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ABSTRACT: The phenylspirodrimanes (PSDs) from Stachybotrys
chartarum represent a structurally diverse group of meroterpenoids,
which, on the one hand, exhibit a structural exclusivity since their
occurrence is not known for any other species and, on the other
hand, offer access to chemically and biologically active compounds.
In this study, phenylspirodrimanes 1−3 were isolated from S.
chartarum and their water-mediated Cannizzaro-type transforma-
tion was investigated using quantum chemical DFT calculations
substantiated by LC-MS and NMR experiments. Considering the
inhibitory activity of PSDs against proteolytic enzymes and their
modulatory effect on plasminogen, PSDs 1−3 were used as a
starting material for the synthesis of their corresponding bio-
logically active lactams. To access the library of the PSD derivatives
and screen them against physiologically relevant serine proteases, a microscale semisynthetic approach was developed. This allowed
us to generate the library of 35 lactams, some of which showed the inhibitory activity against physiologically relevant serine proteases
such as thrombin, FXIIa, FXa, and trypsin. Among them, the agmatine-derived lactam 16 showed the highest inhibitory activity
against plasma coagulation factors and demonstrated the anticoagulant activity in two plasma coagulation tests. The semisynthetic
lactams were significantly less toxic compared to their parental natural PSDs.

■ INTRODUCTION
Stachybotrys chartarum is a fungus of the genus Stachybotrys
whose occurrence is described in dead plant materials and
buildings affected by water.1,2 Due to its secondary
metabolites, long-term exposure to S. chartarum may pose
adverse health effects to humans.3,4 Two primary chemotypes
have been described for S. chartarum, which are characterized
and distinguished by the production of certain secondary
metabolites. While the group of macrocyclic trichothecenes
(MCTs, e.g., satratoxins) are only found in strains of
chemotype S, atranones are only produced by strains of
chemotype A.5,6 Phenylspirodrimanes (PSDs) are produced by
both chemotypes of S. chartarum and account for the most
abundant group of metabolites produced by all known
Stachybotrys species.7−9

Phenylspirodrimanes (e.g., 1−3) are triprenyl phenols
whose biosynthetic precursor LL-Z1272β (4, also known as
ilicicolin B) is a well-known key intermediate in the
biosynthesis of several meroterpenoid structures.10,11 4
originates from orsellinic acid (5) and farnesyl diphosphate
(6, FPP) and is, therefore, a product of the mevalonate and the
polyketide pathways (Figure 1).10,12 Several mechanisms for
the biosynthetic rearrangement of 4 to the phenylspirodri-
manes are suggested, which include cyclization reactions and

an electrophilic addition leading to the spirofuran ring, which
is the linkage between the drimane backbone and the aryl
part.13,14 Some known PSD representatives carry highly
reactive o-dialdehyde groups at their aryl fragment. These
PSDs include stachybotrydial (1), stachybotrydial acetate (2),
and acetoxystachybotrydial acetate (3). Structurally, these
compounds are unique and only known to be produced by
Stachybotrys genera.14 Another group of Stachybotrys’ metab-
olites originating from 4 belongs to stachybotrychromenes
(e.g., 7; Figure 1), which are formed via the epoxidation of
different double bonds of the farnesyl group and therefore are
products of a different mode of cyclization.11,15−17 Stachybo-
trychromenes from several strains of the genus Stachybotrys
and Stachybotrys microspora triprenyl phenols (SMTPs) exhibit
similar structures carrying highly reactive dialdehyde groups on
their benzodihydropyran (chroman) moiety. Instead of a
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drimane skeleton, the farnesyl moiety is present here in an
open-chain form.11,15

All o-dialdehydes from Stachybotrys are highly reactive
species susceptible to a nucleophilic attack by different
nucleophiles. Thus, structurally different derivatives of this
kind are known to react with water and amines to form
isobenzofuranones (lactones) and isoindolinones (lactams),
respectively.16,18 For the group of SMTPs, the reaction with
primary amines was successfully utilized to generate a series of
lactams exhibiting targeted activity as plasminogen modu-
lators.19,20

Considering the high reactivity of the phthalic aldehydes, it
is likely that the described isoindolinones arose from the
nonenzymatic reactions with ammonium ions or particular
medium components rather than from the secondary

metabolism of the fungus. The reaction with ammonium
appears to be a spontaneous reaction in which the dialdehydes
capture free ammonium.16 This explains the different
isoindolinone contents in N-rich and N-poor media.5 In
addition, lactam-based structures were considered as possible
artifacts in the isolation process by Jarvis.21

Besides their structural diversity, phenylspirodrimanes also
represent versatility in terms of bioactivity. For example, for K-
76, a substance related to stachybotrydial (1), the inhibitory
activity toward the complement system is described.22,23

Besides this, antiviral and Glu-plasminogen-modulating
activities for phenylspirodrimanes are described. Here, the
compounds tested in the form of dialdehydes showed a higher
activity compared to those in lactone or lactam forms.24,25

Some phenylspirodrimanes are also known for their inhibitory

Figure 1. Putative biosynthetic pathway of PSDs and SMTPs. Both groups of compounds are derived from 4 (LL-Z1272β or ilicicolin B) and are
formed by different cyclization reactions. For both groups of meroterpenoids, o-dialdehydes are known to react with primary amines giving
isoindolinones.
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activity against HIV-1 proteases as well as avian myeloblastosis
virus (AMV) proteases.26,27

Considering that in previous studies lactams of PSDs
efficiently inhibited proteolytic enzymes and were also found
to be modulators of plasminogen, it is interesting to get access
to a series of lactams of PSDs and test them against structurally
and functionally related serine proteases of the blood
coagulation cascade. Such inhibitors may serve as prospective
antithrombotic drugs. It is also encouraging that structurally
related natural products have potentially low toxicity,28 which
may further enable their application as therapeutic agents. It is,
therefore, also interesting to assess the potential toxicity of
produced lactams of PSDs. In this article, we report the

isolation of PSDs from S. chartarum, which were then used as a
starting material for the microscale parallel synthesis of PSDs’
lactams. These new semisynthetic products were investigated
for their cytotoxicity profile and found to be active inhibitors of
selected serine proteases of the blood coagulation cascade.

■ RESULTS AND DISCUSSION
Isolation of Phenylspirodrimanes. To isolate PSDs (1−

3), a large-scale cultivation of S. chartarum IBT 40288 was
performed (see the Experimental Section). The extract of S.
chartarum was fractionated by silica gel column chromatog-
raphy, followed by semipreparative LC-UV to yield 12.7 mg of
1, 7.2 mg of 2, and 27.1 mg of 3. Isolated compounds were

Figure 2. Isomerization of PSDs 1−3 to phthalides 8a−10a, 8b−10b.

Figure 3. LC-MS/MS chromatograms (XIC, SRM mode, negative ionization) of the conversion of o-dialdehyde derivatives 1−3 to the
corresponding phthalides 8−10a,b after 2 days (A), 5 days (B), and 30 days (C) of storing in MeCN/H2O + 0.1% FA at −20 °C in the dark.

Figure 4. LC-MS/MS chromatograms (XIC, SRM mode, negative ionization) of 1 at 20 °C, pH values 2 (A), 6 (B), and 10/13 (C).
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characterized by high-resolution mass spectrometry (HRMS)
and NMR (see the Experimental Section).
Isomerization of Phenylspirodrimanes/Formation of

Phthalides. Isolated PSDs (1−3) being o-dialdehydes might
be isomerized into phthalides 8−10a,b (Figure 2).

The mechanism of this type of isomerization is based on an
intramolecular Cannizzaro reaction, which requires basic
conditions.29,30 Interestingly, during the storage of PSDs in
slightly acidic aqueous solutions (MeCN/H2O with 0.1% FA,
pH value 5−6), we observed the formation of phthalides.
However, only one of the two possible phthalide forms was
detected, which chromatographically eluted in proximity to the
respective dialdehyde (Figure 3).

