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ABSTRACT: Because of their ability to promote growth, act as
biopesticides, and improve abiotic stress tolerance, Trichoderma
spp. have been used for plant seed coating. However, the
mechanism for the promotion of plant growth remains unknown.
In this study, we investigate the effect of fungal extracts on the plant
plasma membrane (PM) H*-ATPase, which is essential for plant
growth and often a target of plant-associated microbes. We show
that Trichoderma harzianum extract increases H'-ATPase activity,
and by fractionation and high-resolution mass spectrometry (MS),
we identify the activating components trichorzin PA (tPA) II and
tPA VI that belong to the class of peptaibols. Peptaibols are
nonribosomal peptides that can integrate into membranes and form
indiscriminate ion channels, which causes pesticidal activity. To
further investigate peptaibol-mediated H*-ATPase activation, we compare the effect of tPA II and VI to that of the model peptaibol
alamethicin (AlaM). We show that AlaM increases H*-ATPase turnover rates in a concentration-dependent manner, with a peak in
activity measured at 31.25 uM, above which activity decreases. Using fluorescent probes and light scattering, we find that the AlaM-
mediated increase in activity is not correlated to increased membrane fluidity or vesicle integrity, whereas the activity decrease at
high AlaM concentrations is likely due to PM overloading of AlaM pores. Overall, our results suggest that the symbiosis of fungi and
plants, specifically related to peptaibols, is a concentration-dependent balance, where peptaibols do not act only as biocontrol agents
but also as plant growth stimulants.

B INTRODUCTION More than 300 different peptaibols have been reported
(http://peptaibol.cryst.bbk.ac.uk/home.shtml), and, in gener-
al, they form a-helices that span the membrane and congregate
into a barrel-stave pore structure with polar regions orientated
toward the pore interior, creating an indiscriminate ion
channel”™'* Besides the antibiotic activity, peptaibols have
been demonstrated to be a signal molecule for fungus-growing
ants to weed out pieces of their fungal garden compromised by
Trichoderma spp."> The peptaibol alamethicin (AlaM) is
commonly used to study pore formation in membranes and
serves as a molecule of choice for several biophysical studies on
peptide integration into membrane systems.'>'* Most studies
employ artificial membranes, but several biological membranes
are also affected by AlaM treatment.'” Emerging evidence
suggests that plant plasma membrane (PM) heterogeneity has

Crop yields are decimated by pathogens and pests' and crop
loss is predicted to increase with changes in climate toward
warmer and wetter conditions.” Fungi that stimulate plant
growth or combat crop pathogens are potential biofertilizers
and biopesticides, and a broad range of Trichoderma spp. have
for decades been applied as seed coating.”* They improve the
fitness of germinating seeds and have been found to affect soil
nutrient availability, plant immunity, and root architecture as
well as to outcompete other microbes.” However, the finding
that Trichoderma spp. can promote plant growth in optimal
and sterile conditions suggests the existence of other plant-
promoting effects.’ Trichoderma spp.-induced plant growth can
be triggered by fungal production of auxin species or fungal-
induced de novo synthesis of auxin in plants.”” However, not all
Trichoderma spp. that produce auxin species promote plant
growth and not all growth-promoting Trichoderma spp. Received: June 16, 2023
produce auxin.® This points toward another and more complex Accepted:  August 16, 2023
explanation for the plant growth promotion observed after Published: September 14, 2023
Trichoderma spp. treatment.

Trichoderma spp. produce a range of peptaibols, which are
linear peptides, approximately $—21 amino acids in length.”"
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a pronounced effect on how peptaibols integrate into the
membrane, and insight gained on model membranes does not
necessarily apply to natural membranes.'®

Although several modes of action have been hypothesized,
the effect of peptaibols in plants remains elusive. Trichoderma
asperellum has been shown to induce growth in maize
seedlings, and it was sug%ested that activation of the PM H*-
ATPase was the cause.’” There, T. asperellum extracellular
extract was shown to differentially activate the PM H*-ATPase
compared to the auxin species indole-acetic acid (IAA). This
result is in line with the finding that not all auxin-producing
Trichoderma spp. promote plant growth and vice versa,® and it
suggests that unknown specialized Trichoderma metabolites
promote plant growth through stimulation of the plant PM H*-
ATPase.

