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Protein phosphatases play significant roles in signal transduction pathways pertaining to cell
proliferation, gene expression, and neurotransmission. Serine/threonine phosphatases PP1
and PP2A, which are closely related in primary structure (~50%), are inhibited by a structurally
diverse group of natural toxins. As part of our study toward understanding the mechanism of
inhibition displayed by these toxins, we have developed research in two directions: (1) The
standardization of an assay to be used in acquisition of the structure—activity relationship of
inhibition data is reported. This nonradioactive assay affords detection levels of molecular
phosphate released from a phosphorylated hexapeptide in subnanomolar quantities. The
comparison of our 1Csy values of these inhibitors against corresponding literature data provided
validation for our method. (2) Computational analysis provided a global model for binding of
these inhibitors to PP1. The natural toxins were shown to possess remarkably similar three-
dimensional motifs upon superimposition and van der Waals minimization within the PP1

active site.

Introduction

Endogenous phosphorylation plays a significant role
in many cellular processes. Recent studies of the
signaling events leading to cell proliferation have
implicated the role of phosphatases in these pathways.!
Phosphatases are present in all eukaryotic cells, and
their control presents a number of challenges to me-
dicinal chemists.

Serine/threonine phosphatases comprise a unique
class of enzymes consisting of four primary subclasses
based on their differences in substrate specificity and
environmental requirements.? Within the serine/threo-
nine phosphatases, protein phosphatases 1 and 2A (PP1
and PP2A, respectively) share sequence identity of both
enzyme catalytic subunits (50% for residues 23—292;
43% overall). Perhaps the most interesting link be-
tween PP1 and PP2A is their shared sensitivity toward
a structurally diverse family of natural products (see
Figure 1). Included in this grouping are calyculins,2~*
tautomycin,>® the nodularins,”® motuporin,® the micro-
cystins,®1011 and okadaic acid.?13 In vitro competition
experiments suggest that inhibition of PP1 and PP2A
by these natural products is mutually exclusive with
respect to the natural substrates in addition to one
another.811b.14  The structural homology of PP1 and
PP2A, combined with the apparent common mode of
binding shared by the previously mentioned natural
products, provides an interesting entry into the study
of binding requirements for each enzyme active site.

Knowledge of structure and subsequent correlation
to binding function for both PP1 and PP2A would
provide a vital link toward understanding signaling
events that result in cell proliferation. The crystal
structure solved by Kuriyan et al. for the cocrystal of
microcystin-LR covalently bound to the catalytic subunit
of PP1 at residue Cys273 provides a crucial step in this
process.’® Although this finding offers tremendous
knowledge regarding the active site of PP1, studies by
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MacKintosh et al. in which a covalent adduct of micro-
cystin bound at the N-methyldehydroalanine (Mdha)
retained inhibition capability strongly suggested that
the covalent linkage of PP1 and microcystin represents
a secondary binding event.1® In addition, mutagenesis
studies by Lee et al. show no significant changes
between a Cys273Ala mutant and wild-type in terms
of specificity toward phosphorylase a and 1Csp values
for the inhibitors microcystin, nodularin, okadaic acid
and tautomycin.'” Despite the excellent efforts in the
structural study of PP1l, a detailed analysis of the
primary binding requirements remains a goal in un-
derstanding structure—function relationships for serine/
threonine phosphatases, specifically PP1.

The structural analysis of protein phosphatase inhibi-
tors has been an area of extensive study. The NMR-
derived conformation of okadaic acid shows strong
correlation to the X-ray structure.’® In addition, the
solution structure studied by NMR and molecular
dynamics for microcystin-LR bears striking similarities
to the PP1-bound inhibitor conformation.’® The solution
structure and molecular dynamics calculations for
nodularin very closely resemble those of microcystin-
LR in the chemically equivalent segment.?° Substruc-
ture solution NMR studies on calyculin A are consistent
with the X-ray data.? Enzyme inhibition studies in
combination with NMR studies identified the diacid
derivative of tautomycin as the active form of the
inhibitor.2!

We propose to combine information gained from
structure—activity relationship (SAR) studies with mo-
lecular modeling as part of our investigation into the
basic requirements for inhibition by the natural prod-
ucts shown in Figure 1. This paper reports preliminary
studies of inhibitors of protein phosphatases PP1 and
PP2A. Our use of a nonradioactive assay serves to
characterize each parent inhibitor with the intent of
verifying the previous collective studies'’222 of the
known natural product PP1 and PP2A inhibitors.