To investigate the formation of a second phthalide form,
several experiments with various pH values were performed.
LC-MS/MS chromatograms of 1 were recorded at pH values
of 2, 6, 10, and 13 (Figure 4), and the peak area ratio of 1/8
was determined. At pH values of 2 and 6, similar ratios
between 1 and 8a were observed (factors 4.4 and 3.7).
Interestingly, it was found that at pH values of 10 and 13, a
second phthalide peak occurred, eluting about one minute
earlier (Figure 4c) but exhibiting the same characteristic SRM
transitions. The two forms of phthalides were found to have
roughly the same ratio from one to another, with the ratio of
1/8 (both phthalide forms) being somewhat higher (factor

5.9). This means that phthalide formation takes place to less
extent at these pH values.
Quantum Chemical Density Functional Theory (DFT)

Calculations. Assignment of NMR Signals. To clarify and
confirm the second phthalide formation in an alkaline
environment, sodium hydroxide solution was added to 3
resulting in the formation of 10 (phthalide b), which was then
isolated. The structures of 10a and 10b were identified by
comparing DFT−NMR data (TPSS/def2tzvp+GD3BJ+PCM-
(MeCN))31−36 of simplified model compounds phthalide (a)
and phthalide (b) with experimental NMR data of 10a and
10b, as well as by HMBC correlations. Based on these data, the
structures of both phthalide variants (a and b) could be
confirmed. Simplified structures as shown in Figure 5 were
used for respective quantum chemical calculations (Table 1).

Mechanism of the Intramolecular Cannizzaro-Type
Transformation. The presence of water has a decisive
influence on the formation of the phthalides because when
stored in aprotic solvents, the dialdehyde derivatives proved to
be stable for a longer period. Experiments with isotope-labeled
H2

18O proved that water is only involved in an intermolecular
manner and confirmed the literature on the Cannizzaro
reaction.37 In good agreement with the experimental results,
density functional theory (DFT) calculations showed that
phthalide (a) is the thermodynamically less favorable product

Figure 5. Quantum chemically determined thermodynamics of the intramolecular Cannizzaro transformation (based on simplified dialdehyde)
(line A); calculated reaction energies using a dihydrate model with hydride migration as transition state (line B) and of the respective
monodeprotonated dihydrate model (line C). ΔG298 in [kcal/mol], DFT-method used: TPSS/TPSS/DEF2TZVP + GD3BJ + PCM (MeCN) and
PCM (H2O) (complete optimization of several conformers (reaction path calculations for transition states) and subsequent frequency calculations
to characterize the stationary points and for the determination of ΔG(298 K)).
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with a free enthalpy ΔG298 of −16.24 kcal/mol in contrast to
−17.87 kcal/mol of phthalide (b) (Figure 5, line A).
Consequently, it is concluded that the reaction is guided
mainly by kinetic causes, considering the higher electrophilicity
and steric accessibility of C-8 in comparison with that of C-9.
The PCM (polarizable continuum model)-acetonitrile solvent
model was employed for these calculations throughout;
however, relative energies obtained using the PCM−water
model for neutral species differ only slightly from the MeCN
values (<1 kcal/mol; see Figure 5). As a starting point for the
reaction mechanism, a dihydrate model can be assumed
undergoing a hydride migration leading to a carboxylic acid/
alcohol intermediate; then, an ester hydrate is formed, which is
finally converted into the lactone observed (Figure 5, line B).
However, a model involving the dialdehyde, one water
molecule, and a hydroxide anion (Figure 5, line C) gives a
substantially lower activation energy due to the negative total
charge. The latter mechanistic model is close to the
experimental reaction conditions and shows the lowest energy
barrier compared to various other investigated models. The
dihydrate model by BOWDEN et al. provided the basis for the
calculations; they also considered hydride transfer via mono-
and dianions30 (see also the Supporting Information).
Derivatization of Phenylspirodrimanes with Argi-

nine. The dialdehyde moiety of phenylspirodrimanes is
known to exhibit a high chemical reactivity toward primary
amines.38 It is therefore plausible that the phenylspirodrimanes

from S. chartarum could be converted to lactams in a manner
reported for SMTPs from S. microspora.20,39 It is especially
interesting to test the reactivity of isolated PSDs toward amino
acids and amines mimicking amino acid structures. This should
allow the generation of peptidomimetics targeting serine
proteases of interest. Since arginine derivatives and other
compounds containing a guanidino group are known to target
the active site of serine proteases causing their inhibition,40,41

derivatization products containing arginine should be prepared
and tested first.

To generate the arginine-derived PSDs, two different
approaches were examined. First, the amino acid L-arginine
at various concentrations (5, 10, 20 mM) was supplemented to
the medium on which S. chartarum was cultivated, and the
formation of the target compounds was confirmed by the
extraction of S. chartarum cultures with subsequent LC-UV-
HRMS analyses. Although the formation of lactams 11−13
was confirmed, the isolation of individual target compounds
was found to be problematic due to their similar chromato-
graphic behavior (coelution of 11−13 was observed; Figure
S1, Supporting Information).

As an alternative to supplementing arginine to the medium,
we attempted to obtain the target compounds via their
semisynthesis. For this purpose, isolated phenylspirodrimanes
reacted with L-arginine in MeCN/water at room temperature
in the dark. These mild conditions were required to prevent
possible lactone remodeling, which is described for dialdehydes

Table 1. Quantum Chemically Calculated (calc., PCM MeCN) and Experimentally (exp., MeCN-d3-Solutions) Determined 1H
and 13C NMR Data of the Two Possible Phthalide Forms as Experimentally Obtained from o-Dialdehyde Derivativesa

aThe calculated δ values (in ppm) are for a simplified model of the phthalides.
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to occur in protic solvents.29 Furthermore, the reaction is
complicated by the possible formation of dimers and
regioisomers. The reaction progress and the successful
formation of the target product were monitored at frequent
intervals by LC-UV-ELSD and LC-UV-HRMS (Figure S2,
Supporting Information). Depending on the phenylspirodri-
mane derivative used, the reaction was shown to proceed with
varying efficiency under different reaction conditions and run
times. With the reaction conditions described in Figure 6, the
best conversion of the reactants to the target compounds was
observed.
Inhibition of Serine Proteases. The isolated PSDs 1−3

and their arginine derivatives 11−13 obtained by semisynthesis
were tested in vitro for the inhibitory activity against selected
serine proteases at a screening dose of 200 μM. The main
focus was placed on factors of the blood coagulation cascade
such as thrombin, FXa, and FXIIa as these enzymes are known
drug targets. Also, tests were performed against another
physiologically relevant serine protease trypsin. Tests were
performed employing fluorogenic substrates, as reported
previously.42 Whereas PSDs 1−3 showed little (thrombin) to
no (FXIIa, FXa, and trypsin) inhibitory activity, their arginine-
derived lactams 11−13 inhibited selected serine proteases
more potently (Figure 7). Lactams 11−13 inhibited the
proteolytic activity of thrombin by 6−18%, FXIIa by 20−22%,
FXa by 28−45%, and trypsin by 33−44% at the applied dose.
Thus, the derivatization with arginine seemed to have a

significant influence on the inhibitory activity of phenyl-
spirodrimanes and even enabled us to achieve minor but
significant selectivity among individual enzymes. The inhib-
itory effects of the phenylspirodrimanes modified with arginine
encouraged us to further diversify the structure of PSDs 1−3
to find even more potent inhibitors of blood coagulation-
related serine proteases via semisynthetic approach.
Microscale Synthesis and Screening. As arginine-

derived PSDs 11−13 showed enzyme inhibitory activity in
screening tests, it is promising to further modify the structures
of PSDs with amino acids and other primary amines to get
lactams capable of addressing different pockets in the active
site of the targeted serine proteases. The production of
lactams, however, is laborious and time-consuming as it
requires fungi cultivation on a large scale to isolate sufficient
amounts of pure PSDs. Moreover, the purification of
semisynthetically obtained final products is also not a trivial
task requiring multiple efforts using individual semipreparative
LC conditions for each derivative. Therefore, we aimed to
develop a method allowing for the fast generation of a library
of PSD derivatives from small quantities of the starting
materials to permit their subsequent screening against serine
proteases.

During the method development, the conventional semi-
synthesis was first simplified and transferred to the 96-well
plate format allowing the parallel synthesis on microscale. The
reactions were performed in lower volumes and higher

Figure 6. Semisynthesis of lactams 11−13 from phenylspirodrimanes 1−3 and 2 equiv of arginine. (a) MeCN/H2O, r.t., 1−3 h; 11, 9%; 12, 14%;
and 13, 13%.

