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Abstract: Research and therapeutic targeting of the phospho-
serine/threonine phosphatases PP1 and PP2A is hindered by
the lack of selective inhibitors. The microcystin (MC) natural
toxins target both phosphatases with equal potency, and their
complex synthesis has complicated structure—activity relation-
ship studies in the past. We report herein the synthesis and
biochemical evaluation of 11 MC analogues, which was
accomplished through an efficient strategy combining solid-
and solution-phase approaches. Our approach led to the first
MC analogue with submicromolar inhibitory potency that is
strongly selective for PP2A over PP1 and does not require the
complex lipophilic Adda group. Through mutational and
structural analyses, we identified a new key element for
binding, as well as reasons for the selectivity. This work gives
unprecedented insight into how selectivity between these
phosphatases can be achieved with MC analogues.

P rotein phosphatases-1 (PP1) and -2A (PP2A) are con-
served protein Ser/Thr-specific phosphatases (PSTPs) that
share 50% sequence identity!l and are major regulators of
protein dephosphorylation.? In order to elucidate the
biological roles of PP1 and PP2A and to evaluate their
therapeutic potential in diseases, it is necessary to develop
specific inhibitors. However, this has been very challenging
due to the high degree of conservation in the active sites of
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these PSTPs.>%! Natural toxins are strong inhibitors of these
PSTPs but show limited selectivity.’! As an exception to this,
Fostriecin shows about 10°-fold selectivity for PP2A over
PP1. Since this compound suffers from low stability,’® new
alternative approaches would be useful to address the
problem of selectivity. Microcystins (MCs) are examples of
non-selective inhibitory natural toxins. In the past, structure—
activity relationship (SAR) studies to achieve selectivity with
MCs have been complicated by the complexity of the
synthesis,””! which involves many steps, isomerization prob-
lems, and low yields.” " In this work, we developed a faster
synthesis of MC analogues, which enabled us to synthesize the
unprecedented number of 11 cyclic MC analogues. When
testing these analogues for their potency, we discovered the
first highly selective MC-based PP2A inhibitor. Our SAR
study, combined with analysis of the crystal structures of PP1
and PP2A, as well as mutational analysis, provide a rationale
for the selectivity.

MCs are cyclic heptapeptides with the typical structure
cyclo[(p)Alal-X2-B-(D)Me Asp3-Z4-Adda5-y-(D)Glu6-
Mdha7] (Figure 1, “MCs” with R’ and R” =methyl), where
Adda refers to (25,38,85,95)-3-amino-9-methoxy-2,6,8-tri-
methyl-10-phenyldeca-4,6-dienoic acid."! The X and Z
positions are occupied by natural L-amino acids that are
indicated in the name of the MC (e.g., MC-LF (1) contains
leucine and phenylalanine in positions 2 and 4, respec-
tively!'?!). The cyclic nature of the peptide,'*!* the presence
of the hydrophobic tail Adda,® as well as the free carboxy
groups of B-(b)-aspartic acid’ and y-()-glutamic acid!"*'*
were found to be essential for the potency of MC. Further-
more, covalent linkage between Cys (Cys273 in PP11" and
Cys269 in PP2AM™) and Mdha™" is not required for
potency.”” Additionally, some MCs do not contain the
N-methyl group in Mdha (Dha, Figure 1: R” =H), resulting
in a slight decrease in the inhibition potency."™ In order to
shed light on the potential effects of different residues in
position 7 that cannot undergo a Michael addition with Cys
thiols, MC analogues with alanine, glycine, and sarcosine were
considered here. Since removing the methyl group of (-
(0)MeAsp3 did not have a strong effect on the potency,*!!
derivatives containing (-(D)Asp in position 3 were chosen.
With the exception of placing a cysteine in position 5,7
evaluation of the potency of MC analogues with shorter
hydrophobic tails mimicking Adda has not yet been reported.
To this end, analogues synthesized in this study include small
lipophilic tails that are structurally similar to parts of Adda,
and a small alkyl group in the o-position with the same
stereochemistry as Adda (8-12) or not (2-7; Figure 1).
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H 10:R'=H, R2=H
CH, 11:R'=H, R2=CHs
12:R'=CHas, R2= H

Figure 1. The general structure of MCs, where R" and R” can be methyl groups or hydrogen
and X and Z are natural L-amino acids. Specific structures are shown for MC-LF (1) and
analogues with small lypophilic tails replacing Adda (shown in red) in the 3- (2-7) or both
o- and B-position of residue 5 (8-12), and with glycine (5, 8, 10), alanine (2, 4, 6, 7, 9, 12),
or sarcosine (11) in position 7 (shown in blue).
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ing from acetylated Evans’ oxazolidinone
16, 19 was synthesized in three steps by
applying an Evans aldol reaction followed
by an intramolecular Mitsunobu reaction
in analogy to a published Adda synthe-
sis.?! Exchange of the amino protecting
group gave 20.

