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Protein phosphorylation is an integral part of many cellular processes, not only in eukaryotes but

also in bacteria. The discovery of both prokaryotic protein kinases and phosphatases has created
interest in generating antibacterial therapeutics that target these enzymes. NMA1982 is a putative
phosphatase from Neisseria meningitidis, the causative agent of meningitis and meningococcal
septicemia. The overall fold of NMA1982 closely resembles that of protein tyrosine phosphatases
(PTPs). However, the hallmark C(X);R PTP signature motif, containing the catalytic cysteine and
invariant arginine, is shorter by one amino acid in NMA1982. This has cast doubt about the catalytic
mechanism of NMA1982 and its assignment to the PTP superfamily. Here, we demonstrate that
NMA1982 indeed employs a catalytic mechanism that is specific to PTPs. Mutagenesis experiments,
transition state inhibition, pH-dependence activity, and oxidative inactivation experiments all support
that NMA1982 is a genuine PTP. Importantly, we show that NMA1982 is secreted by N. meningitidis,
suggesting that this protein is a potential virulence factor. Future studies will need to address whether
NMA1982 is indeed essential for N. meningitidis survival and virulence. Based on its unique active site
conformation, NMA1982 may become a suitable target for developing selective antibacterial drugs.

Protein phosphorylation is considered a universal mechanism to regulate protein function during most cellular
processes"?. About one third of all eukaryotic proteins are phosphorylated, predominantly on serine, threonine,
and tyrosine®. In bacteria, phosphorylation on aspartate and histidine is well characterized as part of the two-
component system*. However, bacterial proteins are also phosphorylated on serine, threonine, and tyrosine>*.
Interestingly, phosphorylation on tyrosine is much more abundant in bacterial proteins (9%), relative to serine
and threonine, than it is in humans (1.8%)”. Both protein tyrosine kinases (PTKs) and protein tyrosine phos-
phatases (PTPs) have been isolated from bacteria®'° and have been proposed as anti-bacterial drug targets'*-'2.

The PTP superfamily contains various subfamilies with the two largest being the classical PTPs, which only
dephosphorylate phosphotyrosine (pTyr), and the dual-specificity phosphatases (DUSPs), which in addition to
pTyr can also dephosphorylate serine, threonine, or non-protein substrates such as phospholipids or RNA!>4,
All PTPs have a cysteine-based catalytic mechanism (Fig. 1), which involves the nucleophilic attack on the
phosphate group by the catalytic cysteine thiolate, resulting in the cleavage of the phosphoester bond and the
formation of a phospho-enzyme intermediate'®. This first catalytic step is followed by another nucleophilic
attack of a coordinated water molecule, resulting in the hydrolysis of the sulfur-phosphorus bond, the release
of inorganic phosphate, and the recovery of the enzyme. The catalytic cysteine as well as the invariant arginine,
which stabilizes the transition state, are part of the PTP signature motif C(X);R that forms the phosphate-binding
loop, also known as the P-loop. Catalysis is further assisted by an aspartic acid residue that functions both as the
catalytic acid, donating a proton to the leaving group in the first step, and the catalytic base, activating the water
molecule in the second step of the PTP reaction. This aspartic acid is part of the WPD-loop, named after the
conserved tryptophan—proline-aspartate (WPD) motif in all classical PTPs. In DUSPs, only the aspartic acid is
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Figure 1. PTP catalytic mechanism. See text for details.

conserved; hence, this loop is also referred to as the D-loop. The WPD-loop fluctuates between an “open” con-
formation, allowing substrate binding, and a “closed” conformation, necessary for catalysis. Decreased mobility
of the WPD-loop can result in substantially lower catalytic activity, as shown by mutational studies'®!” as well
as allosteric inhibitors that decrease WPD-loop flexibility*®.

Neisseria meningitidis is a human pathogen responsible for causing meningococcal diseases such as meningitis
and meningococcal septicemia'®. Despite established vaccination strategies, N. meningitidis continues to be an
important cause of mortality and morbidity in newborns and children in both developed and underdeveloped
countries?. Unlike viral meningitis, meningococcal meningitis can potentially be fatal within 24 h after the
first symptoms appear®'. While antibiotics typically provide an effective treatment, cases of N. meningitidis
antibiotic resistance have been reported®?. Thus, the identification of novel drug targets that can be exploited
for the treatment of meningitis is an unmet medical need. Previously, we reported the crystal structure of the N.
meningitidis protein NMA1982, analysis of which suggested that its overall fold shows strong similarity to the
DUSP subfamily of PTPs*. However, the P-loop containing the hallmark C(X);R PTP signature motif is shorter
by one amino acid in NMA1982, forming a C(X),R motif. This disparity has cast doubts about the catalytic
mechanism of NMA1982 and the assignment of NMA1982 to the PTP superfamily. Here, we show that NMA1982
indeed uses a PTP-like catalytic mechanism, demonstrating that the shorter C(X),R motif is suitable to perform
phosphatase catalytic function. Moreover, using pH-dependence, small molecule transition state inhibition, and
oxidative inactivation experiments, we confirm that NMA1982 behaves like a typical PTP. Finally, we show that
NMA1982, like other virulence factors, is secreted by N. meningitidis, suggesting that this phosphatase may be
important for bacterial infection.

Results

3D Structural comparison of NMA1982 with human PTPs

Using pairwise Dali* structural alignment of the crystal structures of NMA1982 and human DUSPs, we found
that cyclin-dependent kinase inhibitor 3 (CDKN3), also known as kinase-associated phosphatase (KAP), is
the most similar human phosphatase to NMA1982, with an amino acid identity of 15% and a Dali Z-score of
14.9 (Fig. 2a). Importantly, several conserved loops and amino acid residues critical for phosphatase activity'®
could be identified in NMA1982 (Fig. 2b): (1) The phosphate-binding loop (P-loop), which forms the center
of the active site, is present in NMA1982, albeit shorter by one amino acid. In NMA1982 the putative catalytic
cysteine (C95) and invariant arginine (R100), which both align very well with the corresponding residues in
CDKN3, form a C(X),R motif instead of the typical C(X)sR PTP signature motif. (2) The general catalytic acid/
base aspartate-containing WPD-loop is also present in NMA1982. D71 putatively serves the role of the catalytic
acid/base. Notably, the WPD-loop in the NMA1982 crystal structure adopts an atypically open conforma-
tion (with D71 far removed from the active site), which also has been observed for several human PTPs*. (3)
NMA1982 features a typical PTP E-loop, which contains a conserved glutamic acid that coordinates the side
chain of the invariant arginine in the P-loop and positions it for phosphate binding'®. Indeed, in the NMA1982
crystal structure, the side chain carboxylic acid of E53 forms a salt bridge with the guanidinium group of R100.
Collectively, our comparison with human DUSPs confirms that amino acids and loops critical for phosphatase
activity are present in NMA1982.

