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Abstract: The most potent of the indole diterpenes, lolitrem B, is found in perennial ryegrass
(Lolium perenne L.) infected with the endophyte Epichloé festucae var. lolii (also termed LpTG-1).
Ingestion causes a neurological syndrome in grazing livestock called ryegrass staggers disease.
To enable the rapid development of new forage varieties, the toxicity of lolitrem B and its biosynthetic
intermediates needs to be established. However, most of these indole diterpenes are not commercially
available; thus, isolation of these compounds is paramount. A concentrated endophyte-infected
perennial ryegrass seed extract was subjected to silica flash chromatography followed by preparative
HPLC and purification by crystallization resulting in lolitrem B and the intermediate compounds
lolitrem E, paspaline and terpendole B. The four-step isolation and purification method resulted in a
25% yield of lolitrem B. After isolation, lolitrem B readily degraded to its biosynthetic intermediate,
lolitriol. We also found that lolitrem B can readily degrade depending on the solvent and storage
conditions. The facile method which takes into consideration the associated instability of lolitrem B,
led to the purification of indole diterpenes in quantities sufficient for use as analytical standards for
identification in pastures, and/or for toxicity testing in pasture development programs.

Keywords: mycotoxins; terpendole; lolitrem; neurotoxin; alkaloid; endophyte

Key Contribution: A major limitation in the pasture development program is the significant
difficulties in determining the presence or absence of the indole diterpenoid family of neurotoxins
in endophyte-infected grass. Thus, we developed a method for the concurrent purification of four
currently commercially unavailable compounds in a stable and pure form. The amounts isolated
were sufficient for use as reference standards for quantitative analysis and as well as substances for
in vitro and small animal in vivo studies.

1. Introduction

Perennial ryegrass (Lolium perenne L.), is used for forage in temperate regions throughout the
world including Northern Europe, the Pacific North West of USA, Japan, South-Eastern Australia and
New Zealand [1-5]. It is the most utilized pasture grass on dairy farms in Australia and has a high
economic importance [6]. Perennial ryegrass is commonly infected with the fungus Epichloé festucae
var. lolii (also termed LpTG-1) that provides the grass with both abiotic and biotic stress tolerances.
Since the 1980s it has been known that this association leads to the production of the indole diterpene
lolitrem B that causes ryegrass staggers disease [7]. Lolitrem B was found to be the most abundant
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and potent of the indole diterpenes produced by LpTG-1 in symbiotic association with perennial
ryegrass [8,9]. For forage grass improvement programs, the selection of novel endophytes that produce
indole diterpenes that are safe for animals while maintaining the agronomic benefits of having an
endophyte, such as insect resistance, is essential.

Targeted screening assays for toxic indole diterpene alkaloids and bioprotective compounds are
required to enable better selection of novel endophytes. However, it is a challenge to study these
compounds effectively as they are very difficult to isolate and there have been limited studies on the
synthesis of the indole diterpenes [10]. Many of the lolitrems and their derivatives have been isolated
and the structures elucidated [9,11-19]; however, the biological activity remains unknown for many of
them. Also, several intermediate compounds along the indole diterpene pathway are not commercially
available and the lolitrems in particular show little or no expression in culture but are highly expressed
in planta. Thus, isolation from perennial ryegrass has been the key source of these compounds [20,21].
The availability of these compounds is essential to undertake further mechanistic studies on their
toxicity and mode of action.

The first isolation of lolitrem B was carried out by Gallagher et al., which led to the purification of
small quantities of lolitrem B using bioactivity-guided isolation and purification steps over several
months [7,17] yielding 15% recovery of lolitrem B. Since the concentration of these alkaloids are
generally higher in ryegrass seeds than the ryegrass plant itself [17,22], Miles et al. were able to
carry out large scale purification of ryegrass seeds resulting in a 34% yield of lolitrem B using several
complex partition and chromatographic steps over a few weeks [17]. Grancher et al. also carried
out large scale isolation and purification using a novel counter current chromatography method and
multiple steps, resulting in a 32% yield of lolitrem B [23].

In this study, a rapid purification approach was developed to isolate a series of indole diterpenes
from a crude hexane extract as required. A crude extract was the preferred starting material of
the indole diterpenes, as compounds in natural product extracts are known to increase long-term
compound stability [24]. Lolitrem B has been reported to be unstable in acidic conditions [15],
but the long-term stability of lolitrem B and its intermediate compounds were not known. Here,
we were able to develop an isolation scheme that led to the purification of lolitrem B, lolitrem E [17],
paspaline [25] and terpendole B [26] in a short period of time. Compound identity was confirmed
by mass spectrometry and NMR spectroscopy in comparison with database or published literature.
In this study, it was found that lolitrem B readily degraded to the compound lolitriol [16], which was
previously reported to be a biosynthetic intermediate of lolitrem B in the indole diterpene pathway [27].
We also found that lolitrem B can readily degrade depending on the solvent and storage conditions.
The isolation scheme developed in this study could easily be repeated to obtain greater quantities of
compounds and at the same time could be adapted for the isolation of other indole diterpenes.