Figure 7. Inhibitory activity of compounds 1−3 and 11−13 toward selected serine proteases. Compounds were tested in triplicate at 200 μM.
Dabigatran (Dabig.), rivaroxaban (Rivar.), and compound “39b” were used as positive controls at 500 nM for thrombin, FXa, and FXIIa,
respectively. * For compounds 1−3, no inhibition toward FXIIa, FXa, and trypsin was observed.
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concentrations in a total volume of 120 μL of MeCN/H2O at
10 mM of PSD 3. For the microscale synthesis, PSD 3 was
selected as a starting material based on its inhibitory activity
and the activity of its arginine derivative 13 (Figure 7). Also,
PSD 3 was produced and isolated in the highest amount
compared to 1 and 2. The reaction time was set to 4 h, as it has
been shown that in a model microscale reaction between 3 and
arginine, the full consumption of 3 was observed after 4 h
(Figure S2, Supporting Information). As we planned to use
nonisolated final products (lactams) directly from the reaction
mixtures for the biological activity screening, it was important
to measure the final product concentration at the end of the
reaction. This should ensure that all of the compounds are
tested at the same final concentration (achieved in the
subsequent dilution step). For this, a robust and sensitive
quantitative method should be developed. The general
workflow of the microscale synthesis and subsequent activity
screening is displayed in Figure 8, exemplary for the reaction of
3 with L-isoleucine.
Reaction Monitoring by LC-MS/MS and LC-UV-HRMS.

For the microscale reaction monitoring, we utilized LC-MS
methods. Nevertheless, selected reaction monitoring with
determination of the reaction conversion rate is not a trivial
task due to several reasons. First, the quantitation based on
external calibration with purified reference standards of the
final products is not possible as these products are not
available. Second, the mass spectrometric response of the

products is different in each reaction given the structural
diversity of the reactants. Therefore, reaction monitoring is
only possible based on the quantitation of the starting material
remaining in a semiquantitative manner. As the starting
material consumption might be related not only to the desired
product formation but also due to side reactions, it is also
important to monitor the formation of the target compound.
Considering the above-mentioned, the following LC-MS/MS
method was developed. The isolated reference standard of 3
(starting material, SM) was used to optimize SRM transitions
for quantitation of the remaining 3 over a linear concentration
range of three decades (0.001−1 μM) (SM). Exemplarily, a
LC-MS/MS chromatogram of compound 3 (0.1 μM) is
presented in Figure S28, Supporting Information. Based on
Mandel’s fitting test and the coefficient of determination (R2 =
0.994), the quantitation of the unreacted 3 was done by linear
calibration. The limit of detection (LOD) for 3 was 0.0002
μM, and the limit of quantification (LOQ) was 0.001 μM. To
detect the formation of the final reaction product (lactam) in
the same measurement, additional precursor ion scans were
integrated into the method. The most abundant fragment ions
of the isolated reference standard of 13 were used, and the
fragmentation parameters were optimized. In addition, the
conversion of the reaction was critically examined qualitatively
by LC-UV-HRMS.

For the microscale semisynthesis, 35 different primary
amines (Table S3, Supporting Information), including various

Figure 8. Workflow of the microscale semisyntheses of lactams in a 96-well plate combined with their screening against thrombin. The microscale
reaction is exemplarily shown for 3 with L-isoleucine.
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amino acids, reacted with 3 in a 96-well plate. After the
reaction completion (4 h), the reaction mixture was taken and
diluted stepwise 1/200 (v/v) for LC-HRMS analysis and 1/
400,000 (v/v) for LC-MS/MS analysis with MeCN/H2O (10/
90, v/v) to determine the reaction conversion. The percent
conversion of 3 to the reaction products is shown in color
intensities in Figure 9. In general, the majority of lactams were
successfully formed, with only a few showing low conversion
under applied conditions. No conversion was observed in
reactions with isopropylamine, 3-chlorophenylglycine, L-Tyr,
taurine, and 4-aminodiphenylamine. Among other amines,
natural amino acids such as Trp, Arg, and His as well as S-
methyl-L-Cys showed close to quantitative conversion into the
corresponding lactams.
Screening for Thrombin Inhibitors. The generated

library of lactams (microscale reaction mixtures) was screened
for thrombin inhibitory activity. Each representative was tested

at the equimolar concentration (200 μM) in a manner
analogous to the assays performed for compounds 1−3 and
11−13. The results of thrombin inhibition are shown in Figure
9 together with the percentage of product (lactams) formation
from dialdehyde 3. It has been found that the formed lactams
to a different extent inhibit the targeted enzyme. Among tested
compounds, eight lactams significantly inhibited thrombin
(30−78%) exceeding the activity of the starting material dial 3.
Other lactams, irrespective of their formation %, showed a
lower ability to affect the proteolytic activity of thrombin. The
difference in lactams’ inhibitory activity was determined by
their structure. Thus, lactams derived from Trp, tyramine,
agmatine, 2,7-diaminofluorene, Cys, 2,4-dimethoxybenzyl-
amine, 4-(aminomethyl)benzoic acid, and L-histidinol were
found to be the most active inhibitors. Some of the formed
lactams demonstrated even lower inhibitory activity than 3.
This was especially pronounced for the inactive lactams

Figure 9. Thrombin inhibition by 36 PSD derivatives obtained by microscale semisynthesis. Tests were performed in triplicate at concentrations of
200 μM of the target compounds, and the average with SD is given. Dabigatran (Dabig., 500 nM) was used as a positive control, and compound 3
treated under reaction conditions without an amine addition was used as a blank sample. In addition, the percent conversion of 3 to reaction
products is shown in color intensities. In reactions marked with a +, the target product was formed; in reactions marked with a ++, the target
product was formed and it is the most abundant product; in reactions marked with a +++, the target product is the only reaction product and no
byproducts were observed; in reactions marked with an x, no product formation was observed. The specific data are given in the Supporting
Information in Table S3.

Figure 10. Semisynthesis of lactams 14−16 from phenylspirodrimanes 1−3 and agmatine. (a) MeCN/H2O, r.t., 1−3 h; 14, 39%; 15, 22%; and 16,
33%.
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derived from Ile and 4-phenylbutylamine (Figure 9).
Interestingly, the highest degree of inhibition (77%) was
observed upon thrombin incubation with the agmatine-derived
lactam. Therefore, agmatine derivative was selected as a lead
compound and suggested for further conventional synthesis.
This should allow us to test this lactam as an individual pure
compound excluding the potential effects of other components
of the reaction mixture. Moreover, this should validate the
feasibility of the used microscale screening approach for the
search for new biologically active compounds.
Semisynthesis and Activity of Agmatine-Derived

Phenylspirodrimanes. As the performed screening revealed
an agmatine derivative of 3 to be the most active, we
conducted semisyntheses of agmatine-based lactams from
isolated PSDs 1−3 (Figure 10).

The resulting reaction products 14−16 were purified and
tested against thrombin and three other serine proteases at 200
μM (Figure 11). Noticeably, lactam 16 synthesized in a normal
scale showed thrombin inhibitory activity (72%) comparable
to those found in the screening (77%). Moreover, lactam 16
was found to be an active inhibitor of other tested serine
proteases including blood coagulation factors Xa and XIIa as
well as trypsin. Although two other synthesized agmatine
derivatives 14 and 15 showed inhibition of the tested serine
proteases, lactam 16 generally was the most active inhibitor.
When considering the structure−activity relationship among
these three PSDs, it is apparent that the presence of two
acetoxy groups (derivative 16) is translated into the more
pronounced serine protease inhibitory activity, especially
toward thrombin. This leads to the assumption that the
acetoxy groups on the drimane backbone influence the binding
of the compounds to the corresponding binding pockets in the
enzymes.

