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ABSTRACT: Both the scaffold (A) and the regulatory (R) subunits of protein phosphatase 2A regulate
enzyme activity and specificity. Heterotrimeric enzymes containing different R-subunits differ in their
specific activities for substrates. Kinetic parameters for the dephosphorylation of a phosphopeptide by
different oligomeric forms of PP2A were determined to begin to elucidate the molecular basis of regulatory
subunit effects on phosphatase activity. Using steady state kinetics and the pH dependence of kinetic
parameters, we have explored the effect of the A- and R-subunits on the kinetic and chemical mechanism
of PP2A. The regulatory subunits affected a broad range of kinetic parameters. The C-subunit and AC
dimer were qualitatively similar with respect to the product inhibition patterns and the pH dependence of
kinetic parameters. However, a 22-fold decrease in rate and a 4.7-fold decrégsean be attributed

to the presence of the A-subunit. The presence of the @2 or PR5%:) subunit caused an additional
decrease ik, and changed the kinetic mechanism of peptide dephosphorylation. TdsuRinit also

caused significant changes in the pH dependence of kinetic parameters as compared to the free C subunit
or AC heterodimer. The data support an important role for the regulatory subunits in determining both
the affinity of PP2A heterotrimers for peptide substrates and the mechanism by which they are
dephosphorylated.

Protein phosphatase 2A (PP2A)s an ubiquitously each gene family share significant amino acid sequence
expressed protein serine/threonine phosphatase implicated isimilarity, but no sequence similarity exists between the three
many cellular signaling pathways. The catalytic subunit of gene families. The catalytic and regulatory subunits both
PP2A contains an amino acid sequence motif shared byinteract directly with the A-subunifj. Cross-linking studies
enzymes that hydrolyze phosphoester bonds. This phosphoindicate that additional contacts are made between the
esterase motif encodes a beta sandwigho—f—o—f) regulatory and catalytic subunits in the heterotrimeric
protein structure that binds two metal ions in the active site complex 6). The C-subunit binds to the A-subunit with a
(1). The catalytic subunit of PP2A shares sequence similarity K, in the picomolar ranges( 7), while the R-subunits bind
with the catalytic subunits of other members of the protein to the AC dimeric complex. In vitro, the regulatory subunits
serine/threonine phosphatase family, including calcineurin do not form stable complexes with either the C- or A-subunits
and protein phosphatase 1 (PP1). alone (unpublished observation).

Native PP2A exists primarily as a heterotrimer composed  Native PP2A can be isolated as both heterotrimers and

of a 36-kDa catalytic subunit (C), a 64-kD scaffolding Ac dimers g). The AC dimer may result from the dissocia-
subunit (A), and one of a variety of regulatory subunits (B tjon of R-subunits from the AC core during purificatiod)

or R). The regulatory subunits are the most variable The monomeric C-subunit can be purified as a highly active
component of the holoenzyme and regulate substrate prefer—enzyme from the AC core dimer by ethanol precipitation

ence @) and subcellular localization of the comple®)(  (10). The PP2A C-subunit is not present as a free protein in
Three gene famili€dermed R2 (B or PRS5), RS (Br BS6), vivo, but it may form complexes with proteins other than

and R3 (B" or PR72)4) encode multiple isoforms and splice  yhe A_and R-subunits, such as the B-cell receptor associated
variants of PP2A regulatory subunits. The R subunits within a4 protein ).