2. Results

A preliminary study was carried out using a combination of solvents for extraction (hexane,
acetone and methanol (MeOH)) to determine the optimum solvent system that can be used for the
selective extraction of the lipophilic alkaloids, lolitrem B and its biosynthetic intermediate compounds
(lolitrem E, lolitriol, paspaline and terpendole B). The extracts were qualitatively analyzed by liquid
chromatography-mass spectrometry (LCMS) in triplicate. Since the more polar alkaloids such as
peramine and ergovaline are also present in perennial ryegrass-endophyte associations [28], these
compounds were included in the preliminary assessment of the LCMS profiles to determine the
selectivity of the solvent(s) for the lipophilic alkaloids. The exact mass of the molecular ion of lolitrem
B, lolitrem E, paspaline, peramine and ergovaline (Table 1) was used to assess the presence of the
metabolites from the total ion chromatograms (TIC) of the extracts using extracted ion technique.
The peak area of the target metabolites in the extracted ion chromatogram (EIC) was integrated and
the responses were compared (Figure 1). In the sequential extraction with acetone-MeOH (solvent
system A), all target metabolites were extracted in both acetone and MeOH at varying proportions.
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The sequential extraction with hexane-acetone-MeOH (solvent system B) indicated the extractability of
most of lolitrem B, lolitrem E and paspaline in hexane and acetone, but acetone was also able to extract
ergovaline and peramine. The sequential extraction with hexane-MeOH (solvent system C) showed
that the bulk of lolitrem B and paspaline were extracted in hexane [17] and lolitrem E was extracted
in both hexane and MeOH. Peramine and ergovaline were selectively extracted in MeOH and thus,
solvent system C would be the best choice to carry out the large-scale extraction, whereby the bulk of
lolitrem B and its intermediates would be in the hexane extract, and the other alkaloids (if of interest)
could be extracted subsequently with MeOH.

Table 1. The exact mass [M+H]* and retention time (RT) of alkaloids used to assess the presence of
target compounds in extracts and the quantity of alkaloids isolated and purified per kg of seed.

Molecular Exact Mass, . Quantity Purified

Compound Formula [M+H]* RT, min (mg/k;y of Seed)

lolitrem B C42H55NO7 686.4055 11.1 1.5

lolitrem E CyHs57NO; 688.4213 11.3 0.2

paspaline CpgH39NO, 422.3059 12.0 0.5
terpendole B Cy7H35NO03 422.2690 12.2 0.2
ergovaline 1 Cy9H35N505 534.2709 55 -
peramine 1 C1pH17N50 248.1506 35 -

! These alkaloids were not isolated and purified in this study.
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Figure 1. Sum of peak areas from the extracted ion chromatogram of each compound showing the
distribution of compounds in the three solvent systems. An ion extraction window of £0.02 m/z
was used.

The large-scale extraction was carried out using a sample-to-solvent ratio of 1:10 (w/v); i.e., 50 kg
of seeds with 2 x 500 L of hexane. The preliminary study showed that a second extraction of hexane
was necessary as it contributed to 30% of the total lolitrem B. The concentrated crude hexane extract
was subjected to fractionation steps (Figure 2) to obtain lolitrem B and its intermediate compounds.
The use of the Reveleris flash chromatography system allowed efficient use of solvent and time for the
initial chromatographic separation of the crude extract. This step could be repeated several times to
obtain enriched fractions for the purification of targeted indole diterpenes.
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Figure 2. Isolation scheme of paspaline, terpendole B, lolitrem B and lolitrem E from LpTG-1 infected
perennial ryegrass seed hexane extract. The solvents DCM and EtOAc refer to dichloromethane and
ethyl acetate respectively.

2.1. Lolitrem B and Lolitrem E

Lolitrem B fraction was obtained by preparative High performance liquid chromatography
(HPLC) separation of Fraction B from the flash chromatography fractionation (Figure 2) and LCMS
and 'H NMR spectroscopic analysis (in deuterated chloroform) confirmed the presence of lolitrem
B in this fraction (Fr B43-B45), which was allowed to crystallize out of solution to obtain 98% purity
by 'H NMR spectroscopy and mass spectrometry (Figures S1 and S2). The three-step isolation and
purification method resulted in a 25% yield of lolitrem B (1.5 mg/kg of seed) from endophyte-infected
perennial ryegrass seed containing 6 mg/kg lolitrem B.

Repeated fractionation by flash chromatography and preparative HPLC to obtain greater amounts
of lolitrem B was carried out and 'H NMR analysis indicated the stability of lolitrem B up to this
isolation step. Lolitrem B (1) was purified from the preparative HPLC fraction by crystallization and
after analysis by 'H NMR spectroscopy, it was found that lolitrem B in its pure form spontaneously
degraded while in deuterated chloroform solvent. This was interesting new information because the
degree of instability of lolitrem B had not been reported before. Consequently, 'H NMR analysis was
carried out using deuterated chloroform that was passed through potassium carbonate to neutralize
the acid. Lolitrem B was isolated numerous times using the scheme outlined in Figure 2 and 'H NMR
spectra were acquired for all fractions. The chemical shift data of the isolated lolitrem B (1) was found
to be in agreement with what had been reported in the literature [15] (Table S1). Consequently, to
minimize the risk of degradation of lolitrem B from exposure to acid present in deuterated chloroform,
further NMR spectral analysis was carried out using benzene-dg as solvent (Figure S3).

Lolitrem E (2) was obtained from the fraction eluting after lolitrem B by preparative HPLC and
was also purified by crystallization [17]. 'H NMR spectroscopy and mass spectrometry (Figures S4
and S5) of the isolated lolitrem E (2) indicated 95% purity. The method resulted in 0.2 mg lolitrem
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E/kg endophyte-infected perennial ryegrass seed. Lolitrem E (2) structurally differs from lolitrem B (1)
from ring I of the latter wherein the ring had opened at the C-42 position (Figure 3). Lolitrem E has
been isolated previously from endophyte-infected perennial ryegrass [17].

lolitrem E (2)

A\

N OH

terpendole B (4)

lolitriol (5)

Figure 3. Chemical structures of indole terpene compounds isolated from LpTG-1 infected perennial
ryegrass seed and breakdown product of lolitrem B (lolitriol).

