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Enzyme characteristics of 
pathogen-specific trehalose-6-
phosphate phosphatases
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Owing to the key role of trehalose in pathogenic organisms, there has recently been growing interest 
in trehalose metabolism for therapeutic purposes. Trehalose-6-phosphate phosphatase (TPP) is a 
pivotal enzyme in the most prominent biosynthesis pathway (OtsAB). Here, we compare the enzyme 
characteristics of recombinant TPPs from five important nematode and bacterial pathogens, including 
three novel members of this protein family. Analysis of the kinetics of trehalose-6-phosphate hydrolysis 
reveals that all five enzymes display a burst-like kinetic behaviour which is characterised by a decrease 
of the enzymatic rate after the pre-steady state. The observed super-stoichiometric burst amplitudes 
can be explained by multiple global conformational changes in members of this enzyme family 
during substrate processing. In the search for specific TPP inhibitors, the trapping of the complex 
conformational transitions in TPPs during the catalytic cycle may present a worthwhile strategy to 
explore.

As opposed to organism-based drug screening approaches, where the entire pathogenic organism is probed in 
phenotypic or survival assays, protein-based strategies have the distinct advantage of providing insights into the 
molecular mechanisms of chemical e�ectors. �erefore, in order to develop novel therapeutic approaches, path-
ogen proteins identi�ed as promising targets need to be appraised from molecular and structural viewpoints. �e 
results from such an appraisal then provide a starting point for informed structure-based drug design.

An unprecedented wealth of genomic and transcriptomic sequence data are now publicly available for bac-
terial and parasitic pathogens. A promising avenue to identify novel drug targets thus involves a comparison of 
pathogen and host genomes, with the aim of �nding genes in the pathogen that are distinct from those of the host 
(sometimes referred to as subtractive genomics). Ideally, such targets should be essential in the pathogen, i.e. are 
crucially important for its development and survival. Upon interference with or interruption of such targets, the 
viability and growth of a pathogen should be substantially impaired, thus ultimately leading to the clearance of the 
pathogen from the host. Additionally, an ideal target protein in a pathogen should not have an orthologue in the 
host, such that the possibilities of ‘cross-reactions’ of a speci�c chemotherapeutic with host proteins and pathways 
are reduced, helping to minimise side e�ects1.

�e fact that trehalose is an essential oligosaccharide for many micro-organisms, but is neither required nor 
synthesised by mammalian cells, has previously attracted interest from researchers targeting the biosynthetic 
pathway of trehalose for chemotherapeutic intervention2. Trehalose (also known as mycose or tremalose) is a 
non-reducing disaccharide consisting of two glucose subunits with an α,α′-1,1′-glycosidic bond. �is carbohy-
drate occurs in a wide range of species and is synthesised by bacteria, fungi, both lower and higher order plants 
and various invertebrates. Trehalose has arguably received most study in plants and fungi, where it has roles in 
development, abiotic stress tolerance, energy storage and the regulation of carbon metabolism3 and, thus, has 
implications for the global food supply. Studies of plants (reviewed in refs 4, 5) have demonstrated that modi�ca-
tion of trehalose metabolism enables the engineering of plants with higher biomass content or increased abiotic 
stress tolerance.
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Five different pathways of trehalose biosynthesis have been observed in prokaryotes, plants, fungi and 
non-vertebrate animals. Many eubacteria possess between two and four pathways, whereas invertebrates as well 
as fungi and plants only possess one pathway6. Of the �ve di�erent pathways of trehalose synthesis, the only con-
served pathway (OtsAB pathway) among plants, fungi and invertebrates, was �rst described for yeast7 and is regu-
lated by the enzyme trehalose phosphate synthase (TPS), which catalyses the formation of trehalose-6-phosphate 
from UDP-glucose and glucose-6-phosphate. �e phospho group is removed by trehalose-6-phosphate phos-
phatase (TPP) to yield trehalose8, 9. Knockdown of either the TPS genes (tps-1, tps-2) or the TPP gene (gob-1) in 
the free-living roundworm Caenorhabditis elegans showed that an accumulation of trehalose-6-phosphate, rather 
than the absence of trehalose, leads to a lethal phenotype10. Similarly, the blocking of otsB2 in Mycobacterium 
tuberculosis results in cell poisoning11. Notably, TPP is conserved in pathogenic species but absent from mamma-
lian hosts; the enzyme thus ful�lls all of the above criteria for a worthwhile drug target against nematodes and is 
validated in other species including mycobacteria.

Since drug discovery and development typically employ extensive studies of structure-activity relationships, 
an understanding of the mechanism of action of the target enzyme(s) is imperative. TPPs belong to the haloacid 
dehalogenase (HAD) family of phosphatases12. �e HAD domain constitutes 20% of all human phosphatase 
domains and catalyses dephosphorylation of an extensive range of substrates. Structurally, this is achieved by 
highly conserved active site residues positioned within a Rossmann-like fold known as the core domain. In some 
family members, including TPPs, the core domain sequence contains an inserted cap domain, which may enclose 
the active site upon substrate binding13. Cap domains are linked to diversi�cation within the family, and can be 
divided into three classes (C0, C1 and C2) based on structure and insertion position. In all HAD proteins, the 
core (and, where present, cap) domains are believed su�cient to achieve dephosphorylation and any additional 
domains are linked to functional diversity14. HAD phosphatases are magnesium-dependent and share a common 
mechanism that involves a nucleophilic attack by an aspartate, resulting in the formation of a phospho-aspartyl 
intermediate that is then hydrolysed by a water molecule in a second step, releasing phosphate and regenerating 
the catalytic nucleophile13. Based on a survey of mono-enzyme TPPs from a variety of pathogenic organisms, it 
has previously been suggested that these enzymes can be classi�ed into three groups based on their structural 
topology (see also Supplementary Figure S2), thus distinguishing among enzymes from nematodes, mycobacte-
ria, other eubacteria and archaea15.