Previous MC syntheses showed that the
macrocyclization is the most challenging
step of the synthesis owing to conforma-
tional, stereoelectronic, and  steric
issues.* " An additional challenge is com-
petition between oligomerization and cyc-
lization® and isomerization.”*! We chose
positions 4 and 5 for connection in the
macrocyclization because it allowed us to
attach the more synthetically demanding
amino acids like Amba in the last step of
the synthesis. Accordingly, using the stan-
dard Fmoc-based strategy, we synthesized
the linear peptides, cleaved them from the
resin, and carried out macrocyclization in
a highly diluted solution (see the Support-
ing Information). Final deprotection led to
good overall yields, generally around 20—
30% after HPLC purification (Scheme 2)
after 15-20 reactions (depending on the
MC analogue). Compared to previous
syntheses, our combined solution- and
solid-phase  approach requires only
a single purification step at the end of the
synthesis and leads to improved yields, to
which substituting the Adda group with
simpler analogues also contributes.

A
NH, F(':"ﬁcé??M“’(T)EA R4, _COOH  13:R3=isobutyl, Ré=H
COH 2C1Me LR3= 4=
Rs’\‘/ 2 R . 14:R3=2-naphthyl, ~ R4=H O
R4 50-70% R3" “NHFmoc  15: R3-R* = cyclo-(CH,)s
Q O Q SPPS ACOH/TFE/CH,Cl,
— (1:1:3) 2.5 hours
B 0. 0CI
o OH O
N /,Z’ CH;CHO, Bu,BOTY, EtsN /k(lL JL NaH, HONHBoc )\rlk _NHBoc Mz
N - o 1) HATU (3 equiv)
5 L 97 % 1% Me HOAT (3 equiv),
n 7 18 DIPEA (4.5 equiv), 0.2 mM
16 peptide in dry DMF (0°C—RT)
1. TFA
1. PhsP, DEAD uHBoéo y 2 Fmoc-OSu "‘):COOH NH2 o Oy OtBu o %Oﬂ 2) TFAITIPS/H,0 (95:2.5:2.5)
R 2 - >
N OH 25hours
2. [~ T /\5 7% NHFmoc N/Y
cofw b
19 20
58 %
Scheme.1. Synthesis of $-amino acids. A) Fmoc protection. B) Novel S ROR Overallyield (%)
synthesis of Fmoc-Amba (20). Fmoc = 9-fluorenylmethyloxycarbonyl, ON%H R o 2 CHy H  isobuyl  H 25
. . . . | 3
Su=succinimidyl, TEA=triethylamine, Boc=tert-butoxycarbonyl, HNI/\D/N\)LNH jj gH : z:zz’;‘l : 23
. . . . . & v 3
DEAD =diethyl azodicarboxylate, TFA =trifluoroacetic acid. Rl Ng ©O R'/S?O 5 H H benzyl H 48
6 CH; H benzyl H 42
RTUNH y N 7. CH; H 2-naphthyl  H 19
o N N 8 H H cyclo-(CHa)g 21
\[O(I o 9: CHj H cyclo-(CHy)y 6
07 OH 10: H H CHs CHs 29
. . . 1 H CH;  CHg CHs 17
Amino acids 13, 14, and 15 (Scheme 1 A), which were 12 CHy  H. CHy cHy 2

required for the synthesis of 2, 5, 8 and 9, were obtained
through Fmoc-protection of the free amine group. The
synthesis of Fmoc-Amba [(28,35)-3-Fmoc-amino-2-methyl-