The regulatory subunits of PP2A affect enzyme activity.
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paper corresponds to the names assigned to the human genes. In thiBlay a critical role in targeting PP2A to other macromol-
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to the B/PR55 family; the R3 subunit (gene name PPP2R3) correspond _ i i
to the PR72 famiy; and the R5 subunit (gene name PPPZRS)SstabIe complexesl@—16). Neither the molecular basis of
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within each regulatory subunit family. which they regulate PP2A activity have been investigated.
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We wanted to determine the mechanistic basis for the Assays for the pH dependence of kinetic parameters for
effects of regulatory subunits on PP2A activity. Using steady- the C-subunit were performed with the same peptide as
state kinetics and the pH dependence of kinetic parametersabove, synthesized with unlabeled phosphoserine at position
we compared different complexes of PP2A to explore the 19. Assays for LineweaveiBurke plots were performed in
effect of the A- and R-subunits on the kinetic and chemical 96-well plates, in a volume of 50L, and stopped with 100
mechanism of PP2A. The monomeric C-subunit, the dimeric 4L of Biomol Green Reagent (Biomol). The rate of hydroly-
AC complex, and a heterotrimer containing the R2-subunit sis was determined from the absorbance at 630 nm of timed
were characterized with respect to product inhibition patterns assays and compared to a standard curve generated with
and pH profiles using a phosphorylated synthetic peptide asinorganic phosphate as described by the manufacturer.
substrate. The data show that the A-subunit causes a pH StudiesAll forms of PP2A appeared to be stable at
substantial increase in the affinity of PP2A for the peptide the pH extremes, with no loss of activity observed when the
substrate and a decreasé/in. The R2x regulatory subunit ~ enzymes were incubated on ice in buffer at pH 5.6 or pH
causes a further increase in affinity and changes the kinetic8.5 for up to 30 min, and then assayed for activity at pH
mechanism of peptide dephosphorylation. These observationg.0. The pH did not change during the course of enzyme
support a role for both the A-subunit and the regulatory assays. The pH of each assay mixture was determined before

subunits in the interaction of PP2A with its substrates. assays were started. Assays were performed in PIPES buffer
between pH 5.6 to pH 6.5, in MOPS buffer between pH 6.5
MATERIALS AND METHODS to pH 7.5, and TAPS buffer between pH 7.5 to pH 9.0. No

differences in rate dk,, were observed between overlapping
points at the same pH in the different buffers.

The pH dependence oKp profiles were performed with
a peptide whose sequence was identical to the substrate
. - i . peptide except for a single amino acid change. Serine 19
expressed in SF9 cells and purified as previously described, oo changed to alanine giving rise to S19A peptide. The

(2). All enzyme preparations were at least 95% pure as g psirate concentration was heldiat in the presence of
determined by SDSPAGE gels stained with Coomassie jtering concentrations of the peptide inhibitor, and the pH

Protein Purification Heterotrimeric and dimeric PP2A
were purified from bovine brain as described previouSly (
Free C-subunit was isolated from higher order complexes
by ethanol precipitation1()). Recombinant AC-R& was

blue. _ o _ _ was varied. The data were plotted as inverse rate vs
Phosphorylation of Myosin Light Chain Peptidé concentration of inhibitor, and thés was determined as the
synthetic peptide based on amino acids28 (KAKTT- negative ordinate intercept divided by two.

KKRPQRATSNVFS) that surround the single phosphory-  Data AnalysisData were fitted using the appropriate rate
lation site (underlined) of chicken smooth muscle myosin equations and computer programs developed by Clelef)d (
light chain (L7) was phosphorylated in vitro to a specific  Substrate saturation curves obtained from the pH dependence
activity of 250 cpm/pmol by rabbit skeletal muscle myosin for kinetic parameters were fitted using eq 1. Data for
light chain kinase as described previousB).(The 3%P- competitive and noncompetitive inhibition were fitted using

phosphopeptide was isolated from free ATP by ion exchangeeqs 2 and 3, respectively. Data from pH curves where the
though AG1 x 8 resin (BioRad) and concentrated in a slope wast+1 and/or—1 were fitted using eq 4.

vacuum concentrator as described previousB).(The32P-

phosphopeptide was resuspended in a total volume of 0.2 v=VAI(K,+ A) (1)
0.3 mL, and column debris was removed by centrifugation
at 14 000 rpm for 15 min. The peptide was then desalted v=VAI(KJL+ /K] + A) 2

through Biogel P2 resin (BioRad) and concentrated in a
vacuum concentrator. The peptide was resuspended in water,
the pH was adjusted to 7.0, and the substrate was quantitated
as described previousl{t®). The phosphopeptide contained

at least 0.92 mole of phosphate/mole of peptide, and*he
incorporation was 92% or higher.