In the present study, we compared the enzyme kinetics of three novel and two known mono-enzyme TPPs 
from important pathogenic organisms. From the nematode group, we investigated the TPPs of Ancylostoma cey-
lanicum (abbreviated as Acey), Brugia malayi (Bmal) and Toxocara canis (Tcan). B. malayi is the causative agent 
of lymphatic �lariasis in humans while A. ceylanicum and T. canis are canid parasites that have recently become 
zoonotic. Human infections by both species are increasing16–20 and have severe consequences for hosts, par-
ticularly where worm migration into the subretinal space may cause blindness21, 22. For this reason, toxocariasis 
is prioritised by the Centers for Disease Control and Prevention for public health action23, with A. ceylanicum 
infection likely to follow as reports of the worm in humans continue to emerge19. From the bacterial groups, 
we selected the TPPs from M. tuberculosis (Mtub) (also called otsB2 or Rv3372), and from the bacterial group 
we selected the TPP from Stenotrophomonas maltophilia (Smal), an opportunistic pathogen associated with 
hospital-acquired infections24, 25. Our analysis shows that all enzymes possessed the expected phosphatase activity 
against trehalose-6-phosphate. We further identi�ed a burst-like kinetic activity for all enzymes studied, which 
had varying but generally limited susceptibility to generic phosphatase inhibitors.

Results and Discussion
Expression and purification. For protein production, we adopted a practical and e�ective strategy based on 
synthetic genes utilising codon optimisation according to the expression organism. �e synthetic genes encoding 
TPPs of A. ceylanicum, B. malayi, T. canis, M. tuberculosis and S. maltophilia were each ligated into an expression 
vector that contained an N-terminal hexa-His-tag and a tobacco etch virus (TEV) protease cleavage site. While 
recombinant B. malayi and M. tuberculosis TPPs had been expressed and puri�ed previously2, 26, recombinant TPPs 
from A. ceylanicum, T. canis and S. maltophilia were produced here for the �rst time (Supplementary Figure S3).

�e presence of successful folding and expected secondary structure in the novel TPP enzymes from A. cey-
lanicum, T. canis and S. maltophilia (as well as the known TPPs from B. malayi and M. tuberculosis) was veri�ed 
by using far-ultraviolet circular dichroism spectroscopy (Supplementary Figure S4). �e spectra indicated mixed 
α/β secondary structure elements, in agreement with the α/β nature of the Rossmann fold constituting the TPP 
core domain. In particular, the CD spectrum of the Acey-TPP construct con�rms that the removal of three exons 
of the gene reported for the hypothetical protein Y032_0015g2804 (gb:EYC23728.1)27, as suggested earlier15, 
yields a folded gene product.

Overall enzyme kinetics and steady state parameters. Previous studies highlighted that TPPs are highly 
speci�c enzymes and only process trehalose-6-phosphate as substrate with reasonable catalytic e�ciency10, 28–30.  
Here, the wild-type enzymes Acey-TPP, Bmal-TPP, Tcan-TPP, Mtub-TPP and Smal-TPP were tested in a phos-
phatase kinetics assay using trehalose-6-phosphate as substrate. �e amount of phosphate released was deter-
mined colorimetrically employing an endpoint assay based on phosphomolybdate/malachite green chemistry31.

For all TPPs tested, the time-dependent plots of the amount of released phosphate showed bi-phasic progress 
with a clear upward curvature during the initial phase of the enzymatic reaction, indicating an initial high veloc-
ity of enzymatic turnover immediately a�er adding enzyme to substrate (Fig. 1). In the brief time preceding the 
steady state (pre-steady state), an enzyme binds and processes the �rst substrate molecules. If the release of the 
product is rate limiting, a burst phase is observed, during which the population of enzyme molecules becomes 
saturated with substrate32. At the end of the burst phase, the progress curve becomes linear (constant reaction 
rate) and the system enters the steady state phase. Accordingly, the raw data from the present study were �tted 
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with a three-parameter burst equation, yielding the amplitude and rate constant for the burst phase, as well as the 
steady state rate. For an assessment of steady state kinetics, the rate was plotted against the substrate concentra-
tion to yield a Michaelis-Menten plot (Fig. 2A); the steady-state kinetics parameters are summarised in Table 1. 
A comparison of steady state kinetic parameters of Bmal-TPP26 and Mtub-TPP33, 34 reported previously and those 
determined in the present study shows general agreement. �e individual TPP enzymes from di�erent species are 
characterised by KM values of between 0.1 and 2.0 mM and catalytic e�ciencies of between 102 and 104 M−1 s−1. 
Compared with the limiting di�usion rate constant of approximately 109 M−1 s−1, the catalytic e�ciencies of these 
enzymes are low to moderate, owing to low turnover numbers (kcat).

