1U2Q, x-ray), YxiE (PDB entry 1ZGG,NMR),
HCPTP-A (PDB entry 5PNT, x-ray), LTP1 (PDB entry 1D1P, x-ray), TPTP (PDB
entry 1P8A, NMR), BPTP (PDB entry 1BVH, NMR), and Cj1258 (PDB entry 2GI4,
NMR) were obtained from the Protein Data Bank.

Protein Species P-loop D-loop

MptpA 2LUO M. tuberculosis 0.23 � 0.17 0.87 � 0.23
MptpA 1U2P 0.31 � 0.06 2.14 � 0.21
MptpA 1U2Q 0.27 � 0.03 1.92 � 0.19
YxiE B. subtilis 0.77 � 0.09 1.74 � 0.14
HCPTP-A Human 0.26 � 0.04 2.36 � 0.22
LTP1 Yeast 0.38 � 0.04 2.62 � 0.21
TPTP T. foetus 0.92 � 0.33 3.22 � 0.49
BPTP Bovine 1.07 � 0.25 3.25 � 0.40
Cj1258 C. jejuni 0.48 � 0.11 5.51 � 0.16
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Dynamic Properties of MptpA—Relaxation analysis of
MptpA revealed order parameters S2 of 0.7–0.9 for the rigid
core residues of the protein, with the exception of the flexible
loop regions and the termini. Mapping of the order parameter
S2 onto the backbone structure reveals a few distinct regions
and residues with different dynamical properties (Fig. 2C). The
N- and C-terminal residues Met1, Ser2, Gly161, and Ser163 have
low order parameters of S2 � 0.3, indicating an unrestricted
motion that is commonly observed at the termini of a protein
(supplemental Table S1 and Fig. S3). Residue Asn14, located in
the P-loop, has a high order parameter of S2 � 0.861 � 0.005,
exhibiting Asn14 as relatively rigid. Due to exchange broaden-
ing the P-loop, residues Cys11–Gly13 and Ile15–Ser18 were not
detectable. TheD-loopmotif (Arg111–Gly131) contains two res-
idues with a low order parameter, indicating that those are
more flexible, Gly118 S2 � 0.662 � 0.046 and Val124 S2 �
0.656� 0.004. Notably, the (1H)-15N hetNOE relaxation exper-
iment (supplemental Table S1 and Fig. S3) reveals a high flexi-
bility for theD-loop residuesArg116–Asp123. These residues are
located in the D-loop region, which undergoes structural reori-
entations during ligand binding. Furthermore, residues
Thr119–Ala121 as well as Glu125 and Pro127 located in the
D-loop are not observable due to exchange broadening. Inter-
estingly, residue Asp126, which is critical during dephosphory-
lation, has a high order parameter of �0.8, which indicates that
this residue has a strict orientation.

Interaction with Phosphate Ions—Titration experiments of
MptpA with Pi, as competitive inhibitor, resulted in a decreas-
ing number of amide backbone resonances in the two-dimen-
sional 1H,15N TROSY experiment. In the presence of 20 mM

NaH2PO3, the resonances of six residues (Asn14, Cys16, Trp48,
Asp90, Tyr128, and Tyr129) located in the P-loop and in spatial
proximity to the phosphate binding motif (D- andW-loop) are
no longer observable due to line broadening. Plotting CSPs as a
function of residue number reveals five regions that are consid-
erably affected by phosphate binding to the active site. These
regions are located in the loop regions of the protein and coin-
cide with the following residues: Asn14–Met24 (P-loop), Ala43–
Glu56 (W-loop), Arg72–Gln75, Lys89 and Asp90, and Asp123–
His150 (D-loop and hinge region in �5-helix). CSPs around
Arg72–Gln75 can be explained by the proximity to the phos-
phate binding moiety of the P-loop. The occurrence of the
changes in the chemical shift of Lys89 and Asp90 can be an
indirect effect caused by changes in the chemical environment
of Thr12, which is in close proximity. The phosphate titration
experiments thus indicate the specific binding of phosphate to
MptpA involving the functionally important P-, W-, and
D-loop as well as other spatially related regions. Experiments in
the presence of sulfate ions do not show comparable CSPs in
the two-dimensional 1H,15N TROSY spectrum, further reveal-
ing the localized binding of phosphate ions toMptpA. The res-
idues and regions involved in MptpA phosphate binding are

