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Structure–activity relationships of the plasminogen
modulator SMTP with respect to the inhibition of
soluble epoxide hydrolase

Naoki Matsumoto1, Eriko Suzuki1, Kota Tsujihara1, Yuuichi Nishimura1 and Keiji Hasumi1,2

A family of fungal metabolites, SMTP, is a small-molecule plasminogen modulator that enhances plasminogen activation, leading

to thrombolysis. We recently demonstrated that SMTP-7 effectively treats ischemic stroke due to its thrombolytic activity as well

as anti-inflammatory action, which is attributable to soluble epoxide hydrolase (sEH) inhibition. In this paper, we studied

detailed structure–activity relationships of plasminogen modulation and sEH inhibition using 25 SMTP congeners including six

newly synthesized ones. The results clearly demonstrate that the structure of the N-linked side chain of SMTP congeners

markedly affect their activities toward plasminogen modulation and inhibitions of the two activities of sEH (C-terminal epoxide

hydrolase and N-terminal phosphatase). A slight change in the N-linked side chain results in affording selectivity of SMTP

congeners. Many congeners, which lacked plasminogen modulation activity, differently inhibited the two sEH activities

depending on the structures of the N-linked side chain. Some congeners were active in plasminogen modulation and inhibition

of both activities of sEH. These results help comprehensive understanding of ideal design of a drug useful for ischemic diseases

that are associated with inflammation, such as stroke.
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INTRODUCTION

SMTPs (named after Stachybotrys microspora triprenyl phenols)
are a family of novel small molecules produced by the fungus
S. microspora.1–15 SMTP-7, one of the SMTP family compounds with
profound biological activities, enhances proteolytic activation of
plasminogen, a circulating zymogen of plasmin, which is the major
protease responsible for blood clot dissolution.1 This activity
of SMTP-7 is attributable to the modulation of plasminogen con-
formation: although plasminogen is resistant to proteolytic activation
due to spiral, closed conformation, SMTP-7 relaxes its conformation
to an activation-prone conformation.1,6,14,15 SMTP-7 thus promotes
physiological plasmin formation, clot clearance in vivo14,16 and thereby
effectively treats thrombotic and embolic strokes in animal models in
rodents and primates.17–21 Notably, the action of SMTP-7 is accom-
panied by reduced hemorrhagic transformation17,20,21 and a wide
therapeutic time window.17,18 The excellent efficacy of SMTP-7 is
partly explained by its anti-inflammatory and antioxidative
activities.16,17,19,21–23 On the basis of these properties, we are
developing SMTP congeners as a drug for treatment of stroke, a
major cause of death and disability worldwide.24,25 One of the SMTP
congeners is under a phase I clinical trial, which is led by TMS, Japan.
Our recent investigations have demonstrated that the anti-

inflammatory action of SMTP is independent of its thrombolytic
activity, and that soluble epoxide hydrolase (sEH) is involved in the
anti-inflammatory action.26 sEH is a bifunctional enzyme with an

epoxide hydrolase activity at the C-terminal domain (Cterm-EH) and
a lipid phosphate phosphatase activity at the N-terminal domain
(Nterm-phos).27 The Cterm-EH catalyzes the hydrolysis of epoxy-fatty
acids such as epoxyeicosatrienoic acids, which are potent endogenous
signaling molecules implicated in anti-inflammation, vascular dilation,
endothelial cell hyperpolarization, angiogenesis, neuroprotection and
analgesia (antihyperalgesia).28–32 The Nterm-phos hydrolyzes lipid
phosphates, such as lysophosphatidic acid, and intermediates of the
cholesterol biosynthesis.33–35

The SMTP molecule consists of a tricyclic γ-lactam moiety, an
isoprene side chain and an N-linked side chain, which only differs
among congeners.1–3,5–8,10–14 Some SMTP congeners inhibited both of
the two activities of sEH.26 The mode of inhibition by SMTP-0, the
simplest SMTP congener without plasminogen modulation activity,8 is
competitive for Cterm-EH and pseudo-noncompetitive for Nterm-
phos.26 A preliminary investigation has revealed that the selectivity of
the inhibition of the two sEH activities greatly changed depending on
the N-linked side-chain structure, demonstrating that SMTP binds to
two distinct sites in sEH.26 In conjunction with that the N-linked side
chain is a crucial determinant for plasminogen modulation activity of
SMTP,10–12,14 it is possible that changing the N-linked side-chain
structure leads to the generation of an SMTP congener specific or
universal for each of the three targets, plasminogen, Cterm-EH and
Nterm-phos. In this study, we tested a variety of SMTP congeners
(25 including 6 new congeners) for their activities in inhibitions of
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sEH Cterm-EH and Nterm-phos in comparison with plasminogen
modulation to understand structure–activity relationships that span
the three targets.