2.2. Paspaline and Terpendole B

The fraction containing paspaline and terpendole B from flash chromatography (Fraction A) was
subjected to preparative HPLC that separated paspaline [25] from its analogue, terpendole B (Figure 2).
LCMS analysis indicated that the paspaline fraction (Fr A22-A30) contained other components and
crystallization resulted in the impurities precipitating out, leaving the supernatant relatively pure with
paspaline. 'H NMR spectroscopy and mass spectrometry (Figures S6 and S7) of the isolated paspaline
(3) indicated 98% purity. The 1H and 3C NMR data are summarized in Table S2 and are in agreement
with what had been reported in the literature [25,29].

The preparative HPLC fraction Fr A31-A34 was further subjected to semi-preparative HPLC that
yielded terpendole B (4), which was confirmed by 1H and 3C NMR analysis (Table S2). 'H NMR
spectroscopy and mass spectrometry (Figures S8 and S9) of terpendole B (4) indicated 95% purity.
Terpendole B was previously isolated by Huang et al [26]. The isolation method resulted in 0.5 mg
and 0.2 mg of paspaline (3) and terpendole B (4) (Figure 3) respectively, per kg of endophyte-infected
perennial ryegrass seed.

2.3. Lolitrem B Degradation

Lolitrem B rapidly converted to lolitriol (5) upon dissolution of lolitrem B in DMSO with sonication.
LCMS and NMR spectral analysis (Figures S10 and S11) confirmed the conversion of lolitrem B
to lolitriol. Lolitriol has been previously reported with NMR data in 2:1 deuterated chloroform:
DMSO [15]. In the present study, NMR spectral data of lolitriol was obtained in deuterated chloroform,
as summarized in Table S1.
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Lolitrem B in deuterated chloroform was found to spontaneously degrade. NMR spectral analysis
confirmed the changes in the chemical structure of what lolitrem B should have been. Since deuterated
chloroform can become acidic over time, it is possible that the presence of acid caused the degradation.

3. Discussion

The procedure described here resulted in the concurrent isolation of lolitrem B (1), lolitrem
E (2), paspaline (3) and terpendole B (4). The endophyte-infected perennial ryegrass seeds extracted
contained 6 mg lolitrem B/kg seed and yielded 1.5 mg/kg of lolitrem B (25% yield). The reported
quantities of lolitrem B in ryegrass seed can vary significantly [30]. Thus, extraction and isolation
methods described in this study can be applied to seeds containing higher levels of lolitrem B
(11-13 mg/kg) and its biosynthetic intermediates, to allow greater yields to be isolated. Although
methods described by Miles et al. [17] and Grancher et al. [23] have been shown to achieve better
yields (32-34% yield), both methods used ryegrass seeds with high lolitrem B content (11-13 mg/kg)
and a significant number of complex isolation steps and procedures for the targeted purification of
lolitrem B only [17,23].

The simplified method described herein also allowed the stability of the major neurotoxin lolitrem
B to be investigated. In deuterated chloroform lolitrem B was found to easily degrade, most probably
due to the acidic condition of the solvent. Chloroform in the presence of O, and light turns into
phosgene (COCl,) and HCI [31]. Typically, alkaloids containing secondary amines have been reported
to react with phosgene, incorporating a carbonyl group (C=0) to the molecule [31]. NMR spectral
analysis indicated the presence of an additional carbonyl carbon signal in lolitrem B that had degraded
in deuterated chloroform and the reaction of lolitrem B with phosgene would probably explain the
formation of the breakdown product. Previous reports propose that acid catalyzed hydrolysis of 85%
pure lolitrem B results in complete conversion to lolitriol (5) [16]. In the present study, it was found
that 98% pure lolitrem B could rapidly convert to lolitriol (5) upon dissolution of lolitrem B in DMSO
with sonication. LCMS and NMR analysis revealed complete conversion of lolitrem B to lolitriol.

Lolitriol (5) was reported as a naturally occurring constituent of endophyte-infected ryegrass [16]
and LCMS analysis of the hexane extract of ryegrass seed used in this study confirmed its presence in
the extract. Given that lolitrem B can easily degrade while in solution, it is also possible that lolitriol
could be an artefact and not an intermediate in the biosynthetic pathway [20], depending on the
process used for the extraction and isolation of lolitrem B. The observations in this study thus brings in
doubt whether lolitriol is naturally occurring or a breakdown product of lolitrem B as a result of the
extraction and isolation procedure. However, there is a brief mention of lolitriol being reported to be
produced in very low levels from cultures of the fungus LpTG-1 [16]. Further observations during our
study confirmed the instability of lolitrem B whereby it degraded while stored in acetonitrile at 4 °C
after 4 weeks and this was verified by LCMS analysis. However, lolitrem B was stable when stored in
80% methanol at —20 °C for over 24 months.

Paspaline (3) a key intermediate in the biosynthesis of lolitrem B, is likely to be the first stable
indole diterpene intermediate and core molecule that is enzymatically altered for the generation of the
indole diterpene chemical diversity in various species [21]. Paspaline is not commercially available,
although its total synthesis was recently published [10]. It has also been purified and crystallized from
other species such as Penicillium paxilli and Claviceps paspali [25,29]. Terpendole B (4) is structurally
similar to paspaline (Figure 3) and has been purified from Albophoma yamanshiensis; however its
biological activity has never been reported in mammals.