Pre-steady state parameters. Burst kinetics are most commonly observed in cases where there is an 
accumulation of enzyme-bound intermediates or products35–42. �e observation of burst behaviour with TPP 
enzymes is thus in agreement with the assumed formation of a covalent phospho-aspartate intermediate in HAD 
phosphatases12, 43, 44.

�e three-parameter burst equation allows the determination of two pre-steady state parameters, the burst 
amplitude and the rate constant for the burst phase. For the TPP enzymes tested in this study, the burst rate con-
stant appeared to be invariant with respect to substrate concentration (Fig. 2B). �e notable exception in the panel 
of tested enzymes was Smal-TPP, for which the burst rate constant increased with the concentration of substrate, 
and the correlation coincided with that observed for the substrate dependency of the burst amplitude.

�e burst amplitude (Fig. 2C), normally expected to attain a maximum of one product molecule per cat-
alytic site, reached values that were considerably greater than the enzyme concentration and was thus 
super-stoichiometric, indicating that the occurrence of the burst behaviour involved a process occurring over 
the period of several enzyme turnovers. Such behaviour leads to a reduction of the rate with time, as is the case 
for product inhibition or enzyme isomerisation, for example, rather than a ‘normal’ burst due to slow product 
release32. Enzymatic reactions of TPPs carried out in the presence of various concentrations of trehalose did not 
show any inhibitory e�ects (Fig. 3), thus ruling out product inhibition. �erefore, these �ndings suggest that 
the apparent burst observed in the enzyme kinetics of TPPs is due to a complex scheme of elementary reactions 
(Fig. 4) involving domain movements30.

In the �rst step, trehalose-6-phosphate binds to the open form of the enzyme, and it is assumed that the occur-
rence of productive interactions between enzyme and substrate cause the cap domain to rotate towards the core 
domain (step 2), thus forming a closed substrate-bound form. Nucleophilic attack by an active site aspartate side 

Figure 1. Enzyme kinetics. Time-dependent product formation catalysed by �ve TPPs from pathogenic 
organisms at varying initial substrate concentrations. Data points were acquired by quenching the reactions 
a�er the indicated incubation period. �e data points represent the mean value of at least three independent 
experiments, and error bars indicate one standard deviation. �e �ts of individual datasets with the burst 
equation are shown as solid lines.
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Figure 2. Analysis of steady state (A) and pre-steady state (B,C) kinetic parameters, obtained from �ts of the 
burst equation to the raw data (Fig. 1). (A) Steady state kinetics. Data points show the steady-state velocity for 
di�erent initial substrate concentrations. �e solid lines represent �ts of the Michaelis-Menten equation; for 
numerical results see Table 1. (B) �e burst rate constants observed for varying initial substrate concentrations. 
For Smal-TPP, the data were �tted assuming a dose-response relationship (solid line); EC50: 1.39 mM, width: 
7.8. (C) �e burst stoichiometry, calculated as the quotient of burst amplitude and enzyme concentration, as 
observed for varying initial substrate concentrations. �e solid lines represent �ts assuming a dose-response 
relationship. �e �t parameters were obtained as EC50 in mM: 0.325 (Tcan-TPP), 0.371 (Bmal-TPP), 0.297 
(Acey-TPP), 1.25 (Mtub-TPP), 1.39 (Smal-TPP); width: 2.7 (Tcan-TPP), 2.3 (Bmal-TPP), 2.3 (Acey-TPP), 3.5 
(Mtub-TPP), 7.8 (Smal-TPP). Note the agreement of the dose-response parameters of Smal-TPP with the 
correlation observed for the burst rate constant.
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chain in the third step leads to a covalent intermediate that is further hydrolysed into the two product molecules 
(step 4). Finally, the enzyme is required to remove the cap from the core domain in a conformational change 
(step 5). It can reasonably be assumed that the steps involving domain movements (steps 2 and 5) proceed much 
slower than the chemistry steps (3 and 4). �ese multiple processes occur in a population of enzyme molecules in a 
non-synchronised fashion. Additionally, it is possible that individual enzyme molecules undergo a conformational 
change between open and closed states in the absence of substrate molecules. Such non-synchronised conforma-
tional changes will lead to a decrease in the overall rate of the enzymatic reaction of a population of molecules.

KM mM kcat s
−1 kcat/KM M−1 s−1 Temperature °C Reference

Nematodes

Acey-TPP 0.12 4.7 38 × 103 25 �is study

Bmal-TPP
0.28 0.9 3.3 × 103 25 �is study

0.36 24 67 × 103 25 26

Tcan-TPP 0.35 0.9 2.6 × 103 25 �is study

Asuu-TPPa 0.23 3.6 16 × 103 25 60

Mycobacteria Mtub-TPP [otsB2, Rv3372]

0.48 1.7 3.5 × 103 25 �is study

0.6 n. d. 25 33

0.48 2.8 5.8 × 103 37 34

0.50 10 20 × 103 25 60

Bacteria

Smal-TPP 2.0 0.23 0.11 × 103 25 �is study

Sboy-TPPb 0.69 16 23 × 103 25 60

Styp-TPPc 0.31 6.2 20 × 103 25 60

Table 1. Enzyme parameters of steady state kinetics for di�erent TPPs. �e table summarises the numerical 
results of �tting the Michaelis-Menten equation to the steady state data shown in Fig. 2A and comparison with 
kinetics data from the literature. n. d.: no data; aAscaris suum; bShigella boydii; cSamonella typhimurium.

