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Abstract

PPM serine/threonine protein phosphatases function in signaling pathways and require millimolar
concentrations of Mn2* or Mg2* ions for activity. Whereas the crystal structure of human PP2Ca
displayed two tightly bound Mn2* ijons in the active site, recent investigations of PPM
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phosphatases have characterized the binding of a third, catalytically essential metal ion. The
binding of the third Mg?* to PP2Ca was reported to have millimolar affinity and to be entropically
driven, suggesting it may be structurally and catalytically important. Here, we report the use of
hydrogen/deuterium exchange—mass spectrometry and molecular dynamics to characterize
conformational changes in PP2Ca between the active and inactive states. In the presence of
millimolar concentrations of Mg2*, metal-coordinating residues in the PP2Ca active site are
maintained in a more rigid state over the catalytically relevant time scale of 30-300 s.
Submillimolar Mg2* concentrations or introduction of the D146A mutation increased the
conformational mobility in the Flap subdomain and in buttressing helices al and a2. Residues
192-200, located in the Flap subdomain, exhibited the greatest interplay between effects of Mg2*
concentration and the D146A mutation. Molecular dynamics simulations suggest that the presence
of the third metal ion and the D146A mutation each produce distinct conformational realignments
in the Flap subdomain. These observations suggest that the binding of Mg2* to the D146/D239
binding site stabilizes the conformation of the active site and the Flap subdomain.

Graphical abstract
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Metal ions are essential cofactors for approximately one-third of enzymes.! In addition to an
essential role in the catalytic step, metal ions also may stabilize the active state of the
enzyme or contribute to substrate recognition.? The metal-dependent protein phosphatases
(PPM, formerly PP2C), one of four unrelated families of protein phosphatases,
dephosphorylate phosphoserine and phosphothreonine residues in proteins.34 The PPM are
characterized by their distinctive fold, the preponderance of highly conserved aspartate
residues in the active site, and a requirement for supplementation with millimolar levels of
Mg2* or Mn2* to support detectable activity with purified proteins.>6 Human PP2Ca
(PPM1A) exerts tumor suppressor activity through its activity on direct and indirect targets,
such as p53, p38 MAPK, RelA, and ERK,’ and was the first member of the PP2C family
to be structurally characterized.1? The PP2C fold consists of two antiparallel B-sheets
surrounded by two sets of a-helices, with the active site located along one edge of the 5
sheets.1011 The two B-sheets are connected by one loop across the bottom and three loops
across the top. The third loop, termed the Flap, is folded into a unique structure and is
thought to be important for substrate recognition.1? In crystals formed at low pH, the active
site contains two tightly bound Mn2* ions and superficially resembles the active sites of
other, evolutionarily unrelated serine/threonine protein phosphatases.19-11 However, neither
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the structures nor the enzyme kinetics suggested a molecular explanation for the requirement
of divalent ion supplementation.10.11.13

The presence of a third divalent metal ion in the PP2C active site was first observed in
structures of “eukaryotic-like” bacterial PP2C phosphatases,12:14-17 and subsequently in
several plant PP2C phosphatases.18-21 Notably, the aspartic acid residues that coordinate the
third metal ion are highly conserved among “eukaryotic-like” bacterial PP2Cs and
eukaryotic PP2Cs.26 In human PP2Ca, the motif 8 aspartic acid, which also coordinates one
of the tightly bound metal ions, and the motif 5 aspartic acid are identified as D239 and
D146, respectively. Mutation of PP2Ca D239 or D146 results in a loss of activity.1322:23
Recently, we used isothermal titration calorimetry (ITC) to characterize the binding of Mg2*
to essentially metal-free human PP2Ca.23 Binding of the first 2 equiv of Mg2* to PP2Ca
was exothermic and had micromolar-level affinities, whereas binding of the third MgZ*
equivalent was endothermic and had a millimolar-level affinity.23 The finding that the
binding of the third metal ion is entropically rather than enthalpically driven suggests that it
may have a structural role as well as a catalytic role.

Hydrogen/deuterium exchange—mass spectrometry (HDX-MS) is a powerful tool for
characterizing protein structure.242% In continuous labeling HDX-MS experiments, a
protein is diluted in a D,O buffer for a chosen interval, #; allowing exchangeable hydrogens
to be replaced by deuterium from the solvent. Using MS, the average mass increase of the
protein (or individual peptides) is measured after a specified ¢ Quenching of exchange
reactions and rapid sample workup prior to MS permit the exchange rates of backbone
amides in the native protein to be monitored. The rate of backbone amide exchange is
dependent on solution pH, temperature, solvent accessibility, and protein structure,
particularly the secondary structures that involve backbone amide hydrogen bond
formation.24:26.27 The observed extent of amide deuterium uptake provides information
about the conformational mobility of different regions of the protein.

In this work, we used HDX-MS techniques to characterize the conformational mobility of
active and inactive states of wild-type (Wt) PP2Ca and a catalytically inactive mutant
(PP2Ca D146A, Mt) that has decreased binding affinity for the third Mg2* ion.23 We found
that the active state of the enzyme was characterized by increased rigidity in the active site.
The Mg2* concentration and the D146A mutation separately, and in combination, exerted
effects on conformational mobility in the active site, in the Flap subdomain, and in one set of
buttressing a-helices. We further used molecular dynamics simulations to investigate
changes in structure and hydrogen bond occupancy.

METHODS

Protein Expression, Purification, and Activity Assays

The purified PP2Ca and PP2Ca D146A proteins correspond to PPM1A isoform 1
(GenBank entry NP_066283.1) and the corresponding D146A mutant, each with the
addition of amino acids SGGT at the N-terminus. Residue numbering refers to the canonical
protein sequence numbering. The proteins were expressed from plasmid pET45b(+)-His-
TEV-PP2Ca or pET45b(+)-His-TEV-PP2Ca D146A in Escherichia coli BL21-(DE3) cells
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and purified as described previously,23 with minor modifications. Purified proteins were at
least 95% pure. Proteins were dialyzed against a buffer consisting of 50 mmol/L HEPES (pH
7.5), 150 mmol/L NaCl, 2 mmol/L MgCl,, 2 mmol/L S-mercaptoethanol (8-ME), 10% (v/v)
glycerol, and 0.1 mmol/L EGTA or in the same buffer, except with 0.1 mmol/L MgCl..
Phosphatase activity assays were performed as described previously, with minor
modifications.23 Initial rates of phosphatase activity were determined by incubating Wt or
mutant PP2Ca with various concentrations of the p38a (175-185, 180pT) peptide in high-
Mg2* (HB-H) or low-Mg2* (HB-L) buffer [10 mmol/L HEPES (pH 7.5), 150 mmol/L NaCl,
2 mmol/L f-ME, 0.1 mmol/L EGTA, 10% (v/v) glycerol, and 2 or 0.1 mmol/L MgCl,] at
25 °C for 15 min. Phosphate was assessed using the Biomol green assay (Enzo Life
Science), following the manufacturer’s protocol. To determine Ky, and A4 values, the initial
rates were fitted to the Michaelis-Menten equation: v= Viax[S1/(Kmn + [S]), where [S] is the
concentration of the phosphopeptide substrate. The value of A, was calculated from the
equation Viax = AcatlE]o and the concentration of the enzyme, [E],.