The amounts and purity of the compounds isolated are sufficient for in vitro and small mouse
in vivo studies, as well as LCMS analytical standards. Also, the proposed isolation method is time
efficient, as only a maximum of four steps are required for the purification of one compound along the
indole diterpene pathway. The method will also allow purification of other intermediates within the
indole diterpene pathway that are not commercially available.
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4. Materials and Methods

4.1. Materials

Perennial ryegrass seed of cultivar Victorian Perennial was obtained from Heritage Seeds,
Dandenong South, Victoria, Australia. The 50 kg of seed used for the large-scale extraction was
ground in a clean mill facility at Propharma Australia, Dandenong South, Victoria, Australia using a
multi swing hammer mill and a 180 uM sieve.

4.2. Preliminary Extraction

Sequential extraction using three different solvent systems were tested: (A) acetone-methanol;
(B) hexane-acetone-methanol; and (C) hexane-methanol. Fifty grams of ground seeds were each
weighed into three separate 1 L flasks with stir bars and 500 mL of the first solvent was added.
The headspace of the flasks was flushed with nitrogen gas and then stirred on a magnetic stirrer—hot
plate at room temperature for 5 h. The first extracts were each carefully transferred into separate
clean flasks and a second volume (500 mL) of the same solvent was added into the flasks with the
seed residue and a second extraction with same solvent was repeated for 16 h with stirring at room
temperature. The second extracts were combined with their respective first extracts and concentrated
to dryness in a rotary evaporator. The sample procedure (extraction volumes and times as well as
pooling procedure) was applied/repeated with the second extraction solvent. A similar process was
used for solvent system B with methanol as the third solvent. The dried hexane and acetone extracts
were reconstituted in 1 mL of methanol-dichloromethane (1:1) and the dried methanol extracts were
resuspended in 1 mL of methanol. A 10 uL aliquot of each sample was diluted 100-fold with methanol
and transferred into a vial for LCMS analysis.

4.3. Large Scale Extraction

Fifty kg of ground seed (containing 6 mg lolitrem B/kg seed) was extracted with 500 L of hexanes
(1:10 sample-solvent ratio) with stirring for 5 hours in a 630 L jacketed reactor housed at a commercial
custom chemical synthesis facility (Boron Molecular, Noble Park, Victoria, Australia). The first hexane
extract was collected (Hexane 1) and a second extraction of the sample residue was carried out with
another 500 L of hexanes for 18 hours with stirring. The second hexane extract was collected (Hexane 2),
combined with Hexane 1 and concentrated to approximately 30 L by solvent distillation and further
reduced to approximately 700 mL using a large-scale rotary evaporator.

4.4. Silica Flash Chromatography

A slurry of crude hexane extract (10-15 mL), which is equivalent to 1 kg of seed, was mixed with
30 mL of hexane-dichloromethane (2:1) and injected directly into a dry 330 g Reveleris HP 20 um
Silica Cartridge (Grace Discovery Sciences, Epping, Victoria, Australia) which was then fitted to a
Reveleris®Flash Chromatography System X2 (Grace Discovery Sciences, Epping, Victoria, Australia)
with UV /VIS Detector and evaporative light scattering detector (ELSD). The UV /Vis detector was set
to 254 nm, 268 nm and 320 nm wavelengths. Normal phase chromatographic separation was performed
by gradient elution using four solvents with a total run time of 60 min. Solvents used were petroleum
spirits, 40-60 °C (Ajax Finechem, Analytical Reagent grade) as Solvent A; dichloromethane (DCM)
(Burdick & Jackson, HPLC grade) as Solvent B; ethyl acetate (EtOAc) (Ajax Finechem, Analytical
Reagent grade) as Solvent C; and methanol (MeOH) (LiChrosolv, HPLC grade) as Solvent D. The three
gradient elution steps were as follows:

Gradient 1 (A:B): At a flow rate of 50 mL/min slowly increased over 13 min to 115 mL/min at 3%
B, followed by a linear gradient from 3% to 100% B for 12 min and 100% B for 5 min. Gradient 2 (B:C):
0% C to 100% C for 13 min then 100% C for 2 min. Gradient 3 (C:D): 0% D to 100% D for 13 min then
100% D for 2 min. The fractions were analyzed by LCMS and the target compounds were found to be
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in the 3040 min region of the chromatogram (30-70% DCM-EtOAc). Fraction A (36-37 min) contained
paspaline and terpendole B and fraction B (38—40 min) contained lolitrem B and lolitrem E.

4.5. Preparative HPLC System

A Dionex Ultimate 3000 solvent delivery system (Dionex, Sunnyvale, CA, USA) was used
equipped with a binary pump, photodiode array detector (PDA 3000), attached to a Rheodyne Model
7725 injector with a 1 mL injector loop and operated using Chromeleon version 6.8 software (Dionex,
Sunnyvale, CA, USA). The mobile phases used were DCM (Burdick & Jackson, HPLC grade) as mobile
phase A and acetonitrile (LiChrosolv, HPLC grade) as mobile phase B at a flow rate of 12 mL/min,
using a Phenomenex Luna 10 pm Silica (2) 1004, 250 x 21 mm column [11,17,18].