Assessing NMA1982 phosphatase activity using Michaelis—Menten kinetics

We previously showed that NMA1982 has phosphatase activity using p-nitrophenyl phosphate as a pTyr sur-
rogate substrate in a colorimetric assay?. To assess the catalytic parameters of NMA1982 more precisely in a
kinetic experiment, we adapted a standard, continuous, fluorescence-based phosphatase assay using 6,8-difluoro-
4-methylumbelliferyl phosphate (DiFMUP) as the substrate (Fig. 3a)?*?’. Using this assay, we performed a
Michaelis—-Menten experiment to determine the Michaelis—-Menten constant and turnover number for NMA1982
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Figure 2. Structural comparison of NMA1982 with human PTPs. (a) Pairwise Dali structural alignment of
NMA1982 with similar human PTPs. Conserved loops, containing invariant amino acids, are shown. The most
frequent amino acid type is colored in each column. Residue numbers correspond to NMA1982. Protein Data
Bank (PDB) IDs, Z-Scores as calculated by the DALI server, root mean square deviation (RMSD) between
NMA1982 and each homolog structure, length of alignment (Lali), and percent amino acid identity (%Id) are
listed. (b) Structural alignment of NMA1982 (PDB ID 2f46; green) with its most similar human PTP, CDKN3
(PDB ID 1fpz; purple). Conserved PTP residues in P-loop, WPD-loop, and E-loop are highlighted in stick
representation. Residue numbers correspond to NMA1982.

DiIFMUP, uM

Figure 3. Assessing NMA1982 phosphatase activity. (a) Principle of the DIFMUP NMA1982 fluorescence
intensity assay. (b) Michaelis—Menten kinetics for NMA1982 using DiIFMUP as the substrate. (c) Hydrogen
bonding interactions between the side chain of R136 and the backbone oxygen atoms of WPD-loop residues
A69, R70, and 172 in NMA1982 restrict WPD-loop dynamics.

(Fig. 3b). The calculated K, value of 35 uM was well in the range of the K, values for human PTPs that we assayed
under similar conditions, including the DUSPs VHX (K, =11 uM), VHR (K,,=39 uM), and MKP-1 (K, =40 uM);
the classical PTPs PTP1B (K, =4 uM), CD45 (K, =43 uM), and SHP1 (K, =52 uM); as well as the low-molecular
weight PTPs LMPTP-A (K,,=63 uM) and LMPTP-B (K, =218 uM). Thus, the Michaelis—-Menten kinetic data
suggest that the standard PTP substrate DiFMUP is similarly well accepted by NMA1982 and human PTPs. The
turnover number for the NMA1982-catalyzed DiFMUP reaction was calculated to k., =4.4x 107% s7!. This value
was at least two orders of magnitude lower than the k, values for the human PTPs we tested, suggesting that
the catalytic conversion of the substrate is slower for NMA1982 compared to many human PTPs. Interestingly,
a comparably low activity has been reported for CDKN3, the human PTP that is most similar to NMA1982%,

NMA1982 putative catalytic P-loop and WPD-loop mutagenesis studies
The putative P-loop in NMA1982, consisting of the C95-R-T-G-T-R100 sequence, is one amino acid shorter
than the typical PTP P-loop containing the C(X);R signature motif. Superposition of the NMA1982 crystal
structure with crystal structures of human DUSPs suggested that the putative catalytic cysteine C95 and the
putative invariant arginine R100 in NMA1982 align very well with the corresponding residues in human DUSPs
(shown for CDKN3 in Fig. 1b). To test whether C95 and R100 are necessary for NMA1982 phosphatase activity,
we generated and assessed the NMA1982 C95S and R100A mutant proteins. Since the corresponding residues
are absolutely essential for enzymatic activity in all known PTPs?, we expected the C95S and R100A mutants
to be inactive. Indeed, both mutants showed no detectable phosphatase activity in the DIFMUP assay, even at
protein concentrations as high as 60 M (~ 6-times higher than we used for assaying wt NMA1982). These data
demonstrate that C95 and R100 of the C(X),R motif are essential for NMA1982 phosphatase activity.

Next, we tested whether the putative catalytic acid/base D71 in the WPD-loop is critical for NMA1982
activity. Previous studies have shown that the mutation of the catalytic acid/base Asp to Ala typically results in a
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significant loss of phosphatase activity*®. However, the degree of this loss in activity can vary widely among the
PTPs and depends on whether other, nearby amino acids can compensate for the absence of Asp by providing
a similar functionality®. To test the role of D71 for NMA1984 activity, we generated recombinant NMA1982
D71A mutant protein. We then assessed phosphatase activity of the mutant using a Michaelis—Menten kinetic
assay with DiFMUP as the substrate. We found a substantial drop of 50% in the catalytic efficiency (k/K,)
for the D71A mutant protein compared to wt NMA1982, demonstrating that D71 is important for catalysis
(Table 1). Collectively, our data demonstrate that the putative catalytic amino acid residues in NMA1982 are
indeed crucial for catalysis.

Given the relatively low activity we observed for wt NMA1982, we analyzed the NMA1982 crystal structure
for additional insights. Interestingly, we found that the side chain of R136 of the a6 helix, a residue that is unique
to NMA1982 compared to human PTPs, forms multiple hydrogen bond interactions with the backbone oxygen
atoms of A69, R70, and 172 of the WPD-loop (Fig. 3¢). Because restriction of the WPD-loop dynamics can result
in decreased PTP activity'®'8, we hypothesized that the interactions between R136 and the WPD-loop residues
could potentially interfere with WPD-loop dynamics, and thus limit enzymatic activity. To test this hypothesis, we
generated the NMA1982 R136A mutant protein and measured its phosphatase activity using the DIFMUP assay.
As with all mutant proteins, the structural integrity of R136A was verified by differential scanning calorimetry.
Notably, we found that the R136A mutant had a 7.4-times higher catalytic efficiency than wt NMA1982, and that
this increase was mainly due to an increase in k, (Table 1). This suggested that the interactions of R136 with
the WPD-loop residues limit turnover in NMA1982, most likely by restricting WPD-loop dynamics. To further
support this hypothesis, we tested the effect of the D71 A mutation on the activity of the R136 A mutant compared
to wt NMA1982. If the greater activity of RI36A was due to an increase in WPD-loop flexibility, we expected
that the D71 A mutation would cause a greater drop in catalytic efficiency in the R136 A mutant compared to wt.
Indeed, the D71A mutation had a 6-times greater effect on catalytic turnover for the R136A mutant compared
to wt NMA1982 (Table 1). Our results suggest that intramolecular interactions restrict WPD-loop mobility and
therefore limit enzymatic activity of NMA1982. These data further demonstrate the importance of the WPD-loop
for NMA1982 activity, and hence provide additional proof for NMA1982 utilizing a PTP catalytic mechanism.