High- and low-Mg?* buffers (HB-H and HB-L, respectively) were prepared in H,O for
dilution and equilibration of proteins, or in D,0 (99.99%) for H/D exchange experiments.
PDcorrected Values were measured with a glass electrode and corrected for deuterium isotope
effects.2> HDX-MS experiments utilized a LEAP HDX-PAL (Leap Technologies) robotic
system for sample handling. For each set of measurements, D,0O exchange times () of 30,
60, 300, 900, 3600, and 14400 s were selected, where the uncertainty of each immersion
time is approximately twice the latency of the LEAP scheduler (Af~ 3.5 s). The latency of
each solution manipulation is measured and recorded in the system log, allowing explicit
revision of #;when necessary.

Protein samples were diluted to 3 pmol/L in HB-H or HB-L and equilibrated at 1 °C for 15
min prior to experiments. Exchange was initiated by diluting 5 pL of protein (Wt or Mt) into
25 L of exchange buffer at 25 °C. After immersion of each sample in D50 for ¢; the
exchange reaction was quenched by diluting 25 pL of exchanged protein into 35 uL of
quench buffer [0.1 mol/L phosphate (pH 2.5) with 3 mol/L urea] at 1 °C. Quenched samples
were immediately injected into an immobilized pepsin column (Water’s Enzymate BEH
Pepsin Column) and digested for 3 min using a flow rate of 50 uL/min and a mobile phase of
water with 0.1% formic acid. The resulting peptides were trapped on a C18 guard cartridge
(10 mm x 1 mm, 5 pm particles, Grace Davison Discovery Science) and washed with water
with 0.1% formic acid for 30 s to remove additives present in the equilibration, exchange,
and quench buffers. Trapped peptides were eluted onto a C18 analytical column (5cm x 1
mm, 1.9 um particles, Hypersil GOLD aQ Analytical HPLC Column, Thermo Scientific) via
a Dionex Ultimate 3000 UPLC system pumping at 50 pL/min with a 9.5 min binary gradient
of water with 0.1% formic acid (solvent A) and an 80:20:0.1 (v/v/v) acetonitrile/water/
formic acid mixture (solvent B). The following gradient was used. The level of B was
increased from 5 to 35% over the first 3 min, increased from 35 to 70% over 5 min,
increased from 70 to 100% over 0.5 min, held at 100% for 0.5 min, and decreased back to
5% over 0.5 min. All LC columns, values, and tubing were kept at 2 °C. Peptides were
analyzed on a Thermo LTQ Orbitrap Elite instrument with the following settings: spray
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voltage, 3.7 kV; sheath gas flow rate, 25 (arbitrary units); capillary temperature, 270 °C;
Orbitrap resolution, 60000. All exchange time points and control (0 s exchange) samples
were analyzed in triplicate. A reduction step was omitted because PP2Ca does not contain
disulfide bonds. Between HDX-MS analyses of protein samples, the pepsin column was
washed by injecting 50 pL of 1.5 mol/L guanidine hydrochloride (Gdn-HCI) in water with
0.1% (v/v) formic acid. The analytical and trap columns were washed between protein
samples by injecting 50 pL of an 80:20:0.1 (v/v/v) acetonitrile/water/formic acid mixture.

Peptide Identification

Peptide maps were generated for Wt and Mt proteins in each HEPES buffer. Proteins were
diluted to 3 umol/L and analyzed using the LEAP HDX-PAL as described above except that
protein samples were diluted into H,O-based buffers prior to reactions being quenched.
Peptides were identified by exact mass and tandem MS (MS/MS) on a Thermo LTQ
Orbitrap Elite instrument. Each full mass spectral scan (mass range of m/z300-2000)
resulted in data-dependent selection of the six most abundant precursor ions for
fragmentation by collision-induced dissociation. Dynamic exclusion was used with the
following settings: repeat count, 1; repeat duration, 10 s; exclusion duration, 15 s. Thermo
RAW data files were converted to mascot generic files using a mass matrix converter (Matrix
Science, Oxford, U.K.). Peptide identification utilized MASCOT (Matrix Science) with the
following parameters: enzyme, none; peptide tolerance, 20 ppm; MS/MS tolerance, 0.6 Da;
maximal number of 13C atoms, 1; peptide charges, +2, +3, and +4.

HDX-MS Data Analysis and Visualization

Relative deuterium uptake was assessed using HDX Workbench,28 using the values of 83%
deuterium in the exchange buffer and 80% recovery of the deuterium label. The area
between exchange curves, Ay, a functional data analysis concept,2%-30 was used as a
measure of differences in hydrogen/deuterium exchange dynamics.3! We used a trapezoidal
approximation to estimate Ay Values comparing proteins in two states, a and b

1 t t o ti
AbeC:§ |:($b,1 - xa,l) log <_2) +(xb,6 - xa,G) log <_6> +Z(xb,i - xa,i) log ( +1>:|
th ts5 , ti—1

where x, jand X, ;are the remaining hydrogen fractions for the two states and 7is the index
over the six time points, £ When the numbers of replicates for the two states are the same,
the degrees of freedom is equal to 2/,hs — 2 and the pooled standard deviation of Ape is
given by
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The exchange-competent fraction, p, is the inverse of the protection factor.2427 A, values
can be related to the average log ratio of p values in the two states as

Avee=(l0g[p /0] (3)

where ng'> and p}(j) are the fractions of the jth of ndetectable amide hydrogens in the
exchange-competent state in protein states a and b, respectively, and the angle brackets
indicate the average over the detectable amide hydrogens in the peptide.24-2” Under common
conditions for HDX-MS experiments, amide hydrogens in the first two positions of a
peptide exchange rapidly during sample workup, so the extent of deuterium incorporation in
the native protein is not recovered for those positions.2# For small values of o, Apec is
approximately equal to {AAG)/2.303RT, where (AAG) is the average difference between
protein states a and b of the free energy difference between the peptide in the native protein
structure and the peptide fully exposed to solvent, R is the gas constant, and 7 is the absolute
temperature.2”-31 Wt and Mt PP2Ca peptides containing residue 146 differ in sequence and
intrinsic exchange rate constants. The loss of hydrogen resulting from intrinsic exchange for
fully exposed peptides was calculated as

2(t)=3 exp|~kJ)]
i=1 (4)

where /is the index over 77 detectable amide hydrogens and k((j) is the pH-, temperature-, and
sequence-dependent exchange rate constant,24:27:32

The statistical significance of deuterium uptake at specific time points or as summarized by
Apec Values was assessed using a two-tailed Student’s #test with the indicated level of
significance. Results from repeated measurements are reported as means + standard
deviations (1o). Analysis and visualization of time series data for peptide-level deuterium
uptake were performed in the R computing environment.33 Structural visualizations were
performed using the UCSF Chimera package, developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco (supported by
National Institute of General Medical Sciences Grant P41-GM103311).34 Advice for colors
was obtained from www.ColorBrewer2.org.

