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Abstract: PP2C-type phosphatases play roles in signal transduction pathways related to abiotic stress.
The cyanobacterial PP2C-type phosphatase tPphA specifically dephosphorylates the PII protein,
which is a key regulator in cyanobacteria adapting to nitrogen-deficient environments. Previous
studies have shown that residue His39 of tPphA is critical for the enzyme’s recognition of the
PII protein; however, the manner in which this residue determines tPphA substrate specificity is
unknown. Here, we solved the crystal structure of H39A, a tPphA variant. The structure revealed
that the mutation of residue His39 to alanine changes the conformation and the flexibility of the
loop in which residue His39 is located, and these changes affect the substrate specificity of tPphA.
Moreover, previous studies have assumed that the FLAP subdomain and the third metal (M3) of
tPphA could mutually influence each other to regulate PP2C catalytic activity and substrate specificity.
However, despite the variable conformations adopted by the FLAP subdomain, the position of M3 was
consistent in the tPphA structure. These results indicate that the FLAP subdomain does not influence
M3 and vice versa. In addition, a small screen of tPphA inhibitors was performed. Sanguinarine
and Ni2+ were found to be the most effective inhibitors among the assayed chemicals. Finally, the
dimeric form of tPphA was stabilized by cross-linkers and still exhibited catalytic activity towards
p-nitrophenyl phosphate.
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1. Introduction

PP2C-type phosphatases (PP2Cs) are widely distributed in eukaryotes and prokaryotes and
participate in many signaling pathways, especially during responses to abiotic stress. Wip1, a
mammalian PP2C, is induced in a p53-dependent manner in response to ionizing radiation [1].
In plants, a large group of PP2Cs regulate responses to abiotic stresses, including drought, cold,
and salinity [2]. Yeast PP2Cs are involved in responses to osmotic stress [3]. The cyanobacterial PP2C
known as PphA/tPphA was identified to specifically dephosphorylate the PII protein, which acts as a
key regulator in cyanobacteria adapting to nitrogen-deficient environments [4].

In our previous research, we performed alanine-scanning mutagenesis of tPphA to study how
tPphA specifically recognizes the PII protein [5]. As a complement to this mutagenesis, enzymatic
assays were performed. A variant of tPphA, H39A, could not dephosphorylate the PII protein but
exhibited activity towards p-nitrophenyl phosphate (pNPP) and phospho-peptides [5]. These results
indicated that His39 is critical for recognizing the PII protein. However, there is a lack of structural
information to explain the effect of the mutation of His39 to alanine in tPphA. Moreover, His39 is close
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to the catalytic center of tPphA, and whether the mutation affects this catalytic center is unknown.
Therefore, solving the crystal structure of H39A should provide interesting insights. Furthermore, by
comparing the structure of the wild-type tPphA enzyme structure to the mutant H39A structure, new
clues into how tPphA recognizes substrates may be obtained.

The crystal structures of plant and prokaryotic PP2Cs show the presence of three divalent cations
(M1, M2, and M3) in the catalytic centers of these proteins [6–11]. We previously demonstrated that
all of these divalent cations are essential for PP2C activity [12]. M3 is close to a long and flexible loop
known as the FLAP subdomain. It was assumed that M3 and FLAP can influence each other’s positions
to regulate PP2C catalytic activity and substrate specificity [7,8]. Therefore, solving the structure of an
active PP2C variant and comparing its M3 and FLAP subdomain positions against those in wild-type
PP2C structures should prove a worthwhile endeavor. Because the H39A variant can dephosphorylate
substrates, the structure of H39A should prove to be a good candidate for explaining the relationship
that exists between M3 and FLAP.

PP2C inhibitor research has been focused mainly on Wip1 [2,13] because the overexpression
of Wip1 is believed to promote tumorigenesis by inactivating the tumor-suppressor functions of
multiple substrates [14–17]. However, there is still a lack of effective inhibitors for other PP2Cs. PP2Cs
dephosphorylate substrates via a SN2 mechanism [12]. They require Mg2+/Mn2+ as ligands, which
activate a nucleophilic hydroxide ion to attack phosphate groups on their substrates. Subsequently, the
phosphate groups are hydrolyzed from the substrates. To inhibit this SN2 reaction, variable divalent
cations, divalent cation chelators, chemical mimics of nucleophilic hydroxides, chemical mimics of
phosphate transition states, and chemical mimics of substrates can be used. Comparing the inhibitory
effects of these chemicals on PP2Cs could provide useful information to aid in the design of effective
PP2C inhibitors.