In this study, we used a bioassay-guided approach to identify
secreted fungal metabolites with the potential to modulate
plant PM H*-ATPase activity. By analyzing the effect of the
total secreted metabolites on PM ATP hydrolysis, we identified
active metabolites from Trichoderma harzianum. Extracts that
gave rise to changes in ATP hydrolysis were further
fractionated and assayed for their effect on ATP hydrolysis.
By this approach, we were able to identify a range of peptabols
from T. harzianum that were potent activators of H'-ATPase
activity. Among the compounds, we identified two major
groups of peptaibols with structural similarity to the well-
studied model peptaibol AlaM. AlaM was found to have a
similar effect on H*-ATPase activity, and we further studied
the effect of AlaM on tight plant PM vesicles. By a combination
of biophysical and biochemical experiments, we found that the
increased ATPase activity was correlated to AlaM insertion in
the PM. These observations suggest that Trichoderma targets
the PM H'-ATPase via peptaibols. Future studies on the
integration of AlaM and other peptaibols into natural
membranes must therefore consider how the interplay between
membrane proteins, their lipid environment, and peptaibols
affects the membrane.

B MATERIALS AND METHODS

Chemical Materials. Alamethicin (AlaM) (catalog no.
27061-78-5) was purchased from both Santa Cruz Biotechnol-
ogy (Dallas, Texas) and Sigma-Aldrich (St. Louis, Missouri).
No differences were detected in the biological assays.

Purification of Spinach Plasma Membranes. Plasma
membrane (PM) vesicles from Spinicia oleracea were isolated
using two-phase partitioning as described by Lund and
Fuglsang.'® Briefly, 30—75 g of fresh S. oleracea (baby spinach)
leaves were homogenized in buffer (50 mM MOPS, 5 mM
EDTA, S0 mM Na,P,0,, 0.33 M sucrose, 1 mM Na,MoO,,
pH 7.5) and centrifuged at 10000g for 15 min. The
supernatant was collected and centrifuged at 50 000g for 30
min, and the pellet was resuspended in 330/S buffer (0.33 M
sucrose, S mM K,HPO, pH 7.8). The resuspended pellet was
added on top of a two-phase partitioning buffer (6.2% Dextran
TS500 solution, 6.2% PEG4000, 0.33 M sucrose, S mM
K,HPO, pH 7.8, 3 mM KCl) and centrifuged at 1000g for S
min. The plasma membrane phase was collected and
centrifuged at 100 000g for 1 h. The pellet was collected and
resuspended in a 330/S buffer. The protein concentration was
determined using a Bradford colorimetric assay,'” and the PM
fractions were frozen in liquid N, and stored at —80 °C until
use.

Fungal Cultivation and Fractionation. Species Alter-
naria gaisen (IBT BA 938), Alternaria turkisafria (IBT BA
927), Fusarium aveneaceum (IBT 41708), Fusarium oxysporum
(IBT 40467), Fusarium poae (IBT 40485), and T. harzianum
(IBT 41414) were grown on potato dextrose agar (PDA), malt
extract agar (MEA), and yeast extract with supplement (YES)
plates for 10—14 days at 25 °C in the dark. Fungal material was
then harvested and extracted with ethyl acetate containing
0.5% (v/v) formic acid. The extracts were concentrated in
vacuo. T. harzianum gave rise to the highest activation in the
ATPase assay and was selected for further examination. Large-
scale T. harzianum extract was initially fractionated on diol-
functionalized silica (Biotage, Uppsala, Sweden) by using an
Isolera autoflasher (Biotage, Uppsala, Sweden). The column
was eluted stepwise using heptane, dichloromethane, ethyl
acetate, and methanol in 50% increments. The active fractions
were pooled and taken through another round of fractionation
using a Cl8-packed column. Fractions were eluted using a
stepwise gradient of A (50 ppm trifluoroacetic acid), and B
(methanol, S0 ppm trifluoroacetic acid), from 10% methanol
to 100% methanol in increments of 10% methanol, using an
Isolera autoflasher (Biotage, Uppsala, Sweden), with each
fraction being three column volumes (45 mL).