Molecular Dynamics Simulations

The dynamics of the protein were studied in three different states: PP2Ca at “high”
[Wt(3Mg)] and “low” [Wt(2Mg)] Mg2* ion concentrations and the D146A mutant
[D146A(2Mg)] at a “low” Mg2* ion concentration. The starting coordinates for Wt(2Mg)
were obtained from Protein Data Bank (PDB) entry 1A6Q,10 with the conversion of the two
manganese ions to Mg2* ions. For the Wt(3Mg) simulation, a third Mg2* ion was introduced
between the side-chain carboxyl groups of D146 and D239. The starting coordinates for
D146A(2Mg) were obtained by applying the D146A coordinate mutation to the Wt(2Mg)
structure. Simulations were performed with the NAMD 2.9 software package,3® using
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CHARMMZ22 All-Hydrogen Topologies and Parameters.36 Each protein was centered and
solvated with 11852 TIP3 model water molecules in a periodic image cell with initial
dimensions of 95 A x 77 A x 57 A. Electrostatic interactions were reduced to zero at 12.0 A,
using “switchdist” and “pairlistdist” settings of 10.0 and 14.0 A, respectively. The Langevin
method was used to propagate the dynamics with a target temperature of 300 K, and the
Langevin-Piston method was used to maintain a target pressure of 1 atm. All bonds were
kept rigid to allow for a time step of 2 fs. After appropriate minimization and equilibration
for 50 ns, each system was run for 200 ns, saving coordinate snapshots every 1 ps for
analysis. Ensemble representations of the three states were generated by aligning the a-
carbons of core residues 56-60, 129-132, 140-143, 148-151, 234-237, and 284-288 for 19
snapshots evenly spaced over the simulation interval.

PP2Ca Is Inactive toward Phosphopeptide Substrates in the Presence of Low Mg2*
Concentrations

Earlier work has shown that Wt PP2Ca requires millimolar concentrations of divalent Mg2*
or Mn2* jons to exhibit measurable activity and that the D146A mutant is enzymatically
inactive.13:22.23 To investigate the conformational mobility of inactive and active states of
PP2Ca, we chose solutions similar to those used previously to measure the binding of the
third metal by ITC.23 PP2Ca was highly active toward a phosphopeptide substrate in the
high-Mg?* concentration buffer (2 mmol/L Mg2*) at 25 °C, exhibiting a kg of 2.3 £ 0.3 571
and a K, of 84 £+ 18 pmol/L. Note that all uncertainties reported herein represent one
standard deviation, 1. PP2Ca did not exhibit measurable phosphatase activity in the low-
Mg?2* buffer (0.1 mmol/L Mg?*), and PP2Ca D146A did not exhibit measurable activity in
either buffer, as expected.?2:23 As we reported previously on the basis of ITC experiments
(Table 2 of ref 23), the association constant for binding of Mg2* to PP2Ca at 25 °C was
1620 + 325 L/mol, corresponding to a site occupancy of 0.76 + 0.04 in the high-Mg?* buffer.
In addition, the association constant for binding of Mg?* to PP2Ca D146A under the same
conditions was 610 + 14 L/mol, corresponding to a site occupancy of 0.55 + 0.01 in the
high-Mg?* buffer, and binding of Mg?* to the PP2Ca D146A/D243A double mutant was
undetectable. We interpreted these results as indicating that the binding pocket for the third
metal in PP2Ca contains two mutually exclusive subsites: the subsite involving D146 and
D239, which is required for catalytic activity, and the subsite involving D239 and D243,
which contributes to but is not required for catalytic activity.23

Hydrogen/Deuterium Exchange Dynamics of PP2Ca and PP2Ca D146A in the Presence of
Low or High Concentrations of Divalent Mg2* lons

We used HDX-MS methods to investigate the conformational mobility of active and inactive
states of PP2Ca and of the inactive mutant, PP2Ca D146A. A statistical summary (Table 1)
and time-dependent deuterium uptake values for PP2Ca and PP2Ca D146A in the two
buffer conditions are provided (Table S1). For PP2Ca in 2 mmol/L Mg2* (WtH), peptide-
level, average deuterium uptake values after exchange for 300 s have been overlaid as
shaded hues onto a representation of the three-dimensional structure of PP2Ca (Figure 1A).
The peptide containing residues 184-191, which forms a protruding point in the Flap region,
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exhibited the greatest extent of deuterium incorporation, while peptides from helix a6,
which is protected from direct exposure to the solvent by the C-terminal a-helices, exhibited
the lowest extent of deuterium incorporation. A higher level of deuterium incorporation was
also detected in the 52—£3 loop at the lower edge of the active site, the 53—84 loop, the
lower portion of helices al and a2, most of the Flap region, the a7-a8 loop, and residues
near the N- and C-termini of the protein. Peptide maps showing time-dependent deuterium
uptake for PP2Ca in the two buffers are provided (Figures S1 and S2). After exchange for
300 s, significant differences in deuterium uptake between inactive and active states of the
wild-type enzyme were limited to a few specific regions [WtL — WtH (Figure 1B)]. The
strongest effect of a low Mg2* concentration was an increase in the level of deuterium
incorporation of nearly 20% in peptides containing residues 192-200. This portion of the
Flap lies close to the active site and was relatively protected from deuterium exchange in the
presence of 2 mmol/L MgCl,. Smaller increases in the level of deuterium incorporation were
detected in the 52—3 loop at the lower edge of the active site, in segments of helices al and
a2, in the other segments of the Flap, and in the £6-87 loop that contains D146, which is
important for binding of the third Mg2* ion. Helix a8, which is in the PP2C C-terminal
extension, exhibited a significantly lower level of deuterium uptake in low-Mg2* buffer than
in high-Mg?2* buffer.

Most regions of PP2Ca D146A exhibited rates of deuterium uptake higher than that of Wt
PP2Ca under the same conditions. Peptide maps showing time-dependent deuterium uptake
for PP2Ca D146A in the two buffers are provided (Figures S3 and S4). After exchange for
300 s in the high-Mg?2* buffer, many segments of PP2Ca D146A, especially within the
catalytic domain, exhibited rates of deuterium uptake greater than that of the Wt protein
(Figure 1C). Differences in deuterium uptake in PP2Ca D146A between low and high Mg2*
concentrations are depicted in Figure 1D (MtL — MtH). The strongest effect of a low Mg%*
concentration in the mutant was an increased rate of deuterium uptake in the middle portion
of helix a2, with smaller increases evident in many portions of the protein. Notably, the Flap
subdomain exhibited few differences between low and high Mg2* concentrations, unlike Wt
PP2Ca.

Effects of Mg2* Concentration and the D146A Mutation on Deuterium Uptake Manifest in
Specific Regions Distributed across the PP2Ca Catalytic Domain

To gain a global perspective on the effects of Mg2* concentration and the D146A mutation
on the dynamics of deuterium uptake, we adapted functional data analysis (FDA) methods,
an approach that has been used to analyze short time series data in a variety of fields.29-30.37
We used the area between exchange curves, Apec, s @ measure of dissimilarity in deuterium
uptake dynamics between the two conditions.3? Under EX2 conditions, which usually apply
to globular proteins in HDX experiments, Ape Values can be related to the log ratio of the
exchange-competent fractions in the two states.26:27:38 The largest effects on conformational
stability exerted by the Mg2* concentration or the D146A mutation were localized to
specific regions within the catalytic domain, with relatively small effects localized in the C-
terminal extension (Table S2 and Figure 2A). Generally, the destabilizing effects of the
mutation were larger than the destabilizing effects of a low Mg2* concentration. For most
peptides, effects of the mutation in high- and low-Mg2* buffers were highly correlated, with

Biochemistry. Author manuscript; available in PMC 2018 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mazur et al.