The crystal-packing contacts of tPphAs [11] imply that this enzyme may form a homodimer
through its FLAP subdomain. To stabilize this dimeric tPphA, chemical cross-linkers could be used.
Moreover, whether cross-linked tPphA retains catalytic activity is worth determining.

In this report, the structures of wild-type tPphA and H39A were solved, and the inhibitory effects
of several chemicals on tPphA were assayed. The dimeric form of tPphA was characterized, and this
complex showed activity towards pNPP.

2. Results and Discussion

2.1. His39 Determines tPphA Substrate Specificity

Wild-type tPphA and H39A were crystallized under previously described conditions [11].
The crystal structure parameters are listed in Table 1. The overall structures were similar to published
tPphA structures [12]. However, there were variations in all of the structures, especially in the
region housing the FLAP domain (Thr138Ñ Leu163) and loops connecting α helixes and β strands
(Figure 1A).

The loop (Gly37 Ñ Gly42) connecting β3 and α1, which contains His39, was disordered in three
of the tPphA structures (PDB codes: 2J82, 2XZV and 5ITI). However, the structure of this loop in the
H39A structure (PDB code: 5D2U) could be determined (Figure 1B). These results indicate that the
mutation of His39 to alanine made the loop more rigid than the corresponding loop in wild-type tPphA.
Moreover, H39A exhibited a different conformation than D119A (Figure 1B). Overall, the different
conformation and flexibility of this loop in H39A compared to the wild-type enzyme may underlie the
change in the substrate specificity of H39A. This relationship could explain our previous enzymatic
assay results in which H39A could not recognize the natural substrate of tPphA, i.e., the PII protein [5].

In the plant PP2Cs ABI1 and HAB1, there is a glycine residue at the position equivalent to tPphA
His39, in the loop connecting β3 and α1 [6,18]. The mutation of this glycine to aspartate inhibited the
abilities of ABI1 and HAB1 to dephosphorylate casein but did not greatly affect the abilities of these two
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phosphatases to dephosphorylate their other physiological substrates [19–22]. These results indicate
that this glycine residue in plant PP2Cs also plays a role in helping phosphatases recognize substrates.

Table 1. Crystallographic data collection and refinement statistics a.

Parameters
PDB Number

5D2U 5ITI

Wavelength (Å) 0.9794 0.9794
Resolution (Å) 19.23–1.8 (1.84–1.8) 19.23–1.95 (2.0–1.95)
Space group C2221 C2221

Unit cell parameters (a, b, c) (Å) 38.04 153.87 82.76 38.01 153.82 82.93
No. of measured reflections 144931 (8901) 116108 (8160)

No. of unique reflections 23018 (1344) 18220 (1267)
Completeness (%) 99.9 (100.0) 99.9 (100.0)

Multiplicity 6.3 (6.6) 6.4 (6.3)
Rmerge (%) b 7.0 (97.1) 6.3 (79.6)
Rpim (%) c 3.2 (43.0) 2.9 (36.6)
<I/δ(I)> 14.4 (2.1) 15.7 (2.5)

Refine

Resolution limits (Å) 19.23–1.8 19.23–1.95
Rmodel (%) d 21.3 21.5
Rfree (%) e 24.8 26.8

No. of waters 112 87
Rmsd bond lengths (Å) 0.0085 0.0077
Rmsd bond angles (˝) 1.335 0.958

Average B factors, all atoms (Å2) 37.0 40.9
B factor of metal ions: M1/M2/M3 31.8/28.9/42.7 32.85/32.18/48.72

Ramachandran plot f residues in favored regions (%) 93.48 93.9
Ramachandran outliers (%) 0 0

a The values in parentheses correspond to the shell with the highest resolution. b Rmerge=
ř