Guided by the cocrystal structure of PP1 and micro-
cystin-LR, we used computational studies to propose a
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Figure 1. Serine/threonine phosphatase inhibitors. Notation for atom labels: oxygen denoted by parentheses, (x); nitrogen denoted

by square brackets, [x].

model for binding of acyclic inhibitors calyculin A and
okadaic acid. These studies, in combination with cal-
culations involving microcystin-LR and nodularin, sug-
gest that a macrocyclic structure possessing an aliphatic
tail is consistent with an overall mode of binding.

Results and Discussion

Enzyme Assay. As part of our ongoing efforts to
study serine/threonine phosphatases, we sought to
establish a simple in vitro screening method that would
allow for future correlation of SAR data. Standardiza-
tion of activity profiles for tight-binding inhibitors of
PP1 and PP2A represented a necessary preface to our
SAR study. We report the utilization of an in vitro
nonradioactive assay that serves as a standard in the
acquisition of inhibition data for both PP1 and PP2A.

Selection of the malachite green assay, first reported
by Baykov,?® allowed for quantification of inorganic
phosphate via the observed absorbance of a the Pi—
molybdate—malachite green complex at 650 nm. Our
use of a nonradioactive assay obviated the cost associ-
ated with radiolabeled peptide substrates while the
accuracy of activity determination was maintained.
Ekman?* reported a lower limit of P; detection to be
approximately 100 pmol; however, our results showed
reliable detection of as little as 20 pmol of P; (in 30 uL
total volume; see the Supporting Information).

The ICso values for different serine/threonine phos-
phatase inhibitors from previous experiments vary over
a wide concentration range (see Table 1). In addition
to variances in assay conditions (temperature and
duration, e.g.), differences in the choice of substrate also
has an effect on the observed inhibition profiles. A
comparison of two common substrates, phosphorylase

Table 1. Inhibition of PP2A by Natural Product Inhibitors?

|C50 (nM)

inhibitor obs lit.
microcystin 0.065 2—0.0411.14,22,26,27
nodularin 0.20 1-0.037:22a
okadaic acid 0.45 1.0—0.021¢:31314,22,28,.29
tautomycin 10.00 23.1-10614.21.22
calyculin A 7.30 3—0.258314.172,22,29,30
calyculin C 9.71 2.8%0

a2 Error bar <5%.

A (cellular substrate) and p-nitrophenol phosphate
(pPNPP), showed that assays using phosphorylase A have
better inhibition profiles than pNPP, primarily due to
a weaker and nonspecific binding of pNPP to PP1 and
PP2A. Phosphorylase A, however, contains more than
one active site, which makes kinetic analysis difficult
to interpret. The combination of these factors, in
addition to the cost of the desirable more specific
substrate, suggested that the use of a simple com-
mercially available phosphopeptide substrate would
greatly simplify the assay of phosphatase activity.
Pinna et al. (multiple studies) and Jirik et al. surveyed
synthetic phosphopeptides of varying lengths (5mer to
50mer) for their activity as substrates with serine/
threonine and tyrosine phosphatases.?> It was shown
that phosphothreonine hexapeptides were excellent
substrates for serine/threonine phosphatases and pos-
sess higher specificity compared to pNPP. These ob-
servations?® ultimately led to the use of a simple
hexapeptide (Lys-Arg-pThr-lle-Arg-Arg) which was pro-
vided by a commercial source (see Experimental Sec-
tion). Establishment of activity showed the hexapeptide
to be >10 times more specific than p-nitrophenyl
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phosphate.t3214 Qur choice of phosphopeptide substrate
provided an interesting departure from previous efforts
due to its reduced cost and increased availability.

Pertaining to the enzyme assay itself, basic inhibition
data supported the earlier findings of Carmichael® and
Honkanen” 112 which showed an enzyme concentration
dependence of 1Csp values for both phosphatases PP1
and PP2A. This observation is characteristic of tight
binding enzyme—inhibitor interactions. Optimal con-
centration values of 1 and 0.1 unit/mL were subse-
guently established for PP1 and PP2A.