MATERIALS AND METHODS

Materials
Human native plasminogen (Glu1-plasminogen) was isolated on Lysine-
Sepharose affinity chromatography. Two-chain urokinase-type plasminogen
activator was purchased from JCR Pharmaceuticals (Kobe, Japan). SMTP
congeners as well as pre-SMTP were prepared as described previously.5–8,10–14

Solutions of SMTPs in dimethyl sulfoxide were used for assays for plasminogen
activation, as well as Cterm-EH and Nterm-phos of sEH (the concentration of
dimethyl sulfoxide was kept at less than 1%, v/v).

Production of new SMTP congeners
SMTP-52, -57, -58, -60, -61 and -62 were produced by a single-step
reaction between pre-SMTP13 and either of the following amines: asparagine,
2-aminopropane, cyclohexylamine, cyclohexylmethylamine, 1-aminocyclo-
hexanecarboxylic acid and trans-4-aminocyclohexanol, respectively. Pre-
SMTP (10mg) dissolved in 1.25ml of methanol was added to 4ml of water–
MeOH–acetic acid (75:12.5:12.5) containing excess amount of either of the
amines described above. The reaction, which allowed the incorporation of
the added amine as the N-linked side chain,13 was performed at 50 °C for 2 h.
The resulting SMTP congeners were purified by reverse-phase HPLC with a
gradient of MeOH in 0.1% (w/v) formic acid.

Assay for plasminogen activation
The activation of plasminogen was assayed by measuring initial velocity for
tcu-PA-catalyzed plasmin generation using the chromogenic substrate
H-Val-Leu-Lys-p-nitroanilide (VLK-pNA; Bachem, Bubendorf, Switzerland).
A reaction mixture consisting of 50 nM plasminogen, 50Uml− 1 two-chain
urokinase-type plasminogen activator and 0.1 mM VLK-pNA in 50 μl of buffer
(50mM Tris-HCl, 100mM NaCl and 0.01% Tween 80, pH 7.4) was incubated
in the presence or absence of SMTP congeners at 37 °C. The hydrolysis of
VLK-pNA (absorbance at 405 nm) was kinetically monitored for up to 60min.
From the slope of the plots of A405 versus t2, the initial velocity of plasmin
generation was calculated. The concentration of SMTP that caused a 10-fold
enhancement (EC10) and the maximum level of the enhancement (Emax) were
estimated from the plots of fold of enhancement of plasminogen activation
versus SMTP concentration. From these data, the comprehensive potency of
plasminogen modulation (Emax/EC10) was calculated.

10–12

Assay for sEH
The Cterm-EH activity was assayed using (3-phenyl-oxiranyl)-acetic acid
cyano-(6-methoxy-naphthalen-2-yl)-methyl ester (PHOME) as a substrate.
Purified mouse liver sEH26 (60 ng) was preincubated for 10min in 80 μl of
25mM Bis-Tris-HCl, pH 7.0, containing 0.1 mM MgCl2 and 0.1 mgml− 1

bovine serum albumin (buffer A) with or without a compound to be tested.
The composition of buffer A was based on the method by Tran et al.,33 unless
MgCl2 was added to unify the buffer composition with that for the Nterm-phos
determination, in which MgCl2 is essential. After adding 20 μl of the substrate,
fluorescence (excitation, 355 nm; emission, 460 nm) of the reaction product
was measured kinetically at 30 °C. The final concentrations of sEH and
PHOME were 4.7 nM and 12.5 μM, respectively. The Nterm-phos activity was
assayed using AttoPhos as a substrate. Mouse sEH (30 ng) was preincubated for
10min in 80 μl of buffer A with or without a compound to be tested. After
adding 20 μl of AttoPhos, fluorescence (excitation, 450 nm; emission, 545 nm)
of the reaction product was measured kinetically at 30 °C. The final
concentrations of sEH and AttoPhos were 2.3 nM and 5 μM, respectively.