hkl
ř

i|I(hkl)I ´ I(hkl)|/
ř

hkl
ř

iI(hkl)i.
c Rpim = Precision-indicating merged R-value. d Rmodel=

ř

hkl|Fo(hkl) ´ Fc(hkl)|/
ř

hkl |Fo(hkl)|, where Fo and Fc are the
observed and calculated structure factors, respectively. e A 5% random test set. f Calculated using MolProbity.
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Figure 1. Analysis of tPphA structures (H39A: cyan, PDB: 5D2U. tPphA: blue, PDB: 2J82; white,
PDB: 2J86_A; magenta, PDB: 2J86_B; red, PDB: 5ITI. D119A: orange, PDB: 2XZV. D193A: green, PDB:
2Y09). (A) The H39A structure is merged with the structures of wild-type tPphA and the D119A
and D193A variants. His/Ala 39 is located within a loop that is across from the FLAP subdomain.
The FLAP domain adopts different conformations in different tPphA structures. (B) The loops in which
His39/Ala39 are located in different structures are merged with each other. The conformation of this
loop in the H39A structure is different from those in the other tPphA structures. (C) The catalytic center
of H39A was merged with the catalytic cores of other wild-type tPphAs. The positions of the three
divalent cations within these catalytic centers are identical. The positions and conformations of five
conserved aspartate residues in the H39A structure are the same as those in two other tPphA structures
(PDB: 2J82 and 5ITI), but different from those in two monomers in a third tPphA structure (PDB: 2J86).
(D) The colors used in the figure indicate the B factor values for H39A (blue < green < orange < red).
The B factor value of the FLAP subdomain is very high, which indicates that this region is very flexible.
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2.2. New Insights into the Catalytic Center of tPphA

Three calcium ions were identified in each of the catalytic centers of the two tPphA structures
solved here. This ion composition is different from that found in previously published tPphA
structures [11,12]. In one published tPphA crystal structure (PDB: 2J86), three magnesium ions
were identified in the catalytic center. This structure was solved from a crystal grown in 0.2 M CaCl2,
and the crystal was soaked with pNPP and 0.2 M MgCl2 prior to diffraction. In another tPphA structure
(PDB: 2J82), one fully occupied magnesium ion (M3) was present from the purification procedure
used, one fully occupied calcium ion (M2) was present from the crystallization conditions used, and
one metal ion (M1) was present that comprised a mixture of magnesium and calcium. Although the
ion compositions of the different structures varied, the positions of the three divalent cations in the
tPphA structures were nearly identical (Figure 1C). The mutual distance of the same divalent cations
in different tPphA structures was less than 0.5 Å.

Five conserved aspartate residues present in the structures of all high-resolution tPphA structures
(better than 2.0 Å) were merged with each other (Figure 1C). Both tPphA structures solved here and a
1.28 Å tPphA structure (PDB: 2J82) were generated from crystals grown under the same conditions.
The positions of the five aspartate residues in these three structures were found to be nearly identical
(all-atom RMSD value: 0.25). By contrast, the positions of these aspartate residues in wild-type tPphA
(PDB: 2J82 and 5ITI) and H39A structures showed differences (all-atom RMSD values: 0.86, 0.81,
0.73, and 0.98) compared to the aspartate residues in another structure (PDB: 2J86) that contains two
tPphA subunits in the asymmetric unit. In the 2J86 structure, three Mg2+ are present in the catalytic
center. The crystal used to generate this structure was soaked with pNPP and 0.2 M MgCl2 prior to
diffraction. These results imply that the catalytic center of the 2J86 structure may be in an “active state”,
whereas the tPphA structures bound with Ca2+ may be in an “inhibited state”. Ca2+ and Mg2+ have
different geometries, and Ca2+ is larger than Mg2+. Mg2+ serves as a ligand of tPphA, whereas Ca2+

serves as an inhibitor of tPphA (See 2.4). When tPphA is complexed with Mg2+, Mg2+ may induce
aspartate residues at suitable positions of tPphA to adopt conformations that enable the enzyme to
dephosphorylate substrates. By contrast, if tPphA is coordinated with Ca2+, then Ca2+ may force the
aspartate residues to adopt conformations that prevent tPphA from dephosphorylating its substrates.
Therefore, Ca2+ may inhibit the catalytic activity of tPphA not only because of its unique characteristics
(size and geometry) but also by slightly changing the structure of the catalytic center.

2.3. Relationship between the FLAP Subdomain and M3

The most flexible region of tPphA is the FLAP subdomain. The FLAP subdomain shows variable
conformations in different tPphA structures (Figure 1A). The RMSD values between parts of FLAP
subdomains (Ile151Ñ Leu163) are listed in Table 2. Most of the RMSD values are higher than 1. Two
exceptions are the RMSD values (0.681 and 0.707) between two tPphA structures solved here and
between D119A and D193A. Although these RMSD values are lower than other RMSD values, they
are nonetheless high. The structure of most of the FLAP subdomain in one tPphA structure (PDB: 2J82)
could not be determined. Therefore, the RMSD values of this FLAP domain relative to other FLAP
domains could not be determined. The bottom of the FLAP subdomain in this tPphA structure (PDB:
2J82) is visible, and this region adopts a significantly different conformation compared to those found
in other tPphA structures (Figure 1A). In addition, the B factor of the FLAP subdomain is significantly
higher than those in other parts of tPphA (Figure 1D). Overall, these results indicate that the FLAP
subdomain is a flexible region of tPphA.