UHPLC—DAD—HRMS. Extracts and fractions were ana-
lyzed by ultrahigh-performance liquid chromatography—diode
array detection—high-resolution mass spectrometry (UHPL—
DAD—HRMS) using a 1290 Infinity UHPLC machine
(Agilent, Santa Clara, California). Separation was achieved
on a 2.0 ' 150 mm Poroshell phenyl-hexyl column (2.7 A;
Agilent Technologies, Santa Clara, California). The column
was eluted with a linear gradient consisting of A (20 mM
formic acid) and B (acetonitrile, 20 mM formic acid) starting
at 10% B and increasing to 100% B over 15 min and held at
this composition for 2 min before returning to initial
conditions. MS detection was performed by a 6540 series
quadropole time-of-flight (QTOF) mass spectrometer equip-
ped with a dual jet stream electrospray ionization (ESI) source
operating in positive mode. Data-dependent auto MS/MS
acquisition was performed using fixed collision-induced
dissociation (CID) collision energies of 10, 20, and 40 eV.
The data generated were dereplicated employing an in-house
MS/HRMS natural product database.%°

ATPase Assay. H"-ATPase activity was assayed according
to a modified protocol of the Baginski assay,”' as described by
Wielandt et al.”* In a 96-well plate, 1—3 ug of protein was
added in 60 pL volumes per well. The assay was performed at
30 °C for 30 min, with 2.5 mM ATP, pH 7 in ATPase buffer
(20 mM MOPS pH 7, 8 mM MgSO,, 50 mM KNO,, S mM
NaNj;, 0.25 mM Na,MoO,), and stopped by addition of ice-
cold stop solution (100 mM ascorbic acid, 0.3 M HCI, 0.05%
sodium dodecyl sulfate (SDS), S mM (NH,)sMo,0,,).
Samples were incubated for 15 min on ice before addition of
75 uL NaAsO,. Absorbance was measured at 860 nm using a
SpectraMax MS microplate reader (Molecular Devices, San
Jose, California) to quantify the amount of phosphomolybdate
generated from hydrolyzed ATP. For kinetics studies, the
concentration of ATP was varied as described in the text with
an ATP-regenerating system (5 mM phosphoenolpyruvate,
0.05 ug/uL pyruvate kinase). Fungal extracts, isolated
peptaibols, AlaM, fluorescent probes DPH, and TMA-DPH
were added to wells prior to PM addition and assay start unless
otherwise stated in the text.
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Figure 1. Effect of fungal extracts on ATP hydrolysis of the plant plasma membrane H*-ATPase. (A) ATP hydrolysis of the S. oleracea plasma
membrane (PM) H*-ATPase was assayed in response to an increasing concentration of extract from six plant-associated fungi. (B) Metabolites
extracted from T. harzianum (from panel (A)) were further separated into eight new fractions (1.1—1.8), and the effect on ATP hydrolysis was
assayed again. (C) Fraction 1.8 (from panel (B)) was further fractionated into 16 fractions (2.1—2.16), and the effect on ATP hydrolysis was
assayed in response to increasing concentrations. Data are shown as mean + SEM (n = 3) and are representative of metabolites from fungi from
two independent growth and fractionation events. Data were analyzed by two-way analysis of variance (ANOVA) and ATP hydrolysis was
compared to ATP hydrolysis of the control (DMSO treated, not shown) with a Bonferroni post-test: * = P < 0.05; ** = P < 0.01; *** = P < 0.001.

H* Pumping Assay. S. oleracea plasma membrane vesicles
were turned inside out using the detergent Brij 58.”° H*
transport across the membrane was assayed by a modified
version of the method described by Lund and Fuglsang.'®
Quenching of the fluorescent probe, 9-amino-6-chloro-2-
methoxyacridine (ACMA) was assayed by excitation at 412
nm, and emission was measured at 480 nm. The assay was
performed using 2.5 ug protein per well in 96-well plates or
16.7 pg protein in 1 mL cuvettes, depending on equipment
availability, in reaction buffer (11.4 mM MOPS, 56.8 mM
K,SO, 22.7 mM glycerol, 2.3 mM ATP, 1 uM ACMA, 0.05%
Brij 58, 60 nM valinomycin, pH 7.0) and started by addition of
MgSO, to a final concentration of 3 mM. The assay was
stopped by addition of 10 uM of the H* ionophore, nigericin.
Fungal extracts, isolated peptaibols, AlaM, and fluorescent
probes, DPH and TMA-DPH, were added to wells prior to PM
addition and assay start unless otherwise stated in the text.