Microcystin-LR and nodularin are cyclic hepta- and
pentapeptides structurally unrelated to other serine/
threonine phosphatase inhibitors.”8 Microcystin-LR
is one of the most extensively studied phosphatase
inhibitors. However, the 1Cso values for microcystins
previously reported against PP2A varied from 1 to 0.04
nM, primarily due to the use of different techniques,
enzymes concentrations, and/or substrates. Microcystin
and nodularin inhibit the activity of PP2A in a dose
dependent fashion. The ICsg values for microcystin and
nodularin were 0.065 and 0.20 nM (see Figure 2a) with
PP2A (3 mU). In contrast to the inhibition of PP2A,
the inhibition of PP1 did not display dose dependence
with respect to enzyme concentration. The observed
ICs values were 1.17 and 0.42 nM (see Figure 3a) with
microcystin-LR and nodularin, respectively. The inhibi-
tion curve for microcystin-LR was almost the same as
nodularin with both the enzymes.

Okadaic acid and tautomycin are serine/threonine
phosphatase inhibitors of the polypropionate class.
Although structurally unrelated to microcystin, okadaic
acid and tautomycin also showed inhibition of PP2A in
a dose dependent manner. Okadaic acid inhibited PP2A
with an ICso of 0.45 nM (see Figure 2b) which was
substantially lower than that for tautomycin (ICso =
10.00 nM). Okadaic acid has been previously used to
differentiate between PP2A and other phosphatases due
to its high affinity for PP2A. The ICs of okadaic acid
and tautomycin for PP1 were found to be 1.24 and 0.67
nM (see Figure 3b), respectively.

Calyculins A and C are closely related members of
the phosphate-bearing class of serine/threonine phos-
phatase inhibitors.2# Calyculins were shown to follow
similar inhibition curves for the two enzymes (PP1 and
PP2A). However, their binding affinity for the two
enzymes was different. The ICsp values were 7.30 and
9.71 nM (see Figure 2c) for calyculin A and calyculin C,
respectively, against PP2A. These numbers were ap-
proximately 2 orders of magnitude higher concentration
than that observed for microcystin-LR and okadaic acid.
Calyculins A and C (ICsp = 1.20 and 1.49 nM, respec-
tively) were found to be better inhibitors of the enzyme
PP1 (see Figure 3c) as compared to okadaic acid.

A central feature of our ongoing efforts toward
understanding serine/threonine phosphatases PP1 and
PP2A involved the establishment of a reliable method
for activity measurement. We feel that the malachite
green assay affords general applicability in SAR screen-
ing of phosphatase activity. The level of sensitivity
achieved (20 pmol of P;) and overall simplicity affirmed
its use in our studies.

Computational Analysis

The binding of microcystin-LR to PP1 was recently
determined by the X-ray structure of the inhibitor bound
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Figure 2. Inhibition profiles against PP2A. The activity of
PP2A was assayed in the presence of the indicated amounts
of (a) microcystin-LR and nodularin, (b) okadaic acid and
tautomycin, and (c) calyculins A and C using phosphopeptide
(Lys-Arg-pThr-lle-Arg-Arg) as substrate.

in the active site of PP1.2> From this work, three key
binding areas of microcystin-LR with PP1 were proposed
by Kuriyan et al. Atoms in these three regions of
microcystin are labeled in Figure 4: (a) the p-erythro-
p-methylaspartic acid (Masp) carboxylate hydrogen
bonds with Arg96 and Tyrl34 of PP1; (b) the Glu
carboxylic acid and ADDA carbonyl oxygen hydrogen
bond with water molecules that are ligated to either a
bivalent cation (presumably Mn2* ion) in the active site
or another active site residue; and (c) the ADDA
hydrophobic tail extends into the hydrophobic groove
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Figure 3. Inhibition profiles against PP1. The activity of PP1
was assayed in the presence of the indicated amounts of (a)
microcystin-LR and nodularin, (b) okadaic acid and tautomy-
cin, and (c) calyculins A and C using phosphopeptide (Lys-
Arg-pThr-lle-Arg-Arg) as substrate.

of PP1. The PP1-bound microcystin-LR serves as a
template in our modeling of other inhibitors.

In order to model the interactions between other
inhibitors and PP1, we first studied conformations of
the inhibitors in the gas phase. Gas phase calculations
(using AMBER*) and the X-ray conformation of PP1-
bound microcystin differ considerably in the conforma-
tion of cyclic peptide backbone of the inhibitor. Much
reorganization is required for the gas phase conforma-
tion of microcystin to achieve the binding conformation
found in the PP1 active site. Monte Carlo searches and
molecular dynamics calculations involving the inhibitors

Gupta et al.

show that the “tail” portions (labeled in Figure 4) of each
inhibitor are very flexible. Support for this observation
lies in the solution NMR and molecular dynamics
studies on microcystin and nodularin which report
flexibility in the $-(2S,3S,8S,9S)-3-amino-9-methoxy-
2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid (ADDA)
“tails”.1®2% These observations would make utilization
of gas phase conformations32 problematic in docking
studies, since most docking programs either do not
permit large changes of ligand conformation or are slow
in flexible docking.®® Indeed, our choice for inhibitor
conformations used in docking studies was based on a
need for rigidity, and validation of conformational
deductions agreed with solution-derived conformations.