As agmatine-derived lactam 16 showed the ability to inhibit
serine proteases of blood coagulation cascade, it might exhibit
anticoagulant properties. Therefore, lactam 16 was tested for
its anticoagulant activity in two in vitro plasma coagulation
tests, namely, activated partial thromboplastin time (aPTT)
and prothrombin time (PT). These two tests allow us to
distinguish whether the extrinsic (PT) or the intrinsic (aPTT)
blood coagulation pathway is affected by a test compound. As
can be seen from Figure 12, lactam 16 influenced plasma
coagulation affecting both aPTT and PT. Thus, when tested at
600 μM, 16 prolonged the plasma coagulation time by 43 and
92% in aPTT and PT tests, respectively. As the plasma
coagulation time was extended in both tests, it indicates that
compound 16 inhibits blood coagulation factors of both

aforementioned pathways. This is in agreement with its ability
to inhibit thrombin, FXa, and FXIIa (Figure 11). Importantly,
the anticoagulant activity of lactam 16 demonstrates that it is
active not only in vitro on the enzymatic level but also on the
macro level in plasma.
Cytotoxicity. Structurally diverse PSDs demonstrate

various biological activities including inhibition toward the
complement system, Glu-plasminogen modulation, and anti-
viral effects.22,24 Exposure to Stachybotrys, however, is
associated with stachybotryotoxicosis and infections of the
gastrointestinal and respiratory tract.3,4,26,43−45 Among others,
pulmonary hemorrhage is described as the most common one.4

Therefore, it is of high importance to estimate the potential
cytotoxicity of Stachybotrys-derived metabolites. In this study,
isolated PSDs (1−3) and their semisynthetic analogs 11−16
were tested against human liver cancer cells (HepG2) and
adenocarcinomic human alveolar basal epithelial cells (A549).
With both cell lines tested, compounds were incubated in a
concentration range of 0.1−100 μM. The viability of the cells
after 24 h was determined by resazurin reduction assay. In both
cell lines, PSDs (1−3) demonstrated higher cytotoxic effects in
comparison with their semisynthetic analogs (11−16) (Figure
13A,B). Thus, the highest cytotoxicity was observed after
incubation of the A549 cells with 2 and 3 (for both IC50 < 0.1
μM). In contrast, for 11−16, the cellular viability at the highest
tested concentration (100 μM) was >60%. Generally, the A549
cells were found to be more sensitive to all tested compounds
(Figure 13A). Concerning toxicity studies on HepG2 cells, the
starting materials�PSDs 1−3�demonstrated a moderate
toxicity, of which 3 was found to be the most toxic (Figure

Figure 11. Inhibition of serine proteases by compounds 14−16. Compounds were screened at 200 μM in fluorogenic-based assays. Tests were
performed in triplicate; mean values ± SD are shown. Dabigatran, rivaroxaban, and compound “39b” were used as positive controls at 500 nM for
thrombin, FXa, and FXIIa, respectively.

Figure 12. In vitro anticoagulant activity (plasma) of 16 tested at 600
μM compared to that of rivaroxaban (Rivar.) tested at 2 μM. The
activated partial thromboplastin time (aPTT) and prothrombin time
(PT) are shown in seconds. The percentage of aPTT and PT increase
compared to the effect of DMSO is shown. Tests were performed at
least in triplicate, and the average with SD is given. *statistically
significant (p ≤ 0.001).
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13B). The cell viability at a concentration of 100 μM for 1 was
57 ± 11.6% and that for 2 and 3 was 10 ± 6.2 and 6 ± 3.1%,
respectively (Figure 13B). For semisynthetic derivatives (11−
16), only slight cytotoxic effects were observed, with HepG2
cell viabilities not lower than 50%.

The results of the cytotoxicity study in both cell lines
indicated a significant reduction of the cytotoxicity of PSDs by
their derivatization. The dialdehyde functional groups of 1−3
not only offer high reaction potential in chemical terms but
also appear to play a remarkable role in cytotoxicity.
Nevertheless, based on the results, it can be stated that the
less reactive semisynthesis products, for which higher
inhibitory activities on serine proteases were observed,
exhibited significantly lower cytotoxic effects.

■ CONCLUSIONS
In conclusion, in this study, phenylspirodrimanes (PSDs) 1−3
exhibiting a dialdehyde moiety were isolated from S. chartarum
and used as a starting material for the synthesis of their
corresponding isoindolinones. Additional efforts were under-
taken to investigate the water-mediated intramolecular
Cannizzaro-type transformation of 1−3 using theoretical
calculations along with LC-MS and NMR experiments. To
access the library of the PSD derivatives and screen them
against physiologically relevant serine proteases, a microscale
semisynthetic approach was developed. A generated library of
35 lactams was tested for the inhibitory activity toward
thrombin (FIIa), FXIIa, FXa, and trypsin. Among them, the
agmatine-derived lactam 16 showed the highest inhibitory
activity. Subsequently, lead compound 16 was shown to
demonstrate the anticoagulant properties in two plasma
coagulation tests, namely, PT and aPTT. Moreover, it has

been demonstrated that semisynthetic isoindolinones were
significantly less toxic compared to their parental natural PSDs.
Considering the relatively low cytotoxicity of lactams 14−16
and their serine protease inhibitory profile, these compounds
may serve as a starting point for the development of new
anticoagulants.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Full set (1H, 13C,

gHMBC, gHSQC, and gCOSY) of NMR spectra was recorded
on an Agilent DD2 600 MHz spectrometer (Agilent
Technologies, Waldbronn, Germany); chemical shifts (δ) are
reported in ppm relative to tetramethylsilane. Thin-layer
chromatography was performed on Silica gel 60 F254 plates
(Merck, Darmstadt, Germany). Purity measurements of the
isolated and synthesized compounds were performed on an
LC-UV-ELSD with an LC PU-2089 system with UV detection
(MD-2010) (Jasco, Groß-Umstadt, Germany) and evaporative
light scattering detection (ELSD) (Shimadzu, Duisburg,
Germany). A Nucleodur phenyl−hexyl column (250 mm ×
4 mm i.d., particle size 5 μm) equipped with a 4 mm × 3 mm
i.d. phenyl−hexyl guard column (Macherey-Nagel, Düren,
Germany) was used for separation, employing a binary
gradient consisting of MeCN and H2O (both containing
0.1% FA). The wavelength of the UV detector was set to 230
nm. The ELSD was set to a temperature of 50 °C, and 350
KPa of pressurized air was used. Purity results are given in the
description of the compounds.

High-resolution mass spectrometric data for structural
characterization were obtained on an LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific, Dreieich, Germany)
operated in positive mode and a direct sample injection of a 10

Figure 13. Cytotoxicity of compounds 1−3 and 11−16 tested on A549 (A) and HepG2 (B) cells. T-2 toxin (10 μM) was used as a positive, and
DMSO (1%) was used as a negative control. The results represent the sum of three individual experiments, each with three triplicate (n ≥ 9).
*statistically significant p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
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μg/mL solution in MeCN/H2O/FA (50/49.9/0.1, v/v/v) with
a syringe pump (5 μL/min). The heater was turned off, the
capillary temperature was set to 275 °C, and the sheath gas was
set to 5 arbitrary units, with the auxiliary and sweep gases
switched off. The spray voltage, capillary voltage, and tube-lens
voltage were set to 4 kV, 30 V, and 80 V, respectively. The data
were acquired in centroid mode with a resolution of 60,000.
MS/HRMS characterization was achieved using the higher-
energy collision-induced dissociation (HCD) cell of the
orbitrap mass spectrometer by the application of a relatively
normalized collision energy individually optimized for each
analyte, an activation time of 30 ms, and an isolation width set
to 1 m/z. UV maxima were assessed with the LC-UV-HRMS
coupling according to the descriptions in the following
paragraphs.

All chemicals were purchased in analytical grade from
Sigma-Aldrich GmbH (Seelze, Germany), VWR (Darmstadt,
Germany), Fisher Scientific (Schwerte, Germany), Grüssing
GmbH (Filsum, Germany), or Carl Roth (Karlsruhe,
Germany). Purified water was generated using a PURELAB
Flex 2 system (Veolia Water Technologies, Celle, Germany).
Deuterated NMR solvents were obtained from ARMAR
Chemicals (Döttingen, Switzerland).
Fungal Strains and Culture Conditions. Phenylspiro-

drimanes (PSDs) were isolated from the S. chartarum IBT
40288 strain, obtained from the IBT Culture Collection of
Fungi (Technical University of Denmark, Denmark). To
obtain precultures, Erlenmeyer flasks with 125 mL of potato
broth (20 g/L of dextrose, 4 g/L of potato infusion) were
inoculated with approx. 1 cm2 of agar plugs covered with S.
chartarum strain. The flasks were cultivated shaken at 180 rpm
at 23 °C in the dark for 3 days. Potato dextrose agar (PDA, 20
g/L of dextrose, 15 g/L of agar, 4 g/L of potato infusion) was
used for cultivation on a large scale. The agar plates were
inoculated with 0.5 mL of S. chartarum preculture and
cultivated at 23 °C for 3 weeks in the dark. To obtain the
arginine derivatives of the PSDs, standard media (PDA) was
supplemented with a sterile filtered solution of arginine in
various concentrations (5 mM, 10 mM, and 20 mM).
Analysis of the PSDs and their Arginine Derivative