FIGURE 3. D-loop movement reveals open and closed conformation. A, D-loop distance measurements reveal closed conformation of MptpA x-ray structure
(PDB entry 1U2P) in the chloride-bound state. The distance between Trp48 N�1 and Tyr128 O� of 7.2 Å reveals a more closed binding pocket compared with the
apo-state of MptpA, as well as the C� distances between Arg17 and Tyr128/Tyr129 of 8.9 and 12.5 Å, respectively. B, open conformation of binding pocket
observed in apo-MptpA (PDB entry 2LUO) due to a distance of 19.8 � 3.5 Å between Trp48 N�1 and Tyr128 O�. The dashed lines indicate the C� distances between
Arg17 and Tyr128/Tyr129 of 14.0 � 1.3 and 15.9 � 0.8 Å, respectively. C and D, the following PDB entries are used: MptpA NMR structure (PDB entry 2LUO) (cyan),
MptpA x-ray structure (PDB entry 1U2P) (magenta), and bovine BPTP (PDB entry 1PNT) (green). C, superposition of the P-loop surrounding area observed in
solution (cyan) and x-ray structure (magenta) of MptpA in complex with chloride. Representation of the P-loop electrostatic surface with charge distribution.
Secondary structure elements are depicted in white. D, same scheme as in C, replacing the x-ray structure of MptpA with the x-ray structure of bovine BPTP
(green) in complex with phosphate. All images were generated in PyMOL. The solvent-accessible electrostatic surface was calculated using APBS Tools version
2.1.
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comparable with the results of a phosphate titration reported
for the TPTP LMW-PTP from T. foetus (68). However, in con-
trast to our observations for MptpA, phosphate binding to
TPTP at pH 5.2 was reported to lead to the detection of amide
backbone signals that were invisible in the absence of phos-
phate (68), indicating a slow exchange rate. Based on our exper-
iments, which show broadening of signals, we propose that the
binding of phosphate to MptpA at pH 7.0 can be described by
an intermediate exchange rate.
Phosphorylation of MptpA by PtkA—Phosphorylation of

MptpATyr128 andTyr129 is catalyzed by the kinase PtkA,which
was previously determined via TLC (14). We performed lucif-
erase assays (Fig. 6) that confirmed the autophosphorylation
activity expected for PtkA as well as the lack of autophosphor-
ylation activity proposed for MptpA. Phosphorylation of
MptpATyr128/Tyr129was confirmed by 31PNMR spectroscopy
as well as MALDI-MS (supplemental Figs. S4 and S5). The
phosphorylation reaction did not, however, yield a sufficient
amount of monophosphorylated MptpA for further investiga-
tions by multidimensional NMR spectroscopy. We therefore
can only speculate that an intermolecular dephosphorylation of
the monophosphorylated MptpA species occurs because the
phosphorylation of one of the two adjacent tyrosine residues is
proposed to increase the activity of the enzyme 25-fold (30), at
least in other LMW-PTPs. Previous studies concerning the
phosphorylation of human LMW-PTP by pp60v-src demon-
strated that in the presence of phenylarsine oxide, a selective
PTP inhibitor, the phosphorylation level is notably increased
(70). This assumption suggests that the autodephosphorylation

activity of MptpA is in accordance with the low yield of phos-
phorylated MptpA.
Mapping the Binding Interface of the MptpA-PtkA Complex

by NMR Spectroscopy—The CSPs observed during NMR titra-
tion experiments of 15N-labeled MptpA with unlabeled PtkA
(up to a molar ratio of 1:2) at T � 298 K and pH 7.0 were
mapped on the solution structure of the apo-state MptpA. The
overlay of the two-dimensional 1H,15N TROSY spectra of the
apo-state MptpA and the MptpA-PtkA complex is shown in
(Fig. 7A), showing a significant number of small CSPs. The
assignment of the shifted resonances was obtained by tracing
back the shifted resonances to the origin in the free form. All
resonances could be assigned unambiguously. The backbone
amides of MptpA with the largest changes (CSP � 0.015 ppm)
obtained upon binding of PtkA are Asn14, Cys16, Met20, Ala21,
Asn47, Trp48, His49, Gly77, Thr78, Leu89, Asp90, Val124, Glu125,
Asp126, Tyr129, Gly148, and His150. Furthermore, the amide res-
onances of Cys16 and Trp48 disappeared in the two-dimen-
sional 1H,15N TROSY spectrum at a complex ratio of 1:2,
whereas at a ratio of 1:1, the signals of Cys16 andTrp48 were still
detectable. The corresponding one-dimensional 1H slices
extracted from the two-dimensional 1H,15N TROSY spectrum
of complex ratio 1:1 and 1:2 show the chemical shift changes as
well as the loss of intensity.Mapping of theCSPs onto the struc-
ture reveals a distinct interface ofMptpA (Fig. 7, B andC) com-
prising the P-, W-, and D-loop motifs. Four additional regions,
including residuesMet20, Gly77, andAsp90 as well as Ala145, can
be detected. Contrary to all other residues, Met20 and Ala21 are
not solvent-accessible in the apo-structure. The CSPs observed