Asp119 and Asp193 are the only two residues found to coordinate with M3. The mutation
of Asp119 and Asp193 to alanine caused tPphA to lose catalytic activity. The crystal structures of
D119A and D193A only show M1 and M2 in the catalytic center. This result indicates that M3 is
essential for the dephosphorylation reaction catalyzed by tPphA [12]. It has been suggested that the
FLAP subdomain and M3 can influence each other’s positions and regulate PP2C catalytic activity
and substrate specificity [7,8,10]. Here, the FLAP subdomain showed variable conformations in
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different structures, while the mutual distance of M3 in different tPphA structures was less than 1 Å.
(Figure 1A,C). Moreover, in a previous study, His161 of the FLAP subdomain, a residue that is located
within the vicinity of the catalytic core and occupies the same position of Ser160 of M. tuberculosis
PstP [7], was replaced with either serine or alanine. However, the mutation of His161 only slightly
affected tPphA activity. This result indicates that the FLAP subdomain does not influence the position
or function of M3 and vice versa. Overall, the FLAP subdomain and M3 are independent of each other.

Table 2. Cα RMSD values of a portion of the FLAP subdomain (Ile151Ñ Leu163).

Cα RMSD Wt-tPphA
PDB: 2J86_A

Wt-tPphA
PDB: 2J86_B

Wt-tPphA
PDB: 5ITI

H39A
PDB: 5D2U

D119A
PDB: 2XZV

D193A
PDB: 2Y09

Wt-tPphA PDB: 2J86_A - 2.223 2.858 2.928 3.343 2.449
Wt-tPphA PDB: 2J86_B 2.223 - 2.244 2.199 2.734 1.635

Wt-tPphA PDB: 5ITI 2.858 2.244 - 0.681 1.844 1.084
H39A PDB: 5D2U 2.928 2.199 0.681 - 1.802 1.215

D119A PDB: 2XZV 3.343 2.734 1.844 1.802 - 0.707
D193A PDB: 2Y09 2.449 1.635 1.084 1.215 0.707 -

2.4. Inhibition Effects of Nine Chemicals on tPphA Activity

The catalytic constants of tPphA and H39A towards casein were determined (Table 3). The Km

and Kcat of H39A towards casein are higher than those of tPphA. However, the Kcat/Km of H39A is
almost equivalent to the wild-type enzyme. This result indicates that the H39A variant has the same
catalytic efficiency as tPphA.

Table 3. Catalytic constants of tPphA and H39A towards casein.

Enzyme Variants Km (µM) Kcat (s´1) Kcat/Km (s´1/M)

tPphA 0.85 ˘ 0.16 1.12 ˘ 0.26 1.36 ˆ 106 ˘ 0.31 ˆ 106

H39A 1.23 ˘ 0.20 1.69 ˘ 0.11 1.37 ˆ 106 ˘ 0.09 ˆ 106

A small screen of tPphA inhibitors was performed. Nine chemicals were used to inhibit tPphA
activity. The inhibitory mechanisms of these chemicals on tPphA were different. By comparing the
inhibitory effects of these chemicals on tPphA, a better inhibitory mechanism could potentially be
identified, and a new effective inhibitor could be designed based on this information.

We previously showed that H39A does not dephosphorylate the PII protein because this variant
could not recognize it. Therefore, a substitute protein, casein, was used in this assay. Casein has
been used in many PP2C studies [19–23]. We found that H39A could dephosphorylate this protein.
Therefore, we used casein as a substitute for the PII protein to investigate the inhibitory effects of
different chemicals on H39A. The IC50s of nine chemicals on tPphA and H39A with regard to the
dephosphorylation of pNPP and casein were determined (Figure 2 and Table 4).