Page 9

an R2 of 0.95 (Figure 2B, left panel). Four peptides from the Flap region (amino acids 192
201) deviated from the general trend, suggesting a selective stabilization of these peptides in
Wt compared with Mt PP2Ca in high-Mg?2* buffers. In contrast, effects of altering the Mg2*
concentration on conformational dynamics in the Wt protein correlated less well with the
effects in the Mt protein, with an /2 of 0.63 (Figure 2B, right panel). The same four peptides
of amino acids 192-201 deviated from the general trend, suggesting a reduced effect of
Mg?2* concentration in the Mt compared with that in the Wt protein in these peptides.
Overall, only 5% of the variance in the effects of the mutation remains unexplained by a
linear relationship between the effect of the mutation in high-versus low-Mg?2* buffers,
whereas 37% of the variance in the effects of the magnesium ion concentration remains
unexplained by a linear relationship between the effects in the Wt and the Mt proteins.

Amide Hydrogen Exchange Behaviors of Peptides Containing Metal-Coordinating
Residues Differ between Active and Inactive Conformations of PP2Ca

The PP2Ca active site (Figure 3A) contains a cluster of highly conserved, metal-
coordinating residues that vary little in their structural arrangement among related PP2C
phosphatases.12:14.15.19.22 The third metal ion, when detected in structures, is usually
coordinated by residues homologous to D146 and D239.12:14.15.19.22 The D146 residue is
located at the apex of a buried loop that crosses the active site just below the Flap
subdomain. Under both buffer conditions, the rate of deuterium uptake in peptides
containing the D146 residue of PP2Ca was significantly lower than in the corresponding
PP2Ca A146 peptides for each exchange interval [p < 0.002 (Figure 3B, bottom left panel)].
For the Wt protein in high-Mg2* buffer, the average rate of deuterium uptake after exchange
for 300 s for peptides containing the D146 residue was 16.5 + 0.5% (7th percentile),
whereas the average rate of deuterium uptake for the mutant peptides was 34.7 + 0.2% (33nd
percentile), indicating a specific increase in the rate of deuterium uptake in the mutant
protein for these peptides. In contrast, changes in Mg?* concentration had only small effects
on deuterium incorporation in these peptides for both Wt and Mt proteins. Peptides
containing other metal-coordinating residues exhibited smaller effects of the mutation and/or
the Mg2* concentration. Deuterium uptake in peptides containing E37 was affected by both
the mutation and the buffer conditions (Figure 3B, top left panel). Residues E37 and D38
indirectly coordinate M2 through metal-bound water molecules and are located in the 52-33
loop at the bottom of the active site. For the Wt protein in high-Mg?* buffer, deuterium
uptake approached saturation after exchange for 4 h, while for the Mt protein in low-Mg2*
buffer, deuterium uptake approached saturation after exchange for 900 s. The rate of
deuterium uptake in peptides containing D60 and G61, which directly coordinate the tightly
bound metal ions M1 and M2, differed significantly between the Wt and Mt proteins [p <
0.01 for MtH-WtH, all time points (Figure 3B, top right panel)], but the magnitude of the
effect was smaller than for residue 146-containing peptides. Peptides containing D282,
which coordinates M1, exhibited smaller effects of the mutation and the Mg?* concentration
on exchange rates (Figure 3B, bottom right panel). For this peptide, deuterium uptake values
generally increased in the following order: WtH < WtL ~ MtH < MtL. This suggests that
high concentrations of Mg2* may compensate for some conformational alterations induced
by the D146A mutation.
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Peptides containing D146 and A146 differ in their intrinsic exchange rate constants because
of the difference in primary sequences.24:32 The observed differences in the incorporation of
deuterium by these peptides in the native conformations of the Wt and Mt proteins produced
Apec Values that are approximately 10 times larger than the area between the exchange
curves for the fully exposed Wt and Mt peptides (Figure S5). Thus, Apec Values estimate the
ratio of the exchange-competent fraction in the two states for peptides that do not contain the
mutated residue, as the reference states are identical, and also for peptides containing the
mutated residue, as the differences between the reference states are small compared with the
magnitudes of the observed effects in the native state.

We calculated Ape values to estimate effects of Mg2* concentration and the D146A
mutation on the conformational stability of the active site (Figure 3C). For residue 146-
containing peptides, the large magnitude of Ay Values for comparison of the behaviors of
the Mt and Wt proteins in either buffer suggests that for the D146A mutant, the average
fraction of amide hydrogens in the exposed state is increased by a factor of ~3, indicating
that the native state was apparently destabilized by at least 2.8 kJ/mol (0.7 kcal/mol) per
amino acid residue compared with the Wt protein (eq 3). Apec Values for 52-53 loop
peptides were significantly positive for three of the direct comparisons (p < 0.001), although
the effects of the magnesium concentration were small for the Wt and Mt proteins. Apec
values for peptides containing D60 and G61 suggest that the D146A mutation substantially
affected the conformational stability of the active site under both buffer conditions, whereas
altering the Mg2* concentration had minimal effects.

Flap Subdomain Segments Are Differentially Affected by the Mg2* Concentration and the
D146A Mutation