Phosphatase Assayall assays were performed at 30, RESULTS
for variable amounts of time, in a volume of Q. Assays Product Inhibition with Hydroxy-Peptidd’roduct inhibi-
using®?P-labeled substrate were performed using a modifica- tion studies were used to obtain information about the kinetic
tion of a previous procedurd §). The assays were started mechanism of different PP2A enzymes, as well as the affinity
by the addition of enzyme. The reaction was stopped by of each of the enzymes for different parts of the phospho-
addition of 450uL of ice-cold 75 mM phosphoric acid, and peptide substrate. The results of product inhibition with
this mixture was added to 1 mL of AG5R 8 (BioRad) myosin light chain hydroxy-peptide are summarized in Table
resin carefully aliquoted into 1.5-mL microcentrifuge tubes. 1. All forms of PP2A displayed competitive patterns of
The tubes were mixed vigorously by shaking for 10 s then inhibition with hydroxy-peptide versus the phospho-peptide
spun briefly in a microcentrifuge to pellet the resin. Two substrate. The&s for hydroxy-peptide with the AC core
hundred fifty microliters of the supernatant was removed, enzyme and bovine brain AC-R2 enzymes were neaKthe
placed into 7-mL scintillation vials with scintillant, and for the phosphopeptide (shown in Table 2). The data show
counted. The rate of the reaction was calculated from the that the AC dimer and AC-R2 holoenzyme have much
measured release #P0O, minus the cpm from a background greater affinity for the peptide moiety than the free C-subunit.
control assay containing the same concentration of substrateThere was a 4.7-fold decreaselpr and a 30-fold decrease
but no enzyme. in Kis for hydroxypeptide with AC as compared to the

v =VAI(KJ1 + I/KJ + Al + /K,]) ®3)

logy =log [C/(1+ H/IK; + K,/H)] (4)
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Table 1: Comparison of Hydroxy-Peptide Inhibition Patterns and A
Constants 0.05 - >
enzyme inhibition pattern Kis® (uM) ‘§ 0.04
C-subunit competitive 1074 200 E™ -
AC dimer competitive 32.1£8.2 2 0.03
AC-R2 competitive 14 3.8 a L4
aValues are averages of at least three independent determinations. 2 002 1
bKis is the slope inhibition constant.
0.01 i
Table 2: Comparison of Kinetic Constants 0.00 0.01 0.02 0.03
enzyme Km («M) VIET (s7}) VIKET (M~ts™?) 004 {B
C-subunit 105. % 8.5 29.7+ 1.3 2.8x 1° =
AC dimer 22.3+5.0 1.3+ 0.2 6.0x 10¢ £
AC-R2 10.8+ 2.4 1.2+0.1 1.1x 10 £ 0031
o
g 0.02
C-subunit There was a 10-fold decrease kg, and a 50- < °
fold decrease irKis for hydroxypeptide with AC-R2 as -
compared to the C-subuniPeptide inhibition curves were 0.01 4
also obtained for recombinant AC-RZnot shown). The —
recombinant enzyme hadka, andKjs for hydroxy-peptide 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
identical to that of the native AC-R2 purified from bovine Cc
brain. The hydroxy-peptide inhibition patterns at pH 6.5 and ¢ 018
pH 8.0 for all three enzymes showed that inhibition patterns E v
remained competitive over the entire pH range. Curves 3 0.12
showing the fitted data for each enzyme are plotted in Figure g
1. g
>
Considering the relatively high affinity of the peptide for =008
the AC and AC-R2 enzymes, we examined the ability of
L-serine to inhibit phosphatase activity. No inhibition of 0.04 . . .
activity was observed in the presence of 25 mM serine 0.00 0.02 0.04 0.06

indicating that a single hydroxylated amino acid binds poorly,

if at all, to the active site of any form of PP2A. . 1 Infibition of PP2A . i hvd i
. . IGURE 1: Inhibition o enzyme forms with hydroxy-peptide.
Product Inhibition with PhosphatePhosphate was also In panel A, the concentration of phospho-peptide substrate was

used as a product inhibitor with myosin light chain phospho- yaried at 30, 42.8, 73.2, and 2501 in the presence of 0 (filled
peptide as the substrate. The results are summarized in Tableircles), 250 (open circles), 500 (filled triangles), or 1000 (open
3. A competitive pattern of inhibition was observed under triangles)uM hydroxy peptide, in a reaction with C-subunit. The
all pH conditions for phosphate inhibition of the C-subunit iggce&“{gt{ﬁg Otezg?]sc%hgf'%e?fﬂ%% Vgﬁ;g:‘)”el%?glgh 2c(i)r'cl3egs')3’3%nd
(Flgu're 2A). The data fgr the phosphgte inhibition with the (filleﬁ trianglesg, or 60 (open trianglegM hydroxpreptide in a

