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Abstract Natural products with distinct biological
activities are very promising molecular probes to dissect
the novel pathways of biology. FR177391, a product
of bacteria, was obtained as a natural compound
possessing anti-hyperlipidemic effects. FR177391 enhances
differentiation of mouse 3T3-L1 fibroblasts to adipocytes
and reduces the circulating levels of triglyceride in
C57BL/KsJ-db/db mice, a obese non-insulin-dependent
diabetes mellitus animal model, although its mechanism
of actions remained to be unknown. We report here that
the target protein for FR177391 was identified to be protein
phosphatase 2A (PP2A) by employing the method of
affinity chromatography. FR177391 potently inhibited PP2A
activity at nano molar concentration, and shared its binding
pocket with a phosphatase inhibitor, okadaic acid. In
addition to the phenotypic alterations, the enhancement for
phosphorylation of extracellular signal-regulated kinase
(ERK) protein was observed in the FR177391-treated 3T3-
L1 cells. These results suggest that prolonged activation of
ERK protein due to inhibition of its dephosphorylation by
PP2A plays an important role in adipocyte maturation and
regulation of the blood revels of lipids.
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Introduction

To dissect a novel biological event, one determines the

cellular function of known proteins that may be implicated
in it by altering their activities. The most common way is
an indirect genetic approach (e.g., deletion, knock-out or
overexpression) in the genes encoding proteins of interest.
A complementary and direct approach is the use of
small molecule compounds, especially natural products,
possessing unique biological activities of interest. Small
molecule natural products actually have been opening new
windows of biology so far [1~17]. Although the approach
using small molecules have some advantages of genetic
ones (e.g., it allows genes to be turned off after completion
of an organism’s development), in many cases their
target proteins are unknown. Progresses in the technology
of the affinity chromatography [18] and bioconversion
accompanied with chemical synthesis enable one to
identify the target proteins of rare or complex natural
compounds that used to be difficult to be modified.
Hyperlipidemia is a major problem of the obese non-
insulin-dependent diabetes mellitus (NIDDM). Known
drug target proteins in the lipid control are HMG-Co A
reductase in liver [19] and peroxisome proliferator-
activated receptors (PPARs) in adipocytes [20]. Many
drugs targeting these proteins are used in the clinic and
being developed. In the course of the screening for
new anti-hyperlipidemia drugs, we have found a product
of Serratia liquefaciens, FR177391 (Fig. 1) [21~23].
FR177391 potently enhanced the differentiation of mouse
3T3-L1 fibroblasts to mature adipocytes with oil droplets.
The oral administration of FR177391 to C57BL/KsJ-db/db
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Fig. 1 Chemical structure of FR177391.

NIDDM model mice also reduced the blood levels of
triglyceride. Thus, target proteins of FR177391 were
supposed to be implicated in the unknown control
machinery of lipid metabolism.

In this report, we identified protein phosphatase 2A
(PP2A) as the target protein of FR177391 by an
affinity chromatography. FR177391 actually inhibited
the phosphatase activity of purified PP2A protein. Its
specificity for phosphatase inhibition is PP2A>PP1>PP2B.
Interestingly, FR177391 competes with okadaic acid (OA),
phosphatase inhibitor [24], on the binding to PP2A. In
addition to morphological changes, we detected the
enhancement of ERK protein phosphorylation in the
FR177391-treated 3T3-L1 cells. OA also induced the same
effect. Together, these results indicate the one possibility
that the control of PP2A activity in the mitogen-activated
protein (MAP) kinase pathway plays important roles in
lipid metabolism of adipocytes and the whole body.

Materials and Methods

Cells and Reagents

3T3-L1 cells were purchased from American Type
Culture Collection. FR177391 was prepared in Fujisawa
Pharmaceutical Co. Ltd. OA was purchased from Upstate
Biotechnology Inc. Rosiglitazone was prepared in Fujisawa
Pharmaceutical Co. Purified human PP2A, bovine PP2B,
rabbit PP1 and recombinant human PTP-1B were
purchased from Upstate Biotechnology Inc.