General procedures
UV spectrum was measured in MeOH on a model 320 spectrometer (Hitachi,
Tokyo, Japan) and IR spectrum on a JIR-WINSPEC (JEOL, Tokyo, Japan) with
a NaCl plate (neat). Mass spectrum was taken on a model JMS-T100LP
(JEOL) using an ESI method. NMR spectra were measured in methanol-d4

(for SMTP-52) or acetone-d6 (for SMTP-57, -58, -60, -61, and -62) on a JNM-

Alpha-400 (JEOL) (for SMTP-57) or a JNM-Alpha-600 (JEOL) (for SMTP-52,

-58, -60, -61, and -62).

RESULTS AND DISCUSSION

Plasminogen modulation activities of the newly synthesized SMTP
congeners
To expand the diversity of SMTP library for structure–activity
relationship studies, we prepared six new congeners (SMTP-52, -57,
-58, -60, -61 and -62) using the chemical method employing a single-
step reaction between pre-SMTP and an amine compound to be
introduced as the N-linked side chain.13 The physicochemical proper-
ties and NMR spectral data (Table 1; Supplementary Figures 1a–6b)
for the new congeners were consistent with those for the predicted
structures.
The six new congeners as well as two uncharacterized congeners

(SMTP-54 and -55)13 were tested for plasminogen modulation. The
results indicated that only SMTP-61 was active (Figure 1). Its
concentrations affording 10-fold enhancement (EC10) and maximum
enhancement (Emax) were 110 μM and 16-fold, respectively. The
potency of plasminogen modulation, expressed as the ratio of Emax

over EC10, was 0.15-fold per μM, which was o1/10 of that of SMTP-7
(1.57-fold per μM− 1).11,12 These results are consistent with the
previous findings that an N-linked side chain with both an aromatic
and a negatively ionizable groups is essential for potent plasminogen
modulation activity.10–12

Structure–activity relationships with respect to plasminogen
modulation and Cterm-EH inhibition
Although seven of eight currently evaluated SMTP congeners were
inactive in plasminogen modulation, some of them were effective in
inhibiting Cterm-EH of sEH (Figure 2a, left panel). SMTP-52, -61 and
-62 were inhibitory to Cterm-EH (IC50 36 and 48 μM, respectively),
whereas SMTP-58 and -60, which lack the side-chain carboxyl or
hydroxyl group of SMTP-58, were essentially inactive (IC504100 μM).
Similarly, SMTP-16, -33, -34, -38 and -57, which do not have a
negatively ionizable side chain, were much less active (Figure 2a, left
panel). The only exception was SMTP-0, which lacks the N-linked side
chain. SMTP-0 (IC50 for Cterm-EH= 6 μM) was one of the
potent congeners tested so far.26 Other congeners with a negatively
ionizable group at the N-linked side chain were generally inhibitory
(IC50o50 μM) to Cterm-EH (SMTP-4, -5, -6, -7, -13, -14, -18, 19, -23,
-24, -25, -26, -27, -28, -42, -43, -44, -44D, -52, -54 and -55). Of the
congeners with relatively high plasminogen modulation activity with
Emax/EC1040.4-fold per μM (SMTP-7, -14, -19, -21, -23, -25, -28, -42,
-43 and -43D), only SMTP-21 was weak in Cterm-EH inhibition
(IC50460 μM) (Figure 2a, left panel).
Consistent with the previous study,26 these results clearly demon-

strate that plasminogen modulation and Cterm-EH inhibition require
a distinct structural feature of the N-linked side chain. Although
an N-linked side chain with an aromatic and a negatively ionizable
groups is essential for plasminogen modulation, only the core unit of
SMTP (a tricyclic γ-lactam with a geranylmethyl group) is sufficient
for the inhibition of Cterm-EH. Nevertheless, certain structural
features of the N-linked side chain, such as the presence or absence
of the carboxyl or hydroxyl group as well as its position, can modulate
the potency of Cterm-EH (Figure 2a, left panel).