AC dimer was competitive at pH 7 (Figure 2B). At pH 8.0, yeaction with AC dimer (B) or with AC-R2 (C). Data for all three
however, the pattern clearly became noncompetitive for AC curves was fitted for competitive inhibition.

with an intercept inhibition constant of 8.24 mM and a slope
inhibition constant of 2.59 mM (Figure 3) showing that the Table 3: Comparison of Phosphate Inhibition Patterns and
kinetic mechanism for AC is pH-dependent. The rates of Constants

1/ [32P-MLC peptide](um)™!

the reactions were determined by subtracting out the cpm  enzyme inhibition pattern  Kis? (mM) Kii¢ (mM)
from a similar assay containing the same concentration of  _gypunit competitive 4.6 0.6
substrate but no enzyme. Background curves were linear, AC dimer competitive 12.3:2.0
and the amount of background cpm obtained was unaffected AC-R2 noncompetitive 6.224 12.0£ 5.6

by the concentrations of phosphate or hydroxy-peptide in  aValues are averages of at least three independent determinations.
the product inhibition studies. Since the background was °Ki is the slope inhibition constarftK; is the intercept inhibition
subtracted out, errors in the background determination constant

affected slow assays containing high concentrations of

inhibitor more than fast ones, as can be seen in Figures 2hydroxy-peptide from the heterotrimer than from the other
and 3 at the highest phosphate concentrations. PP2A enzyme forms.

Phosphate inhibition patterns for bovine brain AC-R2 were  pH Dependence of Kinetic ParameteRrevious studies
noncompetitive under all pH conditions (Figure 2C). The have shown that R-subunits play an important role in
noncompetitive pattern indicates that phosphate binds to bothsubstrate interactiorg). Significant amounts of R2, R25,
the free enzyme and the enzyme/hydroxy-peptide complexand R2 are present in bovine brair2@. Hence, native
and that the kinetic mechanism changes in the heterotrimerheterotrimers purified from bovine brain are likely to be a
relative to the AC dimer. Ordered product release occurs mixture of isoforms containing different R2 subunits. To
with the heterotrimer, with phosphate released before hy- eliminate contributions from other isoforms, recombinant
droxy-peptide most likely due to a slower dissociation of AC-R2a was used for the pH studies. The pH profiles for
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0-12 1/ [32P-MLC peptide] (uM)-!
5 Ficure 3: Inhibition of the AC dimer with phosphate at pH 8.0.
£ 0.08 1 v The concentration of phospho-peptide was varied at 14, 20, 33.3,
3 and 100uM in the presence of O (filled circles), 6 (open circles),
g.o 04 - 12 (filled triangles), or 24 (open triangles) mM inorganic phosphate
N : in a reaction with the AC dimer and fitted to the equation for
= noncompetitive inhibition.

0.00 -

. . with a limiting slope of+1 was observed in the V/KE
0.000 0.025 0.050 0.075 profile for AC-R20. (Figure 4C). Because of an apparent
decrease iy, proportional to the decrease in o K's
were observed in the V/KEprofile for the C-subunit and
AC dimer, despite the ko in the V/Er profiles for both
enzymes.

pH Dependence of K A dead end inhibitor can mimic
substrate binding to enzyme but is unable to go through any
catalytic steps. The pH dependencekaf of a dead end
competitive inhibitor can be used to determine bindikgsp
for substrates21). The pH dependence s for a peptide
based on the sequence of the substrate peptide but containing
a single amino acid change of serine 19 to alanine was
1/[32P-MLC peptide] (uM)-1 determined. The profiles for the AC dimer and ACdR2
FiGURe 2: Inhibition of PP2A enzyme forms with inorganic ~€nzymes were compared to determine the effects of pH on
phosphate. In panel A, the concentration of phospho-peptide peptide binding to these enzymes. The data are shown in
substrate was varied at 50, 70.6, 120, and 4B0in the presence Figure 5. No [X’s were observed over the pH range of 5.6

of 0 (filled circles), 5 (open circles), 10 (filled triangles), or 20 . . )
(open triangles) mM inorganic phosphate, in a reaction with 8.6 for either the AC dimer or AC-RZenzymes. The pH