NMA1982 inhibition, pH and temperature dependence, and oxidative inactivation studies

To provide additional evidence that NMA1982 behaves like a typical PTP, we tested the enzyme’s response to
sodium orthovanadate (Na;VO,), a general PTP inhibitor that resembles inorganic phosphate and binds into the
catalytic pocket as a transition state analog®. Using our established DiIFMUP assay, we found that orthovana-
date inhibited NM A 1982 activity in a dose-dependent manner with an ICs, value of 161 uM (Fig. 4a). Thus, the
potency of orthovanadate against NMA1982 was comparable to its potency against other human PTPs (Ref.**
and our unpublished data). Next, we tested the pH dependence of the NMA1982 phosphatase reaction. We
subjected wt NMA1982 to catalytic rate measurements under various pH conditions and found that NMA1982
activity peaked at pH 6 (Fig. 4b). These data agreed with a PTP peak activity that is typically observed between
pH 5 and 6°*. Next, we tested how various temperatures affected NMA 1982 activity. A close structural relative of
NMA1982 is SsoPTP from Sulfolobus solfataricus, which exhibits peak phosphatase activity at 90 °C**. As shown
in Fig. 4c, NMA1982 exhibited peak activity around 37 °C, and activity was substantially reduced at 50 °C, and
completely absent at 80 °C. Thus, NMA1982 was most active at temperatures at which eukaryotic PTPs show
peak activity. Finally, we assessed NMA1982 activity in oxidative inactivation and rescue studies. Because PTP
activity depends on the catalytic cysteine in the reduced state, and hydrogen peroxide treatment results in thiol
oxidation and PTP inactivation’®, we tested whether NMA 1982 activity was similarly sensitive to oxidation. Thus,
we preincubated NMA1982 with various concentrations of hydrogen peroxide for 1 or 2 h and subsequently
determined catalytic activity compared to a non-treated control (Fig. 4d). Our data demonstrated that hydrogen
peroxide treatment decreased NMA1982 activity, and that this decrease was time- and dose-dependent. Notably,
the inactivation of NMA1982 by peroxide followed similar kinetics and magnitudes as those found for a typical
human PTP (HePTP; Fig. S1). Since the cysteine thiol can be oxidized to several oxidation states that vary in
terms of reversibility with reducing agents such as dithiothreitol (DTT)¥, we also tested whether DTT treatment
after peroxide treatment can rescue NMA1982 activity (Fig. 4e). Our data showed that DTT treatment could
partially rescue NMA1982 activity, indicating the presence of both thiol-reversible and -irreversible oxidation
states. Higher peroxide concentrations and longer treatment tended to cause more irreversible oxidation of
NMA1982. Collectively, our studies demonstrate that NMA1982 behaves like a typical PTP when subjected to
a transition state inhibitor, various pH and temperature conditions, or oxidizing agents.

Km (uM) kcat (s7!) | kcat/Km (M's7!)
NMA1982 wt 35 4.4x107° 1.26
NMA1982 C958 No activity detected
NMA1982 R100A No activity detected
NMA1982 D71A 40 2.7x107° | 0.69
NMA1982 R136A 28 2.6x10™* 928
NMA1982 D71A/R136A 33 1L.1x10™* |3.28

Table 1. Kinetic parameters of wild-type and mutant NMA1982 proteins.
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Figure 4. Biochemical characterization of NMA1982. (a) Dose-response inhibition of NMA1982 activity by
the transition state-mimicking pan-PTP inhibitor sodium orthovanadate (Na;VO,). (b) NMA1982 activity,
expressed as initial rate (V) in arbitrary fluorescence units (AFU) per minute, at various pH conditions as
indicated. (c) NMA1982 activity at various temperatures as indicated. (d) Remaining NMA1982 activity in
response to treatment with various concentrations of hydrogen peroxide for 1 or 2 h. (e) Remaining NMA1982
activity in response to treatment with 80 or 400 uM hydrogen peroxide for 1 h or 2 h with no DTT treatment or
after rescue with 10 mM DTT. All data represent triplicate experiments and are presented as average + SD.

N. meningitidis NMA1982 secretion studies

PTPs encoded by bacteria have been shown to be secreted by many pathogens during infection, particularly
by intracellular pathogens that can thereby directly target eukaryotic effectors®®. Extracellular pathogens such
as N. meningitidis are capable of secreting various proteins and virulence factors to promote their growth, for
example, to allow biofilm formation or to target the host response®”*. Furthermore, N. meningitidis can target
host cells by secreting toxins that are endocytosed, such as the C2 fragment of the neisserial heparin-binding
antigen (NHBA), which is released upon proteolysis*!, or PorB porin, which is released via outer membrane
vesicles (OMVs)*>%. The similarity of NMA1982 to eukaryotic PTPs strongly suggests that it may act as a viru-
lence factor. We therefore assessed the secretion of NMA1982 in the model organism N. meningitidis 8013, which
expresses the NMA1982 ortholog NMV0640 that differs only in 2 out of 142 residues (Fig. S2). A derivative of
the wt NEM8013 strain lacking NMV 0640 was engineered as a control (ANMV0640). Both wt and ANMV0640
strains were grown with agitation in rich medium before the cells and supernatant were separated, collected, and
processed by SDS-Page and immunoblot analysis (Fig. 5 and Fig. S3). The antibodies raised against NMA1982
clearly detected NMV0640 in both cell lysate and supernatant of the wt NEM8013 strain, whereas NMV0640
was not detected in the ANMV0640 control strain. As expected, PilE, the main component of type IV pili, was
also recovered in the supernatant of the bacteria. The cytosolic marker NADP glutamate dehydrogenase and the
outer membrane marker RMP4 were both absent from the supernatant fraction, confirming that there was no
contamination of the supernatant fraction. Thus, our data demonstrate that N. meningitidis secretes NMA1982
during growth. Three secretion pathways are known to be active in N. meningitidis: the autotransporter, the
two-partner secretion (TPS), and the type I secretion systems (T1S)*%. The T1S is devoted to the secretion of
the iron-regulated proteins FrpA/C only. Secretory proteins of the autotransporter and TPS first cross the inner
membrane via the general secretion (Sec) or the twin arginine translocation (Tat) pathways. Periplasmic and
outer membrane components also rely on the Sec and Tat systems to translocate through the cytosolic mem-
brane. We therefore looked for a signal peptide in the sequence of NMA1982 that would indicate secretion by
these pathways. Using both PrediSi** and SignalP6.0%, no known peptide signals were found, suggesting that
NMA1982 is secreted via a Tat and Sec independent pathway.