4.6. Lolitrem B (1) and Lolitrem E (2)

Fraction B, that contained lolitrem B and lolitrem E, was evaporated to dryness and resuspended
in 1 mL of 50:50 DCM/ACN and subsequently subjected to preparative HPLC as shown in Figure 2.
Initial conditions were 5% B (95% A) for 10 min then a linear gradient to 8% B over a period of
30 min and to 10% B over a period of 20 min. The fractions generated were analyzed using LCMS
and it was found that lolitrem B eluted at a retention time of 36 min and lolitrem E eluted at 40
min [17]. The preparative HPLC fractions that contained lolitrem B (Fr B43-B45) and lolitrem E (Fr
B46-B50) were each concentrated in separate 4 mL vials using a stream of Nj gas and were dissolved
in minimal quantities of dichloromethane followed by an equal volume of acetonitrile. A perforated
cap was placed on the vials, placed in a 4 °C fridge to allow crystallization. White crystals of lolitrem
B (1) and lolitrem E (2) each formed after 2 days and the crystals were collected and washed with
cold acetonitrile.

4.7. Paspaline (3)

Fraction A from the flash chromatography was subjected to preparative HPLC (Figure 2). Initial
conditions were 8% B (92% A) for 5 min then a linear gradient to 10% B over a period of 10 min and
held for 30 min, followed by a 20% B over at 30.1 min for a period of 5 min. The fractions were analyzed
by LCMS and it was found that paspaline eluted at a retention time of 34 min and terpendole B eluted
at 36 min. The fractions that contained paspaline (Fr A22-A30) were concentrated to dryness using
a stream of Ny gas and transferred to a 4 mL vial using a minimal volume of 1 mL dichloromethane
followed by an equal volume of acetonitrile. The solution was allowed to crystallize and paspaline (3)
remained in the supernatant.

4.8. Terpendole B (4)

The preparative HPLC fraction containing terpendole B (Fr A31-A34) was further purified
by semi-preparative HPLC using an Agilent 1100 Series HPLC (Agilent Technologies, Santa Clara,
CA, USA) equipped with quaternary pump, autoinjector and a diode array detector (DAD) using
ChemStation B.04.02 software (Agilent Technologies, Santa Clara, CA, USA). Target compound was
eluted from a Phenomenex Luna 5 um Silica (2), 250 x 10 mm column with DCM (Burdick & Jackson,
HPLC grade) as mobile phase A and acetonitrile (LiChrosolv, HPLC grade) as mobile phase B at
3 mL/min flow rate. General conditions were 5% B (95% A) for 20 min to 8% B for a period of 30 min
and then to 10% B for 30 min. Terpendole B (4) eluted at 38 min.

4.9. Lolitriol (5)

Lolitriol was serendipitously found when lolitrem B that was isolated as above was dissolved in
DMSO (Sigma Aldrich, catalogue no. M81802) with repeated sonication. LCMS analysis of the solution
showed that the supposed lolitrem B peak eluted earlier than expected and NMR spectroscopic analysis
revealed that lolitrem B had degraded to lolitriol.
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4.10. Liquid Chromatography-Mass Spectrometry (LCMS) Analysis

Pure paspaline, lolitrem E and column fractions were analyzed on an Agilent 1200 series Infinity
UHPLC system (Agilent Technologies, Santa Clara, CA, USA) with binary pump, ALS autosampler
equipped with an 8 puL loop capillary and temperature-controlled column compartment coupled to
an Agilent 6538 UHD Accurate-Mass Q-TOF LC/MS detector equipped with a dual ESI source was
used for analysis of extracts and fractions. A Dionex Acclaim RSLC 120 C18 HPLC column. 2.1 x 150,
2.2 uM particle size was used for analysis. Mass spectrometry data was acquired using MassHunter
Workstation Software B.05.00 (Agilent Technologies, Santa Clara, CA, USA) and qualitative data
analysis was conducted using the MassHunter Workstation Software Qualitative Analysis B.06.00
(Agilent Technologies, Santa Clara, CA, USA).

The MS detector was operated in positive electrospray ionization (ESI+) mode using full-scan
with a mass range of m/z 110-2000. An internal isocratic pump delivered internal reference mass
solution with m/z 121.0508 and 922.0098 (ESI+). The ESI drying gas (N;) was set at a flow rate of
7 L/min at 350 °C and nebulizer gas (N;) pressure was set at 0.31 MPa. Capillary, fragmentor and
skimmer voltage was set at 3500 V, 175 V and 65 V, respectively. Octopole voltage was left at its default
value of 750 V. All MS/MS (MS?) spectra were acquired on selected samples with a collision energy of
20 and 40 V. Mass spectrometry data was acquired using MassHunter Workstation Software B.05.00
(Agilent Technologies, Santa Clara, CA, USA) and qualitative data analysis was conducted using the
MassHunter Workstation Software Qualitative Analysis B.06.00.

Pure lolitrem B, lolitriol and terpendole B fractions were analyzed on a Vanquish liquid
chromatography system (Thermo Fisher Scientific, Waltham, MA, USA) with a binary pump,
autosampler and temperature-controlled column compartment coupled with a QExactive (QE) Plus
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA; Thermo, Bremen, Germany) detector.
A Thermo Fisher Scientific Hypersil Gold 1.9 um, 100 mm x 2.1 mm reverse phase column was used.

The QE mass detector was set at FT positive mode over a mass range of 80-1200 amu with
resolution set at 35,000. Nitrogen was used as the sheath, auxiliary and sweep gas at a flow rate of 28,
15 and 4 L/min, respectively and the spray voltage was set at 3600 V (positive) and 3300 (negative).
The capillary temperature was set to 300 °C, S-lens RF level set at 64 and an auxiliary gas heater
temperature of 310 °C. Mass spectrometry data was acquired using Thermo Xcalibur V. 2.1 (Thermo
Fisher Scientific, Waltham, MA, USA) and data was analyzed using Thermo Xcalibur Qual Browser V.
2.1 (Thermo Fisher Scientific, Waltham, MA, USA).