Figure 3. Inhibition of �ve TPPs from pathogenic organisms. �e e�ects of the generic inhibitors EDTA, 
sulphate, o-vanadate, molybdate and �uoride, as well as the product from the enzymatic reaction, trehalose, 
were tested at 1 mM �nal concentration. Relative activity was calculated as the ratio of phosphate concentration 
determined in an endpoint assay of reactions in the presence and absence of inhibitor. �e bar heights indicate 
the mean value of at least three independent experiments, and the error bars represent one standard deviation.

Figure 4. Kinetic scheme of the elementary steps in the TPP-catalysed hydrolysis of trehalose-6-phosphate. 
E – open enzyme conformation; E* – closed enzyme conformation; T6P – trehalose-6-phosphate; T – trehalose; 
P – inorganic phosphate.
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Enzyme inhibition. Owing to the exquisite substrate speci�city of trehalose-6-phosphate phosphatases, 
there are currently no known speci�c inhibitors of these enzymes. In previous studies, some selected generic 
phosphatase inhibitors have been tested against Mtub-TPP29 and Bmal-TPP26, 28, and transition state analogues 
have been used to trap the enzymatically competent conformation of TPP enzymes from �ermoplasma acido-
philum45 and Candida albicans30. �e only non-generic compounds reported to have moderate inhibitory e�ects 
on any TPP are the phosphoglycolipid antimycobacterials diumycin and �avomycin (moenomycin A) which were 
found in of M. tuberculosis and M. smegmatis2.

TPPs from the present study were tested for inhibition utilising a panel of generic phosphatase inhibitors (see 
Fig. 3), including EDTA, sulphate, o-vanadate46, molybdate and �uoride47. Substantial inhibitory e�ects were 
only observed on Smal-TPP (with EDTA) and Bmal-TPP (with molybdate or �uoride). As a general observa-
tion, Bmal-TPP was the most and Acey-TPP the least susceptible of the enzymes tested in this study. Clearly, the 
absence of any notable e�ects of EDTA on most TPPs indicates that magnesium coordination of these enzymes 
is generally very strong, owing to the highly negatively charged coordination sphere provided by the multiple 
aspartate side chains. �e abolished enzymatic activity of Smal-TPP in the presence of 1 mM EDTA is a notable 
exception.

In order to evaluate the possibility of product inhibition, the e�ects of added trehalose were also tested. None 
of the TPPs in this study showed any signi�cant change in activity and the possibility of product inhibition can 
therefore be excluded.

Conclusions
Based on the recent classi�cation of mono-enzyme TPPs from bacterial and parasitic pathogens of animals, rep-
resentative TPPs from each of the three groups were chosen here for the characterisation of enzyme kinetics. 
Whilst TPPs from B. malayi and M. tuberculosis have previously been investigated, this study is the �rst report of 
recombinant TPPs from A. ceylanicum, T. canis and S. maltophilia. �e nematodes T. canis and A. ceylanicum are 
parasites of canids and felids but can also involve other animals and humans as paratenic hosts48. Importantly, A. 
ceylanicum is one of the commonest hookworms infecting humans49, and T. canis infection has been linked to 
allergic disorders in humans, such as urticaria, chronic pruritus and/or asthma17. �e Gram-negative bacterium 
S. maltophilia is ubiquitously present in the environment and is naturally resistant to many broad-spectrum anti-
biotics50. In immuno-compromised patients, this bacterium can cause latent pulmonary disease of major clinical 
concern51, and has been associated with high morbidity and mortality52.

Together with other compatible solutes, including polyols, glucosylglycerol and certain amino acids and 
their derivatives, trehalose acts as an osmoprotectant and thus contributes to the protection of organisms against 
osmotic stress53. Interestingly, while most organisms utilise a spectrum of di�erent osmolytes, S. maltophilia 
relies entirely on trehalose for osmoprotection54. In this context, it is interesting that Smal-TPP is the enzyme 
with the lowest catalytic e�ciency in the panel of TPPs investigated here. �e slow turnover number and com-
paratively large KM value may be an adaptation to a physiological setting where constitutively large amounts of 
trehalose-6-phosphate are present. In mycobacteria, trehalose not only acts as an osmo- and thermoprotectant, 
but is also an important constituent of the unusual mycobacterial cell wall where it is present as lipo-conjugates 
in the form of cord factor (trehalose 6,6′-dimycolate) and sulfolipids (acylated trehalose-2′-sulphate derivatives), 
allowing functional rehydration of the membrane structure a�er desiccation55. Additionally, these cell wall 
metabolites have also been associated with tissue damage resulting from infection with pathogenic mycobacte-
ria56. As a precursor of these cell wall components, trehalose is critical for mycobacterial growth57. In contrast, in 
nematodes, trehalose is the major sugar in the circulating haemolymph, and functions as an energy reserve, in 
addition to its thermo- and osmoprotective roles58, 59.