Adipogenesis Assay

3T3-L1 fibroblasts were grown into confluence in the
complete growth medium (Dulbecco’s modified Eagle’s
medium (DMEM, Sigma) supplemented with 10% Fetal
Bovine Serum (FBS) and penicillin/streptomycin (PS)). At
two days after confluence, the medium was changed to the
induction medium (DMEM supplemented with 10% FBS,
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PS, 5 ug/ml insulin, 0.5 mM 3-isobutyl-1-methylxanthine
and 1 uM dexamethazone). After 48 hours incubation, the
medium was changed to the maintenance medium (DMEM
supplemented with 10% FBS, PS and 5 pug/ml insulin)
with or without compounds tested. The number of fully
differentiated round shape adipocytes was counted under
microscopic observation to determine the activity of
compounds at three days after the treatment.

ERK Phosphorylation Assay

3T3-L1 cells differentiating with induction medium for
48 hours were treated with compounds for the indicated
times. After the treatment, the cells were lysed in cell lysis
buffer (Cell Signaling Technology, #9803) containing 1 mM
PMSE. Samples were subjected to SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nylon
membranes. Phosphorylated ERK and MAPK/ERK kinase
(MEK) were detected by immunoblot with antibodies against
phosphorylated ERK and MEK (Upstate Biotechnology
Inc.). In the case of cell-free phosphorylation assay, the cell
lysates were employed instead of living cells and incubated
with compounds at 37°C for 5 minutes.

Synthesis of the Bait and Lure

Bio-conversion of FR177391 to 20-hydroxy and 3-hydroxy
FR177391 and chemical synthesis of biotin-labeled
FR177391 are reported in the previous paper.

Affinity Chromatography

1X10®% cells of differentiating 3T3-L1 were suspended
with 1 ml of buffer A (50 mM Tris-HCI pH 8.5, 250 mM
Sucrose) and lyzed by sonication. The lysate was
centrifuged at 100,000Xg for 45 minutes at 4°C to be
removed cell debris. The supernatant were treated with
or without 10 uM of competitors for 1 hour and then
incubated with 1 uM of biotin-labeled FR177391 for
2 hours. The resultant lysate was passed through PD-10
desalting columns (Amersham pharmacia biotech)
equilibrated with buffer A containing 0.15M of NaCl
(buffer B) to be removed the free biotin-labeled FR177391.
The flow-though fraction of PD-10 column was subjected
to the avidin-conjugated sepharose column (50 ul of gel
bed volume, PIERCE Chemical Inc.) equilibrated with
buffer B containing 0.3% of CHAPS (buffer C) after
addition of CHAPS. The resin was washed thoroughly with
buffer C and then retained proteins were eluted by 10 uM
FR177391 and 8 M urea solution sequentially. Each elute
was resolved by SDS-PAGE electorophoresis with 4~12%
Bis-Tris/glycine gradient gels (Invitrogen). Proteins
separated on gel were visualized by silver-staining.
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Identification of PP2A

The protein bands were cut out from the gel and
In-gel digestion was carried out according to the modified
Shevchenko’s method [25]. All procedures prior to
trypsinization were kept as keratin-free as possible. All
chemicals were analytical grade from the manufactures. For
identification of the proteins binding to FR177391, the
mass spectrometric analysis was carried on an electrospray
ionization tandem mass spectrometer, ESI-QTOF hybrid
instrument. After collecting data, the database searches
were carried out with the program MASCOT.

Phosphatase Assay

The Effect of compounds on PP2A and PP1 phosphatase
activity was measured in triplicate in 96-well flat-bottomed
microtiter plates. Free phosphate released by the
phosphatases from their substrate peptides was visualized
by using the malachite green system (Upstate Bio-
technology Inc.) according to the manufacturer’s instruc-
tion. p-nitrophenylphosphate (pNPP, Sigma Inc.) was used
as the substrate for PP2B and PTP-1B. The enzyme activity
was monitored by kinetic analysis of the absorbance at
405 nm.