FIGURE 4. Structural changes observed upon ligand binding in LMW-PTPs. The following PDB entries are used: bovine BPTP (PDB entry 1PNT, x-ray) (A and
D), MptpA x-ray structure (PDB entry 1U2P) (B and E), and MptpA NMR structure (PDB entry 2LUO) (C and F). A–C, comparison of secondary structure elements
of bovine BPTP (A), MptpA x-ray structure (B), and MptpA solution structure (C). D–F, solvent-accessible surface mapped on bovine BPTP (D), MptpA x-ray
structure (E), and MptpA solution structure (F). Yellow circle, positively charged binding pocket. The locations of hydrophobic residues (Trp48, Tyr128, and Tyr129)
flanking the active site are highlighted. The solvent-accessible electrostatic surface was calculated using APBS Tools version 2.1.
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FIGURE 5. Multiple sequence alignment. Shown is a sequence alignment of LMW-PTPs, with the secondary structure elements of MptpA shown on top. The
figure was prepared using ESPript2.2 (67) by applying the BLOSUM62 scoring matrix. The P-, W-, and D-loop are colored in blue, green, and magenta,
respectively.

FIGURE 6. Autophosphorylation activity monitored by Luciferase assay. Different enzyme concentrations (500 nM and 1 and 50 �M) were added to the
assay buffer (300 mM NaCl, 50 mM Tris-HCl (pH 8.0), 10 mM DTT, and 10 mM MgCl2) containing 1, 5, 10, and 100 �M ATP. A, in the autophosphorylation assay for
MptpA, no decrease in the amount of emitted light (relative light units; RLU) is observed. The comparison of the negative control (�MptpA; red line) with
varying enzyme concentrations does not show the deviation associated with autophosphorylation. B, in the autophosphorylation assay for PtkA, the decrease
in the amount of emitted light is associated with autophosphorylation activity of PtkA.
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for residuesMet20 andAla21 aremost likely caused by the inter-
action of the adjacent P-loop residues (Asn14 and Cys16) with
PtkA. Hydrogen bond analysis indicates the interactions of
His93 HN and Asp90 O	1, whereas structural analysis revealed
the close contact between His93 H�2 and Thr12 O
1. Thus, the
observedCSPs in regionAsp90 can be explained due to the close
contact of Asp90, His93, andThr12 and are therefore not directly
caused by the interaction with PtkA. Because the structure and

resonance assignment of PtkA are not yet available, a reciprocal
experiment for mapping the binding site on the structure of
PtkA could not be conducted.

DISCUSSION
All known classical PTPs, vaccinia virus H1-like dual specific

phosphatases, and the LMW-PTPs share a common active site
motif that is located in a crevice on the molecular surface. The