Fluorescence Polarization. Fluorescent probes 1,6-
diphenyl-1,3,5-hexatriene (DPH, Sigma-Aldrich) and N,N,N-
trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl)phenylammonium
(TMA-DPH, Sigma-Aldrich) were dissolved in dimethyl
sulfoxide (DMSO) to a concentration of 10 mM. Stocks of
0.1 mM were prepared by dilution in DMSO. Samples were
essentially set up as for ATPase assays, but with the exception

that the fluorescent probes were added to a final concentration
of 0.1 uM followed by 30 min incubation at 30 °C to ensure
incorporation of the probes. Fluorescence was measured on

100 uL samples in a black quartz cuvette (Hellma, Miillheim,
Germany) with a 90° window using a Horiba FluoMax-4
spectrofluorometer (Horiba, Kyoto, Japan) equipped with a

temperature control unit set to 30 °C. For both probes, the

excitation wavelength was 350 nm, the emission wavelength
was 428 nm, and the integration time was 1 s. For DPH, the
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Figure 2. ATP hydrolysis of the S. oleracea plasma membrane H*-ATPase in response to tPA II, tPA VI, AlaM. (A) Effect of T. harzianum-derived
peptaibols, tPA II and tPA VI, and (B), commercial alamethicin on plant plasma membrane (PM) H'-ATPase activity were tested at increasing
concentrations and compared to a control treated with DMSO. Values are mean + SEM (n = 3) and are representative of two independent
experiments. Activity was analyzed by one-way analysis of variance and compared to ATP hydrolysis of the control by a Dunnett’s multiple
comparisons test; *** = P < 0.001. (C) ATP hydrolysis of plant PM H*-ATPases treated with tPA II (0.0S pg/uL) or AlaM (0.05 ug/uL) and
vanadate, a PM H*-ATPase inhibitor. Values are mean + SEM (n = 3) and are representative of two independent experiments. ATP hydrolysis with
and without vanadate was analyzed using one-way ANOVA and compared to ATP hydrolysis of the control by a Bonferroni post-test. Different
letters are used to indicate means that differ significantly (P < 0.05). (D) Kinetic analysis was performed by plotting specific activity as a function of
ATP concentration (mM) in response to treatment with 25 yM AlaM. Values are mean + SEM of four technical replicates of two independent PM

fractionations (n = 8).

excitation and emission slit widths were 5 nm, whereas for
TMA-DPH, they were 7.5 nm.

Dynamic and Static Light Scattering. Samples were
prepared under conditions identical to those of the ATPase
assay but in a volume of 900 uL per sample. Each sample was
transferred to a quartz cuvette (Hellma, Miillheim, Germany)
and centrifuged at 4000g for S min to remove eventual traces
of dust or very large aggregates. Light scattering was measured
on a BI-200SM instrument (Brookhaven Instruments, Holts-
ville, New York) equipped with a diode laser emitting light
with a wavelength of 637 nm. The detector was placed at 90°
to the incoming light, and the temperature inside the VAT was
kept at 30 + 0.1 °C by an external water bath. Data frames of
30 s were collected continuously over the course of 20 min.
The static signal is proportional to the weight-average
molecular weight of the measured species as described
elsewhere.”* Z-average hydrodynamic diameters were calcu-
lated from the dynamic light scattering signal by using the
quadratic cumulant fit in the instrument software. The
reported standard deviations were calculated from the
diameters.

Statistics. All biochemical experiments were performed at
least in triplicate and repeated three times unless fungal extract
availability prohibited so. Values are presented as mean +
standard error of the mean (SEM), P-values were calculated by
one- or two-way analysis of variance (ANOVA) followed by
Dunnet’s post-test analysis or Bonferroni post-test using

34931

GraphPad Prism 9.3. P < 0.05 was considered statistically
significant. *, P < 0.05; **, P < 0.01; *** P < 0.001. The
kinetic parameters, V., K, were estimated by nonlinear

regression using GraphPad Prism 5.0a.

B RESULTS

T. harzianum Extract Stimulates Plant PM H*-ATPase
ATP Hydrolysis. Using an ATP hydrolysis assay, we screened
six plant-associated fungi for their effect on the plant PM H'-
ATPase activity. This group of fungi contained five pathogens:
A. gaisen, A. turkisafria, Fusarium avenaceum, F. oxysporum, F.
poae, and one beneficial fungus, T. harzianum. The effect of the
fungal extract on H*-ATPase activity was tested at ratios of
3.75—60 ug of extract per pug of protein, at a final protein
concentration of 1/60 pg/uL. Figure 1A shows the measured
ATPase activity normalized to control treatment with DMSO.
The extracts are from A. gaisen, A. turkisafrie, F. avenaceum, F.
oxysporum, and F. poae had little or inconsistent effects on ATP
hydrolysis, whereas metabolites extracted from T. harzianum
significantly increased ATP hydrolysis of the H*-ATPase for all
but the highest ratio tested (60 ug of extract per g protein).
As such, several of the tested fungi had an effect on the ATPase
activity, but only T. harzianum was identified as a consistent
modulator of the plant H*-ATPase. To identify the
metabolite(s) responsible for increased ATP hydrolysis,
extracts from T. harzianum was selected for further
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fractionation by liquid flash chromatography and reversed-
phase high-performance liquid chromatography (RP-HPLC).