The importance of the Flap subdomain for catalysis and substrate recognition by PP2C
phosphatases remains incompletely understood. The PP2Ca Flap subdomain comprises
numerous short secondary structural elements and contains a high density of conserved
residues (Figure 4A).510.:39 Backbone and side-chain hydrogen bonds stabilize the Flap
subdomain (Figure 4B), but structural studies suggest that the PP2C Flap subdomain is
flexible.15:16:40.41 The dynamic behavior of deuterium uptake varies considerably for
different segments of the Flap subdomain (Figure 4C). The deuterium uptake by peptides of
amino acids 160-183 that connect the main aBa sandwich with the Flap subdomain
exhibited substantial effects of the D146A mutation across all exchange intervals for both
buffer conditions (p < 0.01) and small effects of the MgZ* concentration during the shorter
exchange intervals (Figure 4C, left panel). The largest feature of recognizable secondary
structure in the PP2Ca Flap subdomain is the nine-residue a3 helix (amino acids 169-177).
As information about the deuterium content of the initial two residues of a peptide is usually
lost during HDX-MS sample processing,24:32 the peptide of amino acids 160—183, which
contains two proline residues, reports the average exchange behavior of 20 amide hydrogen
atoms. For the Wt peptide, a limiting deuterium uptake value near 60% is consistent with the
presence of a stable a-helix containing seven or eight amide protons. The limiting value of
~75% for the mutant peptide suggests that only five or six amide hydrogens are protected
from exchange by a stable secondary structure, suggesting destabilization of two residues of
helix a3. The peptide of amino acids 184-191, which forms a protruding point of the Flap,
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exhibited high rates of exchange for both the Wt and Mt proteins under both buffer
conditions (Figure 1 and Figures S1-S4). Deuterium uptake by the peptide of amino acids
192-200, which is derived from a part of the Flap that lies near the active site, was
substantially affected by both the Mg?* concentration and the D146A mutation (Figure 4C,
middle panel). Generally, deuterium incorporation rates in this peptide increased in the
following order: WtH < WtL < MtH < MtL. Given the presence of seven detectable amide
protons in the peptide of amino acids 192-200, limiting values of deuterium uptake of ~73
and ~87% for the Wt and Mt proteins, respectively, are consistent with two protected amide
protons and one protected amide proton for the Wt and Mt proteins, respectively. The
peptide of amino acids 214-225, which connects the Flap subdomain to 49 in the main
a3Ba sandwich, exhibited only small effects of the Mg2* concentration, but substantial
effects of the mutation for all exchange intervals (Figure 4C, right panel, p < 0.05). To
compare the effects of Mg2* concentration and the D146A mutation on the conformational
stability of the Flap subdomain, we calculated Apec Values (Figure 4D). For the peptide of
amino acids 160-183, buffer conditions did not significantly affect the conformational
stability of either protein, but the D146A mutant was substantially destabilized in both high-
and low-Mg?2* buffers, compared with the Wt protein. Aye values of ~0.3 correspond to a 2-
fold increase in the exchangeready fraction in the less stable state. Apqc Values for the
peptide of amino acids 192-200 suggest distinct effects on conformational dynamics exerted
by the Mg2* concentration and the D146A mutation, separately and in combination. The
peptide of amino acids 192-200 in the Wt protein was substantially stabilized by the high-
Mg?2* buffer, whereas only a slight stabilization was observed for the Mt protein. Compared
with the Wt protein, this segment was substantially destabilized in the Mt protein in high-
Mg?2* buffer, while the effects of the mutation were weaker in low-Mg?2* buffer. A similar
pattern was displayed for the peptide of amino acids 214-225, although the effects were
weaker.

The Mg2* lon Concentration and the D146A Mutation Exert Strong Effects on the
Conformational Mobility of Buttressing Helices al and a2

Some of the largest effects of the Mg2* concentration and the D146A mutation on deuterium
exchange rates were observed in peptides derived from portions of helices al and a2
(Figure 5A). After exchange for 30 s, deuterium incorporation levels in the upper portions of
al (amino acids 67-73) were similar for all four conditions but diverged over longer
exchange intervals. The rate of deuterium incorporation in the Wt protein in high-Mg?*
buffer increased slowly over the course of the experiment and reached 42.3 + 2.8% after
exchange for 4 h; exchange was more rapid in low-Mg?2* buffer, and the rate of deuterium
incorporation reached 64.9 + 0.8% after exchange for 4 h. Compared with the Wt protein in
each buffer condition, the rate of deuterium incorporation was substantially and significantly
higher in the Mt protein for exchange intervals of 2300 s (p < 0.0001) and reached levels of
87.1 + 1.0 and 89.3 + 0.8% for high and low Mg2* concentrations, respectively, after
exchange for 4 h. Similar patterns were observed in peptides derived from amino acids 96—
110. The portions of helices al and a2 that displayed marked effects of low Mg2*
concentrations and the D146A mutation did not exhibit unusual intrinsic flexibility, as
suggested by crystallographic B factors. On the basis of the crystal structure (PDB entry
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1A6Q), the average B factor for amino acids 67-73 and 96-110 is 18.4 + 2.6 (15 residues),
whereas the average for all a-helical residues is 21.0 + 6.0 (130 residues).

The calculated Ape values for these al and a2 peptides were significantly positive for each
of the four direct comparisons [p < 0.01 (Figure 5B)]. Calculated Ay values ranged from
~0.2 to ~0.8. These Apec values were calculated over the experimentally accessible exchange
intervals but do not contain information about exchange occurring on time scales of <30 s or
>4 h. As such, the calculated Ay values can be interpreted as a lower bound of the
difference in the free energy of local unfolding between the compared states. As both
deuterium uptake curves for the Mt protein are nearly complete, the calculated Ay for the
MtH-MtL comparison provides an accurate estimate of the free energy difference; the three
remaining comparisons should be interpreted as lower bounds.

The PP2Ca crystal structure (PDB entry 1A6Q) provides detailed structural information
about PP2Ca with two Mn2* ions bound, an inactive conformation. The structure suggests a
network of side-chain hydrogen bond and electrostatic interactions linking helices al and
a2 and residues in the Flap subdomain (Figure 5C). The Flap subdomain and the bridge
connecting the metal-coordinating residues D60 and G61 with the top of helix al are linked
by side-chain interactions between the highly conserved residues H62 and D199. Moreover,
side-chain interactions between R102 and E218, side-chain interactions between D109 and
K203, and an interaction between the side chain and backbone of R113 and K203 suggest a
link between the Flap subdomain and the region of a2 that was highly affected by the low
Mg?2* concentration and the D146A mutation. Furthermore, the structure suggests an
extended hydrogen bond/electrostatic interaction network linking helix a2 in the main
afpfa sandwich to a3 in the Flap subdomain. Following strict criteria, hydrogen bonds can
link the R102 and E218 side chains and the E218 backbone with the R195 side chain. The
distances between the R195 NE and E171 OE1 atoms and between the R195 NH1 and E171
OE2 atoms (3.309 and 3.385 A, respectively) support the formation of hydrogen bonds
under relaxed criteria. Interestingly, the PP2Ca crystal structure also supports linkage of the
lower portion of the active site, helices al and a2, and the Flap subdomain through
formation of a small antiparallel s-strand-like structure involving backbone-backbone
hydrogen bonds. Specifically, H62 and G126 can form two backbone-backbone hydrogen
bonds, connecting the p4—al bridge with the a2—£5 bridge; the S127-L197, L197-S127,
and D199-S125 residue pairs can form three backbone-backbone hydrogen bonds
connecting the a2—-£5 bridge with the Flap subdomain. Our results, in combination with a
known structure for PP2Ca, suggest that mechanical linkages among the metal-coordinating
residues, the Flap subdomain, and buttressing a-helices al and a2 differ between active and
inactive conformations of PP2Ca.

Molecular Dynamics Simulations of PP2Ca and PP2Ca D146A Suggest Alterations in
Structure and Hydrogen Bond Occupancy