Scheme 2. Novel synthesis of MC analogues 2-12. TFE =trifluoroetha-
nol, HATU = O-(7-azabenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium
hexafluorophosphate, HOAT = 1-hydroxy-7-azabenzotriazole,

butanoic acid, 20] was more challenging (Scheme 1B). Start-  pMmF = N, N-dimethylformamide, TIPS =triisopropylsilane.
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In all of the MC analogues, only one sharp peak with the
correct mass was detected by UPLC/MS after the cyclization
step (Figures S5-S15 in the Supporting Information). Never-
theless, in order to further analyze the possibility of epime-
rization as a previously encountered problem,®* one MC
analogue (6) was randomly selected and further analyzed. No
evidence of epimerization was observed, since only one peak
with the correct mass was detected by HPLC-MS when using
a column with a chiral stationary phase (Figure S17), and
hydrolysis and analysis of 6 showed that the final compound
was 99.5% enantiomerically pure (Figure S18). The opti-
mized conditions reported here thus avoid racemization.

The inhibitory effect of MC-LF and the synthesized
analogues was evaluated with an in vitro fluorescence assay
using 6,8-difluoro-4-methylumbelliferyl phosphate
(DIFMUP) as a substrate.”?! First, 250 um of the MC
analogues (2-12) or 1 nm of MC-LF (1) were incubated with
the same amount of PP1 and PP2A under the same conditions
to evaluate the percentage phosphatase activity (Table S2 and
S3). In general, all of the new compounds were more potent
toward PP2A, and the inhibitory activity decreased to a large
extent in the absence of Adda, with compounds 2-7 showing
some activity against PP2A while not being active against
PP1. Analogues 8-12 were more potent, exhibiting activity
against both phosphatases. This finding was rather surprising
since they carry shorter lipophilic moieties in the 3-position of
residue 5, which mimics Adda worse than the equivalent
groups in compounds 2-7 (see Figure S1). Since the only other
residue that differs between these compounds is the modified
a-position of residue 5, this modification could be the reason
for their higher potency. Therefore, we measured the half
maximal inhibitory concentration (ICsy) of MC-LF (1) and
analogues 8-12 for both PP1 and PP2A (Table1). The

Table 1: Inhibition potency of MC-LF and the analogues toward PP2A and
PPI.

Compound PP1 PP2A Selectivity
1Cso (uM) 1Csp (uM) PP2A/PP1

1 (65.14+22.6)x10°° (7.5£13)x10°° 19

8 316.84+92.9 3.0+0.1 1:106

9 798.9+£59.3 24.1+£3.7 1:33

10 76.9+15.8 03+0.1 1:256

1 253.5+30.0 0.9£0.1 1:282

12 122.0+£5.7 1.140.1 1111

analogues containing Amba (10-12) were more potent than
the ones with the cyclohexane ring (8,9) for both PP1 and
PP2A. The presence and nature of a small alkyl group in the
a-position of residue 5 thus appears to modulate binding to
both PP1 and PP2A. Similarly to nodularin binding,”” the
differences in inhibitory potency could be due to solvent
exclusion from the hydrophobic pocket. PP1 and PP2A
crystal structures show the presence of a hydrophobic groove
close to the active site, and in some crystal structures in this
pocket, a water molecule is accommodated (Figure 2 A). The
oa-methyl group of Adda replaces the water molecule when
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Figure 2. Analysis of the conformational and binding properties of
MCs by inspection of several phosphatase—ligand complexes. A) The
presence of a molecule of water (ball and stick model) in a pocket
close to the metal ions (pale purple spheres) in PP1 (PDB ID: 3HVQ).
B) An overlay of two PP1 crystal structures, one co-crystallized with
MC (stick model; PDB ID: 2BDX) and the other with a water molecule
in the hydrophobic groove (ball and stick model; PDB ID: 3HVQ).

C) Alignment of crystal structures of PP1 (C atoms white) and PP2A (C
atoms gray), showing a possible hydrogen bond between a carbonyl
group of MC and Arg268 of PP2A (MC extracted from PDB ID 3FGA
and merged into PP2A of PDB ID 4I5L). This H-bonding is not
possible in PP1 (PDB ID: 2BDX) as it has a Glu at the corresponding
position. D) An alignment of Phe276 (PP1, PDB ID: 2BCD) and Cys269
(PP2A, PDB ID 2IE4), shown as ball and stick models, with the protein
backbones shown as ribbon diagrams, and lines showing dihydro-MC-
LA.