�e prominence of the OtsAB pathway in pathogenic organisms and the absence of TPP from vertebrate 
hosts has not only drawn attention to these enzymes as potential drug targets, but also raises the hope that 
broad-spectrum chemotherapeutics could be developed. It is an imperative pre-requisite for the rational design 
of drugs against speci�c targets to understand their molecular and enzymatic mechanisms. In this study, we 
compared the enzymatic characteristics of TPPs from selected pathogens and provide a rigorous characterisa-
tion of their enzymatic behaviour. All members of the enzyme panel studied here displayed a burst-like kinetic 
behaviour. Due to the formation of a covalent intermediate with the substrate during turnover and a subsequent 
rate-limiting release of the enzyme-bound product, a stoichiometric burst behaviour would not be unexpected 
for TPPs. However, the observation of super-stoichiometric burst amplitudes leads to the conclusion that the 
burst appearance is a repercussion of multiple conformational changes at a global scale required by the enzyme 
for substrate capture, catalytic turnover and product release.

�e fact that generic phosphatase inhibitors as well as close substrate analogues60 possess only limited inhibi-
tory e�ects emphasises the need for further drug discovery studies and novel design approaches. �e importance 
of conformational transitions in the TPP enzyme mechanism suggest that molecules trapping dysfunctional con-
formations of TPPs may be worthy of further explorations.

Materials and Methods
Protein expression and purification. Codon-optimised expression constructs of the TPP genes 
from A. ceylanicum (edited sequence of gb:EYC23728.1; see Supplementary Information S1), B. malayi  
(gb: XM_001893174.1; gene: Bma-gob-1), T. canis (gb:KHN76157.1), M. tuberculosis (gb:CP007299) and S. maltophilia  
(gb:CCH13862) were obtained from GenScript (USA), ligated into the vector p11 (obtained from �e Biodesign 
Institute, Arizona State University, USA) via Nde I and Bam HI restriction sites, resulting in protein constructs 
with an N-terminal fusion peptide (MGSSH6SSGRENLYFQGH).

http://S1
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Expression and puri�cation was performed according to the protocol published previously15. Puri�ed pro-
tein samples (see Supplementary Figure S3) were dialysed against 100 mM NaCl, 1 mM MgCl2, 1 mM DTT and 
20 mM TRIS (pH 8.0) and concentrated by ultra�ltration using an Amicon Ultra cartridge (Merck, Kilsyth, VIC, 
Australia) with 30 kDa cuto�. CD spectroscopy of puri�ed proteins indicated the presence of the expected sec-
ondary structure elements (Supplementary Figure S4). �e �nal puri�ed non-tagged proteins were subjected to 
mass spectrometry to validate their identity by MS �ngerprinting (see Supplementary Table S5).

Enzyme kinetics. �e substrate α,α′-trehalose-6-monophosphate was synthesised in-house as published 
previously15. Phosphatase activity of puri�ed recombinant proteins was assessed a�er removal of the N-terminal 
fusion peptides. �e puri�ed recombinant proteins were tested at 0.25–2.5 µM in a bu�er solution comprising of 
20 mM TRIS (pH 7.5) and 100 mM NaCl, as well as varying concentrations of trehalose-6-phosphate (0.1–2 mM).  
Reactions were set up in a total volume of 350 µl in 96-well plates at room temperature, started by addition of 
0.05–36 µM enzyme, and stopped a�er various time points (0.5–15 min) by addition of 100 µl of BIOMOL® Green 
reagent (Enzo Life Sciences, New York, USA). Following incubation for 15 min, the absorbance at 620 nm was 
measured using a Biotek plate reader. All reactions were set up in triplicate in 96-well plates (Corning, Sigma 
Aldrich, NSW, Australia) and control experiments in the absence of enzyme were used to correct for background 
absorbance.

Absorbance data were converted to molar concentration of phosphate using a calibration function that was 
re-determined for every new batch of BIOMOL® Green. All data �tting was performed with the so�ware SDAR61. 
To model the burst behaviour, the raw kinetics data were �tted with the following equation

= ⋅ − + ⋅
− ⋅c A v t(phosphate) (1 e ) ,k t

steady state
b

where A is the burst amplitude, kb the burst rate constant and vsteady state the steady state rate32.

Enzyme inhibition. To test the inhibitory properties of compounds, end-point assays with �xed substrate 
concentration and reaction time were used. Enzyme activity in the absence of compounds was assessed in 50 µl 
reaction mixtures with 2.5 µM TPP protein in assay bu�er (100 mM NaCl, 20 mM TRIS, pH 7.5). All compounds 
tested for potential inhibition were added at a �nal concentration of 1 mM and the mixtures were incubated for 
5 minutes before reactions were initiated by the addition of trehalose-6-phosphate (200 µM �nal concentration). 
Reactions were allowed to proceed for 15 min before quenching with 100 µl of BIOMOL® Green reagent. A�er an 
incubation period of 15 min for colour development, the absorbance at 620 nm was measured using a Biotek plate 
reader. All reactions were set up in triplicate in 96-well plates and control experiments in the absence of enzyme 
were used to correct for background absorbance.