T. harzianum Modulates H*-ATPase Activity through
Production of Peptaibols. The extracted metabolites from
T. harzianum were separated into eight fractions, here named
1.1—1.8 (Figure 1B). Fractions 1.1—1.8 were screened for their
effect on ATP hydrolysis at ratios of 1, 2, 4, and 8 ug of extract
per pug protein. No changes in activity were observed for
fractions 1.1—1.6, but fraction 1.7, at 2 ug per ug protein, and
fraction 1.8 significantly increased ATP hydrolysis. Fraction 1.8
increased H-ATPase activity at a lower ratio than observed in
the initial screening, suggesting a high specific modulatory
activity. ATP hydrolysis peaked at approximately 270% of
control when PM fractions were treated with 2 g of extract
per ug of protein of fraction 1.8, while 8 yg of extract per ug of
protein resulted in an ATPase activity of 200% of control
(Figure 1B). To further pinpoint the activating metabolite(s),
fraction 1.8 was separated by RP-HPLC, resulting in 16
fractions (2.1-2.16) (Figure 1C). This time, the ATPase
activating effect was scattered over 11 different fractions,
suggesting that active metabolite(s) could not be effectively
separated by the employed method (Figure 1C). UHPLC—
DAD—-HRMS analysis of the 11 fractions revealed that all
fractions contained a mix of peptaibols.

Peptaibols Stimulate ATP Hydrolysis of the Plant PM
H*-ATPase. It was possible to separate the peptaibols into two
fractions: a homogeneous sample of the peptaibol, trichorzin
PA VI (tPA V1), and a rather heterogeneous sample dominated
by the peptaibol, trichorzin PA II (tPA 1I) (Duval et al,
1997).>° Henceforth, these fractions are referred to as tPA VI
and tPA IL Both tPA VI and tPA II were found to increase
ATP hydrolysis to >200% of control at a ratio of 1.25 ug
trichorzin per ug protein, corresponding to a concentration of
~10 uM trichorzin (Figure 2A). Increasing the trichorzin
concentration above this point resulted in an inhibitory effect,
where the ATP hydrolysis declined to 10—30% of the control
at 10 pg of trichorzin per pg protein.

To evaluate if this observed effect on the PM H'-ATPase
was common for peptaibols or limited to trichorzins, we
included the well-studied model peptaibol AlaM, which was
obtained commercially. AlaM was found to stimulate ATP
hydrolysis of PM H'-ATPase in the same pattern as observed
for tPA VI and tPA II, and the maximum activation was
observed at 25 yM AlaM (Figure 2B). Higher concentrations
of AlaM resulted in PM H*-ATPase inhibition, consistent with
the effects observed for tPA II and tPA VI (Figure 2A). AlaM
concentrations above 9.5 M per pug of protein significantly
increased H'-ATPase activity compared to the control (Figure
2B).

To confirm that the observed ATP hydrolysis was caused by
trichorzin- or AlaM-induced activation of the PM H*-ATPase,
protein samples were treated with the PM H*-ATPase
inhibitor, vanadate. To induce H*-ATPase activation, vesicles
prepared from plant PM were treated with 0.05 pg/uL of tPA
II or AlaM, corresponding to 24.8 and 25.5 uM, respectively
(Figure 2C). Peptaibol treatment alone increased H*-ATPase
activity 2—3-fold compared to the control for tPA II and AlaM,
respectively, while 5 mM vanadate treatment abolished the
ATP hydrolysis (Figure 2C). These results confirm that both
tPA 1II purified from T. harzianum, and commercial AlaM
activate ATP hydrolysis of the PM H*-ATPase and show that
peptaibol activation of the H'-ATPase is sensitive to vanadate
treatment.