SMTP in plasminogen modulation and sEH inhibition
N Matsumoto et al
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Structure–activity relationships with respect to plasminogen
modulation and Nterm-phos inhibition
Many of the congeners with little or no plasminogen modulation
activity (Emax/EC10o0.1-fold μM− 1) were inhibitory to Nterm-phos
(IC50o50 μM) (SMTP-0, -4, -5, -11, -12, -18, -26, -44, -57, -58
and -60) as did all the congeners with relatively potent plasminogen
modulation activity (Emax/EC1040.4-fold μM− 1) (SMTP-7, -14, -19,
-21, -23, -25, -28, -42, -43 and -43D) (Figure 2a, right panel). The
congeners with little or no inhibitory activity toward Nterm-phos
(IC50450 μM) were SMTP-34, -38, -52 and -62. All of these were
inactive in plasminogen modulation. In summary, the structural
requirement for plasminogen modulation and Nterm-phos inhibition
is apparently different, and there are several congeners that potently
inhibit Nterm-phos without plasminogen modulation activity (SMTP-
-4 and -5). In general, congeners with high plasminogen modulation
activities (Emax/EC1040.9-fold per μM) (SMTP-7, -19, -25 and -43)
are effective inhibitors of Nterm-phos, whereas the potencies of
SMTP-14 and -21 were low (Figure 2a, right panel).

Structure–activity relationships with respect to Cterm-EH and
Nterm-phos inhibition in combination with plasminogen
modulation
The above-mentioned results are summarized in Figure 2b for
comprehensive analysis. SMTP-7, -19 and -25 are active among the
three activities, plasminogen modulation and inhibitions of Cterm-EH
and Nterm-phos. SMTP-0 and -26 are inhibitory to both Cterm-EH

and Nterm-phos of sEH but inactive in plasminogen modulation.
SMTP-5D and -43D have significant activities in plasminogen
modulation and Nterm-phos inhibition, but have very weak
activities in Cterm-EH inhibition. SMTP-54 and -55 are inhibitory
to Cterm-EH but very weak in Nterm-phos inhibition and
plasminogen modulation. SMTP-58 and -60 are inactive in plasmino-
gen modulation and Cterm-EH inhibition but inhibitory to
Nterm-phos. SMTP-16, -33 and -38 are totally inactive in the three
parameters.

CONCLUSION

The present study clearly demonstrates that the structure of the
N-linked side chain of SMTP congeners markedly affect their activities
toward plasminogen modulation and inhibitions of Cterm-EH and
Nterm-phos of sEH. Although the core unit of SMTP is sufficient to
inhibit Cterm-EH and Nterm-phos, as exemplified by SMTP-0, a
slight change in the N-linked side chain can afford a selective
congener. sEH-null mice are resistant to development of acute
inflammation, sepsis, ischemia/reperfusion injury in the heart and
brain, inflammatory bowel disease, diabetes and pulmonary
hypertension.36 Thus, the simultaneous inhibition of Cterm-EH and
Nterm-phos of sEH is an ideal means of pharmacological intervention
of the above-mentioned disease conditions. In addition, our previous
results have demonstrated that the combination of thrombolysis
(attributable to plasminogen modulation) and anti-inflammation
(mediated by sEH inhibition) by SMTP-7 contributes to excellent

Figure 1 Structures and plasminogen modulation activities of the new SMTP congeners. (a) Plasminogen modulation activity was assessed as the activation
of plasminogen. This was assayed in the presence of the indicated concentrations of each SMTP congener. Each value represents the mean± s.d. from
triplicate determinations. Relative activities (control=1) are shown. (b) Structures of the new congeners and the summary of the results in a. EC10,
concentration (μM) of SMTP that causes 10-fold enhancement of plasminogen activation; Emax, maximum level of enhancement (fold increase in plasminogen
activation compared with control). Emax and the reciprocal of EC10 are independent indexes that represent the potency of the compound tested. The ratio
Emax/EC10 represents comprehensive potency. NA, not available (as enhancement did not reach 10-fold at concentrations tested).
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activity in treating thrombotic and embolic stroke.17–21 Therefore, a
congener with the three activities may be useful for developing a drug
for thromboembolic diseases. A congener without plasminogen
modulation but inhibitory to both or either of the activities of sEH
may be of use in other indications described above.
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