Analysis of hydrogen/deuterium exchange rates suggests that millimolar concentrations of
Mg?* ions and the presence of an aspartic acid residue at position 146, both of which are

required for catalytic activity, synergize to bring the PP2Ca catalytic domain into a tighter
conformation. Although the effects in some regions of the protein are dominated by either
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the Mg2* ion concentration or the mutation at position 146, many regions are affected by
both factors. To gain additional understanding of these effects, we performed molecular
dynamics (MD) calculations to produce 200 ns of simulation for Wt PP2Ca with two Mg2*
ions bound [Wt(2Mg)], Wt PP2Ca with three Mg2* ions bound [Wt(3Mg)], and PP2Ca
D146A with two Mg?* ions bound [D146A(2Mg)]. An overlay of representative structures,
spaced across the MD simulation interval, identifies conformational differences and regions
of conformational variability between the Wt(2Mg) and Wt(3Mg) structures (Figure 6A).
Compared with the Wt(2Mg) structures (tan traces), those from the Wt(3Mg) simulation
(light blue traces) show a shift of the flap subdomain away from the active site and toward
the helices al and a2, which in turn are shifted toward the 52—£3 loop at the bottom of the
active site. Within the active site, M3 exhibits a larger variation in its location than M1 or
M2, consistent with its lower binding affinity.23 In Wt(3Mg) structures, M1 is shifted toward
and M2 is shifted away from the 52—£3 loop at the bottom of the active site. In the absence
of M3, the D146 side chain partially interacts with the R186 side chain, contributing to the
wider range of conformations exhibited by the R186 side chain. In Wt(3Mg) structures, the
D146 side chain is fully engaged in coordinating M3 and the R186 side chain exhibits a
smaller range of conformations. Similarly, in the absence of M3, R33 exhibits greater
conformational variability by interacting with either E37 or D282, while in the Wt(3Mg)
structures, the R33 side chain interacts exclusively with the E37 side chain. Heat maps
representing differences [Wt(2Mg) — Wt(3Mg)] in all pairs of Ca—Ca average distances are
consistent with the variations exhibited by the representative structures (Figure S6). Notably,
in the Wt(2Mg)-Wt(3Mg) comparison (Figure S6), the broad stripe of reddish regions from
position 165 to 220 indicates that, in the presence of the third metal ion, average distances
are increased between Flap subdomain Ca atoms and those of many regions of the
remainder of the catalytic domain, including the 52—£3 loop, the loop at the top of helix a2,
the loop between £6 and 57 that contains D146, the region containing D239 and D243, and
the region surrounding Asp282. On average, D282 is closer (blue shadings) to several
regions, including the M2-coordinating residues E37 and D38, the M1- and M2-coordinating
residue D60, strands B3 and B4, and the upper portion of helix a2. Of interest is the
suggestion that in the Wt(3Mg) simulation compared with the Wt(2Mg) simulation, helix a3
is closer to D195. Thus, the MD simulations suggest that the presence of a third metal ion
causes widespread adjustments in the structure of the PP2Ca catalytic domain, principally in
a more distant position of the Flap combined with a tighter arrangement of metal-
coordinating residues in the active site.

An overlay of representative structures from the Wt(2Mg) (tan traces) and D146A(2Mg)
(plum traces) simulations shows that the N-terminal lobe of the Flap subdomain is
positioned closer to the active site in the mutant (Figure 6B). Substitution of alanine at
position 146 eliminates possible interactions between the R186 side chain and aspartate side
chain, resulting in a smaller range of positions of the R186 side chain, but with an increased
level of exposure to the solvent. Similarly, in the D146A(2Mg) structures, the R33 side chain
interacts exclusively with the D282 side chain, in contrast to the Wt(2Mg) structures, in
which the R33 side chain interacts with the D282 or E37 side chains. Heat maps
representing differences [Wt(2Mg) - D146A(2Mg)] in all pairs of Ca-Ca average distances
from 200 ns of MD simulations show a predominance of reduced average Ca—Ca distances
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in the D146A(2Mg) structures (blue) over much of the catalytic domain (Figure S7). The
simulations suggest substantial alterations in the conformations of the loop connecting helix
alato helix a2 and the bridge connecting a2 to 5. Interestingly, the Flap (amino acids
165-220) exhibits a pattern of alternating increased (red) and decreased (blue) Ca-Ca
average distances in D146A(2Mg) compared with Wt(2Mg) structures, suggesting a
structural reorganization.

We analyzed differences in hydrogen bond occupancy for PP2Ca with three compared with
two Mg?2* ions bound and for PP2Ca compared with PP2Ca D146A, both with two Mg2*
ions bound (Figure 6C). The MD simulations suggest that the presence of a third bound
metal ion increased the levels of H62-D199 and R102—E218 hydrogen bonding while
decreasing the level of R124-D199 hydrogen bonding. We also analyzed differences in
hydrogen bond occupancy for PP2Ca compared with PP2Ca D146A, both with two Mg?*
ions bound (Figure 6D). Mutation to an alanine at position 146 increased the level of
hydrogen bonding between the R33 and E37 side chains while decreasing the level of
hydrogen bonding between H62 and G126 backbones.

DISCUSSION

The PP2C phosphatases are characterized by their requirement for supplementation with
millimolar concentrations of MgZ* or Mn2* ions to demonstrate measurable catalytic
activity in vitro. Recent work has associated this requirement with the binding of a weakly
associated third metal ion in the active site.12.15.16.222341 The D146A mutation in PP2Ca or
the corresponding mutation in related PP2C phosphatases abolished or severely reduced
catalytic activity.22:23 However, details of the involvement of the third metal ion in either the
catalytic mechanism or stabilization of the native structure of PP2C phosphatases remain
incompletely understood. Here, we have used HDX-MS techniques to show that the two
requirements for activity, millimolar concentrations of Mg2* ions and the presence of an
aspartic acid residue at position 146, combine to restrict the conformational mobility of the
PP2Ca active site on a catalytically relevant time scale. The increased conformational
mobility in the Flap subdomain and in portions of helices al and a2 that result from low
Mg?2* ion concentrations or the loss of the aspartic acid side chain at position 146 suggests
that structural bracing in these regions contributes to rigidity in the active state of the
enzyme.

PP2Ca activity toward phosphopeptide or phosphoprotein substrates is abolished by
mutation of metal-coordinating active site residues, but also by mutation of specific residues
in the Flap subdomain or that link the Flap subdomain to the active site (Figure 7). Mutation
of active site residues that directly coordinate M1 or M3 abolished (D239A and D146A) or
sharply reduced (D60N, D239N, and D282N) phosphatase activity.22-23:42 Mutation of R33,
which binds the phosphorylated substrate, mutation of residues indirectly coordinating M2
(E37 and D38), or mutation of D243, which is part of an alternative binding site for M3,
moderately reduced PP2Ca activity.11:2342 Mutation of residues lying just outside the active
site (H40, T128, and S190) had little effect on activity.2342 Interestingly, residues that are
critical for the activity of PP2Ca toward physiological substrates form an arc running
through the Flap alongside the active site. The R174A, R195A, and D199A mutants are
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functionally inactive in cell-based assays.%4344 Mutation of R186, N188, or R195 resulted
in a loss of activity toward phosphopeptide substrates, but the activities toward the small
molecule substrate p-nitrophenyl phosphate (pNPP) were only moderately affected.23 Other
Flap subdomain residues residing outside the arc (H164, K165, and Q185) exhibited only
moderately reduced activity toward either pNPP or phosphopeptide substrates.”+23