Results and Discussion

Adipogenesis-enhancing Effect of FR177391

Although adipogenesis plays major roles in lipid
homeostasis and diseases such as insulin resistance and
hyperlipidemia, it remains to be determined what signaling
pathways are involved [26~34]. 3T3-L1 fibroblasts are
widely used as an in vitro model of adipogenesis [35~39].
The cells can be converted to adipocytes by culturing in the
induction medium supplemented with insulin, 3-isobutyl-1-
methylxanthine and dexamethazone. Adipocytes induced
have characteristic morphological features such as round
cells with many oil droplets (Fig. 2). To characterize
the effects of anti-hyperlipidemia agent FR177391 on
adipogenesis, we compared the activities of known agents
on 3T3-L1 fibroblasts with that of FR177391. Treatment of
FR177391 greatly enhanced the adipocyte induction
(Fig. 2D). On the other hands, TNF-¢, one of the cytokines
that cause abnormal lipid metabolisms in NIDDM patients
[40], completely blocked the adipogenesis of 3T3-L1 cells
(Fig. 2B). Interestingly, FR177391 also abolished this
blockade (Fig. 2C). Rosiglitazone, a PPAR-y agonist,
which improves insulin-resistance and hyperlipidemia
[41, 42], magnified adipogenesis as well as FR177391
albeit its efficacy is weaker than FR177391 (Fig. 2E).
These results indicate that an enhancing signal triggered by

FR177391 is much stronger than either signal of PPAR-y-
induced activation and TNF-¢ induced suppression. Hyper
modulation or deregulation of an activity of proteins
located in a signaling pathway was suspected to occur in
FR177391-treated 3T3-L1 cells.

Enhancement of ERK Phosphorylation by FR177391

As TNF-a suppresses conversion of 3T3-L1 fibroblasts to
adipocytes, its signaling pathway is supposed to participate
in adipogenesis [35, 43]. In addition, FR177391 can
overcome the effect. It is possible that TNF-o and
FR177391 use a common pathway. To investigate this
possibility, we checked the activation status of kinases
located in MAP kinase pathway [38]. Treatment of 3T3-L1
cells with TNF-a transiently induced phosphorylation of
MEK and ERK, followed by their rapid dephosphorylation
(Lane 1 of Figs. 3A and B). This shows TNF-¢ triggered
signal transduction pathway based on phosphorylation and
dephosphorylation of MAP kinase cascade. On the other
hand, FR177391 rapidly induced hyperphosphorylation of
ERK, following to its delayed dephosphorylation (Lane 2
and 3 of Fig. 3B). As the phosphorylation of MEK was not
so prominent compared with ERK (Lane 2 of Fig. 3A),
ERK hyperphosphorylation is supposed not to be due to
phosphorylation of ERK by deregulated activation of MEK.
The reason why TNF-a and FR177391 induce the
contradictory biological outputs albeit their same ERK
phosphorylation effects remains to be unknown. One
possible explanation is that the aberrant phosphorylation
status of ERK proteins breaks the inhibitory signal which is
induced by the transient phosphorylation of ERK proteins
with TNF-a.

A Bait and Lure for the Affinity Chromatography

To verify the protein implicated in the induction of
hyperhosphorylation of ERK leading to enhancement of
adipogenesis, we tried to purify the binding proteins of
FR177391 by biotin/avidin affinity chromatography. To
do this, we prepared two types of the affinity probe, the
bait and the lure. The bait, biotin-labeled FR177391, was
synthesized from 20-hydroxy FR177391 obtained by
bioconversion using fungi, conjugating with N-(+)-
biotinyl-6-aminocaproic acid (Fig. 4A). The lure, 3-
hydroxy FR177391, was also prepared by bioconversion of
FR177391 (Fig. 4A). Biological activities of these probes
are also shown in Fig. 4A. The bait retained the enhancing-
activity of adipogenesis using 3T3-L1 cells although it was
a hundred times less active than FR177391. However, in the
cell-free ERK phosphorylation assay, the bait had a
comparable activity with FR177391 (Fig. 4B). Biotin-
labeling may affect on its cell-permeability of FR177391.
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Fig. 2 Enhancement of adipogenesis by FR177391.