Discussion

N. meningitidis causes systemic meningococcal disease, the mortality rate of which, even with optimal treatment,
is still about 10%?'. Here, we investigated an N. meningitidis protein that is highly similar to eukaryotic PTPs,
enzymes that are considered crucial for many essential cellular processes. We show that NMA1982 uses a catalytic
mechanism that is specific to PTPs, involving a highly conserved phosphate-binding loop that forms the catalytic
center. This loop is usually seven amino acids in length and contains the hallmark C(X);R signature motif. In
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Figure 5. NMA1982 is recovered from the bacterial supernatant. Whole cell lysate and supernatant were
analyzed by SDS-Page and immunoblotting. NMA1982 and PilE are present in the supernatant. PilE is used as a
positive control since PilE is usually enriched in the bacterial supernatant. Rmp4 is an outer membrane protein
thought to be enriched in outer membrane vesicles. Absence of Rmp4 in the supernatant suggests that the
supernatants are not contaminated with membrane or vesicles. NADP glutamate dehydrogenase is a cytosolic
enzyme used as a control. Interestingly, NADP glutamate dehydrogenase is recovered from a supernatant of an
overnight culture of meningococci confirming that this protein is released during cell lysis (data not shown).

NMA1982 the P-loop is shorter by one amino acid and contains a novel C(X),R motif. Despite being shorter,
the P-loop can accommodate a PTP substrate equally well as demonstrated by the similar K, values of the pTyr
mimetic DIFMUP for NMA1982 and human PTPs. In NMA1982, the catalytic cysteine and invariant arginine of
the P-loop occupy space in the 3D structure that is similar to human PTPs. This ensures that the catalytic mecha-
nism is not compromised. Given the existence of several bacterial NMA1982 homologs containing a C(X),R
motif (Fig. $4), other phosphatases with that motif may exist in bacteria. Notably, a conserved glycine within the
P-loop of eukaryotic PTPs is also 100% conserved in all bacterial homologs (G98 in NMA1982). The relatively
low catalytic activity of NMA1982 is not unprecedented among the PTPs. The structurally closest human enzyme,
CDKN3, exhibits a similarly low turnover number?. Interestingly, CDKN?3 activity, which critically regulates cell
cycle progression, is itself regulated by protein-protein interactions, resulting in a substantial increase of phos-
phatase activity under physiological conditions*”*. Similarly, activity of NMA1982 might be enhanced in vivo.
It is also conceivable that the low catalytic turnover is a feature that allows NMA1982 to function predominantly
as a regulatory protein via binding rather than by dephosphorylating its substrates, reminiscent of the second
PTP domain found in many receptor-like PTPs*. At this point, physiological substrates of NMA1982 or any
of its closely related homologs are not known. However, bacterial PTPs have been shown to function as pivotal
enzymes during pathogenic processes, as they can regulate a wide range of activities, such as polysaccharide
synthesis to enhance host adherence, biofilm formation, and antibiotic resistance®. Interestingly, several bacte-
rial PTPs have been shown to dephosphorylate key host signaling molecules, leading to evasion of the immune
system. For example, the PTP YopH from Yersinia pestis, the causative agent of the bubonic plague, was shown
to dephosphorylate multiple signaling proteins crucial for initiating the host immune response, thereby allowing
bacteria to multiply unopposed and causing a rapidly progressing and lethal disease®~>*. Similarly, virulence of
the Mycobacterium tuberculosis (Mtb) was shown to be mediated by the Mtb tyrosine phosphatase A (mPtpA)
via dephosphorylation of the human vacuolar protein sorting 33B (VPS33B), a regulator of phagolysosome
formation®>*°. A second and likewise essential PTP for Mtb pathogenesis, mPtpB, was shown to interfere with
host kinase signaling®”. Importantly, we show that NMA 1982, like known essential virulence factors, is secreted
by N. meningitidis. The absence of a signal peptide suggests that NMA1982 is secreted by an atypical secretion
machinery or via incorporation in OMVs as has been described for PorB. Future studies will need to address the
question whether NMA1982 is indeed crucial for N. meningitidis survival and virulence, and thus may validate
NMA1982 as a novel therapeutic target for the treatment of meningococcal diseases. Human PTPs have become
attractive drug targets for many serious conditions, most notably cancer*®*-®’. Compared to human PTPs, the
shorter P-loop in NMA1982 results in a unique active site conformation, which may allow for the development of
inhibitors with selectivity for the N. meningitidis protein. Small molecules containing moieties such as carboxylic,

Scientific Reports |

(2023) 13:22015 | https://doi.org/10.1038/s41598-023-49561-9 nature portfolio



www.nature.com/scientificreports/

salicylic, or oxoacetic acid that are known to mimic phosphoamino acid substrates could serve as starting points
for the development of compounds that target NMA1982.

Materials and methods

Site-directed mutagenesis, protein expression and purification

Utilizing our previously described pSpeedET plasmid containing the gene encoding NMA1982%, a QuickChange
site-directed mutagenesis kit (Stratagene) was used for generating the NMA1982 mutants D71A, C95S, R100A,
R136A, and R136A-D71A. Mutations were confirmed by DNA sequencing. The plasmids were transformed
into Rosetta 2 (DE3) competent cells. Protein was expressed in LB media by induction with 0.1 mM Isopropyl
B-p-1-thiogalactopyranoside (IPTG). Wild-type and mutant NMA1982 proteins were purified as previously
described?. The purity of the proteins was confirmed to be >95% using SDS-PAGE and Coomassie staining.
Differential scanning calorimetry (DSC) was used to confirm that all proteins were folded. Recombinant VHX,
VHR, PTP1B, LMPTP-A, and LMPTP-B were expressed and purified as described previously“"’z. Recombinant
MKP-1 was purchased from Upstate. Recombinant CD45 and SHP1 were purchased from Biomol.

Michaelis—Menten kinetic PTP assays

NMA1982 phosphatase activity was measured using a standard fluorescence intensity phosphatase assay utiliz-
ing DiIFMUP (Invitrogen) as the substrate?”. The NMA1982-catalyzed hydrolysis of DiIFMUP was assayed at
room temperature in a 60 puL 96-well format reaction system in 50 mM Bis-Tris, pH 6.0 assay buffer containing
1.7 mM DTT and 0.005% Tween-20. Various fixed concentrations of DiFMUP (800, 400, 200, 100, 50, 25, 12.5,
6.25,3.125, 1.5625 uM) were added to recombinant wt NMA1982 (11 pM) or NMA1982 mutants D71A (13 uM),
C95S (60 uM), R100A (60 uM), R136A (3.8 uM), or R136A-D71A (4.8 pM). The initial rates were determined
from the slopes of the fluorescence emission readings over 30 min using an FLx800 micro plate reader (Bio-
Tek Instruments, Inc.) with an excitation wavelength of 360 nm and an emission wavelength of 460 nm. The
nonenzymatic hydrolysis of the substrate was corrected by measuring the control without addition of enzyme.
The Michaelis—-Menten constants (K;,) and turnover numbers (k) were determined by fitting the data to the
Michaelis—Menten equation, using non-linear regression and the program Prism (v9, GraphPad Software, Inc.).
A similar assay setup was used for Michaelis—Menten kinetic assays with PTP1B, VHX, VHR, MKP-1, CD45,
SHP1, LMPTP-A, and LMPTP-B.