Formation in Fungal Cultures. To examine the production
of PSDs and their arginine derivatives in S. chartarum cultures,
a slightly modified method for microscale extraction developed
by Smedsgaard was used.46 Three plugs (approx. 1.0 cm2)
from three independent agar plates were cut from fungal
colonies. Each agar plug was transferred to 2 mL of Eppendorf
tubes, 1 mL of ethyl acetate (EtOAc) was added, and the
samples were vortexed (VF2 Minishaker, IKA Labortechnik,
Staufen, Germany) for 30 s. Subsequent extraction was carried
out on a laboratory shaker (New Brunswick, Innova 44,
Eppendorf, Wesseling-Berzdorf, Germany) for 30 min at 250
rpm. The supernatant was removed, and extraction was
repeated two times. The supernatants were combined,
transferred into a vial, and evaporated to dryness under a N2
stream at 40 °C. Thereafter, the residue was dissolved in 1 mL
of MeCN/H2O (70/30, v/v) and filtered through a 15 mm
syringe filter containing a 0.2 μm pore size RC membrane
(Phenomenex, Aschaffenburg, Germany). The determination
of PSDs and their arginine derivatives was carried out by LC-
UV-HRMS (see below).
Isolation of PSDs. For isolation of the PSDs (1−3), 100

agar plates inoculated with S. chartarum strain were cultivated
for 3 weeks at 23 °C in the dark. The fungal cultures were

extracted with (2.5 L) of EtOAc on a laboratory shaker (150
rpm). After the medium and mycelium have been removed by
filtration through Miracloth (Merck, Darmstadt, Germany),
they were extracted again with fresh solvent. The obtained
extracts were collected and concentrated in vacuo at 40 °C.
The residue was dissolved in dichloromethane (DCM) and
chromatographically purified on a preparative column using
NP silica gel 60 (0.040−0.063 mm, Merck, Darmstadt,
Germany). For fractionation, a cyclohexane/EtOAc gradient
with ratios (100/0, 90/10, 70/30, 50/50, 30/70, 0/100 (v/v))
was employed. Changes of the solvent mixture and
combination of the obtained fractions containing the PSDs
were made based on thin-layer chromatography (TLC)
analysis. The fractions containing PSDs were further purified
with a semipreparative LC-UV Jasco HPLC PU-2087/2087
system and a UV-2075 detector (Jasco, Groß-Umstadt,
Germany). The separation was performed on a ZORBAX
Eclipse XDB-C18 column (9.4 mm × 250 mm, 5 μm, Agilent,
Waldbronn, Germany) equipped with a C18 guard cartridge (4
mm × 3 mm, Phenomenex, Aschaffenburg, Germany) applying
a binary gradient consisting of water (solvent A) and MeCN
(solvent B) at a consistent flow rate of 5 mL/min and a 40 °C
column oven temperature. The gradient started with 40% A for
1 min followed by linearly increasing the percentage of B to
100% within 16 min and holding for 2 min. For equilibration,
A was increased to 40% again for 2 min (chromatogram is
shown in Figure S3, Supporting Information).
LC-UV-HRMS Analysis. The LC-UV-HRMS analysis of

fractions during isolation progress and monitoring of the
microscale semisyntheses were carried out using a Nexera XR
LC system (Shimadzu, Duisburg, Germany) coupled with an
SPD-M30A diode array detector (Shimadzu, Duisburg,
Germany) and an LTQ Orbitrap XL mass spectrometer
applying heated-electrospray ionization (HESI) (Thermo
Fisher Scientific, Dreieich, Germany) in the positive ionization
mode. Chromatographic separation was performed with a
binary gradient consisting of MeCN and H2O (both
containing 0.1% FA) on a ReproSil Gold C18 column (150
mm × 2 mm, 3 μm, Dr. Maisch, Ammerbuch, Deutschland).
The gradient started with 10% MeCN + 0.1% FA (solvent A)
and 90% H2O + 0.1% FA (solvent B) for 2 min and a flow rate
of 0.3 mL/min and 40 °C column oven temperature. Within
20 min, A was increased linearly to 100%. For the next 5 min,
A was held at 100%. Equilibration was performed for 5 min
with the initial conditions. The source voltage was set to 3.5
kV. Capillary and vaporizer temperatures were set to 350 °C;
the sheath gas flow was set to 40 arbitrary units, the auxiliary
gas flow was set to 20 arbitrary units, and the sweep gas flow
was set to 5 arbitrary units. Full scans were recorded in profile
mode with a resolution of 30,000 in a mass range of m/z 100−
800. Fragmentation experiments of the respective two most
intense ions were performed with higher-energy collisional
dissociation (HCD) with a normalized energy of 35%, an
activation time of 30 ms, and an isolation width set to 1 m/z.
For data acquisition and analysis, the Tune Plus 2.7 and
Xcalibur 3.1 software (Thermo Fisher Scientific, Dreieich,
Germany) were used.
Semisynthesis of PSDs with Amino Acids. Two

equivalents of the amino acid, dissolved in 1 mL of water,
were added to 1 equiv of the corresponding PSD, dissolved in
2.5 mL of MeCN. The mixture was stirred for 3 h at room
temperature under light exclusion and evaporated under
vacuum. For purification of the reaction products, the mixture
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was redissolved in 3 mL of MeCN and applied for
semipreparative LC-UV on a ZORBAX Eclipse XDB-C18
column (9.4 mm × 250 mm, 5 μm, Agilent, Waldbronn,
Germany) equipped with a C18 guard cartridge (4 mm × 3
mm, Phenomenex, Aschaffenburg, Germany) with a MeCN/
H2O gradient applying a binary gradient consisting of water
(solvent A) and MeCN (solvent B) at a consistent flow rate of
5 mL/min and a 40 °C column oven temperature. For
purification of agmatine derivatives, both eluents contained
additionally 0.1% of FA. The gradient programs are shown in
the Supporting Information in Table S2. The fractions
containing the products were combined and evaporated
under vacuum. All semisynthesized compounds were structur-
ally characterized according to the descriptions above.

Stachybotry-arginine (11). Pale yellow powder (4.64 mg,
9%), TLC: 0.26 (DCM/MeOH = 30/70). UV λmax (MeCN/
H2O): 224, 268, 304 nm. 1H NMR (600 MHz, MeOH-d4) δ
0.73 (d, J = 6.6 Hz, 3H, H-9′), 0.88 (s, 3H, H-10′),0.97 (s, 3H,
H-11′), 1.05 (s, 3H, H-12′),1.07 (m, 2H, H-8′), 1.52 (m, 2H,
H-7′), 1.55 (overlapped, 2H, H-4‴), 1.55 (overlapped, 2H, H-
4″), 1.59 (m, 2H, H-3′), 1.88 (m, 1H, H-2′), 2,13 (m, 1H, H-
4a′), 2.15 (m, 2H, H-3″), 2.84 (d, J = 16,7 Hz, 1H, H-1), 3.22
(m, 1H, H-1), 3.24 (m, 2H, H-5‴), 3.33 (m, 1H, H-6″), 4.28
(d, J = 17.2 Hz, 1H, H-9), 4.72 (d, J = 17.2 Hz, 1H, H-9), 4.75
(m, 1H, H-2″), 6.67 (s, 1H, H-5). 13C NMR (150 MHz,
MeOH-d4) δ 16.0 (CH3, C-9′), 16.6 (CH3, C-12′), 22.1 (CH2,
C-4′), 23.0 (CH3, C-10′), 25.3 (CH2, C-8′), 26.1 (CH2, C-7′),
27.2 (CH2, C-4″), 28.8 (CH2, C-3″), 29.0 (CH3, C-11′), 32.3
(CH2, C-3′), 33.0 (CH2, C-1), 38.4 (CH, C-2′), 38.6 (C, C-
5′), 41.3 (CH, C-4a′), 41.9 (CH2, C-5″), 43.5 (C, C-8a′), 45.9
(CH2, C-9), 57.7 (CH, C-2″), 76.3 (CH, C-6′), 99.7 (C, C-
1′), 102.1 (CH, C-5), 114.9 (C, C-7), 118.7 (C, C-3), 135.1
(C, C-6), 155.1 (C, C-4), 157.6 (C, C-2), 158.6 (C, C-6″),
171.7 (C, C-8), 177.4 (C, C-1″). HRMS (10 μg/mL): m/z
543.3166 (calcd for [C29H43N4O6]+ 543.3177, Δm: −1.2
ppm), purity > 99%.