3T3-L1 fibroblast was induced differentiation to adipocytes by induction medium after confluency. Two days after induction, the
medium was changed to the maintenance medium with (B; TNF-¢, C; TNF-a+FR177391, D; FR177391 and E; rosiglitazone) or without (A)
compounds. Fully differentiated round shape adipocytes was observed under microscope (X100 magnitude field) at three days after the

treatment.

The lure had no activity in either assay system (Fig. 4B).

Thus, we succeeded to prepare two affinity probes; one is
the bait that will be used to pick up the targets of
FR177391, another is the lure that is closely related to
FR177391 but impotent to be used in the validation of the
proteins trapped by the bait.

Affinity Purification of the Target Protein for FR177391
Biotin/avidin choromatography was employed to purify the
target proteins. The bait was added to a cell extract
prepared from 3T3-L1 fibroblast induced to adipocytes and
incubated with or without competitors (FR177391 or the
lure). Proteins captured by the bait were trapped by avidin-

conjugated agarose resins and sequentially eluted with
FR177391 and 8 M urea solutions. Eluted proteins were
subjected to polyacrylamide gel electrophoresis (PAGE).
The silver-stained gel of the FR177391 elutes revealed two
major polypeptides with apparent molecular weights, 60 kD
and 35kD (Fig. 5A, lane 2). The binding of the bait to p60
and p35 appeared to be specific, because these polypeptides
are not retained when the incubation was done with
FR177391 nor avidin resin alone without the bait (Fig. 5A,
lane 1 and 3). The specificity of binding is further
confirmed by the fact that the retention of two polypeptides
to avidin resins was not disturbed by the lure (Fig. 5A, lane
4). The urea elutes contained substantial amount of p35,
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Fig. 3 Enhancement of ERK1/2 phosphorylation on FR177391-treated 3T3-L1 adipocyte.

3T3-L1 cells under differentiation to adipocytes were treated with TNF-¢ (lane 1), 10 uM of FR177391 (lane 2) or 1 uM of FR177391
(lane 3) for the indicated times. The treated cells were lysed, subjected to SDS-PAGE and then immunoblotted with antibodies against

phosphorylated MEK (A) and ERK (B). The amount of proteins in each lane was also determined by reprobing with antibodies against ERK
and MEK (lower panels of A and B).
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Fig. 4 Baitand Lure.

Chemical structures of the bait and the lure and their biological activities are shown in (A). Biological activities were determined by
adipogenesis-enhancing effect on 3T3-L1 fibroblasts as described in Materials and Methods. MEC shows minimum enhancing
concentration. Biological activities of the bait and the lure was determined by the cell-free phosphorylation assay (B). The cell lysates were

incubated with 0.1 to 10 uM of compounds at 37°C for 5 minutes. The resultant lysates were determined the enhancing effect of ERK
phosphorylation as in Fig. 3.
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Identification of the proteins specifically binding to FR177391.

Biotin/avidin affinity chromatography using the bait and lure was performed as described in the Materials and Methods. SDS-PAGE
resolutions of proteins eluted from the avidin-sepharose resin by 10 uM of FR177391 solution (A) and following 8 M of urea solution (B and
C) are shown. Binding of the bait to proteins in the lysate was done in the presence (FR177391; lane 3, the lure; lane 4) or absence (lane 2)
of competitors. Non specific binding of proteins to avidin resin was also investigated without the bait (lane 1). The protein bands pointed by
upper and lower arrows indicate PP2A regulatory subunit and PP2A catalytic subunit, respectively. In (C), in addition to FR177391 (lane 3)
and the lure (lane 4), okadaic acid was added to the lysate as a competitor (lane 5). Only the resolution of urea elute was shown.

showing that the binding affinity of the bait to p35 is
stronger than p60 or that p60 is an associated polypeptide
with p35 primary binding to the bait (Fig. 5B).