References
 1. Gashaw, I., Ellinghaus, P., Sommer, A. & Asadullah, K. What makes a good drug target? Drug Discov. Today 17(Suppl), S24–30 

(2012).
 2. Edavana, V. K. et al. Cloning and expression of the trehalose-phosphate phosphatase of Mycobacterium tuberculosis: comparison to 

the enzyme from Mycobacterium smegmatis. Arch. Biochem. Biophys. 426, 250–257 (2004).
 3. Lunn, J. E., Delorge, I., Figueroa, C. M., Van Dijck, P. & Stitt, M. Trehalose metabolism in plants. Plant J. Cell Mol. Biol. 79, 544–567 

(2014).
 4. Schluepmann, H., Berke, L. & Sanchez-Perez, G. F. Metabolism control over growth: a case for trehalose-6-phosphate in plants. J. 

Exp. Bot. 63, 3379–3390 (2012).
 5. Delorge, I., Janiak, M., Carpentier, S. & Van Dijck, P. Fine tuning of trehalose biosynthesis and hydrolysis as novel tools for the 

generation of abiotic stress tolerant plants. Front. Plant Sci. 5, 147 (2014).
 6. Avonce, N., Mendoza-Vargas, A., Morett, E. & Iturriaga, G. Insights on the evolution of trehalose biosynthesis. BMC Evol. Biol. 6, 

109 (2006).
 7. Cabib, E. & Leloir, L. F. �e biosynthesis of trehalose phosphate. J. Biol. Chem. 231, 259–275 (1958).
 8. Lapp, D., Patterson, B. W. & Elbein, A. D. Properties of a Trehalose Phosphate Synthetase from Mycobacterium smegmatis - 

Activation of the enzyme by polynucleotides and other polyanions. J. Biol. Chem. 246, 4567–4579 (1971).
 9. Matula, M., Mitchell, M. & Elbein, A. D. Partial puri�cation and properties of a highly speci�c trehalose phosphate phosphatase 

from Mycobacterium smegmatis. J. Bacteriol. 107, 217–222 (1971).
 10. Kormish, J. D. & McGhee, J. D. �e C. elegans lethal gut-obstructed gob-1 gene is trehalose-6-phosphate phosphatase. Dev. Biol. 287, 

35–47 (2005).
 11. Korte, J. et al. Trehalose-6-Phosphate-Mediated Toxicity Determines Essentiality of OtsB2 in Mycobacterium tuberculosis In Vitro 

and in Mice. PLOS Pathog. 12, e1006043 (2016).
 12. Allen, K. N. & Dunaway-Mariano, D. Markers of �tness in a successful enzyme superfamily. Curr. Opin. Struct. Biol. 19, 658–665 

(2009).
 13. Seifried, A., Schultz, J. & Gohla, A. Human HAD phosphatases: structure, mechanism, and roles in health and disease. FEBS J 280, 

549–571 (2013).
 14. Burroughs, A. M., Allen, K. N., Dunaway-Mariano, D. & Aravind, L. Evolutionary Genomics of the HAD Superfamily: 

Understanding the Structural Adaptations and Catalytic Diversity in a Superfamily of Phosphoesterases and Allied Enzymes. J. Mol. 
Biol. 361, 1003–1034 (2006).

 15. Cross, M. et al. Probing function and structure of trehalose-6-phosphate phosphatases from pathogenic organisms suggests distinct 
molecular groupings. FASEB J. 31, 920–926 (2017).

 16. Woodhall, D. M., Eberhard, M. L. & Parise, M. E. Neglected parasitic infections in the United States: toxocariasis. Am. J. Trop. Med. 
Hyg 90, 810–813 (2014).

 17. Overgaauw, P. A. M. & van Knapen, F. Veterinary and public health aspects of Toxocara spp. Vet. Parasitol. 193, 398–403 (2013).
 18. Hotez, P. J. & Wilkins, P. P. Toxocariasis: America’s most common neglected infection of poverty and a helminthiasis of global 

importance? PLoS Negl. Trop. Dis. 3, e400 (2009).
 19. Bradbury, R. S., Hii, S. F., Harrington, H., Speare, R. & Traub, R. Ancylostoma ceylanicum Hookworm in the Solomon Islands. 

Emerg. Infect. Dis. 23, 252–257 (2017).
 20. Traub, R. J. Ancylostoma ceylanicum, a re-emerging but neglected parasitic zoonosis. Int. J. Parasitol. 43, 1009–1015 (2013).

http://S3
http://S4
http://S5


www.nature.com/scientificreports/

8Scientific RepoRts | 7: 2015  | DOI:10.1038/s41598-017-02220-2

 21. Pinelli, E. & Aranzamendi, C. Toxocara infection and its association with allergic manifestations. Endocr. Metab. Immune Disord. 
Drug Targets 12, 33–44 (2012).

 22. Poppert, S. et al. Di�use Unilateral Subacute Neuroretinitis Caused by Ancylostoma Hookworm. Emerg. Infect. Dis. 23, 343–344 
(2017).

 23. Centers for Disease Control and Prevention. Neglected Parasitic Infections (NPIs) in the United States. https://www.cdc.gov/
parasites/npi/ (2016). (Accessed: 2nd November 2016).

 24. Brooke, J. S. New strategies against Stenotrophomonas maltophilia: a serious worldwide intrinsically drug-resistant opportunistic 
pathogen. Expert Rev. Anti Infect. �er. 12, 1–4 (2014).