FIGURE 7. MptpA-PtkA interaction studied by NMR spectroscopy. A, NMR spectroscopy of complex titration. Overlay of two-dimensional 1H,15N TROSY
spectrum of MptpA with and without PtkA. Blue, apo-MptpA; orange, MptpA-PtkA (end point of the titration experiment with ratio 1:2). The arrows highlight
the trajectory of chemical shift changes. B, combined CSPs of backbone amide residues in ppm as a function of the MptpA residue number obtained via titration
of MptpA with PtkA (1:2). Due to a loss of intensities, values of Cys16 and Trp48 are missing, as indicated by vertical dashed lines. C, mapping of CSPs on the MptpA
solution structure. CSPs � 0.015 ppm (orange) are taken into account for the mapping of the binding site of PtkA on the NMR solution structure of MptpA.
Important motifs (P-, W-, and D-loop) are labeled.
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signature motif (H/V)CX5R(S/T) (P-loop) binds not only phos-
phorylated protein substrates but also oxyanions, including
phosphate, tungstate, or sulfate. The active site motif is flanked
by the D-loop, containing the catalytic aspartate residue, which
is opposite to the nucleophilic cysteine residue. The superposi-
tion of the ligand-free and ligand-bound structures of HMW-
PTPs has provided insight into the movement of the highly
conserved WPD (Trp-Pro-Asp)-loop toward the catalytic cen-
ter covering the active site like a “flap.” In the ligand-bound
state, the aspartate residue is pointing toward the bound oxy-
anion and donates a proton to the tyrosine leaving group. The
tungstate-bound state of the Yersinia HMW-PTP describes a
movement of the aspartate (Asp356) by 6 Å toward the active
site, thus positioning the carboxylate in spatial proximity to the
oxyanion oxygen (19). This conformational change has also
been described in the human PTP1B C215S mutant during the
binding of phosphotyrosine, bringing the aspartate (Asp181)
into the catalytic active site (71). The ligand-induced loop clo-
sure observed for HMW-PTPs has thus far been assumed to be
operative for LMW-PTPs as well.
However, up to now, the structural characterization of apo-

LMW-PTPs has not been reported, and a conclusive statement
about the movement of the loop containing the catalytic aspar-
tate residue therefore could not be made. In previous studies,
the structural characteristics of LMW-PTPs in solution were
exclusively described in complex with inorganic phosphate (27,
68, 72, 73), which serves as a competitive inhibitor and stabi-
lizes the conformational plasticity of the phosphate binding
loop (P-loop). Here, we present the solution structure of a
LMW-PTP in its apo-state. Fig. 3, A and B, demonstrates the
spatial differences of the D-loop orientation between our apo-
MptpA solution structure (PDB entry 2LUO) and the x-ray
structure (PDB entry 1U2P) of MptpA in complex with chlo-
ride. The substrate-binding pocket (P-loop) is flanked by the
D-loop containing Asp126 and Tyr128/Tyr129. The difference in
distance between Asp126 C� and Arg17 C� in the chloride-
bound and apo-MptpA is about 3 Å. Therefore, a movement of
the D-loop similar to the one observed in HMW-PTPs is also
observed in LMW-PTPs. Furthermore, the distances from the
active site residue Arg17 C� to the Tyr128 and Tyr129 C� back-
bone carbons are about 3 and 5 Å larger, respectively, in apo-
MptpA than in holo-MptpA. Besides the D-loop, the W-loop
containing Trp48, which is important for substrate specificity,
also flanks the active site and is supposed to interact with sub-
strates. The indole side chain of Trp48 reorients upon ligand
binding and therefore modulates the surface of the binding
pocket between the apo- and the holo-state. The distance
between Trp48 N�1 (W-loop) and Tyr128 O� (D-loop) in apo-
MptpA is significantly increased as compared to the holo-
structure (a displacement of nearly 13Å). The concertedmove-
ment of the D-loop and residue Trp48 results in a more open
conformation in the absence of ligands. Examination of LMW-
PTPs from other species in complex with phosphate also
reveals this deviation in the D-loop conformation. On the basis
of our first apo-structure of a LMW-PTP, we propose compa-
rable D-loop dynamics during ligand binding as observed for
the Yersinia PTP.

The conformational dynamics of kinases are very pro-
nounced in solution (74–77), and therefore it is interesting to
compare the structural dynamics of our LMW-PTP with those
dynamics observed for the catalytic domains of other kinases.
In particular, the dynamics of the so-called DFG (Asp-Phe-
Gly)-loop have been exploited to generate very potent new
classes of inhibitors that are non-ATP-competitive. In the apo-
state of the protein, theDFG-loop is in equilibriumbetween the
DFG-in and -out state (74). Ligands known to bind the DFG-in
conformation do not influence this equilibrium, whereas DFG-
out ligands shift the equilibrium to the DFG-out conformation.
The observation of similar dynamics and large conformational
rearrangements upon substrate binding for phosphatases
might open a strategy where the unique situation of the two
activity-related adjacent tyrosine residues pointing away from
the binding pocket could be utilized for drug targeting. Thanks
to the structure solved here, the approach of designing inhibi-
tors for different binding modes can now also be used for
LMW-PTPs. Because the development of tight binding inhibi-
tors for LMW-PTPs based on the ligand-bound structures has
not yet resulted in potential drug candidates (69), the ligand-
free structure of MptpA might now lead to a more successful
design of potent inhibitors.
Furthermore, in order to design potential inhibitors, the