C-subunit. In panel B, the concentration of phospho-peptide was independence ofKjs for the peptide indicates that th&s
varied at 14, 20, 33.3, and 1QM in the presence of 6 (filled  observed on the V/Eprofiles are most likely attributable to
circles), 12 (open circles), or 24 (filled triangles) mM inorganic an interaction between phosphate and residues on the
phosphate in a reaction with the AC dimer. In panel C, the enzyme. The pH independence éfgfor S19A peptide also

concentration of phospho-peptide substrate was varied at 3, 4.4,. .
8.12, and 5(&M in the presence of O (filled circles), 6 (open circles), indicates that the Ip of 5.8 observed on V/KEfor AC-

12 (filled triangles), or 24 (open triangles) mM inorganic phosphate R20c may also be due to an interaction between the enzyme
in a reaction with AC-R2. Data for panels A and B are fitted to the and the phosphate group.

equation for competitive inhibition, while data for panel C is fitted

to the equation for noncompetitive inhibition. Data shown represent piSCUSSION

one of three independent determinations. Despite the apparent

nonlinearity of closed triangles shown in panel B, there was N0 ap important aspect of signaling fidelity is the ability to
evidence that phosphate inhibition becomes nonlinear. : -

target kinase and phosphatase activity through substrate
the three forms of PP2A are shown in Figure 4 and tisp  recognition. A comparison of the binding constants for
are compared in Table 4. The values for Y/&d V/KEr substrates and inhibitors for the different PP2A enzymes

-

1/v (pmol/min)

0.0 0.1 0.2 0.3

are listed in Table 1. provides information about how the regulatory subunits affect
All forms of PP2A had a K on the acid side of the V/E substrate and product interactions. Hydroxy-peptide was able
pH profile with a limiting slope oft-1. The value of the I§ to compete with substrate for the active site on the C-subunit

observed with the C-subunit (5.8) is perturbed to a more basicindicating that the catalytic subunit has a low affinity
value in the AC dimer (6.37) and AC-R2(6.27). The recognition site for the hydroxy-peptide. The presence of the
catalytic subunit is sufficient to catalyze the reaction in the A- and R-subunits in the oligomeric enzymes greatly
absence of either regulatory subunit, hence tepserved improved binding to the hydroxy-peptide. The R-subunits
in the V/Er profile is due to a residue in the C-subunit. An are known to be important for substrate selectivty Qur
additional X of 8.1 in the log V/E& profile for AC-R2u data indicate that a major mechanism involved in the actions
with a limiting slope of—1 (Figure 4C) was absent in the of the R-subunits is to increase affinity for the peptide
profiles for the C-subunit and AC dimer. A singl& pf 5.8 moiety. The A-subunit had been thought to function primarily
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Ficure 4: pH dependence of kinetic parameters. The pH dependence forr\(I&Epanel) and V/E(lower panel) for the C-subunit (A),
AC dimer (B), and AC-Ra with phospho-peptide.

Table 4: Comparison ofks for the pH Dependence on \{/End

phosphorylated by PP2A, it seems possible that substrates

VIKE+ could be recognized by interactions between residues on
enzyme . V/Ex DKo V/E- oK V/K Ex PPZA. an_d reS|d_ues in the peptide backbone rather than
- specific side chain residues.
C subunit 5.8-0.1 . . .
AC dimer 6.4+ 0.2 The catalytic mechanism of the dinuclear metal center
AC-R20 6.3+£0.1 8.0+ 0.1 5.8+ 0.2 phosphatases is not well understood. The active site metals
are proposed to increase the nucleophilicity of a metal bound
-1.0 water molecule and to make the phosphorus atom a better
§1 1.5 - A electrophile by withdrawing electrons from the phosphate
o . . _ oxygens 22). Unlike the protein tyrosine phosphatases, there
:‘.1 201 . . is no evidence that the dinuclear center phosphatases form
¥ .25 a covalent enzymesubstrate intermediate during the hy-
e drolysis reaction Z3, 24). Rather, the phosphate group is
S -154B transferred directly to water with a net inversion of config-
3 20 uration of the oxygens around the phosphate ce2®r A
8% ° . - . ° general acid then protonates the alkoxide leaving gr@dp (
—-254 *° . Ligand replacement by water has been suggested to displace
Y . . . >
S 30 inorganic phosphate from the active sit26). Isotope
T 7 exchange studies indicate that the attacking water molecule
6

pH

is liganded to an active site metal and that'&n label in
the bridging ester-oxygen is retained in the hydroxyl leaving