Preliminary pre-clinical in vitro and in vivo studies have demonstrated that sanguinarine causes
apoptosis in human cancer cells [24–29]. Recently, sanguinarine was identified as inhibiting the
dephosphorylation of casein by human PP2Cα with an IC50 value of 2.5 µM [23], although the
inhibitory mechanism is unknown. Here, sanguinarine also showed good inhibition of tPphA
(Table 4). The IC50 value of sanguinarine on tPphA with regard to the dephosphorylation of casein was
approximately 30 times higher than that obtained for PP2Cα. However, the IC50 value of sanguinarine
on tPphA with regard to the dephosphorylation of pNPP was only four times higher than that obtained
for PP2Cα. These results imply that the structural differences between PP2Cα and tPphA may cause
sanguinarine to produce different inhibitory effects on these enzymes. Future work should be focused
on explaining how this compound inhibits PP2Cs, as well as how chemical modifications of this
compound may improve its specific inhibitory effect on PP2Cs.
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Figure 2. IC50s of sanguinarine on wild-type tPphA with regard to the dephosphorylation of pNPP
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Table 4. IC50s of nine compounds on tPphA with regard to the dephosphorylation of pNPP and casein.

IC50 (mM)
pNPP Assay Casein Assay

tPphA H39A tPphA H39A

Sanguinarine 0.010 ˘ 0.002 0.008 ˘ 0.001 0.08 ˘ 0.03 0.07 ˘ 0.02

NiSO4 0.04 ˘ 0.01 0.08 ˘ 0.02 0.21 ˘ 0.02 0.15 ˘ 0.01

CaCl2 17.66 ˘ 1.57 10.69 ˘ 1.64 19.48 ˘ 3.86 11.86 ˘ 4.26

MgCl2 10.98 ˘ 1.11 9.64 ˘0.93 - -

EDTA 0.93 ˘ 0.05 1.21 ˘ 0.06 2.29 ˘ 0.09 2.50 ˘ 0.18

NaF 21.08 ˘ 3.58 23.73 ˘ 2.59 1.24 ˘ 0.15 32.52 ˘ 3.84

AlF3 67.52 ˘ 5.69 156.34 ˘ 5.23 76.49 ˘ 2.69 63.32 ˘ 5.93

Sodium phenyl phosphate 8.65 ˘ 1.31 7.37 ˘ 1.58 - -

Glycerol-phosphate 17.18 ˘ 0.83 25.93 ˘ 3.60 12.36 ˘ 2.65 4.52 ˘ 1.89

The replacement of Mn2+ in the catalytic center of tPphA with two divalent cations (Ni2+ and Ca2+)
could also inhibit tPphA activity. The low IC50 value of Ni2+ measured in this report suggests that
this divalent cation is a stronger inhibitor of tPphA than Ca2+, which also shows inhibitory effects
on other PP2Cs [30–36]. Other divalent cations have also been reported to inhibit PP2C catalytic
activity [32,34,37]. The inhibitory effects of these divalent cations on PP2Cs may come from the
replacement of Mg2+/Mn2+ with the above ions. It is assumed that the different sizes and preferred
geometries of Mg2+/Mn2+ vs. these divalent cations are responsible for the loss of activity in PP2C [38].

Several inhibitors of Wip1 have previously been synthesized [13,14]. These inhibitors specifically
inhibit Wip1 by binding to the FLAP subdomain. Because the FLAP subdomain helps PP2Cs recognize
their specific substrates, its primary and tertiary structures should be considered in the design of new
inhibitors. Based on the present results, a good strategy for the design of PP2C inhibitors is the creation
of compounds which contain both divalent cation moieties and other moieties that could specifically
bind to the FLAP subdomain: first, the FLAP subdomain interaction moieties bind to the unique FLAP
subdomain of PP2C; second, divalent cation moieties disturb the catalytic center of PP2C and inhibit
its activity.

In previous studies, we showed that Mg2+ could activate tPphA to dephosphorylate the PII
protein and other phosphopeptides but could not induce tPphA to dephosphorylate pNPP [5]. This
characteristic of Mg2+ has also been observed in other pNPP assays of PP2Cs [34,39]. The IC50 values
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of Mg2+ on tPphA and H39A when pNPP was used as substrate were determined as 10.98 and
9.64 mM, respectively.