All chromatographic separation was performed by gradient elution using water with 0.1% formic
acid (Sigma-Aldrich CHROMASOLV®, Castle Hill, NSW, Australia, HPLC grade) as Solvent A and
acetonitrile with 0.1% formic acid (Sigma-Aldrich CHROMASOLV®, Castle Hill, NSW, Australia,
HPLC grade >99.9%) as Solvent B at a flow rate of 0.3 mL/min. Initial conditions were 98% A before
initiating a linear gradient to 100% B over 11 min, and this was maintained for 4 min before returning
to the initial gradient conditions. Injection volume was 2 pL.

4.11. Nuclear Magnetic Resonance (NMR) Spectroscopy

Samples were dissolved either in deuterated chloroform (CDCl3, Cambridge Isotope Laboratories,
Inc., Tewksbury, MA, USA) or deuterated benzene (C4Dg, Cambridge Isotope Laboratories, Inc.,
Tewksbury, MA, USA). 1D and 2D NMR spectra were obtained on a Bruker Avance III 700 MHz
spectrometer equipped with a cryoprobe (Bruker CPQCI H-P/C/N-D) and Sample Jet automatic
sample changer with cooling (Bruker BioSpin GmbH, Rheinstetten, Germany) using Bruker pulse
programs. Data acquisition was performed at 25 °C and processing software was Topspin v.3.2 (Bruker
BioSpin GmbH, Rheinstetten, Germany).

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-6651/11/1/16/s1,
Table S1: 'H and 3C NMR chemical shifts of lolitrem B (1), lolitrem E (2) and lolitriol (5), (700 MHz, CDCls).
Table S2: 'H and '3C NMR chemical shifts of paspaline (3) and terpendole B (4) (700 MHz, CDCl3). Figure S1:

H NMR spectrum of a pure fraction of lolitrem B (700 MHz, CDCl3). Figure S2: Mass spectrum of lolitrem B
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in positive ion mode (ESI+) LC-ESI-FTMS with an observed ion at m/z 686.4013 [M+H]" (5.5 ppm). Figure S3:
'H NMR spectrum of a pure fraction of lolitrem B (700 MHz, Benzene-dg). Figure S4: 'H NMR spectrum of a
pure fraction of lolitrem E (700 MHz, CDCl3). Figure S5: Mass spectrum of lolitrem E in positive ion mode (ESI+)
LC-ESI-Q-TOF with an observed ion at m/z 688.4201 [M+H]*, (1.74 ppm). Figure S6: 'H NMR spectrum of a pure
fraction of paspaline (700 MHz, CDCl3). Figure S7: Mass spectrum of the paspaline in positive ion mode (ESI+)
LC-ESI-Q-TOF with an observed ion at m/z 422.3059 [M+H]"*, (0.0 ppm). Figure S8: IH NMR spectrum of a pure
fraction of terpendole B (700 MHz, CDCl3). Figure S9: Mass spectrum of the terpendole B in positive ion mode

(ESI+) LC-ESI-FTMS with an observed ion at m/z 422.2681 [M+H]* (1.9 ppm). Figure S10: 'H NMR spectrum of
lolitriol (700 MHz, CDCl3). Figure S11: Mass spectrum of lolitriol in positive ion mode (ESI+) LC-ESI-FTMS with
an observed ion at m/z 620.3573 [M+H]* (1.4 ppm).

Author Contributions: P.R., M.A.D. and S.R. conceived and designed the experiments; P.R. and V.E performed
the experiments; PR. and M.A.D. analyzed the data; K.G., S.R. and G.S. contributed reagents/materials/analysis
tools; PR, M.A.D, K.G,, G.S. and S.R. wrote the paper.

Funding: The research described here was funded by Agriculture Victoria, AgriBio, Centre for AgriBioscience
and New Zealand Agriseeds Ltd through the Dairy Futures Cooperative Research Centre and DairyBio.

Acknowledgments: We thank Boron Molecular Pty Ltd for carrying out large scale extractions in their facility.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Forster, ] W.; Cogan, N.O.L; Dobrowolski, M.P,; Francki, M.G.; Spangenberg, G.C.; Smith, K.F. Functionally
associated molecular genetic markers for temperate pasture plant improvement. In Plant Genotyping II: SNP
Technology; CABI Publishing: Wallingford, UK, 2008; pp. 154-186.

2. Young, C.A,; Hume, D.E.; McCulley, R.L. Forages and pastures symposium: Fungal endophytes of tall fescue
and perennial ryegrass: Pasture friend or foe? . Anim. Sci. 2013, 91, 2379-2394. [CrossRef] [PubMed]

3. Cunningham, PJ.; Foot, ].Z.; Reed, K.EM. Perennial ryegrass (Lolium perenne) endophyte (Acremonium lolii)
relationships: the Australian experience. Agric. Ecosyst. Environ. 1993, 44, 157-168. [CrossRef]

4.  Tian, P; Le, TN.; Ludlow, E.J.; Smith, K.E; Forster, ].W.; Guthridge, K.M.; Spangenberg, G.C. Characterisation
of novel perennial ryegrass host-Neotyphodium endophyte associations. Crop Pasture Sci. 2013, 64, 716-725.
[CrossRef]