Orthovanadate inhibition of NMA1982

NMA1982 phosphatase activity was measured using the DiFMUP kinetic assay system described above.
NMA1982 (15 uM) was preincubated with various fixed concentrations of sodium orthovanadate (Sigma; 1666,
833, 416, 208, 104, 52, 26, 13, 6.5, 3.25, 1.62, 0 uM) for 10 min at room temperature. The reaction was initiated
by the addition of the substrate (DiFMUP; 35 uM). The ICj, value of orthovanadate for NMA1982 was deter-
mined from the initial rates using the program Prism (v9, GraphPad Software, Inc.) as described previously”.

NMA1982 oxidation assay

NMA1982 (22 uM) was incubated with various fixed concentrations of H,O, (Sigma; 10,000, 2000, 400, 80,
16, 3.2, 0 uM) in 300 pL assay buffer (50 mM Bis-Tris pH 6.0, 0.005% Tween-20) on ice for 1 or 2 h. Samples
were then either subjected to DTT treatment (10 mM) for 20 min at room temperature or no treatment before
DiFMUP (200 uM final concentration) was added to start the reaction (30 min). Fluorescence intensity was
measured and initial rates determined as described above.

NMA1982 activity vs. pH assay

NMA1982 (22 uM) was assayed at room temperature in a 60 pL 96-well format reaction system in 50 mM
Bis-Tris buffer (adjusted to pH 5.5, 6.0, 6.5, 7.0, or 7.5) containing 1.7 mM DTT, and 0.005% Tween-20. DIFMUP
(200 uM final concentration) was added to start the reaction (30 min). Fluorescence intensity was measured and
initial rates determined as described above.

NMA1982 activity vs. temperature assay

The NMA1982-catalyzed hydrolysis of DIFMUP was assayed at various fixed temperatures (22, 37, 50, and 80 °C)
in 50 mM Bis-Tris pH 6.0 assay buffer containing 1.7 mM DTT and 0.005% Tween-20. NMA1982 (22 uM) was
incubated with DiIFMUP (200 uM final concentration) for 30 min in reactions tubes at the specified temperature,
before transferred to a 96-well plate for fluorescence measurements. The fluorescence emission was determined
at two time points, 0 and 30 min, using an FLx800 micro plate reader (Bio-Tek Instruments, Inc.) with an excita-
tion wavelength of 360 nm and an emission wavelength of 460 nm. The nonenzymatic hydrolysis of the substrate
was corrected by measuring the control without addition of enzyme. NMA1982 activity of each sample was
determined from the difference in emission intensity between the 0- and 30-min time points.

NMA1982 antibodies

Polyclonal rabbit anti NMA1982 antibodies were generated by Abnova (Taiwan). Full-length recombinant
NMA1982 protein (6 mg/mL) was used for rabbit immunization. Antibody performance from two batches (Lot
#11229 and Lot #11230) was tested against recombinant His-NMA1982 (Fig. S5). Anti NMA1982 antibodies
also recognized the NMA1982 ortholog NMV0640.

Scientific Reports |

(2023) 13:22015 | https://doi.org/10.1038/s41598-023-49561-9 nature portfolio



www.nature.com/scientificreports/

Bacterial strains and mutagenesis

The model organism N. meningitidis 8013 was used to engineer a strain lacking the NMA1982 ortholog
NMV0640. NEM8013 is a piliated and capsulated Opa- variant of the serogroup C strain 2C4.3. The NMV0640
gene was disrupted by inserting an aphA-3 cassette (kanamycin resistance) in the coding region using PCR over-
lap and the following primers: Upstream to NMV0640, 5'-GCCGTCTGAAACTCGTGGAACGTCAAATCC-3’
and 5-CAGCTCATTACTGTTTGATTTGGGCGAAG-3'; aphA-3 cassette, 5'-CAAACAGTAATGAGCTGATTT
AACAAAAATTTAACGCG-3'and 5'-GACGGGATATCAGAAGAACTCGTCAAGAAGGCG-3'; downstream
to NMV0640, 5'-TCTTCTGATATCCCGTCCTTGCCTATTG-3' and 5'-TTCAGACGGCGCAGACAAACA
AGCAGGACA-3'". Insertion of the aphA-3 cassette was verified by PCR and the lack of protein expression was
confirmed by SDS-Page and Western blotting.

Preparation of supernatant and analysis

Wild type 2C4.3 strain and its derivative lacking NMV0640 were grown in 50 mL of Dulbecco’s Modified Eagle
Medium (DMEM) for 2 h (from ODyy,=0.05 to ODgy,=0.2). Bacteria were centrifuged for 15 min at 4000 rpm
and the resulting media were filtered (0.22 um pore size, Filter System, Corning). Supernatants were concentrated
200 x using an UltraCell-3K column (Amicon). The resulting fraction contained proteins and potentially outer
membrane vesicles. 10 pug of a whole cell lysate and 5 pL of concentrated supernatant were studied by SDS-Page
and immunoblotting using the following antibodies: polyclonal rabbit anti NMA1982/NMV0640 (#11230),
monoclonal mouse anti-PilE (clone SM1, generously provided by Dr. Mumtaz Virji), monoclonal mouse anti-
RMP4 (Coureuil/Nassif laboratory), monoclonal mouse anti-nicotinamide adenine dinucleotide phosphate
(NADP) glutamate dehydrogenase (Coureuil/Nassif laboratory), and secondary antibody anti-IgG (anti-mouse
or anti-rabbit, Invitrogen #31430 and #31460) coupled to Horse Radish Peroxidase.

Data availability

The data presented in the current study are available from the corresponding author on reasonable request.

Received: 23 June 2023; Accepted: 9 December 2023
Published online: 12 December 2023