EDTA, NaF and AlF3 are general inhibitors of phosphatase. EDTA effectively chelates divalent
cations from proteins. The IC50s of EDTA on tPphA with regards to the dephosphorylation of pNPP and
casein are 0.93 and 2.29 mM, respectively. PP2Cs dephosphorylate substrates via an SN2 mechanism.
A nucleophilic hydroxide ion activated by M1 and M2 is essential for the dephosphorylation
reaction [12]. F´ mimics the nucleophilic hydroxide ions present in phosphatase active sites [40];
therefore, F´ could be used as an inhibitor of tPphA. The IC50 value of NaF on tPphA with regard to
the dephosphorylation of casein is 1.24 mM, which is much lower than the value obtained for H39A.
Thus, the histidine at position 39 may help tPphA correctly place a substrate so that hydroxide ions
cannot easily diffuse into the catalytic center of the enzyme; in this case, a low concentration of NaF
would be sufficient to inhibit 50% of tPphA’s activity. By contrast, the substitution of His39 with an
alanine may alter the contact points that form between tPphA and casein such that hydroxide ions
could easily reach the catalytic center; in this case, a high concentration of NaF would be needed to
reduce H39A activity. Indeed, NaF concentrations of 21.08 mM and 23.73 mM are required to reduce
50% of tPphA and H39A’s activities, respectively, when using pNPP as a substrate. AlF3 structurally
mimics the transition state of phosphate. It is assumed that phosphate groups on a given substrate can
be replaced with AlF3, which will inhibit dephosphorylation reactions [41]. However, AlF3 could not
effectively inhibit tPphA’s dephosphorylation of its substrates.

Sodium phenyl phosphate, a compound structurally related to pNPP, could not be
dephosphorylated by tPphA (according to a malachite green assay). The main difference between
sodium phenyl phosphate and pNPP is that sodium phenyl phosphate lacks one nitro group.
This indicates that the nitro group of pNPP is required for tPphA to dephosphorylate pNPP. Sodium
phenyl phosphate could inhibit tPphA dephosphorylation of pNPP. In addition, glycerol-phosphate,
which has three phosphate groups, showed some inhibition of tPphA activity.

2.5. An Active tPphA Dimer

In tPphA structures, one single tPphA molecule forms an asymmetric unit. The FLAP subdomain
of a tPphA molecule in one asymmetric unit forms an interaction with the FLAP subdomain of a tPphA
molecule in another asymmetric unit via crystal-packing contact (Figure 3A). However, tPphA only
showed one single peak on size exclusion chromatography [5]. This result indicates that tPphA can
also exist in a monomeric form. Thus, to stabilize the tPphA dimer, two chemicals (glutaraldehyde and
DTSSP) were used to cross-link tPphA. Glutaraldehyde is a classic cross-linker for the immobilization of
enzymes and can be used in many types of medium [42]. DTSSP has dual N-hydroxysulfosuccinimide
esters that can react with primary amines on proteins. A disulfide bond present in the center of DTSSP
can be cleaved with reducing agents. The dimeric form of tPphA was stabilized by cross-linking with
glutaraldehyde and DTSSP (Figure 3B,C). The tPphA dimer cross-linked by glutaraldehyde was a
stable dimer: neither SDS nor DTT could destroy this complex (Figure 3B). By contrast, the tPphA
dimer that was cross-linked by DTSSP could be decomposed by DTT (Figure 3C).

After the glutaraldehyde cross-linking reaction, tPphA monomers and dimers were separated
over a gel filtration column. There were two main peaks in following size exclusion chromatography
(Figure 3D): A 15 mL peak that mainly contained dimeric tPphA and an 18 mL peak that mainly
contained monomeric tPphA. The activities of the protein fractions collected from the gel filtration
were assayed using pNPP as a substrate. After cross-linking, both tPphA monomers and tPphA dimers
could dephosphorylate pNPP (Figure 3D).

tPphA is highly soluble and easy to purify. It also maintains reaction activity at 65 ˝C [11].
Even when crosslinked by glutaraldehyde, tPphA still maintains activity. These characteristics of
tPphA may allow it to be immobilized on several media through glutaraldehyde crosslinking and it is
used in the chemical industry for dephosphorylating particular compounds under high temperature
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conditions. In addition, because tPphA is inhibited by several divalent cations, such as Ni2+, it can
also be immobilized in a biosensor to detect divalent cations.
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Figure 3. (A) Crystal-packing contacts in tPphA structures (PDB: 2J82, 2XZV, 2Y09, 5D2U, and 5ITI)
are similar and imply a dimer. For example, in the H39A structure, each H39A molecule forms an
asymmetric unit. Two H39A molecules could pack with each other through the FLAP subdomain.
(B) tPphA cross-linked by glutaraldehyde. A dimer of tPphA is stabilized by glutaraldehyde (the upper
band in Lane 2). (C) tPphA cross-linked by DTSSP. The conditions in Lane 1 and Lane 2 are the same,
except that the tPphA dimer in Lane 1 was decomposed using DTT. There is less tPphA dimer in Lane
1 than in Lane 2. (D) tPphA cross-linking products were separated by gel filtration. The activities of
the protein fractions were determined by pNPP assay. The cross-linked dimer of tPphA could still
dephosphorylate pNPP. (E,F) Western blotting. Fractions (15, 16, 18, and 19 mL) from (D) were analyzed
by Western blotting.