The stained protein bands were cut out from the
polyacrylamide gel and digested by trypsin within the
gels. Resultant peptide fragments were extracted from the
gels and submitted for the mass spectrometry to analyze the
exact mass of peptides. Peptide mass fingerprints were
queried to database to identify the protein. The 60 kD and
35 kD proteins corresponded to mouse protein phosphatase
2A (PP2A), and PP2A, catalytic
subunit, respectively. Considering the results of affinity
chromatograpy, we suppose that the primary target of
FR177391 is PP2A catalytic subunit associated with
regulatory one.

regulatory subunit,

Biological Relevance of PP2A as the Target Protein for
FR177391

PP2A comprises a family of serine/threonine phosphatases
and plays a prominent role in the regulation of specific
signal transduction cascades to produce various important
biological events such as cell cycle transition, cell
morphological change and development [44]. To validate

Tabel 1 Inhibitory effect of FR177391 and OA on
phosphatases
Ki (nM)
Phosphatase
FR177391 OA

PP2A 2.90 2.55

PP1 7,853 133

PP2B N.E. N.E.

PTP-1B N.E N.D.

N.E.: No effect (i.e., no significant inhibition was not observed in the
concentration of 100 uM)
N.D.: Not determined

the binding of FR177391 to PP2A, we investigated whether
FR177391 inhibits the phosphatase activity of PP2A. As
shown in Table 1, FR177391 potently inhibited PP2A
activity with 2.90nM of Ki value. OA, a well-known
inhibitor for protein phosphatases, also inhibited PP2A
with a comparable activity to FR177391 (Table 1).
Rosiglitazone did not inhibit PP2A at all (data not shown).
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Fig. 6 Induction of hyperphosphorylation of ERK by OA.

The cell lysates were incubated with 0.5 to 10 uM of compounds and then determined the enhancing effect of ERK phosphorylation as

in Fig. 3.

The similar mode of action of FR177391 to OA was further
demonstrated by the binding competition experiment to
PP2A. PP2A can be purified by the bait from induced 3T3-
L1 cells whereas the presence of FR177391 abolished it,
showing that the bait share its binding pocket to PP2A with
FR177391 (Fig. 5A and B, lane 3). OA also completely
disturbed the binding of the bait to PP2A as FR177391 did
(Fig. 5C, lane 5). These results suggest that FR177391
inhibits PP2A phospahatase activity in the same mode of
action with OA.

To investigate the phosphatase specificity of FR177391
inhibition, PP1, PP2A and PP2B were prepared to measure
the inhibitory activity of FR177391. As shown in Table 1,
FR177391 showed much more preferential inhibition for
PP2A than OA. Again. the lure which is biologically
inactive was also impotent on the PP2A inhibition (data not
shown).

To explain the biological relevance of PP2A inhibition
by FR177391, we examined the effect of OA on ERK
phosphorylation accompanied with FR177391. Although
OA has a poor cell-permeability, it is reported to induce
the activation of MAP kinases in treated cells [45, 46].
We used the cell-free ERK phosphorylation assay to
investigate the effect of OA more precisely. As shown in
Fig. 6, OA induced hyperphosphorylation of ERK as
FR177391 did. Rosiglitazone failed to show the effect
as well. Unfortunately, the effect of OA on adipogenesis
failed to be determined due to its potent cytotoxic effect.

Together, these results demonstrate that FR177391
specifically binds to PP2A and inhibit its phosphatase
activity, leading to hyperphosphorylation of ERK in the
adipocytes induced adipogenesis by its treatment. Due to
the limitation of chemical genetic approach, we have
obtained no direct biological evidence to convince the
relationship between anti-hyperlipidemic activity and PP2A
inhibition. Although further biological study but not
chemical genetic one will be needed, the missing link
between MAP kinase cascade under the control of PP2A
and the lipid metabolism as well as adipogenesis was
suggested by a cell-permeable and highly selective inhibitor

reinforced with chemical genetic approach.
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