References
1. Cohen, P. The origins of protein phosphorylation. Nat. Cell Biol. 4, E127-E130. https://doi.org/10.1038/ncb0502-¢127 (2002).
2. Hunter, T. The age of crosstalk: Phosphorylation, ubiquitination, and beyond. Mol. Cell 28, 730-738. https://doi.org/10.1016/].
molcel.2007.11.019 (2007).
3. Olsen, J. et al. Global, in vivo, and site-specific phosphorylation dynamics in signaling networks. Cell 127, 635-648. https://doi.
0rg/10.1016/j.cell.2006.09.026 (2006).
4. Gao, R. & Stock, A. Biological insights from structures of two-component proteins. Annu. Rev. Microbiol. 63, 133-154. https://
doi.org/10.1146/annurev.micro.091208.073214 (2009).
5. Macek, B. et al. The serine/threonine/tyrosine phosphoproteome of the model bacterium Bacillus subtilis. Mol. Cell. Proteomics 6,
697-707. https://doi.org/10.1074/mcp.M600464-MCP200 (2007).
6. Macek, B. et al. Phosphoproteome analysis of E. coli reveals evolutionary conservation of bacterial Ser/Thr/Tyr phosphorylation.
Mol. Cell. Proteomics 7, 299-307. https://doi.org/10.1074/mcp.M700311-MCP200 (2008).
7. Moorhead, G., De Wever, V., Templeton, G. & Kerk, D. Evolution of protein phosphatases in plants and animals. Biochem. J. 417,
401-409. https://doi.org/10.1042/BJ20081986 (2009).
8. Cozzone, A., Grangeasse, C., Doublet, P. & Duclos, B. Protein phosphorylation on tyrosine in bacteria. Arch. Microbiol. 181,
171-181. https://doi.org/10.1007/500203-003-0640-6 (2004).
9. Musumeci, L. et al. Low-molecular-weight protein tyrosine phosphatases of Bacillus subtilis. J. Bacteriol. 187, 4945-4956. https://
doi.org/10.1128/JB.187.14.4945-4956.2005 (2005).
10. Grangeasse, C., Terreux, R. & Nessler, S. Bacterial tyrosine-kinases: Structure-function analysis and therapeutic potential. Biochim.
Biophys. Acta 1804, 628-634. https://doi.org/10.1016/j.bbapap.2009.08.018 (2010).
11. Tautz, L., Pellecchia, M. & Mustelin, T. Targeting the PTPome in human disease. Expert Opin. Ther. Targets 10, 157-177. https://
doi.org/10.1517/14728222.10.1.157 (2006).
12. Chao, J. et al. Protein kinase and phosphatase signaling in Mycobacterium tuberculosis physiology and pathogenesis. Biochim.
Biophys. Acta 1804, 620-627. https://doi.org/10.1016/j.bbapap.2009.09.008 (2010).
13. Tautz, L., Critton, D. A. & Grotegut, S. Protein tyrosine phosphatases: Structure, function, and implication in human disease.
Methods Mol. Biol. 1053, 179-221. https://doi.org/10.1007/978-1-62703-562-0_13 (2013).
14. Tonks, N. Protein tyrosine phosphatases: From genes, to function, to disease. Nat. Rev. Mol. Cell Biol. 7, 833-846. https://doi.org/
10.1038/nrm2039 (2006).
15. Zhang, Z. Mechanistic studies on protein tyrosine phosphatases. Prog. Nucleic Acid Res. Mol. Biol. 73, 171-220 (2003).
16. Keng, Y., Wu, L. & Zhang, Z. Probing the function of the conserved tryptophan in the flexible loop of the Yersinia protein-tyrosine
phosphatase. Eur. J. Biochem. 259, 809-814 (1999).
17. Hoff, R., Hengge, A., Wu, L., Keng, Y. & Zhang, Z. Effects on general acid catalysis from mutations of the invariant tryptophan and
arginine residues in the protein tyrosine phosphatase from Yersinia. Biochemistry 39, 46-54 (2000).
18. Wiesmann, C. et al. Allosteric inhibition of protein tyrosine phosphatase 1B. Nat. Struct. Mol. Biol. 11, 730-737. https://doi.org/
10.1038/nsmb803 (2004).
19. Coureuil, M. et al. Pathogenesis of meningococcemia. Cold Spring Harb. Perspect. Med. https://doi.org/10.1101/cshperspect.a0123
93 (2013).
20. Hill, D., Griffiths, N., Borodina, E. & Virji, M. Cellular and molecular biology of Neisseria meningitidis colonization and invasive
disease. Clin. Sci. (Lond) 118, 547-564. https://doi.org/10.1042/CS20090513 (2010).
21. Stephens, D., Greenwood, B. & Brandtzaeg, P. Epidemic meningitis, meningococcaemia, and Neisseria meningitidis. Lancet 369,
2196-2210. https://doi.org/10.1016/S0140-6736(07)61016-2 (2007).
22. Willerton, L. et al. Antibiotic resistance among invasive Neisseria meningitidis isolates in England, Wales and Northern Ireland
(2010/11 to 2018/19). PLoS One 16, €0260677. https://doi.org/10.1371/journal.pone.0260677 (2021).
23. Krishna, S. S. et al. Crystal structure of NMA1982 from Neisseria meningitidis at 1.5 angstroms resolution provides a structural
scaffold for nonclassical, eukaryotic-like phosphatases. Proteins 69, 415-421. https://doi.org/10.1002/prot.21314 (2007).
24. Holm, L. & Sander, C. Dali: A network tool for protein structure comparison. Trends Biochem. Sci. 20, 478-480 (1995).

Scientific Reports |

(2023) 13:22015 | https://doi.org/10.1038/s41598-023-49561-9 nature portfolio


https://doi.org/10.1038/ncb0502-e127
https://doi.org/10.1016/j.molcel.2007.11.019
https://doi.org/10.1016/j.molcel.2007.11.019
https://doi.org/10.1016/j.cell.2006.09.026
https://doi.org/10.1016/j.cell.2006.09.026
https://doi.org/10.1146/annurev.micro.091208.073214
https://doi.org/10.1146/annurev.micro.091208.073214
https://doi.org/10.1074/mcp.M600464-MCP200
https://doi.org/10.1074/mcp.M700311-MCP200
https://doi.org/10.1042/BJ20081986
https://doi.org/10.1007/s00203-003-0640-6
https://doi.org/10.1128/JB.187.14.4945-4956.2005
https://doi.org/10.1128/JB.187.14.4945-4956.2005
https://doi.org/10.1016/j.bbapap.2009.08.018
https://doi.org/10.1517/14728222.10.1.157
https://doi.org/10.1517/14728222.10.1.157
https://doi.org/10.1016/j.bbapap.2009.09.008
https://doi.org/10.1007/978-1-62703-562-0_13
https://doi.org/10.1038/nrm2039
https://doi.org/10.1038/nrm2039
https://doi.org/10.1038/nsmb803
https://doi.org/10.1038/nsmb803
https://doi.org/10.1101/cshperspect.a012393
https://doi.org/10.1101/cshperspect.a012393
https://doi.org/10.1042/CS20090513
https://doi.org/10.1016/S0140-6736(07)61016-2
https://doi.org/10.1371/journal.pone.0260677
https://doi.org/10.1002/prot.21314

www.nature.com/scientificreports/

25.

26.

27.

28.

29.

30.

Barr, A. et al. Large-scale structural analysis of the classical human protein tyrosine phosphatome. Cell 136, 352-363. https://doi.
org/10.1016/j.cell.2008.11.038 (2009).

Gee, K. et al. Fluorogenic substrates based on fluorinated umbelliferones for continuous assays of phosphatases and beta-galac-
tosidases. Anal. Biochem. 273, 41-48. https://doi.org/10.1006/abio.1999.4202 (1999).