3. Experimental Section

3.1. Overexpression and Purification of PP2C Phosphatases

tPphA and H39A were expressed and purified as previously described [5,12] with some
modifications. For overexpression of the recombinant proteins, the constructs were transformed into
E. coli BL21 (DE3) cells and grown in LB medium supplemented with ampicillin (100 µg/mL). When
the optical density (O.D. 600) of the cultures reached 0.6–0.8, IPTG was added to a final concentration
of 0.5 mM to induce protein overproduction. After a 16 h induction at 25 ˝C, the cells were harvested
by centrifugation and lysed by sonication on ice in lysis buffer. The protein lysis buffer consisted
of 50 mM Tris-HCl, pH 8.0; 300 mM NaCl; 20 mM imidazole; and 2 mM MgCl2. The lysates were
centrifuged for 30 min at 14,000 g. The clarified cell extracts were used for protein purification. Ni-NTA
Agarose (Qiagen, Hilden, Germany) was used to purify His-tagged proteins.

After purification, all his-tagged proteins were dialyzed in 10 mM Tris-HCl, pH 7.0; 150 mM NaCl;
50 mM KCl; 3 mM DTT; 0.5 mM EDTA; 5 mM MgCl2, and 50% glycerol (v/v). The proteins were then
stored at ´80 ˝C and used for enzymatic assays. For H39A crystallization, each 1 mg of His-tagged
protein was digested with 10 units (NIH unit) thrombin to remove the 6 ˆ His tag. At the same
time, H39A was dialyzed in 10 mM Tris-HCl, pH 7.0; 150 mM NaCl; 50 mM KCl; and 5 mM MgCl2.
After the digestion, a short peptide (Gly-Ser-His) remained at the N-terminal end of H39A. The
digestion solution was loaded onto a desalting column (Sephadex G10, GE) for buffer exchange. The
desalting buffer was composed of 10 mM Tris-HCl, pH 7.0; 150 mM NaCl; 50 mM KCl; 3 mM DTT; and
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0.5 mM EDTA. Finally, H39A was concentrated to 45 mg/mL using an Amicon Ultra-15 Centrifugal
Filter (10 kDa cut-off, Billerica, USA) and stored at ´80 ˝C. The purity of H39A was >90% according
to SDS-PAGE.

3.2. H39A Crystallization, X-ray Data Collection and Structure Determination

Wild-type tPphA and H39A were crystallized as previously described [11]. Crystals of wild-type
tPphA and H39A (typical size of 0.2 ˆ 0.2 ˆ 0.05 mm) were grown using the hanging drop vapor
diffusion method from drops containing 1 µL of protein (45 mg/mL) and 1 µL of solution from the
well, which was composed of 100 mM Tris-HCl, pH 7.4; 200 mM CaCl2; and 26% PEG3350 (v/v).
Before data collection, the crystals was soaked into a reservoir solution supplemented with 20% (v/v)
glycerol as cryoprotectant for 1 min and then flash-frozen in liquid nitrogen. Data sets were collected
from the crystals at 100 K at Shanghai Synchrotron Radiation Facility (Shanghai, China).

The data sets were indexed and integrated using XDS [43] and scaled using Aimless [44] from
the CCP4 package (6.4.0, Science and Technology Facilities Council, Rutherford Appleton Laboratory,
Didcot, Oxon, UK, 2015) [45]. Structures were determined by Phaser [46] with a molecular replacement
method using the structure of tPphA variant D193A (PDB: 2XZV) as the search model. Structure
refinement and water updating were performed using Phenix [47] refine and manual adjustment. Final
structure validations were performed using MolProbity [48,49]. All structure figures were generated
using PyMOL [50] or Coot [51].