The importance of specific Flap subdomain residues for the function of PP2Ca is supported
by the effects of mutation of the corresponding residues in related PP2C phosphatases.
PP2Ca R195 is one of eight residues within a 30-residue region that are highly conserved
among eukaryotic PP2C phosphatases.33% Mutation to alanine of the corresponding residue
in the Caenorhabditis elegans phosphatase FEM-2 led to a loss of phosphatase activity in
vitro and a lack of functional activity in vivo.3? Similarly, mutation of the corresponding
residue in the human homologue hFEM-2 (PPM1F) resulted in a loss of phosphatase activity
toward physiological substrates in vitro and loss of pro-apoptotic activity upon
overexpression in human cells.*® The PP2Ca residues G198 and D199 are also highly
conserved.3® C. elegans FEM-2 G339 aligns with human PP2Ca G198; the G339R mutation
exhibited a functional loss of FEM-2 activity in vivo and severely reduced phosphatase
activity toward a phosphoprotein in vitro.4647 Residue D193 of the Drosophila melanogaster
PP2C phosphatase Alphabet aligns with human PP2Ca D199; the D193V mutation
exhibited substantially reduced in vitro activity toward a phosphopeptide and functional loss
of activity in vivo.*3 Thus, residues aligning with R195, G198, and D199 are critical for the
functional activity of PP2C phosphatases. These residues are located within the peptides of
amino acids 192-200 or 192-201 that exhibited the strongest interplay between the effects
of the Mg2* concentration and the D146A mutation (Figure 2). We found that the peptides
containing these residues exhibited distinct profiles of deuterium incorporation in each
combination of Wt or Mt protein with high or low Mg2* concentrations (Figure 4). In
addition, R195 is positioned to participate in a side-chain-based hydrogen bonding/salt
bridge network that may contribute to the increased conformational mobility in portions of
al and a2 observed in inactive states of PP2Ca (Figure 5). Furthermore, in crystal
structures of PP2Ca, the side chain of D199 is positioned to form a hydrogen bond with the
side chain of H62, a residue that has been shown to be important for efficient catalytic
activity, 101142

Arabidopsis thaliana phosphatase HABL is involved in regulating the response to
environmental stress; complexes of Hab1 with a signaling hormone-bound receptor or with a
substrate kinase have been characterized by X-ray crystallography and HDX-MS.19.21:48
The HABL1 Flap subdomain is critical for specific interaction with the regulatory receptor
and the protein substrate SnRK2.6.19.21 An HDX-MS study of HAB1 in complex with
SnRK2.6 found a reduced rate of deuterium uptake in the loop at the bottom of the active
site, in the bridge to al, and in the portion of the Flap subdomain corresponding to PP2Ca
R195-D199.48 These regions correspond to the regions of PP2Ca affected by the Mg2*
concentration and the D146A mutation. A. thaliana phosphatase PPHL1 is involved in
regulating the response to varying levels of light.20 Crystal structures of PPH1 and of PPH1
D180E (an inactive mutant) in complex with a phosphopeptide show that a region of the
Flap subdomain is important for specific interactions with the substrate.20 This region of
PPHZ1 aligns to the protruding point of the Flap subdomain of PP2Ca. These structures of
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PP2C phosphatases in complex with model substrates illustrate the importance of the Flap
subdomain for interaction with physiological substrates.

Crystal structures of various PP2C phosphatases have revealed one, two, or three metal ions
in the active site.21:49.50 Moreover, structures for the same enzyme in different
conformations or crystallized under different conditions may exhibit two or three metal ions
in the active site.14-16.41 General mechanisms for PP2C catalysis involving two or three
metal ions have been proposed.10:11.224142 Metal jons can be involved in the catalytic
process through activation of the attacking moiety, binding of the substrate, or stabilization
of intermediates or transition states.:®1 The distributed effects of magnesium binding and of
the D146A mutation throughout the active site and across the Flap subdomain suggest that
substrate recognition and catalytic activity are coupled in PP2C phosphatases to achieve
catalytic specificity. Additionally, the binding of Mg?* to PP2Ca detected by ITC was
weakened but not eliminated by the D146A or D243A mutation, suggesting two alternative
binding sites.23 Among the crystal structures of PP2C phosphatases exhibiting a third metal
in the active site, positions of the tightly bound metal ions and their coordinating residues
can be superimposed with small variance, but the position of the third metal ion is
considerably more variable. These observations are consistent with a mechanism that
involves a shift in the position of the third metal ion during catalysis. In the work presented
here, we detected specific stabilization of PP2C D146A in the presence of 2 mmol/L Mg%*
compared with 0.1 mmol/L Mg2*, suggesting that the magnesium occupancy of the alternate
site involving D243 stabilizes the folded state, even in the absence of an aspartate at position
146.

In this work, we observed that changing the occupancy of the third metal binding site(s) or
mutation of D146 affected the conformational mobility in the active site, portions of the Flap
subdomain, and specific segments of helices al and a2. MD calculations support increased
rigidity of the active site in the active state of the enzyme through an increased humber of
hydrogen bond interactions within the active site. Moreover, the importance of the Flap and
buttressing helices al and a2 is supported by functionally characterized mutants of PP2Ca
and related PP2C phosphatases. These observations will be useful in future investigations of
the mechanism of PP2C phosphatase activity toward physiological substrates and in
understanding how the activity can be activated or inhibited.
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ABBREVIATIONS

Apec area between exchange curves

BME B-mercaptoethanol

EX2 exchange conditions class 2

HDX-MS hydrogen/deuterium exchange-mass spectrometry

FDA functional data analysis

HB-H HEPES buffer with 2 mmol/L MgCl,

HB-L HEPES buffer with 0.1 mmol/L MgCl,

MD molecular dynamics

Mt mutant

MtH mutant enzyme in 2 mmol/L MgCl,

MtL mutant enzyme in 0.1 mmol/L MgCl,

pNPP p-nitrophenyl phosphate

PPM metal-dependent protein phosphatases

RT gas constant x absolute temperature

Wt wild type

WtH wild-type enzyme in 2 mmol/L MgCl,

WtL wild-type enzyme in 0.1 mmol/L MgCl,
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Figure 1.
Deuterium uptake in PP2Ca and PP2Ca D146A in the presence of high or low

concentrations of magnesium ions. Peptide-level average deuterium uptake values, or
differences in values, after exchange for 300 s at 25 °C are indicated by colored hues
overlaid onto a representation of the three-dimensional structure of PP2Ca (PDB entry
1A6Q), with the addition of a third Mg2* ion and selected annotations. (A) Deuterium
uptake in PP2Ca in the presence of 2 mmol/L MgCl, (WtH). (B) Differences in deuterium
uptake in PP2Ca in the presence of 0.1 mmol/L MgCl, compared with 2 mmol/L MgCl,
(WtL — WtH). (C) Differences in deuterium uptake in PP2Ca D146A compared with
PP2Ca in the presence of 2 mmol/L MgCl, (MtH — WtH). (D) Differences in deuterium
uptake in PP2Ca D146A in the presence of 0.1 mmol/L MgCl, compared with 2 mmol/L
MgCl, (MtL — MtH). When multiple peptides were detected for a region of the protein, the
chosen peptide was representative. Deuterium uptake values represent the average of three
observations. Differences in deuterium uptake between two conditions were considered
significant on the basis of a two-tailed Student’s #test with p < 0.05.
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Figure2.
Global effects of Mg2* concentration and the D146A mutation on deuterium uptake. (A)

Values of the area between exchange curves metric (Ayec) for the indicated comparisons
were calculated as the area between the remaining mean peptide-level hydrogen fractions vs
log t curves, where #is the exchange time in seconds, and are plotted vs peptide midpoints.
Symbol characteristics indicate statistical significance based on the two-tailed Student’s ¢
test: empty symbols, not significant; lightly shaded symbols, p< 0.01; darkly shaded
symbols, p < 0.001. Selected annotations are included. (B) Interactions between magnesium
ion concentration effects and mutation effects. The peptide sequence position is indicated by
light blue (N) to dark purple (C) symbol shading. The left panel shows mutation effects in 2
and 0.1 mmol/L MgCl, buffers, and the right panel shows Mg2* concentration effects in Wt
compared with Mt proteins.
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Figure3.