 25. Brooke, J. S. Stenotrophomonas maltophilia: an emerging global opportunistic pathogen. Clin. Microbiol. Rev. 25, 2–41 (2012).
 26. Farelli, J. D. et al. Structure of the Trehalose-6-phosphate Phosphatase from Brugia malayi Reveals Key Design Principles for 

Anthelmintic Drugs. PLoS Pathog. 10, e1004245 (2014).
 27. Schwarz, E. M. et al. �e genome and transcriptome of the zoonotic hookworm Ancylostoma ceylanicum identify infection-speci�c 

gene families. Nat. Genet. 47, 416–422 (2015).
 28. Kushwaha, S., Singh, P. K., Rana, A. K. & Misra-Bhattacharya, S. Cloning, expression, puri�cation and kinetics of trehalose-6-

phosphate phosphatase of �larial parasite Brugia malayi. Acta Trop. 119, 151–159 (2011).
 29. Klutts, S. et al. Puri�cation, cloning, expression, and properties of mycobacterial trehalose-phosphate phosphatase. J. Biol. Chem. 

278, 2093–2100 (2003).
 30. Miao, Y. et al. Structures of trehalose-6-phosphate phosphatase from pathogenic fungi reveal the mechanisms of substrate 

recognition and catalysis. Proc. Natl. Acad. Sci 113, 7148–7153 (2016).
 31. Baykov, A. A., Evtushenko, O. A. & Avaeva, S. M. A malachite green procedure for orthophosphate determination and its use in 

alkaline phosphatase-based enzyme immunoassay. Anal. Biochem. 171, 266–270 (1988).
 32. Johnson, K. A. Encyclopedia of Life Sciences (John Wiley & Sons, Ltd, 2001).
 33. Murphy, H. N. et al. �e OtsAB pathway is essential for trehalose biosynthesis in Mycobacterium tuberculosis. J. Biol. Chem. 280, 

14524–14529 (2005).
 34. Shan, S., Min, H., Liu, T., Jiang, D. & Rao, Z. Structural insight into dephosphorylation by trehalose 6-phosphate phosphatase 

(OtsB2) from Mycobacterium tuberculosis. FASEB J. 30, 3989–3996 (2016).
 35. Tamura, T. et al. Selenite reduction by the thioredoxin system: kinetics and identification of protein-bound selenide. Biosci. 

Biotechnol. Biochem. 75, 1184–1187 (2011).
 36. Praestgaard, E. et al. A kinetic model for the burst phase of processive cellulases. FEBS J 278, 1547–1560 (2011).
 37. Roa, A., Goble, M. L., García, J. L., Acebal, C. & Virden, R. Rapid burst kinetics in the hydrolysis of 4-nitrophenyl acetate by 

penicillin G acylase from Kluyvera citrophila. E�ects of mutation F360V on rate constants for acylation and de-acylation. Biochem. 
J. 316(Pt 2), 409–412 (1996).

 38. Sassa, A., Beard, W. A., Shock, D. D. & Wilson, S. H. Steady-state, pre-steady-state, and single-turnover kinetic measurement for 
DNA glycosylase activity. J. Vis. Exp. JoVE e50695, doi:10.3791/50695 (2013).

 39. Whittaker, M. M., Pan, H.-Y., Yukl, E. T. & Whittaker, J. W. Burst kinetics and redox transformations of the active site manganese ion 
in oxalate oxidase: implications for the catalytic mechanism. J. Biol. Chem. 282, 7011–7023 (2007).

 40. Zhang, Z. Y. Kinetic and mechanistic characterization of a mammalian protein-tyrosine phosphatase, PTP1. J. Biol. Chem. 270, 
11199–11204 (1995).

 41. Vincent, J. B., Crowder, M. W. & Averill, B. A. Evidence for a phosphoryl-enzyme intermediate in phosphate ester hydrolysis by 
purple acid phosphatase from bovine spleen. J. Biol. Chem. 266, 17737–17740 (1991).

 42. Bloch, W. & Schlesinger, M. J. �e phosphate content of Escherichia coli alkaline phosphatase and its e�ect on stopped �ow kinetic 
studies. J. Biol. Chem. 248, 5794–5805 (1973).

 43. Lu, Z., Dunaway-Mariano, D. & Allen, K. N. HAD superfamily phosphotransferase substrate diversi�cation: structure and function 
analysis of HAD subclass IIB sugar phosphatase BT4131. Biochemistry (Mosc.) 44, 8684–8696 (2005).

 44. Cho, H. et al. BeF(3)(−) acts as a phosphate analog in proteins phosphorylated on aspartate: structure of a BeF(3)(−) complex with 
phosphoserine phosphatase. Proc. Natl. Acad. Sci. USA 98, 8525–8530 (2001).

 45. Rao, K. N. et al. Crystal structure of trehalose-6-phosphate phosphatase-related protein: biochemical and biological implications. 
Protein Sci. Publ. Protein Soc. 15, 1735–1744 (2006).

 46. Gordon, J. A. Protein Phosphorylation Part B: Analysis of Protein Phosphorylation, Protein Kinase Inhibitors, and Protein 
Phosphatases. Methods in Enzymology Vol. 201 Ch. 41, 477–482 (Academic Press, 1991).

 47. Nakai, C. & �omas, J. A. Properties of a phosphoprotein phosphatase from bovine heart with activity on glycogen synthase, 
phosphorylase, and histone. J. Biol. Chem. 249, 6459–6467 (1974).