Stachybotryacetate-arginine (12). Pale yellow powder
(2.46 mg, 14%), TLC: 0.33 (DCM/MeOH = 30/70). UV
λmax (MeCN/H2O): 224, 268, 304 nm. 1H NMR (600 MHz,
MeOH-d4) δ 0.77 (d, J = 6.6 Hz, 3H, H-9′), 0.90 (s, 3H, H-
11′), 0.96 (s, 3H, H-10′), 1.08 (s, 3H, H-12′), 1.13 (td, J = 3.8,
3.8, 13.2 Hz, 1H, H-8′), 1.29 (m, 1H, H-7′), 1.56 (overlapped,
2H, H-4‴), 1.56 (overlapped, 1H, H-7″), 1.56 (overlapped,
2H, H-4′), 1.56 (overlapped, 1H, H-3′), 1.63 (m, 1H, H-3′),
1.69 (td, J = 4.1 Hz, 13.5, 13.6, 1H, H-8′), 1.89 (d, J = 6.0 Hz,
1H, H-2′), 1.91 (m, 1H, H-3‴), 2.07 (s, 3H, H-14″), 2.16 (m,
1H, H-4a′), 2.16 (m, 1H, H-3″), 2.88 (d, J = 17.0 Hz, 1H, H-
1), 3.23 (m, 1H, H-1), 3.23 (m, 2H, H-5‴), 4.58 (m, 1H, H-
6″), 4.33 (d, J = 17.0 Hz, 1H, H-9), 4.71 (d, J = 16.9 Hz, 1H,
H-9), 4.79 (dd, J = 5.1, 10.7 Hz, 1H, H-2″), 6.69 (s, 1H, H-5).
13C NMR (150 MHz, MeOH-d4) δ 16.0 (CH3, C-9′), 16.3
(CH3, C-12′), 21.6 (CH3, C-14′), 21.9 (CH2, C-4′), 22.3
(CH3, C-10′), 23.3 (CH2, C-7′), 25.8 (CH2, C-8′), 27.1 (CH2,
C-4″), 28.4 (CH3, C-11′), 28.9 (CH2, C-3″), 32.3 (CH2, C-
3′), 32.8 (CH2, C-1), 37.8 (C, C-5′), 38.1 (CH, C-2′), 41.9
(CH2, C-5″), 42.3 (CH, C-4a′), 43.5 (C, C-8a′), 45.6 (CH2,
C-9), 57.5 (CH, C-2″), 79.4 (CH, C-6′), 99.5 (C, C-1′), 102.3
(CH, C-5), 114.5 (C, C-7), 118.6 (C, C-3), 135.2 (C, C-6),
155.3 (C, C-4), 157.4 (C, C-2), 158.6 (C, C-6″), 171.6 (C, C-
8), 172.8 (C, C-13′), 177.4 (C, C-1″). HRMS (10 μg/mL):
m/z 585.3272 (calcd for [C31H45N4O7]+ 585.3283, Δm: −1.1
ppm), purity > 96%.

Acetoxystachybotryacetate-arginine (13). Pale yellow
powder (1.78 mg, 13%), TLC: 0.54 (DCM/MeOH = 30/
70). UV λmax (MeCN/H2O): 238, 264, 300 nm. 1H NMR
(600 MHz, MeOH-d4) δ 0.80 (d, J = 6.5 Hz, 3H, H-9′), 0.93
(s, 3H, H-11′), 1.06 (s, 3H, H-10′), 1.17 (s, 3H, H-12′), 1.37
(dd, J = 4.4, 12.1 Hz, 1H, H-8′), 1.54 (overlapped, 1H, H-3′),
1.54 (overlapped, 1H, H-4′), 1.58 (m, 2H, H-4‴), 1.60 (m,
1H, H-4″), 1.67 (m, 1H, H-3′), 1.86 (overlapped, 1H, H-8′),
1.86 (overlapped, 1H, H-14′), 1.90 (overlapped, 1H, H-3″),
1.92 (m, 1H, H-2′), 2.13 (s, 3H, H-16′), 2.14 (overlapped, 1H,
H-4a′), 2.14 (s, 2H, H-5‴), 2.16 (overlapped, 1H, H-3‴), 2.94
(d, J = 17.1 Hz, 1H, H-1), 3.24 (d, J = 17.3 Hz, 1H, H-1), 4.36
(d, J = 17.0 Hz, 1H, H-9), 4.74 (d, J = 16.9 Hz, 1H, H-9), 4.80
(dd, J = 5.1, 10.7 Hz, 1H, H-2″), 4.94 (d, J = 2.3 Hz, 1H, H-
6′), 5.23 (ddd, J = 12.8, 4.5, 2.6 Hz, 1H, H-7′), 6.73 (s, 1H, H-
5). 13C NMR (150 MHz, MeOH-d4) δ 15.8 (CH3, C-9′), 17.1
(CH3, C-12′), 20.9 (CH3, C-14′), 21.4 (CH3, C-16′), 21.5
(CH2, C-4′), 21.9 (CH3, C-10′), 27.1 (CH2, C-4″), 28.3
(CH3, C-11′), 28.9 (CH2, C-3″), 31.5 (CH2, C-8′), 32.1
(CH2, C-3′), 33.0 (CH2, C-1), 37.7 (CH, C-2′), 39.1 (C, C-
5′), 41.8 (CH2, C-5″), 41.9 (CH, C-4a′), 44.8 (C, C-8a′), 45.5
(CH2, C-9), 57.4 (CH, C-2″), 69.6 (CH, C-7′), 78.2 (CH, C-
6′), 99.1 (C, C-1′), 102.5 (CH, C-5), 114.5 (C, C-6), 118.3
(C, C-3), 135.4 (C, C-7), 155.3 (C, C-4), 157.1 (C, C-2),
158.6 (C, C-6″), 171.5 (C, C-8), 172.8 (C, C-15′), 177.4 (C,
C-1″). HRMS (10 μg/mL): m/z 643.3338 (calcd for
[C33H47N4O9]+ 643.3329, Δm: −0.9 ppm), purity > 95%.

Stachybotry-agmatine (14). Pale yellow powder (10.6 mg,
39%), TLC: 0.35 (EtOAc/MeOH, 50/50 (v/v) + 1% AA). UV
λmax (MeCN/H2O): 224, 268, 300 nm. 1H NMR (600 MHz,
MeOH-d4) δ 0.73 (d, J = 6.5 Hz, 3H, H-9′), 0.89 (s, 3H, H-
10′), 0.98 (s, 3H, H-11′), 1.05 (s, 3H, H-12′), 1.08 (dt, J = 3.7,
12.9 Hz, 1H, H-8′), 1.56 (m, 1H, H-7′), 1.56 (overlapped, 2H,
H-4′), 1.56 (overlapped, 2H, H-3′), 1.56 (m, 2H, H-3″), 1.76
(m, 2H, H-2‴), 1.84 (m, 1H, H-2″), 1.84 (m, 1H, H-8′), 1.97
(m, 1H, H-7′), 2,11 (dd, J = 3.1, 12.2 Hz, 1H, H-4a′), 2.86 (d,
J = 16,9 Hz, 1H, H-1),3.23 (dd, J = 7.8, 14.8 Hz, 1H, H-1),
3.23 (overlapped, 2H, H-4‴), 3.35 (t, J =2.9 Hz, 1H, H-6″),
3.60 (dt, J = 6.8 Hz, 13.8 Hz, 1H, H-1″), 3.68 (dt, J = 7.0, 13.9
Hz, 1H, H-1″), 4.33 (d, J = 17.2 Hz, 1H, H-9), 4.51 (d, J =
17.2 Hz, 1H, H-9), 6.67 (s, 1H, H-5). 13C NMR (150 MHz,
MeOH-d4) δ 16.0 (CH3, C-9′), 16.5 (CH3, C-12′), 22.1 (CH2,
C-4′), 23.0 (CH3, C-10′), 25.4 (CH2, C-8′), 26.0 (CH2, C-7′),
26.5 (CH, C-2″), 27.0 (CH2, C-3″), 29.0 (CH3, C-11′), 32.3
(CH2, C-3′), 33.0 (CH2, C-1), 38.4 (CH, C-2′), 38.7 (C, C-
5′), 41.4 (CH, C-4a′), 42.0 (CH2, C-4″), 42.8 (C, C-1″), 43.5
(C, C-8a′), 48.4 (CH2, C-9), 76.4 (CH, C-6′), 99.8 (C, C-1′),
102.1 (CH, C-5), 114.1 (C, C-7), 118.9 (C, C-3), 134.9 (C, C-
6), 155.3 (C, C-4), 157.6 (C, C-2), 158.7 (C, C-5″), 171.3 (C,
C-8). HRMS (10 μg/mL): m/z 499.3279 (calcd for
[C28H43N4O4]+ 499.3268, Δm: −1.1 ppm), purity > 98%.