Ficure 5: pH dependence ;s for the S19A peptide inhibitor.
Data for the AC dimer is shown in panel A, while data for the
AC-R20. enzyme is shown in panel B. Data were fitted as a first-
order linear regression.

group @7).

Crystal structures have been solved for calcineurin as a
phosphate/enzyme binary complé8(29) and for PP1 as
an enzyme/tungstate binary comple30). In the binary
as a scaffold, bringing the R- and C-subunits together. The structures, two of the phosphate oxygens that are not bound
improved peptide binding exhibited by the AC dimer was to metals are hydrogen bonded to a conserved histidine and
surprising and argues that the A-subunit also plays a role in@ conserved arginine2g, 30), respectively. It is unclear
substrate interaction. This might be achieved through a Which of the phosphate oxygens represents the position of
conformational change in the C-subunit or a through a direct the phosphate ester bond. Either the conserved histigif)e (
interaction between the A-subunit and the peptide substrate.Or the conserved arginin@§) could act as the general acid.
The phosphate inhibition patterns for AC-R2 were noncom- Water could also serve in this capaciB/).
petitive (and independent of pH) indicating that this enzyme  The acid side of the V/Eand V/KE; pH profiles for the
has slower hydroxy-peptide release due to a tighter interac-C-subunit and AC dimer of PP2A are qualitatively similar
tion with the peptide moiety. Thely, profiles for the PP2A  to those determined for calcineuriB2) and thel phos-
enzyme forms showed a pH independence, despite thephatase 31). Common to all the profiles was &Kpwith a
presence of multiple ionizable residues in the peptide. The limiting slope of +1 on the V/E profile indicating the
ionization of functional groups withis below 5 and above  presence of a proton acceptor important for catalysis. The
9 could contribute ionic interactions between the substrate acidic (K has been attributed to protonation of a metal-bound
and the enzyme that would not be titrated over the pH range hydroxyl group 24). However, the K might also be due to
examined. Alternatively, binding of the peptide moiety might protonation of a general base important for accepting a proton
be dependent on nonionizable groups such as hydroxyls orfrom a metal-bound water molecule or for positioning a water
amides. Considering the broad spectrum of substrates deinolecule to displace phosphate from the metal center.



Regulatory Subunits Affect the Kinetics of PP2A Biochemistry, Vol. 39, No. 37, 200@1317

Scheme 1 center. We suggest that the alkoxide may transiently associate
with the metal center before protonation (step 4). In step 4

LN L AHR-O-PO. — F"R.O.P. ;
E'OHR-0-PO; <=~ ({E'OHR-0-PO;= E'R-O-P-0;} and 5 in Scheme 1, a water molecule replaces the nucleo-

2) % 3) philic water and phosphate, respectively. Displacement of
E:OH:R-0-PO, "0 the phosphate by water may be dependent on a general base

3 Hzojt ROH oo b 4) ir?]portﬁnt in positionfing ar:/valter n:jolecule to displace the
K, k1 _2 E:OH:H,0:ROH ) phosphate oxygens from the ligand sphere of the metals or

R-0-PO, % 5) \Hzo to replace the nucleophile. Water might act directly as the
E :H,0:0H v, o EHOR-0:PO, general acid to donate a proton to the alkoxide leaving group.