MC is bound (Figure 2 B). Okadaic acid and tautomycin also
fill this pocket with a hydrophobic group.®®*! Accordingly,
the exclusion of solvent by the presence of a small alkyl group
in this hydrophobic pocket could be important for binding
and inhibiting PP1 and PP2A. This does not, however,
exclude possible other effects of the a-methyl group such as
a potential effect on ring flexibility.””! To this end, more
detailed NMR investigations of compounds 3 and 10 were
carried out but the results gave no clear indication of whether
the ring flexibility in the two compound classes differs
(Figure S2 and the methods section of the Supporting
Information). Compared to natural MCs,*3! the ring struc-
tures of both compounds are less compact. The strong
exchange protection of four amide protons in MC-LRPY is
lost, thereby leading to an increase in the temperature
dependence of the amide proton chemical shift to an average
of 6.0 and 7.0 ppb K~' compared to those observed in MC-LR
(4.3 ppb K1), which could imply a higher flexibility in the
analogue structures. Despite the fact that we obtained
a converging structural ensemble under the assumption that
the measured NOEs and dihedral angles derive from a single
conformation (Figure S2A), the data are equally consistent
with a larger pool of interconverting conformations (see the
Supporting Information). Therefore, we generated a random
pool of geometrically correct structures to examine whether
the compounds can mimic MC. In this pool, we find con-
formers that closely resemble the interaction surface of MC
with PP1 and PP2A (Figure S2B-D).

All of the MC analogues presented herein strongly
surpass the selectivity of the natural toxin for PP2A over

www.angewandte.org
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PP1. PP1 and PP2A differ in the region where they bind
covalently to MC: Y,;,CGEF,; (PP1) structurally aligns with
Y,6s5CYRC,4 (PP2A). Notably, these sequences align well in
structures where PP1 is not covalently bound to toxins. When
PP1 is covalently bound to MC, the bound Cys273 (PP1)
aligns with Cys269 (PP2A) and this changes the conformation
of this loop in PP1 (Figure S3).!! Since our inhibitors do not
bind covalently, it is more reasonable to compare the non-
covalently bound PPl-toxin structures with the ones for
PP2A in this region.

As shown in Figure 2C and Figure S4, a hydrogen bond
could be formed between the carbonyl in position 7 and
Arg268, which is only found in PP2A (PDB IDs: 3FGA,
415L) and has been reported to form van der Waals
interactions with MC." In PP1, Glu275 aligns with Arg268
in PP2A, and this residue cannot participate in this additional
interaction. Another reason for the selectivity is likely the
steric bulk of Phe276 in PP1, which aligns with Cys269 in
PP2A and thus adds steric bulk in close proximity to the
amino acid in position 7 of MC (Figure 2D). In order to
validate this hypothesis, we performed site-directed muta-
genesis, replacing amino acids of PP1 with the corresponding
amino acids of PP2A (E275R,F276C). The inhibitory potency
of compounds 8-12 increased against this variant, but did not
reach the level of potency against PP2A (Table S3), thus
showing that these features indeed partly determine the
selectivity. Additionally, using this PP1 double variant
(E275R,F276C) and a PP1 single variant (E275R), we
evaluated the ICs, of MC-LF (17.1+29pm and 35.0+
3.8 p™, respectively) and compound 11 (12.0+2.6 um and
46.1 £0.8 M, respectively; Figures S30 and S31). The results
show that both residues play key roles in achieving selectivity
between PP2A and PP1 in the MC analogues.

Since in the natural MCs, Mdha is found in position 7, it is
reasonable to speculate that the strong affinity of the Adda
tail for the PSTPs, in combination with the loop rearrange-
ment in PP1 for covalent binding, mask features that fine-
tune the specificity between the phosphatases. Therefore,
removing the Adda tail together with avoiding covalent
binding led to a reduction in potency but enabled the
achievement of strong selectivity.

In conclusion, with an efficient synthesis of MC analogues,
we present an example of how synthetic simplicity can
improve the overall efficiency of a challenging synthesis. The
synthesis strategy enabled us to test 11 analogues, ultimately
leading to an inhibitor (11) showing 282-fold selectivity for
PP2A over PP1, and revealing criteria for achieving selectiv-
ity between the two PSTPs in MC analogues. Notably,
peptides 10 and 11 are the first MC analogues without the
Adda tail that show potencies in the submicromolar range
toward PP2A. The work described herein provides critical
insight for future design and enables access to a large number
of microcystin or potentially nodularin analogues to be tested
for the selective inhibition of PSTPs.
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