 48. Macpherson, C. N. L. �e epidemiology and public health importance of toxocariasis: a zoonosis of global importance. Int. J. 
Parasitol. 43, 999–1008 (2013).

 49. Inpankaew, T. et al. High prevalence of Ancylostoma ceylanicum hookworm infections in humans, Cambodia, 2012. Emerg. Infect. 
Dis. 20, 976–982 (2014).

 50. Denton, M. & Kerr, K. G. Microbiological and clinical aspects of infection associated with Stenotrophomonas maltophilia. Clin. 
Microbiol. Rev. 11, 57–80 (1998).

 51. McGowan, J. E. Resistance in nonfermenting gram-negative bacteria: multidrug resistance to the maximum. Am. J. Med. 119, 
S29-36–70 (2006).

 52. Chang, Y.-T., Lin, C.-Y., Chen, Y.-H. & Hsueh, P.-R. Update on infections caused by Stenotrophomonas maltophilia with particular 
attention to resistance mechanisms and therapeutic options. Front. Microbiol. 6, 893 (2015).

 53. Kempf, B. & Bremer, E. Uptake and synthesis of compatible solutes as microbial stress responses to high-osmolality environments. 
Arch. Microbiol. 170, 319–330 (1998).

 54. Roder, A., Ho�mann, E., Hagemann, M. & Berg, G. Synthesis of the compatible solutes glucosylglycerol and trehalose by salt-
stressed cells of Stenotrophomonas strains. FEMS Microbiol. Lett. 243, 219–226 (2005).

 55. Harland, C. W., Rabuka, D., Bertozzi, C. R. & Parthasarathy, R. The Mycobacterium tuberculosis virulence factor trehalose 
dimycolate imparts desiccation resistance to model mycobacterial membranes. Biophys. J. 94, 4718–4724 (2008).

 56. De Smet, K. A., Weston, A., Brown, I. N., Young, D. B. & Robertson, B. D. �ree pathways for trehalose biosynthesis in mycobacteria. 
Microbiol. Read. Engl. 146, 199–208 (2000).

 57. Woodru�, P. J. et al. Trehalose Is Required for Growth of Mycobacterium smegmatis. J. Biol. Chem. 279, 28835–28843 (2004).
 58. Behm, C. A. �e role of trehalose in the physiology of nematodes. Int. J. Parasitol. 27, 215–229 (1997).
 59. Jagdale, G. B., Grewal, P. S. & Salminen, S. O. Both heat-shock and cold-shock influence trehalose metabolsim in an 

entomopathogenic nematode. J. Parasitol. 91, 988–994 (2005).
 60. Liu, C., Dunaway-Mariano, D. & Mariano, P. S. Rational design of �rst generation inhibitors for trehalose 6-phosphate phosphatases. 

Tetrahedron 73, 1324–1330 (2017).
 61. Weeratunga, S., Hu, N.-J., Simon, A. & Hofmann, A. SDAR: a practical tool for graphical analysis of two-dimensional data. BMC 

Bioinformatics 13, 201 (2012).

http://dx.doi.org/10.3791/50695


www.nature.com/scientificreports/

9Scientific RepoRts | 7: 2015  | DOI:10.1038/s41598-017-02220-2

Acknowledgements
Research in the investigators’ laboratories is funded by the Australian Research Council, the National Health 
and Medical Research Council (A.H. and R.B.G.), the Rebecca L. Cooper Medical Research Foundation (A.H.) 
and Chonnam National University (2015-0597, J.S.K.). �e Equity Trustees PhD Scholarship and Australian 
Government Research Training Program Scholarship (M.C.) is gratefully acknowledged. Mass spectrometric 
analysis was undertaken at the Australian Proteome Analysis Facility (APAF), the infrastructure provided by the 
Australian Government through the National Collaborative Research Infrastructure Strategy (NCRIS).

Author Contributions
Conceived and designed the experiments: A.H., M.C., J.S.K., M.J.C. and R.B.G. Performed the experiments: 
M.C., S.R., J.C., J.S., C.H. and A.H. Analysed the data: M.C. and A.H. Contributed reagents/materials/analysis 
tools: M.C., S.R., J.C., J.S.K., M.J.C., R.B.G. and A.H. Wrote the paper: M.C. and A.H. with critical input from all 
authors.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02220-2

Competing Interests: �e authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

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 Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-02220-2
http://creativecommons.org/licenses/by/4.0/

	Enzyme characteristics of pathogen-specific trehalose-6-phosphate phosphatases

	Results and Discussion

	Expression and purification. 
	Overall enzyme kinetics and steady state parameters. 
	Pre-steady state parameters. 
	Enzyme inhibition. 

	Conclusions

	Materials and Methods

	Protein expression and purification. 
	Enzyme kinetics. 
	Enzyme inhibition. 

	Acknowledgements

	Figure 1 Enzyme kinetics.
	Figure 2 Analysis of steady state (A) and pre-steady state (B,C) kinetic parameters, obtained from fits of the burst equation to the raw data (Fig.
	Figure 3 Inhibition of five TPPs from pathogenic organisms.
	Figure 4 Kinetic scheme of the elementary steps in the TPP-catalysed hydrolysis of trehalose-6-phosphate.
	Table 1 Enzyme parameters of steady state kinetics for different TPPs.