:'2 mzo However, donation of a proton from a general acid to the

PO, "N E:OH:H,0:PO, alkoxide ion is more consistent with our data. Although no

ro pK was observed on the base side of the Vfofile for

Several points along enzyme-catalyzed reactions can bethe C-subunit or AC dimer, one does appear in the AG:R2
rate-limiting. The binding and release of substrates and profile. More information is required to accurately interpret
products, catalytic steps, and enzyme isomerizations are allthis result. One possible explanation is that the appearance
potential rate-limiting steps. Although the slowest PP2A of the general acidk could be due to a perturbation of the
enzyme was AC-R2, most of the rate decrease can begeneral acid i by the R2 subunit such that thé&ps now
attributed to the A-subunit. Primary and secondary isotope observed within the pH range of the collected data. Proto-
effects indicate that the catalytic steps are partially rate- nation of the alkoxide would occur prior to product release,
limiting for the related phosphatases calcineuB)@nda shown as step 5. The upper pathway, with phosphate released
phage phosphatasglj, and this is likely to be true in general  first predominates in the heterotrimer, but both the upper
for this class of enzymes. The ionization state of the and lower product release pathways may occur for the
phosphate group may also be important for substrate bindingC-subunit and AC dimer.
and catalysis31, 33). PP2A is not one enzyme but a family of oligomers built

Phosphorylation is not energetically feasible without on a common AC core. The variable R-subunits act as
coupling it to a thermodynamically favorable reaction. For exchangeable accessories, each one conferring unique prop-
example, the phosphorylation catalyzed by protein kinaseserties on the enzyme. While the studies with the C-subunit
is driven forward by coupling the reaction to ATP hydrolysis. and AC dimer provide information about mechanism and
Therefore, it is reasonable to assume that the hydrolysishow the scaffold and regulatory subunits change PP2A
reaction catalyzed by the dinuclear center phosphatases isictivity, the heterotrimer is considered the physiologically
irreversible, since there is no thermodynamically coupled relevant form of PP2A. A major mechanism for regulating
reaction to drive the reverse phosphorylation reaction. If the PP2A activity involves substrate targeting by the regulatory
reaction is irreversible, then V/KEeflects only the steps  subunits. R& alters the kinetic mechanism of PP2A possibly
up to hydrolysis, and thepobserved on the V/Eprofile due to an enhancement of the interaction with the peptide
could reflect a product release step that is dependent on asubstrate. The decrease in thgandK;s with little decrease
general base. A general base-dependent product release stdp overall rate as compared to the AC dimer reinforces the
has been shown to be rate-limiting for kynureninase where notion that the R-subunits act in an isoform-specific manner
the rate-limiting step occurs after an irreversible sté4.( to enhance dephosphorylation of specific phosphoprotein
Ligand replacement by water to conserve the coordinate targets. PP2A may also be regulated by colocalization with
geometry about the metals has been proposed previously forother macromolecules. The R-subunits are known to be
PAP (26) and could involve a general base. One water important for the formation of many of the complexes formed
molecule would be needed to replace the nucleophile, while between PP2A and other proteins. The R2 family members
a second water molecule would be needed to displace theare important to co-localize PP2A with tau and CaMKIV
phosphate oxygens from the metal ligand sphere. In our (12 16), R3 family members with p107 and CdcB3( 14),
study, the s profiles for the competitive dead end S19A and R5 family members with the adenomatous polyposis coli
peptide inhibitor was pH-independent for the AC dimer and (APC) protein (5). The protein bound to PP2A in the
AC-R2a. enzymes. The compensatory effect observed on thecomplex may itself be a target of PP2A activity. Alterna-
acid side of the V/KE pH profiles for the C-subunit and tively, the bound protein may direct PP2A to substrates on
AC dimer and on the base side of the profiles for ACeR2 much larger signaling complexes. The heterotrimer may be
are probably due to an interaction between residues in theoptimized for activity in a macromolecular protein environ-
active site and the phosphate group of the substrate. ment. Future studies to characterize enzyme activity co-

We propose a mechanism, illustrated in Scheme 1, utilizing localized with other macromolecules will examine this aspect.
the ideas presented above. An enzyme isomerization step
(step 2) is included in consideration of the rate decreaseACKNOWLEDGMENT
observed between the C-subunit and AC dimer. An enzyme  We thank Paul Cook for advice and suggestions. We are
isomerization step has been proposed for calcinel@® (  grateful to W. E. Karsten for the kinetics software. We also
and could be partially rate-limiting for this enzyme. Since thank Margaret Phillips for a critical reading of the manu-
hydrolysis is considered irreversibles has been omitted  script and for her insights into the interpretation of the data.
from the scheme as this rate is essentially zero (step 4).
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