3.3. pNPP Assay

The half-maximal inhibitory concentrations (IC50) of nine chemicals (sanguinarine, NiSO4, EDTA,
NaF3, AlF3, CaCl2, MgCl2, glycerol-phosphate, and sodium phenyl phosphate) on PP2C phosphatase
with regard to the dephosphorylation of pNPP were determined. Standard assays were performed
in a volume of 200 µL containing 0.2 µg phosphatases in a buffer consisting of 10 mM Tris-Cl, pH
8.5; 50 mM NaCl; 1 mM DTT; and 2 mM MnCl2. To determine the IC50s of the nine compounds,
the compound concentrations were 1:1 serially diluted and added to the reaction solution before
the reaction started. The reactions were started by the addition of 2 mM pNPP at 25 ˝C, and the
resulting increase in absorbance at 400 nm was measured using an ELx808 absorbance microplate
reader (BioTek, Winooski, VT, USA). The IC50s of the nine compounds were calculated from the linear
slope of each reaction.

3.4. Casein Assay

Malachite green solution was used to monitor phosphate release from PP2C upon catalyzing
a dephosphorylation reaction. The malachite green solution was prepared according to published
methods [52,53] with some modification. First, 0.15 g malachite green was dissolved in 75 mL deionized
water, and 2.5 g (NH4)6Mo7O24¨4H2O was dissolved in 25 mL 4 M HCl. Then, the two solutions were
mixed together and centrifuged at 1000 g for 10 min to remove precipitates. The supernatant from
this solution was collected and used for the assay. Standard assays were performed in a volume of
100 µL containing 0.2 µg phosphatases in a buffer consisting of 10 mM Tris-Cl, pH 8.5; 50 mM NaCl;
1 mM DTT; and 2 mM MnCl2. To determine the catalytic constants for casein, the casein concentration
was varied from 0.1 to 10 µM. From the linear slope of each reaction, the kinetic parameters Km and Vmax

were calculated by nonlinear hyperbolic fitting using the GraphPad Prism 4 program (5.02, GraphPad
Software Inc. La Jolla, CA, USA, 2009). To determine the IC50s of the nine compounds, the compounds
were 1:1 serially diluted and added to the reaction solution before the reaction started. The reactions
were started by the addition of 40 µM casein. After a 10-min incubation at 25 ˝C, each reaction was
stopped by the addition of 50 µL 4.7 M HCl. The phosphate released from the dephosphorylation
reaction was quantified colorimetrically using 100 µL of malachite green solution. The absorbance of
the solution at 630 nm was measured using an ELx808 absorbance microplate reader (BioTek, Winooski,
VT, USA). The IC50s of the nine compounds were calculated from the measured optical density values.
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3.5. tPphA Cross-Linking Reaction

tPphA glutardialdehyde cross-linking was performed as previously described [5] with some
modifications. The cross-linking reaction was performed in a solution composed of 1 mM Tris-HCl,
pH 7.4; 2.5 mM CaCl2; 110 mM NaCl; 0.05 mM EDTA; and 0.08% (w/w) glutardialdehyde. After
a 60 min incubation at 4 ˝C, tPphA and the cross-linked products were visualized by immunoblot
analysis. DTSSP (3,3´-dithiobis [sulfosuccinimidylpropionate]) (Thermo Scientific Pierce, Rockford,
IL, USA) was also used to cross-link tPphA. The cross-linking reaction was performed according to
the manufacturer’s instructions. The cross-linking solution was composed of 0.1 M phosphate, pH
7.2; 0.15 M NaCl; and 5 mM DTSSP. After a 2 h incubation at 4 ˝C, the reaction was stopped by the
addition of 50mM Tris-HCl, pH 7.5. Subsequently, tPphA and the cross-linked products were mixed
with SDS-PAGE loading buffer without DTT and visualized by immunoblot analysis. To break the
disulfide bonds formed by DTSSP, the cross-linking products were mixed with SDS-PAGE loading
buffer with DTT and visualized by immunoblot analysis.

3.6. Size Exclusion Chromatography

A total of 450 µg tPphA was incubated in 200 µL glutardialdehyde cross-linking solution under the
same conditions described in the tPphA cross-linking reaction section above. After a 60 min incubation
at 4 ˝C, the cross-linking solution was centrifuged at 14,000 rpm for 1 min to remove any aggregates
from the solution. Following this, 200 µL of the solution was loaded onto a Superdex 200 10/300 GL
column (GE). Size exclusion chromatography was conducted at a flow rate of 0.5 mL/min at 8 ˝C with
a run time of 40 min. The cross-linking products were eluted using a buffer composed of 10 mM Tris-Cl,
pH 7.4, and 150 mM NaCl and then filtered through a 0.02 µm filter. Elution fractions of 0.5 mL were
collected. Finally, 50 µL from each elution fraction was used to test enzyme activity towards pNPP.
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