To further characterize the mechanism behind peptaibol-
mediated H'-ATPase activation, we assayed the effect of
increasing the ATP concentration while keeping the AlaM
concentration constant (Figure 2D). K, for the AlaM treated
samples was 0.55 mM ATP, which was the same as for the
control sample that had a K, of 0.50 mM ATP. The maximum
velocities, V,,,,, were determined to be 525 and 307 nmol P; X

mg protein™' X min~" for the PM fractions treated with AlaM
and control, respectively (Table 1). Kinetic values and their

Table 1. Effect of Alamethicin on K, and V,,, of the Plant
Plasma Membrane H*-ATPase

K,, (mM ATP)

control 0.50 + 0.09 (SE)
AlaM, 25 uM 0.55 + 0.09 (SE)

Vinax (nmol P;/mg/min)
306.8 + 16.4 (SE)
524.6 + 26.7 (SE)

corresponding standard errors are summarized in Table 1.
These results indicate that AlaM has no effect on the substrate
affinity of the PM H*-ATPase, but it increases the turnover
rate.

ATP hydrolysis of S. oleracea plasma membrane (PM)
fractions were measured at increasing ATP concentration in
response to in vitro treatment with alamethicin (AlaM) and T.
harzianum extract. The enzyme kinetic parameters, K, and
Viaw Wwere determined from nonlinear regression of the
Michealis—Menten equation and are shown with standard
errors (SE). Values are determined based on four technical
replicates of two independent PM fractions (n = 8).

AlaM-Mediated PM H*-ATPase Activation Is Not due
to Increased Membrane Fluidity. Modulation of ATPase
turnover rates has Ereviously been linked to changes in
membrane fluidity.”**” To evaluate membrane fluidity in PM
vesicles, we measured the fluorescence anisotropy of two
fluorescent probes, DPH and TMA-DPH. DPH integrates into
the hydrophobic interior of a lipid bilayer, while TMA-DPH
integrates more toward the polar headgroup region of a lipid
bilayer. DPH and TMA-DPH did not affect ATP hydrolysis
(Figure S1A) or H" pumping of the PM H*-ATPase (Figure
S1B,C,D) in concentrations up to 10 times higher than used
for fluorescence anisotropy (0.1 yM). Figure 2B shows the
measured anisotropy as a function of the AlaM concentration
relative to a control sample without AlaM added. A small but
steady increase in DPH anisotropy could be detected at AlaM
concentrations above ~10 uM, coinciding with the onset of
increased ATPase activity, whereas the relative anisotropy of
TMA-DPH was virtually unaffected by the addition of AlaM
(Figure 2B). However, at 62.5 uM AlaM, the trend of
increased DPH anisotropy was uncoupled from that of the
ATPase activity profile (Figure 2B). These results suggest that
AlaM, above a given concentration threshold, reduces
membrane fluidity in the central part of the bilayer of PM
vesicles while the headgroup region of the membrane is
unaffected. In turn, this indicates that AlaM inserts into the
membrane, as expected.

AlaM Pores in the PM Results in Collapse of the
Membrane Potential. To confirm that the observed increase
in ATP hydrolysis was due to PM H'-ATPase activation, the
rate of H" pumping was measured using the fluorescent probe
9-amino-6-chloro-2-methoxyacridine (ACMA). The H* pump-
ing rate was quantified by measuring fluorescence quenching
for inside-out vesicles treated with concentration ratios ranging
from 0.5 to 15 M AlaM per pug of protein (Figure 3A,B). The
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Figure 3. Alamethicin effect on the H* pumping of plasma membrane vesicles. Accumulation of H* in inside-out plasma membrane (PM) vesicles
treated with (A) 2—15 uM and (C) 0.5—1.0 uM AlaM was quantified using the fluorescent probe ACMA. The assay is activated by addition of
MgSO, and stopped by addition of the H" ionophore, nigericin. (B, D) Fluorescence quenching from t = 0 to ¢ = 120 (initial rate) was analyzed
using linear regression, and the slopes were plotted as a function of AlaM concentration. Values are mean + SEM (n = 3) and are representative of
two independent experiments. Data were analyzed using one-way analysis of variance (ANOVA), and Dunnet’s multiple comparisons test was used
to calculate the difference in slopes compared to the control: * = P < 0.05; ** = P < 0.01.