The excellent agreement!218.19a hetween solution con-
formations (derived from NMR studies) and X-ray
structures of microcystin-LR and okadaic acid supports
the use of each inhibitor X-ray structure for docking
studies with standard programs. Solution NMR studies
show similarity between nodularin and microcystin in
their chemically equivalent segment (Masp-Arg-ADDA-
Glu).1920 As a consequence, the conformation of nodu-
larin for our docking study was derived from the PP1-
bound X-ray conformation of microcystin,'®> optimized
with the ADDA “tail” fixed.?* In addition, the X-ray
structure of calyculin that was used for our docking
study agreed with NMR solution studies on a portion
of the calyculin backbone.212

We next searched for common components within
each of these diverse natural products in order to
identify superimposition motifs. Studies by Quinn et
al. revealed the importance of a cyclic system in
modulating binding affinity of microcystin and nodu-
larin.35 Consistent with the implication forwarded by
Quinn, the acyclic inhibitors appear to fold onto them-
selves, resulting in cyclic conformations. This observa-
tion is supported by the existence of intramolecular
hydrogen bonds between N[3]-H and O(1) in calyculin
A? and the C1-carboxylate and C24-hydroxy oxygen in
okadaic acid that form 21 and 18-membered pseudo-
rings, respectively (from X-ray structures). Further-
more nuclear magnetic resonance studies in solution
showed an intramolecular NOE in calyculin C2¢ between
N[3]-H and C9-H atoms which supports the observed
cyclic conformation found in the X-ray data. For caly-
culin, the spiroketal moiety directs the vectors for the
bonds involving C25-C26 and C15-C16 in a manner
which is consistent with the conformation observed in
the Leu-Ala-Mdha residues of microcystin. A similar
analysis of okadaic acid suggests that the C4-C12-
spiroketal unit is responsible for the effective turn of
the molecule. These spirocyclic features reinforce adop-
tion of “circular” conformations despite the acyclic
primary structures of okadaic acid and calyculin.

Nodularin, okadaic acid, and calyculin possess three
motifs corresponding to the three regions that micro-
cystin uses to interact with PP1. One atom was picked
from each region for the best superimposition. Each
inhibitor possesses acid motifs (labeled a in Figure 4)
that could align with the Masp carboxylic acid group of
microcystin. In the vicinity of a basic heteroatom that
can form a hydrogen bond (Glu-carboxylate and the
ADD-carbonyl in case of microcystin), one adjacent
carbon was picked (labeled b in Figure 4) for superim-
position. The first atom (labeled ¢ in Figure 4) of the
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Figure 4. Individual conformations of microcystin-LR, calyculin-A, okadaic acid, and nodularin for superimpostion. The atoms
for superimposition are shown with arrows: (a) acid functional group, (b) heteroatom region that might interacting with water
in inhibitor—enzyme complex, (c) beginning of the hydrophobic tail. See also Table 3 for the detailed atom numbers. The structures
are shown according atom type: C: dark shaded; N: light shaded; O: spotted; P: horizontal lined.

Figure 5. Stereoviews of superimposition of microcystin-LR (blue), nodularin (green), okadaic acid (pink), and calyculin-A (red).

Table 2. Inhibition of PP1 by Natural Product Inhibitors?

|C50 (nM)

inhibitor obs lit.
microcystin 1.17 6.0—0.3810,11,17a,22,27
nodularin 0.42 3—0.5717a.22a
okadaic acid 1.24 1300—101¢313,17a,22,28,29,31
tautomycin 0.67 7.51—1.1617a22
calyculin A 1.20 2.0—0.4317a,22,29,30
calyculin C 1.49 0.630

a Error bar <5%.
Table 3. Atom Numbers for Superimposition of the Inhibitors
inhibitor
microcystin-LR Masp COOH Glu o-C to N C3 branched point

atom a atom b atom ¢

nodularin Masp COOH Glu a-Cto N C3 branched point
okadaic acid C100H C16 c27
calyculin-A OPO(OH); C29 Cl1

flexible “tail” that could have van der Waals (VDW)
interactions with PP1 was chosen for the overlap.
Additionally, the atom labeled c in the case of each
inhibitor has an adjacent heteroatom (N or O), which
was used as the third atom for overlay.