5. Van Zijll De Jong, E.; Dobrowolski, M.P.; Bannan, N.R.; Stewart, A.V.; Smith, K.F.; Spangenberg, G.C.;
Forster, ].W. Global genetic diversity of the perennial ryegrass fungal endophyte Neotyphodium lolii. Crop Sci.
2008, 48, 1487-1501. [CrossRef]

6. Moate, PJ.; Williams, S.R.O.; Grainger, C.; Hannah, M.C.; Mapleson, D.; Auldist, M.].; Greenwood, J.S.;
Popay, A.J.; Hume, D.E.; Mace, W.J.; et al. Effects of wild-type, AR1 and AR37 endophyte-infected perennial
ryegrass on dairy production in Victoria, Australia. Anim. Prod. Sci. 2012, 52, 1117-1130. [CrossRef]

7. Gallagher, R.T.; White, E.P.; Mortimer, P.H. Ryegrass Staggers: Isolation of Potent Neurotoxins Lolitrem a
and Lolitrem B From Staggers-Producing Pastures. N. Z. Vet. J. 1981, 29, 189-190. [CrossRef] [PubMed]

8.  Gallagher, R.T.; Hawkes, A.D.; Steyn, P.S.; Vleggaar, R. Tremorgenic neurotoxins from perennial ryegrass
causing ryegrass staggers disorder of livestock: Structure elucidation of lolitrem B. J. Chem. Soc. Chem. Commun.
1984, 614-616. [CrossRef]

9.  Gallagher, R.T.; Hawkes, A.D. The potent tremorgenic neurotoxins lolitrem B and aflatrem: A comparison of
the tremor response in mice. Experientia 1986, 42, 823-825. [CrossRef]

10. Sharpe, RJ.; Johnson, J.S. Asymmetric Total Synthesis of the Indole Diterpene Alkaloid Paspaline. J. Org.
Chem. 2015, 80, 9740-9766. [CrossRef]

11. Munday-Finch, S.C.; Miles, C.O.; Wilkins, A.L.; Hawkes, A.D. Isolation and Structure Elucidation of Lolitrem
A, a Tremorgenic Mycotoxin from Perennial Ryegrass Infected with Acremonium lolii. J. Agric. Food Chem.
1995, 43, 1283-1288. [CrossRef]

12.  Imlach, W.L.; Finch, S.C.; Dunlop, J.; Dalziel, J.E. Structural determinants of lolitrems for inhibition of BK
large conductance CaZ*-activated K* channels. Eur. J. Pharmacol. 2009, 605, 36-45. [CrossRef] [PubMed]

13. Dalziel, J.E.; Finch, S.C.; Dunlop, J. The fungal neurotoxin lolitrem B inhibits the function of human large
conductance calcium-activated potassium channels. Toxicol. Lett. 2005, 155, 421-426. [CrossRef] [PubMed]


http://dx.doi.org/10.2527/jas.2012-5951
http://www.ncbi.nlm.nih.gov/pubmed/23307839
http://dx.doi.org/10.1016/0167-8809(93)90044-P
http://dx.doi.org/10.1071/CP13067
http://dx.doi.org/10.2135/cropsci2007.11.0641
http://dx.doi.org/10.1071/AN12126
http://dx.doi.org/10.1080/00480169.1981.34843
http://www.ncbi.nlm.nih.gov/pubmed/6950333
http://dx.doi.org/10.1039/c39840000614
http://dx.doi.org/10.1007/BF01941539
http://dx.doi.org/10.1021/acs.joc.5b01844
http://dx.doi.org/10.1021/jf00053a029
http://dx.doi.org/10.1016/j.ejphar.2008.12.031
http://www.ncbi.nlm.nih.gov/pubmed/19210977
http://dx.doi.org/10.1016/j.toxlet.2004.11.011
http://www.ncbi.nlm.nih.gov/pubmed/15649626

Toxins 2019, 11, 16 11 of 11

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Munday-Finch, S.C.; Wilkins, A.L.; Miles, C.O.; Ede, R M.; Thomson, R.A. Structure Elucidation of Lolitrem
F, a Naturally Occurring Stereoisomer of the Tremorgenic Mycotoxin Lolitrem B, Isolated from Lolium perenne
Infected with Acremonium lolii. J. Agric. Food Chem. 1996, 44, 2782-2788. [CrossRef]

Munday-Finch, S.C.; Wilkins, A.L.; Miles, C.O. Isolation of Lolicine A, Lolicine B, Lolitriol, and Lolitrem
N from Lolium perenne Infected with Neotyphodium lolii and Evidence for the Natural Occurrence of
31-Epilolitrem N and 31-Epilolitrem E. J. Agric. Food Chem. 1998, 46, 590-598. [CrossRef] [PubMed]

Miles, C.O.; Wilkins, A.L.; Gallagher, R.T.; Hawkes, A.D.; Munday, S.C.; Towers, N.R. Synthesis and
tremorgenicity of paxitriols and lolitriol: Possible biosynthetic precursors of lolitrem B. J. Agric. Food Chem.
1992, 40, 234-238. [CrossRef]

Miles, C.O.; Munday, S.C.; Wilkins, A.L.; Ede, R.M.; Towers, N.R. Large-Scale Isolation of Lolitrem B and
Structure Determination of Lolitrem E. J. Agric. Food Chem. 1994, 42, 1488-1492. [CrossRef]