initial pumping rates (from ¢t = 0 s to t = 120 s) were extracted
by linear fits and compared between samples. At 15 yuM AlaM,
the H* pumping rate was significantly reduced (Figure 3B), but
rates 0 < 5 yM AlaM indicated that H" pumping could be
increased at lower concentrations. H" pumping was therefore
investigated at lower concentrations (Figure 3C), and we
found that rates were significantly increased for plant PM
vesicles treated with 0.5 or 1.0 uM AlaM (Figure 3D). This
observation corresponds to previous results, which showed that
AlaM initially increased H*-ATPase activity before inhibiting
activity (Figure 2B). However, the threshold concentrations
for activation and inhibition were different for the ATPase
activity assay and H* pumping assay. This effect can be
explained by the formation of AlaM pores in the PM vesicles
already below 15 yM. AlaM pores are reported to function as
ion channels. When either protons or potassium ions are
allowed through the pore, the membrane potential will be
reduced or even collapsed. Thereby, the H" pumping assay
that requires tight vesicles is not viable under this condition.
This is in contrast to the ATPase assay that does not require a
tight vesicle. Alternatively, at high AlaM concentrations, the
AlaM/lipid ratio in the membrane might be so high that the
PM H'-ATPase gets devoid of native lipid contacts or AlaM
directly affects the protein and thereby the ATPase activity as
well. Finally, the abolished H* pumping could be caused by
vesicle breakage due to the high AlaM concentrations.
However, the latter does not seem to be the case as analysis
of the PM vesicles by dynamic light scattering (DLS) and static
light scattering (SLS) showed that the average diameters and

34933

count rates were rather stable up to 62.5 uM AlaM (Figure
S2). This suggests that vesicles remain intact in the region of
H*-ATPase activation, 10—62.5 uM (Figure 2B). At AlaM
concentrations > 62.5 uM, the DLS-derived diameters start
increasing, suggesting a change to vesicle integrity. Following
this observation, we explain the steady decrease in membrane
fluidity and the decreasing H'-ATPase activity at very high
AlaM concentrations (Figure 2B) to overloading of AlaM
pores and potentially the disruption or collapse of PM vesicles.

Bl DISCUSSION AND CONCLUSIONS

Peptaibols are the predominant specialized metabolites
produced by many distinct types of Trichoderma spp.,
including T. harzianum.”*™° The fungicidal and antiviral
effects of peptaibols have been described extensively, and
Trichoderma spp. have been applied as commercial biocontrol
agents, primarily based on these effects.”””' However, T.
harzianum has also been shown to stimulate plant growth and
many different growth-activating mechanisms have been
proposed, including activation of the plant PM H*-ATPase.'’
In this study, we identified peptaibol trichorzins PA II and VI
as the main PM H'-ATPase activating component of T.
harzianum extract, which agrees with the results reported by
Lopez-Coria et al.'” We compared the H*-ATPase stimulating
effect of peptaibols isolated from T. harzianum with AlaM and
found a similar response. These observations lead us to
hypothesize that peptaibols act not simply as biocontrol agents
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Figure 4. Model of peptaibol insertion into plant plasma membrane vesicles. Peptaibol molecules in concentrations of <5 yM interact with the
membrane but show little to no effect on plasma membrane (PM) H'-ATPase activity and membrane stability. Peptaibol molecules in
concentrations of 5—30 uM integrate into the PM and activate the PM H*-ATPase directly or indirectly through an unknown mechanism.
Peptaibol molecules in concentrations > 30 uM integrate into the PM and create indiscriminative ion channels, leading to disruption of the

membrane.

but also as a plant growth stimulant, further expanding the
interaction between plants and Trichoderma spp.

H* pumping proved to be more ambiguous in response to
AlaM. The literature provides numerous examples of peptaibol
integration into artificial membranes and aggregation of
peptaibol to create pores. Many of these examples have been
thoroughly reviewed.”'>***? It was therefore anticipated that
peptaibols would render the PM vesicles permeable to H,
collapsing the membrane potential, and any measured H*
pumping in the ACMA assay would be masked by a
simultaneous leakage from peptaibol pores. In agreement
with this prediction, initial experiments showed that peptaibols
inhibited H* pumping ~ 15 uM (Figure 3A,B). However,
decreasing the peptaibol concentration suggested that a small
dosage of AlaM increased the rate of H" pumping in the
ACMA assay (Figure 3C,D). We observed a significant
increase in H' pumping in response to 0.5 and 1.0 uM
AlaM, while 15 uM AlaM significantly decreased the level of
H* pumping. The increase in H*-ATPase-mediated H*
pumping after treatment with AlaM was not comparable to
the increase observed in ATP hydrolysis experiments (Figure
2B). This can be explained by a model in which AlaM-induced
H* influx is rapidly surpassed by H" leaking out as the AlaM
concentration is increased. An assay that measures ATP
hydrolysis is unaffected by this because pores in an otherwise
intact membrane are not expected to affect ATP hydrolysis.
Increasing this concentration leads to peptaibol aggregation
and pore formation. The increase in H" pumping is therefore
detectable only under these assay conditions when peptaibols
are added in concentrations ranging from 0 to 1 yM (Figure
3C,D).