Baranowski, M. R. et al. Protein tyrosine phosphatase biochemical inhibition assays. Bio Protoc. https://doi.org/10.21769/BioPr
otoc.4510 (2022).

Hannon, G., Casso, D. & Beach, D. KAP: A dual specificity phosphatase that interacts with cyclin-dependent kinases. Proc. Natl.
Acad. Sci. USA 91, 1731-1735 (1994).

Tonks, N. Protein tyrosine phosphatases—From housekeeping enzymes to master regulators of signal transduction. FEBS J. 280,
346-378. https://doi.org/10.1111/febs.12077 (2013).

Flint, A, Tiganis, T., Barford, D. & Tonks, N. Development of “substrate-trapping” mutants to identify physiological substrates of
protein tyrosine phosphatases. Proc. Natl. Acad. Sci. USA 94, 1680-1685 (1997).

31. Blanchetot, C., Chagnon, M., Dube, N., Halle, M. & Tremblay, M. Substrate-trapping techniques in the identification of cellular
PTP targets. Methods 35, 44-53. https://doi.org/10.1016/j.ymeth.2004.07.007 (2005).

32. Denu, J,, Lohse, D., Vijayalakshmi, J., Saper, M. & Dixon, J. Visualization of intermediate and transition-state structures in protein-
tyrosine phosphatase catalysis. Proc. Natl. Acad. Sci. USA 93, 2493-2498 (1996).

33. Heo, Y. S. et al. Structural basis for inhibition of protein tyrosine phosphatases by Keggin compounds phosphomolybdate and
phosphotungstate. Exp. Mol. Med. 34, 211-223. https://doi.org/10.1038/emm.2002.30 (2002).

34. Zhang, Z., Wang, Y. & Dixon, J. Dissecting the catalytic mechanism of protein-tyrosine phosphatases. Proc. Natl. Acad. Sci. USA
91, 1624-1627 (1994).

35. Chu, H. & Wang, A. Enzyme-substrate interactions revealed by the crystal structures of the archaeal Sulfolobus PTP-fold phos-
phatase and its phosphopeptide complexes. Proteins 66, 996-1003. https://doi.org/10.1002/prot.21262 (2007).

36. Denu, J. & Tanner, K. Specific and reversible inactivation of protein tyrosine phosphatases by hydrogen peroxide: Evidence for a
sulfenic acid intermediate and implications for redox regulation. Biochemistry 37, 5633-5642. https://doi.org/10.1021/bi973035t
(1998).

37. Tonks, N. Redox redux: Revisiting PTPs and the control of cell signaling. Cell 121, 667-670. https://doi.org/10.1016/j.cell.2005.
05.016 (2005).

38. Whitmore, S. E. & Lamont, R. J. Tyrosine phosphorylation and bacterial virulence. Int. J. Oral Sci. 4, 1-6. https://doi.org/10.1038/
ijos.2012.6 (2012).

39. Arenas, ]. & Tommassen, J. Meningococcal biofilm formation: Let’s stick together. Trends Microbiol. 25, 113-124. https://doi.org/
10.1016/.tim.2016.09.005 (2017).

40. Coureuil, M. et al. Molecular interactions between Neisseria meningitidis and its human host. Cell Microbiol. 21, e13063. https://
doi.org/10.1111/cmi.13063 (2019).

41. Casellato, A. et al. The C2 fragment from Neisseria meningitidis antigen NHBA increases endothelial permeability by destabilizing
adherens junctions. Cell Microbiol. 16, 925-937. https://doi.org/10.1111/cmi.12250 (2014).

42. Massari, P, Ho, Y. & Wetzler, L. M. Neisseria meningitidis porin PorB interacts with mitochondria and protects cells from apoptosis.
Proc. Natl. Acad. Sci. USA 97, 9070-9075. https://doi.org/10.1073/pnas.97.16.9070 (2000).

43. Deo, P. et al. Outer membrane vesicles from Neisseria gonorrhoeae target PorB to mitochondria and induce apoptosis. PLoS Pathog.
14, €1006945. https://doi.org/10.1371/journal.ppat.1006945 (2018).

44. Tommassen, ]. & Arenas, J. Biological functions of the secretome of Neisseria meningitidis. Front. Cell Infect. Microbiol. 7, 256.
https://doi.org/10.3389/fcimb.2017.00256 (2017).

45. PrediSi. PREDIction of Signal peptides. http://www.predisi.de/predisi/ (2003).

46. Teufel, F. et al. SignalP 6.0 predicts all five types of signal peptides using protein language models. Nat. Biotechnol. 40, 1023-1025.
https://doi.org/10.1038/s41587-021-01156-3 (2022).

47. Chinami, M. et al. Binding of HTm4 to cyclin-dependent kinase (Cdk)-associated phosphatase (KAP).Cdk2.cyclin A complex
enhances the phosphatase activity of KAP, dissociates cyclin A, and facilitates KAP dephosphorylation of Cdk2. J. Biol. Chem. 280,
17235-17242. https://doi.org/10.1074/jbc.M413437200 (2005).

48. Donato, J. L. et al. Human HTm4 is a hematopoietic cell cycle regulator. J. Clin. Investig. 109, 51-58. https://doi.org/10.1172/JCI14
025 (2002).

49. Vacaru, A. M. & den Hertog, J. Catalytically active membrane-distal phosphatase domain of receptor protein-tyrosine phosphatase
alpha is required for Src activation. FEBS ] 277, 1562-1570. https://doi.org/10.1111/j.1742-4658.2010.07584.x (2010).

50. Menegatti, A. C. O. Targeting protein tyrosine phosphatases for the development of antivirulence agents: Yersinia spp. and Myco-
bacterium tuberculosis as prototypes. Biochim. Biophys. Acta Proteins Proteom. 1870, 140782. https://doi.org/10.1016/j.bbapap.
2022.140782 (2022).

51. Alonso, A. et al. Lck dephosphorylation at Tyr-394 and inhibition of T cell antigen receptor signaling by Yersinia phosphatase
YopH. J. Biol. Chem. 279, 4922-4928. https://doi.org/10.1074/jbc.M308978200 (2004).

52. Bruckner, S. et al. Yersinia phosphatase induces mitochondrially dependent apoptosis of T cells. J. Biol. Chem. 280, 10388-10394.
https://doi.org/10.1074/jbc.M408829200 (2005).

53. Viboud, G. I. & Bliska, J. B. Yersinia outer proteins: Role in modulation of host cell signaling responses and pathogenesis. Annu.
Rev. Microbiol. 59, 69-89. https://doi.org/10.1146/annurev.micro.59.030804.121320 (2005).

54. dela Puerta, M. L. et al. Characterization of new substrates targeted by Yersinia tyrosine phosphatase YopH. PLoS One 4, e4431.
https://doi.org/10.1371/journal.pone.0004431 (2009).