structure-function relationship has to be taken into account, by
employing strategies that influence the activation status of a
potential drug target. LMW-PTPs are regulated by different
mechanisms: (i) phosphate binding, (ii) oxidation of catalytic
active cysteine residues, and (iii) phosphorylation. While bind-
ing of phosphate to the phosphatase leads to a non-covalent
inactivation, it at the same time protects the enzyme against
oxidation of the nucleophilic cysteine by reactive oxygen spe-
cies. The phosphorylation of tyrosine residues located in the
D-loop is of high importance for the regulation as observed for
thehumanLMW-PTPHCPTP-A.As shown in vitro, phosphor-
ylation of HCPTP-A Tyr131 by pp60v-src increases the enzyme
activity 25-fold. However, the direct phosphorylation of active
HCPTP-A did not lead to detectable yields of phosphorylated
Tyr131. In order to induce such phosphorylation, the inhibitor
phenylarsine oxide was added to the reaction mixture and
resulted in inactivated HCPTP-A. In these experiments,
autodephosphorylation was inhibited, and Tyr131-phosphory-
lated HCPTP-A could be detected (70). Previous studies have
shown that the residues Tyr128 and Tyr129 of MptpA are phos-
phorylated by the kinase PtkA (14). Based on evidence for the
HCPTP-A LMW-PTP, it can be assumed that phosphorylation
of MptpA Tyr128/Tyr129 increases the enzyme activity consid-
erably. NMR titration experiments, provided here, support the
previously assumed (14) protein-protein complex and resolve
the binding surface with atomic resolution. The observed bind-
ing sites in the apo-state solution structure of MptpA involve
the P-, W-, and D-loop as well as two additional adjacent
regions. Because the mechanism of MptpA secretion into the
host macrophages remains unclear, it might be of crucial inter-
est to elucidate the consequences of phosphorylation driven by
PtkA. Furthermore, the inhibition of the interaction between
MptpA and PtkAmight serve as a new strategy for the design of
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potential drug candidates by developing inhibitors of this pro-
tein-protein complex vital for pathogen survival.
In summary, our findings reveal the first apo-structure of an

LMW-PTP elucidating the rearrangement of the D-loop upon
ligand binding. The apo-structure can be described as more
open comparedwith the structures in complexwith Pi or ligand
mimetic, which seem to have a more closed conformation. We
were able to map the binding site of PtkA on MptpA, elucidat-
ing the protein-protein interaction. Knowledge of the binding
site for PtkA and the apo-structure of MptpA leads to further
understanding of the regulation and ligand binding behavior of
MptpA, whichmight serve as a basis for the successful design of
new anti-tuberculosis therapeutics.
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62. Brünger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros, P.,
Grosse-Kunstleve, R.W., Jiang, J. S., Kuszewski, J., Nilges,M., Pannu,N. S.,
Read, R. J., Rice, L. M., Simonson, T., andWarren, G. L. (1998) Crystallog-
raphy and NMR system. A new software suite for macromolecular struc-
ture determination. Acta Crystallogr. D Biol. Crystallogr. 54, 905–921

63. Linge, J. P., Williams, M. A., Spronk, C. A., Bonvin, A. M., and Nilges, M.
(2003) Refinement of protein structures in explicit solvent. Proteins 50,
496–506

64. Laskowski, R. A., MacArthur, M. W., Moss, D. S., and Thornton, J. M.
(1993) PROCHECK. A program to check the stereochemical quality of
protein structures. J. Appl. Crystallogr. 26, 283–291

65. Laskowski, R. A., Rullmann, J. A. C., MacArthur, M. W., Kaptein, R., and
Thornton, J. M. (1996) AQUA and PROCHECK-NMR. Programs for
checking the quality of protein structures solved by NMR. J. Biomol. NMR
8, 477–486

66. Doreleijers, J. F., Vranken, W. F., Schulte, C., Markley, J. L., Ulrich, E. L.,
Vriend, G., and Vuister, G. W. (2012) NRG-CING. Integrated validation
reports of remediated experimental biomolecular NMR data and coordi-
nates in wwPDB. Nucleic Acids Res. 40, D519–D524

67. Gouet, P., Courcelle, E., Stuart, D. I., and Métoz, F. (1999) ESPript. Multi-
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