Munday-Finch, S.C.; Wilkins, A.L.; Miles, C.O.; Tomoda, H.; Omura, S. Isolation and Structure Elucidation
of Lolilline, a Possible Biosynthetic Precursor of the Lolitrem Family of Tremorgenic Mycotoxins. J. Agric.
Food Chem. 1997, 45, 199-204. [CrossRef]

Munday-Finch, S. Aspects of the chemistry and toxicology of indole-diterpenoid mycotoxins involved in
tremorganic disorder of livestock. Mycotoxin Res. 1997, 13, 88. [CrossRef]

Young, C.A.; Tapper, B.A.; May, K.; Moon, C.D.; Schardl, C.L.; Scott, B. Indole-diterpene biosynthetic
capability of Epichloé endophytes as predicted by ltm gene analysis. Appl. Environ. Microbiol. 2009, 75,
2200-2211. [CrossRef]

Saikia, S.; Nicholson, M.].; Young, C.; Parker, E.].; Scott, B. The genetic basis for indole-diterpene chemical
diversity in filamentous fungi. Mycol. Res. 2008, 112, 184-199. [CrossRef]

Gallagher, R.T.; Campbell, A.G.; Hawkes, A.D.; Holland, P.T.; McGaveston, D.A.; Pansier, E.A. Ryegrass
staggers: The presence of lolitrem neurotoxins in perennial ryegrass seed. N. Z. Vet. J. 1982, 30, 183-184.
[CrossRef] [PubMed]

Grancher, D.; Jaussaud, P; Durix, A.; Berthod, A.; Fenet, B.; Moulard, Y.; Bonnaire, Y.; Bony, S. Countercurrent
chromatographic isolation of lolitrem B from endophyte-infected ryegrass (Lolium perenne L.) seed.
J. Chromatogr. A 2004, 1059, 73-81. [CrossRef]

Butler, M.S.; Fontaine, F.; Cooper, M.A. Natural product libraries: Assembly, maintenance, and screening.
Planta Med. 2014, 80, 1161-1170. [CrossRef] [PubMed]

Munday-Finch, S.C.; Wilkins, A.L.; Miles, C.O. Isolation of paspaline B, an indole-diterpenoid from
Penicilium paxilli. Phytochemistry 1996, 41, 327-332. [CrossRef]

Huang, X.H.; Nishida, H.; Tomoda, H.; Tabata, N.; Shiomi, K.; Yang, D.J.; Takayanagi, H.; Omura, S.
Correction: Terpendoles, novel ACAT inhibitors produced by Albophoma yamanashiensis. II. Structure
elucidation of terpendoles A, B, C and D. J. Antibiot. 1995, 48, 5-11. [CrossRef] [PubMed]

Kanehisa, M.; Goto, S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000, 28, 27-30.
[CrossRef]

Bush, L.P,; Wilkinson, H.H.; Schard]l, C.L. Bioprotective Alkaloids of Grass-Fungal Endophyte Symbioses.
Plant Physiol. 1997, 114, 1-7. [CrossRef] [PubMed]

Springer, ].P,; Clardy, J. Paspaline and paspalicine, two indole-mevalonate metabolites from Claviceps paspali.
Tetrahedron Lett. 1980, 21, 231-234. [CrossRef]

Repussard, C.; Zbib, N.; Tardieu, D.; Guerre, P. Ergovaline and lolitrem B concentrations in perennial
ryegrass in field culture in Southern France: Distribution in the plant and impact of climatic factors. J. Agric.
Food Chem. 2014, 62, 12707-12712. [CrossRef]

Manfred, H. Alkaloids: Nature's Curse or Blessing; Verlag Helvetica Chimica Acta: Ziirich, Switzerland;
Wiley-VCH Weinheim: Weinheim, Germany, 2002.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/jf950396b
http://dx.doi.org/10.1021/jf9706787
http://www.ncbi.nlm.nih.gov/pubmed/10554283
http://dx.doi.org/10.1021/jf00014a013
http://dx.doi.org/10.1021/jf00043a018
http://dx.doi.org/10.1021/jf960396r
http://dx.doi.org/10.1007/BF02945071
http://dx.doi.org/10.1128/AEM.00953-08
http://dx.doi.org/10.1016/j.mycres.2007.06.015
http://dx.doi.org/10.1080/00480169.1982.34936
http://www.ncbi.nlm.nih.gov/pubmed/16030841
http://dx.doi.org/10.1016/j.chroma.2004.10.024
http://dx.doi.org/10.1055/s-0033-1360109
http://www.ncbi.nlm.nih.gov/pubmed/24310213
http://dx.doi.org/10.1016/0031-9422(95)00515-3
http://dx.doi.org/10.7164/antibiotics.48.5
http://www.ncbi.nlm.nih.gov/pubmed/7868389
http://dx.doi.org/10.1093/nar/28.1.27
http://dx.doi.org/10.1104/pp.114.1.1
http://www.ncbi.nlm.nih.gov/pubmed/12223685
http://dx.doi.org/10.1016/S0040-4039(00)71176-2
http://dx.doi.org/10.1021/jf504581y
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Lolitrem B and Lolitrem E 
	Paspaline and Terpendole B 
	Lolitrem B Degradation 

	Discussion 
	Materials and Methods 
	Materials 
	Preliminary Extraction 
	Large Scale Extraction 
	Silica Flash Chromatography 
	Preparative HPLC System 
	Lolitrem B (1) and Lolitrem E (2) 
	Paspaline (3) 
	Terpendole B (4) 
	Lolitriol (5) 
	Liquid Chromatography-Mass Spectrometry (LCMS) Analysis 
	Nuclear Magnetic Resonance (NMR) Spectroscopy 

	References