Stachybotryacetate-agmatine (15). Pale yellow powder
(7.2 mg, 22%), TLC: 0.41 (EtOAc/MeOH, 50/50 (v/v) + 1%
AA). UV λmax (MeCN/H2O): 224, 268, 300 nm. 1H NMR
(600 MHz, DMSO-d6) δ 0.68 (s, 3H, H-9′), 0.84 (s, 3H, H-
11′), 0.89 (s, 3H, H-10′), 0.98 (s, 3H, H-12′), 1.04 (m, 1H, H-
8′), 1.52 (overlapped, 1H, H-8′), 1.52 (overlapped, 2H, H-4′),
1.52 (overlapped, 2H, H-3′), 1.52 (overlapped, 2H, H-2″),
1.52 (overlapped, 2H, H-3‴), 1.52 (overlapped, 1H, H-7″),
1.84 (m, J = 6.0 Hz, 1H, H-2′), 1.84 (m, 1H, H-7′), 1.99 (s,
3H, H-14′), 2.02 (dd, J =3.2, 12.1 Hz, 1H, H-4a′), 2.80 (d, J =
17.0 Hz, 1H, H-1), 3.06 (m, 2H, H-4‴), 3.10 (d, J =16.9, 1H,
H-1), 3.47 (qd, J = 6.9, 13.6, 13.7 Hz, 2H, H-1‴), 4.14 (d, J =
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16.7 Hz, 1H, H-9), 4.39 (d, J = 16.9 Hz, 1H, H-9), 4.49 (t, J =
2.9 Hz, 1H, H-6′), 6.57 (s, 1H, H-5). 13C NMR (150 MHz,
DMSO-d6) δ 15.3 (CH3, C-9′), 15.4 (CH3, C-12′), 20.1 (CH2,
C-4′), 20.8 (CH3, C-14′), 21.5 (CH3, C-10′), 21.8 (CH2, C-
7′), 24.2 (CH2, C-8′), 24.8 (CH, C-2″), 25.8 (CH2, C-3″),
27.6 (CH3, C-11′), 30.5 (CH2, C-3′), 31.4 (CH2, C-1), 36.0
(CH, C-2′), 36.2 (C, C-5′), 40.1 (CH2, C-4″), 40.3 (CH, C-
4a′), 41.1 (C, C-1″), 41.6 (C, C-8a′), 46.5 (CH2, C-9), 76.9
(CH, C-6′), 97.5 (C, C-1′), 100.8 (CH, C-5), 111.7 (C, C-7),
116.2 (C, C-3), 134.0 (C, C-6), 153.8 (C, C-4), 155.6 (C, C-
2), 157.0 (C, C-5″), 167.4 (C, C-8), 169.7 (C, C-13′), HRMS
(10 μg/mL): m/z 541.3384 (calcd for [C30H45N4O5]+

541.3375, Δm: −1.0 ppm), purity > 96%.
Acetoxystachybotryacetate-agmatine (16). Pale yellow

powder (5.90 mg, 33%), TLC: 0.40 (EtOAc/MeOH, 50/50
(v/v) + 1% AA). UV λmax (MeCN/H2O): 224, 264, 300 nm.
1H NMR (600 MHz, MeOH-d4) δ 0.78 (d, J = 6.5 Hz, 3H, H-
9′), 0.93 (s, 3H, H-11′), 1.06 (s, 3H, H-10′), 1.16 (s, 3H, H-
12′), 1.40 (dd, J = 4.1, 12.6 Hz, 1H, H-8′), 1.53 (overlapped,
1H, H-4′), 1.52 (overlapped, 1H, H-3′), 1.61 (overlapped, 1H,
H-4′), 1.61 (overlapped, 2H, H-3‴), 1.67 (ddd, J = 2.6, 4.7, 9.0
Hz, 1H, H-3″), 1.75 (m, 2H, H-2‴),1.82 (d, J = 12.3, 1H, H-
8″), 1.86 (s, 3H, H-14′), 1.92 (ddd, J = 4.8, 6.6, 11.6 Hz, 1H,
H-2′), 2.09 (s, 3H, H-16′), 2.12 (dd, J =3.1, 12.2 Hz, 1H, H-
4a′), 2.93 (d, J = 17.0 Hz, 1H, H-1), 3.24 (overlapped, 2H, H-
4‴), 3.24 (overlapped, 1H, H-1), 3.62 (dt, J = 6.9, 6.9, 13.9
Hz, 1H, H-1‴), 3.69 (dt, J = 7.0, 7.0, 14.1 Hz, 1H, H-1″), 4.29
(d, J = 17.0 Hz, 1H, H-9), 4.45 (d, J = 17.0 Hz, 1H, H-9), 4.95
(dd, J = 1.8 Hz, 1H, H-6′), 5.24 (ddd, J = 2.6, 4.6, 12.8 Hz,
1H, H-7′), 6.71 (s, 1H, H-5). 13C NMR (150 MHz, MeOH-
d4) δ 15.8 (CH3, C-9′), 17.2 (CH3, C-12′), 20.9 (CH3, C-14′),
20.9 (CH3, C-16′), 21.5 (CH2, C-4′), 22.0 (CH3, C-10′), 26.5
(CH2, C-2″), 27.0 (CH2, C-3″), 28.3 (CH3, C-11′), 31.5
(CH2, C-8′), 32.1 (CH2, C-3′), 33.0 (CH2, C-1), 37.8 (CH, C-
2′), 39.1 (C, C-5′), 42.0 (CH, C-4a′), 42.0 (CH2, C-4″), 42.9
(C, C-1″), 44.8 (C, C-8a′), 48.5 (CH2, C-9), 69.6 (CH, C-7′),
78.4 (CH, C-6′), 99.3 (C, C-1′), 102.6 (CH, C-5), 113.6 (C,
C-7), 118.5 (C, C-3), 135.2 (C, C-6), 155.7 (C, C-4), 157.2
(C, C-2), 157.2 (C, C-5″), 171.2 (C, C-8), 172.2 (C, C-
13′),172.3 (C, C-15′), HRMS (10 μg/mL): m/z 599.3439
(calcd for [C32H47N4O7]+ 599.3428, Δm: −1.1 ppm), purity >
98%.
Microscale Semisynthesis. To investigate different

isoindolinone derivatives within one screening, the semisyn-
thesis described above was transferred to a 96-well plate
format. In each case, 1.2 μmol of 3 was dissolved in 90 μL of
MeCN and reacted with 2 equiv of the corresponding amines
dissolved in 30 μL of water. The reaction was carried out under
stirring with microstirring magnets for 4 h at RT in the dark.
All reaction solutions and further dilutions were stored at −20
°C prior to analysis and biological testing.
LC-MS/MS Microscale Reaction Monitoring. The

chromatographic separation and subsequent MS/MS analysis
were achieved with a 1260 LC system (Agilent, Waldbronn,
Germany), coupled to a QTRAP 5500 mass spectrometer
equipped with a Turbo V Ion Source (SCIEX, Darmstadt,
Germany). Data acquisition and subsequent data analysis were
performed with Analyst 1.6.2. software (SCIEX, Darmstadt,
Germany). The gradient started with 10% MeCN + 0.1% FA
(solvent A) and 95% H2O + 0.1% FA (solvent B) for 0.5 min
and a flow rate of 0.35 mL/min at a 40 °C column oven
temperature. Within 6 min, A was increased linearly to 97.5%.
For the next 2 min, A was held at 97.5%. Equilibration was

performed for 2 min. The source voltage was set to 4.5 kV. The
source temperature was set to 500 °C; the curtain gas flow was
set to 35 psi, the nebulizer gas was set to 35 psi, and the heater
gas was set to 45 psi. Declustering potential (DP) and collision
energy voltage (CE) were optimized along with the analyte-
specific transitions and measurement modi and are given in
Table 2. All LC-MS/MS experiments were performed in unit
resolution.