Remarkable similarities were revealed when nodu-
larin, okadaic acid, and calyculin A were superimposed
on the PP1-bound X-ray conformation of microcystin by
aligning atoms a, b, and ¢ (see Figure 5 and Table 3).%7
The overall root mean square (RMS) deviations cor-
related with the observed inhibition profiles against PP1
(see Table 1). Given the structural homology between
nodularin and microcystin, these structures have the
best superimposition. Both terminal ends of the aza-

sugar and tetraene of calyculin qualitatively account for
the RMS deviation from the fit, which may be attributed
to the differences between its binding conformation and
X-ray structure.

Subsequent to this superimposition, we studied op-
timization to improve favorable VDW and hydrogen-
bonding interactions between the inhibitors and PP1.38
There is an attractive VDW interaction (negative in-
teraction energy) between nodularin and PP1. The
Masp carboxylic acid group could hydrogen bond with
Arg96, and the ADDA side chain fits into the hydro-
phobic groove as expected (see Figure 6a). The Arg side
chain extends out of the active site pocket and presents
a flexible component of the molecule. Inspection of the
solid state cocrystal structure suggests that this motif
is not a key structural component, and therefore should
not present a significant problem.

Similar to microcystin, attractive VDW interactions
were observed between okadaic acid and PP1. The C1-
carboxylic acid could hydrogen bond with Arg96 of PP1.
Three hydroxy groups of okadaic acid could also be
involved in hydrogen bonding with PP1l: the C24-
hydroxyl and Arg96; the C27-hydroxyl and Arg221; and
the C7-hydroxyl with Glu275. The “tail” section (C27-
C37) of okadaic acid fits into the hydrophobic groove
very well (see Figure 6Db).

For calyculin A (see Figure 6c), optimization of
binding in the active site requires noticeable modifica-
tion of the X-ray structure (vide supra). Hydrogen
bonds observed in initial docking studies between ca-
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Figure 6. Calculated binding conformations of nodularin (a), okadaic acid (b), and calyculin-A (c) and their possible hydrogen-
bonding interactions with PP1. The atoms labeled on the inhibitors are those involved in hydrogen-bonding. The inhibitors are
color coded according to atom type: C, green; H, black; N, blue; O, red; P, pink. The active site residues of PP1 involved in

hydrogen-bonding interactions are pink.

Figure 7. The overlap of microcystin-LR (blue), nodularin (green), okadaic acid (pink), and calyculin-A (red) using PP1 as a

reference after minimization of the inhibitors and PP1 complexes.

lyculin A and PP1 include: (1) the C17-phosphate and
C35-hydroxyl with Arg96 and (2) the C34-hydroxyl and
C37-methoxy group with Tyrl134. The poor fit of the
C1-C9 tetraene in the hydrophobic groove of PP1 raised
the VDW interaction energy in the presence of the
aforementioned hydrogen bonding. Minimization of the
calyculin A-PP1 complex using a conjugate gradient was
performed in an effort to reduce the repulsive VDW
interaction of the tetraene. This resulted in the loss of
hydrogen bonding between the C17-phosphate and PP1,
while the hydrogen bond between the C35-hydroxyl and
Arg96 was retained.

Given the discrepancies found in our docking studies
involving calyculin A, several questions were raised.
Most prominent is the implied role of the C17-phosphate
which is presumed to be a key structural component
providing organization to the tertiary structure of
calyculin through hydrogen bonds between O(5) and
0O(2)-H, O(7)-H and N[4], and O(6)-H and N[2], thereby
reinforcing a circular pattern.?2 Whether the phosphate

could interact with PP1 without being structurally
important remains to be elucidated. One method of
investigating the role of C17-phosphate is the synthesis
of a C17-desphospho-calyculin analog. Studies to un-
derstand the implications presented by the C17-
phosphate are currently underway in our group.

The fact that all four inhibitors could interact with
Arg96 suggests its importance for binding within the
active site. Other orientations were attempted for
okadaic acid and calyculin such as superimposing both
the Cl-carboxylate of okadaic acid and C17-phosphate
of calyculin onto the microcystin Glu-carboxylate moi-
ety, but these superimpositions were found to be worse
than those described above.