55. Bach, H., Papavinasasundaram, K. G., Wong, D., Hmama, Z. & Av-Gay, Y. Mycobacterium tuberculosis virulence is mediated by
PtpA dephosphorylation of human vacuolar protein sorting 33B. Cell Host Microbe 3, 316-322. https://doi.org/10.1016/j.chom.
2008.03.008 (2008).

56. Wong, D., Bach, H., Sun, J., Hmama, Z. & Av-Gay, Y. Mycobacterium tuberculosis protein tyrosine phosphatase (PtpA) excludes
host vacuolar-H+-ATPase to inhibit phagosome acidification. Proc. Natl. Acad. Sci. USA 108, 19371-19376. https://doi.org/10.
1073/pnas.1109201108 (2011).

57. Chatterjee, A. Mycobacterium tuberculosis and its secreted tyrosine phosphatases. Biochimie 212, 41-47. https://doi.org/10.1016/j.
biochi.2023.04.007 (2023).

58. Stanford, S. M. & Bottini, N. Targeting tyrosine phosphatases: Time to end the stigma. Trends Pharmacol. Sci. 38, 524-540. https://
doi.org/10.1016/j.tips.2017.03.004 (2017).

59. Shillingford, S. R. & Bennett, A. M. Mitogen-activated protein kinase phosphatases: No longer undruggable?. Annu. Rev. Pharmacol.
Toxicol. 63, 617-636. https://doi.org/10.1146/annurev-pharmtox-051921-121923 (2023).

60. Krabill, A. D. & Zhang, Z. Y. Functional interrogation and therapeutic targeting of protein tyrosine phosphatases. Biochem. Soc.
Trans. 49, 1723-1734. https://doi.org/10.1042/BST20201308 (2021).

61. Tautz, L. et al. Inhibition of Yersinia tyrosine phosphatase by furanyl salicylate compounds. J. Biol. Chem. 280, 9400-9408. https://
doi.org/10.1074/jbc.M413122200 (2005).

62. Raveendra-Panickar, D. et al. Discovery of novel furanylbenzamide inhibitors that target oncogenic tyrosine phosphatase SHP2
in leukemia cells. J. Biol. Chem. 298, 101477. https://doi.org/10.1016/j.jbc.2021.101477 (2022).

Scientific Reports|  (2023) 13:22015 | https://doi.org/10.1038/s41598-023-49561-9 nature portfolio


https://doi.org/10.1016/j.cell.2008.11.038
https://doi.org/10.1016/j.cell.2008.11.038
https://doi.org/10.1006/abio.1999.4202
https://doi.org/10.21769/BioProtoc.4510
https://doi.org/10.21769/BioProtoc.4510
https://doi.org/10.1111/febs.12077
https://doi.org/10.1016/j.ymeth.2004.07.007
https://doi.org/10.1038/emm.2002.30
https://doi.org/10.1002/prot.21262
https://doi.org/10.1021/bi973035t
https://doi.org/10.1016/j.cell.2005.05.016
https://doi.org/10.1016/j.cell.2005.05.016
https://doi.org/10.1038/ijos.2012.6
https://doi.org/10.1038/ijos.2012.6
https://doi.org/10.1016/j.tim.2016.09.005
https://doi.org/10.1016/j.tim.2016.09.005
https://doi.org/10.1111/cmi.13063
https://doi.org/10.1111/cmi.13063
https://doi.org/10.1111/cmi.12250
https://doi.org/10.1073/pnas.97.16.9070
https://doi.org/10.1371/journal.ppat.1006945
https://doi.org/10.3389/fcimb.2017.00256
http://www.predisi.de/predisi/
https://doi.org/10.1038/s41587-021-01156-3
https://doi.org/10.1074/jbc.M413437200
https://doi.org/10.1172/JCI14025
https://doi.org/10.1172/JCI14025
https://doi.org/10.1111/j.1742-4658.2010.07584.x
https://doi.org/10.1016/j.bbapap.2022.140782
https://doi.org/10.1016/j.bbapap.2022.140782
https://doi.org/10.1074/jbc.M308978200
https://doi.org/10.1074/jbc.M408829200
https://doi.org/10.1146/annurev.micro.59.030804.121320
https://doi.org/10.1371/journal.pone.0004431
https://doi.org/10.1016/j.chom.2008.03.008
https://doi.org/10.1016/j.chom.2008.03.008
https://doi.org/10.1073/pnas.1109201108
https://doi.org/10.1073/pnas.1109201108
https://doi.org/10.1016/j.biochi.2023.04.007
https://doi.org/10.1016/j.biochi.2023.04.007
https://doi.org/10.1016/j.tips.2017.03.004
https://doi.org/10.1016/j.tips.2017.03.004
https://doi.org/10.1146/annurev-pharmtox-051921-121923
https://doi.org/10.1042/BST20201308
https://doi.org/10.1074/jbc.M413122200
https://doi.org/10.1074/jbc.M413122200
https://doi.org/10.1016/j.jbc.2021.101477

www.nature.com/scientificreports/

Acknowledgements

Research reported in this publication was supported by the National Institutes of Health under Awards Number
5U54-GM094586-02 (to L.T.) and NCI Cancer Center Support Grant P30CA030199. We thank Drs. Ian Wilson
and Scott Lesley and the Joint Center for Structural Genomics (JCSG) for helpful discussions and for generously
providing us with the NMA1982 plasmid. We thank Dr. Andrey Bobkov for his help with the DSC measurements.
We also thank Dr. Douglas Sheftler for reading the manuscript.

Author contributions

Study conception and design: S.W., M.C., X.N,, L.T;; data collection: S.W., M.C., L.T,; analysis and interpreta-
tion of results: S.W., M.C., X.N., L.T.; draft manuscript preparation: M.C., X.N., L.T. All authors reviewed the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-49561-9.

Correspondence and requests for materials should be addressed to L.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:22015 | https://doi.org/10.1038/s41598-023-49561-9 nature portfolio


https://doi.org/10.1038/s41598-023-49561-9
https://doi.org/10.1038/s41598-023-49561-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Enzyme mechanistic studies of NMA1982, a protein tyrosine phosphatase and potential virulence factor in Neisseria meningitidis
	Results
	3D Structural comparison of NMA1982 with human PTPs
	Assessing NMA1982 phosphatase activity using Michaelis–Menten kinetics
	NMA1982 putative catalytic P-loop and WPD-loop mutagenesis studies
	NMA1982 inhibition, pH and temperature dependence, and oxidative inactivation studies
	N. meningitidis NMA1982 secretion studies

	Discussion
	Materials and methods
	Site-directed mutagenesis, protein expression and purification
	Michaelis–Menten kinetic PTP assays
	Orthovanadate inhibition of NMA1982
	NMA1982 oxidation assay
	NMA1982 activity vs. pH assay
	NMA1982 activity vs. temperature assay
	NMA1982 antibodies
	Bacterial strains and mutagenesis
	Preparation of supernatant and analysis

	References
	Acknowledgements