Ef%ects of Mg?* concentration and the D146A mutation on deuterium uptake by peptides
containing metal-coordinating residues. (A) Ribbon diagram depicting the active site of
PP2Ca (based on PDB entry 1A6Q with an added third Mg?*). Metal-coordinating residues
and residues R33 and D243 are labeled. Selected peptides containing metal-coordinating
residues are colored light blue. The visible portion of the Flap subdomain is colored orange.
Regions not detected in the exchange experiments are colored dark gray. Predicted
backbone—backbone hydrogen bonds meeting strict (blue) or relaxed (orange) criteria are
indicated. (B) Time course of deuterium uptake by selected peptides containing metal-
coordinating residues of PP2Ca (Wt) and PP2Ca D146A (Mt) exposed to exchange buffers
containing 2 mmol/L (H) or 0.1 mmol/L (L) MgCl,. Exchange times, in seconds, are plotted
on a log scale. Values plotted on the graph are the means, generally computed from three
replicate experiments, and bars (often smaller than the symbol) indicate the measurement
precision (x1o). (C) Apec for peptides containing metal-coordinating residues for the
indicated comparisons. Bars indicate the measurement uncertainty (+1o) propagated from
panel B. Significance values, based on a two-tailed Student’s #test, are indicated: *p < 0.01;
**p<0.001; ***p<0.0001.
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Figure 4.
Magnesium concentration and the D146A mutation exert complex effects on deuterium

uptake by peptides in the Flap region. (A) Schematic diagram showing the PP2Ca primary
sequence encompassing the Flap subdomain (H164-E218, dotted line), with icons
representing defined secondary structure elements and lines representing selected peptides.
(B) Ribbon diagram representing the three-dimensional structure of the PP2Ca Flap
structure (based on PDB entry 1A6Q). Predicted backbone—backbone hydrogen bonds
meeting strict (blue) or relaxed (orange) criteria are indicated. (C) Time course of deuterium
uptake by selected Flap subdomain peptides of PP2Ca (Wt) and PP2Ca D146A (Mt)
exposed to exchange buffers containing 2 mmol/L (H) or 0.1 mmol/L MgCl, (L). Values
plotted on the graph are the means, generally computed from three replicate experiments,
and bars (often smaller than the symbol) indicate the measurement precision (+10). (D)
Area between exchange curves metrics (Apec) plotted for selected Flap peptides for the
indicated comparisons. Significance values, based on a two-tailed Student’s #test, are
indicated: *p < 0.01; **p < 0.001; ***p < 0.0001. Bars indicate the measurement
uncertainty (+1o) propagated from panel C.
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Figureb.

Hydrogen bond/electrostatic interaction networks link the 86-457 loop, the Flap, and metal-
coordinating residues. (A) Time course of deuterium uptake for selected al/a? peptides of
PP2Ca and D146A PP2Ca exposed to exchange buffers containing 2 mmol/L (H) or 0.1
mmol/L (L) MgCls. Values plotted on the graph are the means, generally computed from
three replicate experiments, and bars (often smaller than the symbol) indicate the
measurement precision (x1o). (B) Area between exchange curves metrics (Apec) plotted for
selected Flap peptides for the indicated comparisons. Significance values, based on a two-
tailed Student’s ftest, are indicated: *p < 0.01; **p < 0.001; ***p < 0.0001. Bars indicate
the measurement uncertainty (+1o) propagated from panel A. (C) Ribbon diagram showing
a network of hydrogen bond/electrostatic interactions linking strongly affected regions of
helices al and a2 (sandy brown) in the main domain (tan) to the Flap subdomain (sky blue).
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Figure®6.
Molecular dynamics (MD) simulations suggest conformational effects of the binding of the

third magnesium ion or the D146A mutation. (A) Ribbon diagram overlay of 19 MD
snapshots for PP2Ca with three (blue traces, sea green Mg2* ions) compared with two Mg2*
ions bound (tan traces, olive Mg2* ions). Selected side chains are shown as sticks. (B)
Ribbon diagram overlay of 19 MD snapshots for PP2Ca D146A (plum traces) compared
with PP2Ca (tan traces), both with two Mg2* ions bound (chartreuse and olive,
respectively). Selected side chains are shown as sticks. (C) Differences in hydrogen bond
occupancy for PP2Ca with three compared with two Mg?* ions bound based on 200 ns of
molecular dynamics simulations. Increased (top left diagonal, red symbols) or decreased
(bottom right diagonal, blue symbols) hydrogen bond occupancies for the comparison of
Wt(3Mg) vs Wt(2Mg) are indicated for donor/acceptor pairs. (D) Differences in hydrogen
bond occupancy for PP2Ca D146A compared with PP2Ca, both with two Mg?* ions bound,
based on 200 ns of molecular dynamics simulations. Increased (top left diagonal, brown
symbols) or decreased (bottom right diagonal, blue-green symbols) hydrogen bond
occupancies for the comparison of D146A(2Mg) vs Wt(2Mg) are indicated for donor/
acceptor pairs.
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Figure7.
Ribbon diagram of the PP2Ca active site and Flap subdomain with functional classification

of the effects of mutations on phosphatase activity. The structural representation is based on
PDB entry 1A6Q, with the addition of a third Mg2* ion. Mutated residues are colored brown
for little or no effect (=65% of Wt activity, H40, T128, and S190), light blue for reduced
activity (5-50% of Wt activity, R33, E37, D38, H62, H164, K165, Q185, and D243), orchid
for a loss of activity (0-5% of Wt activity, D60, D146, D239, and D282), teal for altered
specificity (inactive toward phosphopeptides but active toward pNPP, R186, N188, and
R195), and pink for functionally inactive (no detected activity toward physiological
substrates in cell-based assays, D199 and R174). For specific references, see the text.

Biochemistry. Author manuscript; available in PMC 2018 May 30.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Mazur et al.

Page 28

Statistical Summary of HDX-MS Analysis of PP2Ca and PP2Ca D146A in the Presence of High (H) or Low

(L) Concentrations of MgCl,4

MtL

WtH WtL
proteinb PP2Ca PP2Ca
exchange buffer [MgCl,] (mmol/L) 2.0 0.1
sequence coverage (%) 91.7 91.7
no. of unique peptide/charge states 111 111
no. of unique peptides 85 85
no. of peptides as a single charge state 60 60
no. of peptides as multiple charge states 25 25

mean correlation among multiple charge states  0.997 0.983

mean no. of replicates/peptide 2.98 2.98
mean no. of time points/peptide 6.97 6.98

D146A

0.1
91.7
110
84

59

25
0.993
297
6.99

aExchange reactions occurred at 25.0 °C in pDcorrected = 7.5 buffer with 83.3% D20.

bHuman PP2Ca(1-382) and PP2Ca D146A(1-382) were expressed in £. coliand retained four additional residues at the N-terminus (SGGT) after

purification.
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