In addition to superimpositions of the four inhibitors
using microcystin as a reference, we compared the
inhibitors after the VDW minimization of each inhibi-
tor—PP1 complex using PP1 as a spatial template. As
shown in Figure 7, there is still a remarkably good
overlap of all the inhibitors. This further supports our
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hypothesis that, though having diverse structures, the
inhibitors might inhibit PP1 with similar three-dimen-
sional structural motifs.

Conclusion

Given the vast interest in serine/threonine phos-
phatases, a basic understanding of the requirements for
binding would provide an important advance and bear
implications pertaining to the study of signal transduc-
tion. We have reported our initial efforts directed
toward establishment of details of the requirements of
inhibitor binding. The use of a simple nonradioactive
assay provided standardization for inhibition of PP1 and
PP2A. A computational study performed on inhibitors
calyculin A, nodularin, and okadaic acid has shown
remarkably similar three-dimensional motifs upon su-
perimposition. The strong overlap of VDW-optimized
inhibitors bound in the PP1l-active site supports our
model for phosphatase inhibition and serves as the basis
for our subsequent SAR study.

Experimental Section

Enzyme Assay. Reagents. The enzymes (PP1 and PP2A)
and serine/threonine phosphatase assay kit (phosphorylated
hexapeptide (Lys-Arg-pThr-lle-Arg-Arg) and malachite green
solutions) were purchased from Upstate Biotechnology, Lake
Placid, NY. Calyculin A, microcystin-LR, okadaic acid, and
tautomycin were purchased from LC Laboratories, Woburn,
MA. Nodularin was purchased from Calbiochem, San Diego,
CA. Calyculin C was a generous gift from Professor Nobuhiro
Fusetani.

Preparation of Reagents and Buffers. The composition of
the enzyme dilution buffer was 20 mM MOPS (pH 7.5), 60 mM
2-mercaptoethanol, 1 mM MgCl;, and 0.1 mg/mL serum
albumin. Dilutions involving substrate were made in distilled
deionized water. Initial inhibitor dilutions were made in 1
mL of absolute ethanol, and subsequent dilutions were made
in distilled deionized H,O. The subsequent dilutions of
tautomycin were made at pH 8.2

The concentration of PP1 used in the assays was 30 mU/
well (1 unit of enzyme = ~0.1 ug; 1 unit is defined as the
amount required to generate 1 nmol of Pi/min). The concen-
trations of PP2A used are noted in Figure 2 (1 unit of enzyme
= 0.5 ug; 1 nmol of Pi/min). The concentration of substrate
stock solution was 0.2 mM for all trials.

General Procedure. Assays were carried out with a reaction
time of 60 min at 22 °C. Reactions were initiated by addition
of substrate (5 uL) to a mixture containing enzyme (5 uL),
buffer (10 uL at indicated pH), and inhibitor (10 uL), thereby
affording a total reaction volume of 30 uL/well. Immediately
prior to addition of substrate, the enzyme and inhibitor were
preincubated for 10 min at the indicated pH. Kinetic experi-
ments conducted in the absence of inhibitor substituted 10 uL
of buffer (at indicated pH) for the aforementioned inhibitor
aliquot. Assays with PP1 were performed at pH 7.0 (Tris-HCI),
while experiments involving PP2A were done at pH 8.0 (Tris-
HCI). Reactions were halted via addition of a malachite green
solution (50 uL), and UV/vis readings were taken at 650 nm
after a 20 min development time. Subsequent plots of inhibi-
tion data are representative of a minimum of three trials of
each data point.

Computational Methods. The conformations of tauto-
mycin and nodularin were obtained from MacroModel (v 4.5)
and Batchmin (v 4.5),% using the AMBER* #° force field. The
internal coordinate Monte Carlo protocol developed by Still*
was used to search for the lowest energy conformation of
tautomycin. The GB/SA solvation model*? with H,O as solvent
was used for nodularin. The superimpositions of inhibitors
and the docking studies were performed with the DISCOVER
program (v 2.9.5, Biosym) together with the INSIGHT II (v
2.3.5, Biosym) as a graphic interface. For the docking stud-
ies, to reduce computational cost, the water molecules were
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deleted from the X-ray structure of PP1, and the PP1 structure
was fully constrained when minimizing the energies of the
complexes between PP1 and the inhibitors. The complexes
between PP1 and inhibitors were minimized using the CVFF
force field, with the steepest descent and conjugate gradient
algorithms. For nodularin and okadaic acid, the complexes
were minimized to a gradient norm of 0.01 kcal/mol A using a
conjugate gradient. For calyculin A, only the steepest descent
minimization was employed.
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