Trichoderma spp. have shown antimicrobial activity and are
widely considered to be beneficial fungi in plant growth.
However, the mechanisms leading to growth promotion are
poorly understood.”*™*® Many Trichoderma spp. produce
auxin-like compounds, but this alone cannot explain plant
growth promotion.® The antimicrobial activity of Trichoderma
spp. is explained by production of a range of antimicrobial
compounds, and especially the pore-forming peptaibols.”**
Peptaibols seem to be both stimulating and detrimental to
plant growth,”” and the question remains: how do plants
tolerate peptaibols in natural conditions? The integration of
peptaibols into membranes with a heterogeneous lipid
composition remains to be thoroughly described, and evidence

has emerged, demonstrating that peptaibols are not inserted
and aggregated into pores equally in all lipid environ-
ments.' “***° It was demonstrated that the peptaibol
concentration needed for pore formation in plant PMs
increases upon exposure of the plants to cellulases. Exposure
to minute concentrations of T. viride cellulases renders plant
PM more tolerant to AlaM-induced permeability by redis-
tribution of lipids in the membrane.'”*** However, we
cannot know whether this increased tolerance is caused by
AlaM not being inserted into the membrane or if AlaM is
inserted without forming pores. Dotson et al. found that
cellulase-induced lipid distribution in the plant PM inhibited
formation of AlaM pores, suggesting that AlaM pores are not
formed equally well in all lipid environments. From the
available data, it cannot be distinguished whether AlaM is
inserted into the cellulase-treated PM and not forming pores or
if AlaM is not inserted into the PM before the concentration
reaches a certain threshold.*' Bertelsen et al. showed that AlaM
integrates differently in different lipid environments,”
supporting the finding that changes to the PM composition
can lead to AlaM tolerance. Analysis of the membrane
composition showed that tolerant cells had membranes
enriched in phosphatidylethanolamine and phosphatidylglycer-
ol, while phosphatidylserine and phosphatidylinositol were
decreased compared to the control.>® H*-ATPase activity is
affected by lipid composition,* and it is not fully understood
how lipid redistribution in response to cellulases changes H*-
ATPase activity in planta. Further studies are needed to
investigate the mechanism of peptaibol pore formation in
membranes that resemble the plant PM.

We found that ATP hydrolysis peaked in response to a
concentration of 1.25 ug (ca. 25 uM) per ug of protein for the
T. harzianum-derived peptaibols, tPA II and tPA VI, and the
well-studied peptaibol, AlaM. This concentration corresponds
well to the concentrations used in other studies of peptaibol
effect in plants.'”*”*® However, to describe the effect of
peptaibols more accurately in planta, their concentration in the
root zone must be established.

The present study provides evidence that peptaibols increase
H'-ATPase activity, and this may be involved in Trichoderma
spp. promoted plant growth. Based on available literature and
present data, we propose that peptaibols integrate stably into
plant PM and activate the plant PM H*-ATPase (Figure 4).
The ability of peptaibols to aggregate into pores has been
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shown to be highly susceptible to peptaibol concentration and
lipid composition, and we did not find that peptaibols affected
overall vesicle integrity until added in concentrations higher
than 62.5 uM (Figure S2). The peptaibol AlaM decreased the
membrane fluidity, as measured by DPH anisotropy, above a
given concentration threshold, which coincided with the onset
of ATPase activation above the basic level. While other
ATPases have been described to be activated by increased
membrane fluidity,"”” we find that changes in membrane
fluidity are not the main driver of PM H*-ATPase activation by
AlaM. The effect on plant roots in soil is therefore dependent
on the concentration of peptaibols and changes in the lipid
composition of the PM of live root cells. Both questions need
further research before it can be evaluated whether peptaibols
are growth inhibitors or promoters under natural conditions.
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trichorzin PA II; tPA VI, trichorzin PA VI; UHPLC—DAD—
HRMS, ultrahigh-performance liquid chromatography—diode
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extract with supplements
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