The microscale reaction solutions were diluted 1/4000 to
quantitate the unreacted 3 by SRM experiments and external
calibration. For qualitative detection of the formation of the
target compounds, precursor ion scans were implemented to
the LC-MS/MS method based on the known fragmentation
pattern of 3 and 13. For linear regression, 13 calibration
solutions in a concentration range of 0.001−1 μM of a neat
standard solution of 3 (10 mg/mL MeCN) were prepared.
Quantitation refers to multiple injections of the calibration
solutions before and after sample measurement. For further
characterization of other side products, all reactions were
additionally analyzed by LC-UV-HRMS.
DFT Calculations. The structure of 10 as derived from 13C

NMR measurements (Table 1) and the hydride transfer
reaction (Figure 5) was also studied by quantum chemical
DFT calculations (Table 1) using the TPSS functional, the
def2tzvp basis set, and the Grimme dispersion correction
GD3BJ, employing the GAUSSIAN G16 package of programs
for the gas phase and for the PCM (polarizable continuum
model) solvent spheres of water and of MeCN. The results
obtained are given in Figure 5. All energies reported refer to
ΔG(298 K) [kcal/mol].31−36

Serine Protease Inhibition Assay. The inhibitory activity
of isolated and semisynthesized compounds toward the
coagulation factor XIIa, thrombin, FXa, and trypsin was
measured by quantifying the hydrolysis rate of the fluorogenic
substrates, as reported previously.42,47 Briefly, the activity was
tested in buffer (10 mM tris−Cl, 150 mM NaCl, 10 mM
MgCl2·6H2O, 1 mM CaCl2·2H2O, 0.1% w/v BSA, 0.01% v/v
Triton-X100, pH = 7.4) utilizing clear flat-bottom, black poly-
styrene 96-well plates. The enzymes (human β-FXIIa,
HFXIIAB, >95% purity; Molecular Innovations, 2.5 nM�
final concentration; human α-thrombin (active) protein,
ABIN2127880, >95% purity; antibodies-online, 0.25 nM�
final concentration; human factor Xa, HFXA, >95% purity;
Molecular Innovations, 2.5 nM�final concentration; porcine
trypsin; Merck, 3.5 nM�final concentration) and the
fluorogenic substrates for FXIIa: Boc−Gln−Gly−Arg−AMC
(Pepta Nova, 25 μM�final concentration, Km = 167 μM); for

Table 2. MS/MS Parameters for the Monitoring of the
Microscale Semisyntheses in the Screeninga

experiment
DP
[V] m/z Q1

m/z
Q3

CE
[V]

Dwell time
[ms]

SRM (QN) 60 487.4 179.0 35 50
SRM (QL1) 60 487.4 119.0 33 50
SRM (QL2) 60 487.4 187.1 27 50
PIS 1 60 350.0−720.0 396.0 60 160
PIS 2 60 400.0−720.0 438.0 45 160
PIS 3 60 350.0−720.0 384.0 60 185

aDP, declustering potential; Q, quadrupole; CE, collision energy;
SRM, selected reaction monitoring; QL, qualifier; QN, quantifier;
PIS, precursor ion scans.
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thrombin: Boc−Val−Pro−Arg−AMC (Pepta Nova, 25 μM�
final concentration, Km = 18 μM); for FXa: Boc−Ile−Glu−
Gly−Arg−AMC (Pepta Nova, 25 μM�final concentration);
and for trypsin: Z−Gly−Gly−Arg−AMC (Sigma-Aldrich, 25
μM�final concentration) were used. Dabigatran (Dabig.),
rivaroxaban (Rivar.), and compound “39b”47 were used as
positive controls at 500 nM for thrombin, FXa, and FXIIa,
respectively. The fluorogenic substrate solution was added into
the wells followed by the addition of test compound solution,
and the reaction was triggered by the addition of the enzyme
solution (final testing volume�150 μL). In the case of blank
(substrate + buffer) and control (substrate + enzyme) wells,
DMSO was added instead of the test compounds’ solution.
The fluorescence intensity was measured with a Microplate
Reader Mithras LB 940 (Berthold Technologies, excitation at
355 nm, emission at 460 nm) for a period of 1 h with a read
every minute. The reactions were performed at 25 °C. To
derive IC50 values, endpoint RFU (single fluorescence reading
after 1 h) was used.42,47

Microscale Reaction Product Screening in Thrombin
Inhibition Assay. After the reaction conversion was
determined by LC-MS/MS (vide supra), frozen samples of
the microscale parallel synthesis were defrosted at room
temperature and the remaining solvent was removed under the
N2 stream. Each sample was then diluted with the calculated
amount of DMSO to set the reaction product concentration to
10 mmol/L. The resulting equimolar samples (36 formed
lactams) were screened at 200 μM in thrombin inhibition assay
using the fluorogenic substrate. The results of these measure-
ments (triplicate) were expressed as the % of inhibition at 200
μM for each sample.
In Vitro Plasma Coagulation Assays (aPTT and PT). All

measurements were performed using citrated (3.8%) human
pooled plasma (Dunn Labortechnik GmbH, Germany) on a
semiautomated coagulometer (Thrombotimer-2, Behnk Elek-
tronik, Germany) according to the manufacturer’s instructions,
as previously reported.42,47 For aPTT measurement, plasma
(100 μL) was placed into the incubation cuvettes of the
instrument and incubated for 2 min at 37 °C. Then, the test
compound solution (10 μL) or solvent (DMSO, 10 μL) was
added with a pipette. After 1 min of incubation, 100 μL of
prewarmed (37 °C) aPTT reagent (Convergent Technologies,
Germany) was added and incubated for an additional 2 min.
The cuvettes were transferred to a measuring position, the
coagulation was initiated by the addition of 100 μL of CaCl2
solution (25 mM, prewarmed at 37 °C, Convergent
Technologies, Germany), and the clotting time was recorded.
For PT assays, plasma (100 μL) was incubated for 2 min at 37
°C. Then, the test compound solution (10 μL) or solvent
(DMSO, 10 μL) was added with a pipette. After 3 min of
incubation, the cuvettes were transferred to a measuring
position, the coagulation was initiated by the addition of 100
μL of PT assay reagent already containing CaCl2 (prewarmed
at 37 °C, Convergent Technologies, Germany), and the
clotting time was recorded.42,47

Cytotoxicity Studies. The cytotoxic effects of the isolated
and semisynthesized compounds were evaluated with the
resazurin assay, performed analogous to previous studies.48−50

Human liver carcinoma cells (HepG2, HB-8065) and lung
adenocarcinoma cells (A549, CCL-185) were cultivated in
accordance with the descriptions of Kalinina et al.51 The cells
were seeded with 25,000 cells/well (HepG2) and 10,000 cells/
well (A549) in 96-well plates and incubated for 24 h. After

replacing the medium with a serum-free medium, the cells
were incubated for an additional 24 h. The PSDs (1−3, 11−
16) were applied in a concentration range of 0.1−100 μM. All
compounds were dissolved in DMSO. The compounds were
incubated for 24 h. After the standard resazurin solution, 10 μL
was added to the cells and incubated for 2 h at 37 °C. The
reduction of resazurin to resorufin was analyzed by screening
the fluorescence at λ = 590 nm with a microplate reader
(Infinite M200PRO, Tecan, Ma ̈nnendorf, Switzerland).
Cytotoxicity assays were performed with three triplicate from
three independent passages (n ≥ 9) for HepG2 cells and with
three triplicate from four independent passages (n ≥ 12) for
A549 cells. After subtraction of cell-free blank values, cellular
viability was calculated as test over control (T/C). The data
are shown as the mean ± standard deviation (SD). T-2 toxin,
which was previously isolated in our group, served as the
positive control in a concentration of 10 μM.52 By analysis of
variance (one-way ANOVA) and the Tukey post hoc test (*p
≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001), the concentration-
dependent effects were analyzed. By log-linear regression, the
half-maximal inhibitory concentration (IC50) levels were
calculated. The indicated significance represents the signifi-
cance level relative to the solvent-treated control group (1%
DMSO) calculated with the OriginPro 2016G (64-bit) Sr2
b9.3.2.303 (SF8T5-3089-7901139) (OriginLab Corporation,
Northampton, MA).
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