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ABSTRACT: In times of a constantly growing world population
and increasing demand for food, sustainable agriculture is crucial.
The rainfastness of plant protection agents is of pivotal importance
to reduce the amount of applied nutrients, herbicides, and
fungicides. As a result of protective agent wash-o� , plant protection
is lost, and soils and groundwater are severely polluted. To date,
rainfastness of plant protection products has been achieved by
adding polymeric adjuvants to the agrochemicals. However,
polymeric adjuvants will be regarded as microplastics in the future,
and environmentally friendly alternatives are needed. Anchor
peptides (APs) are promising biobased and biodegradable
adhesion promoters. Although the adhesion of anchor peptides
to arti� cial surfaces, such as polymers, has already been investigated in theory and experimentally, exploiting the adhesion to
biological surfaces remains challenging. The complex nature and composition of biological surfaces such as plant leaves and fruit
surfaces complicate the generation of accurate models. Here, we present the� rst detailed three-layered atomistic model of the
surface of apple leaves and use it to compute free energy pro� les of the adhesion and desorption of APs to and from that surface. Our
model is validated by a novel� uorescence-based microtiter plate (MTP) assay that mimics these complex processes and allows for
quantifying them. For the AP Macaque Histatin, we demonstrate that aromatic and positively charged amino acids are essential for
binding to the waxy apple leaf surface. The established protocols should generally be applicable for tailoring the binding properties of
APs to biological interfaces.
KEYWORDS:adaptive-steered MD, potential of mean force, atomistic leaf surface model, cutin, leaf wax, all-atom, MTP assay,
� uorescence

1. INTRODUCTION

With the increasing demand for food worldwide, sustainable
and innovative plant nutrition and protection methods have
become progressively crucial for agricultural production.1 An
ecologically friendly and tailored application of plant nutrients
and protectants may help to reduce the amount of applied
substances signi� cantly by improving resistance against rainfall
and sunlight and, thus, minimizing the ecological footprint. In
particular, the rainfastness of foliar applications has been
proven to play a major role in its long-term e� ectiveness and
often becomes the limiting factor for the timespan after which
reapplication is necessary. Thus, investigating and improving
the rainfastness of agrochemicals has been of high interest for a
long time.2� 6 Increased rainfastness is guaranteed by adding
adjuvants to the agrochemicals. These adjuvants greatly vary in
their chemical nature. Commonly used polymeric adjuvants,
however, will be regarded as microplastics in the future.2,7,8

According to the European Chemical Agency, the use of
intentionally added microplastics to plant health products will
be prohibited within the next� ve years. Therefore, it is of

pivotal importance to identify biodegradable alternatives to
ensure future food production.

Anchor peptides (APs) are short amphiphilic peptides with
sizes ranging from 20 to 100 amino acids that bind from
aqueous solutions to natural9,10 and synthetic surfaces11� 14

including metals.15,16 Tailor-made APs are thus applicable in
many � elds, including biotechnology,17 catalysis,18 nano-
particles,19 medicine,20 and agriculture.9

APs were reported to bind microgel containers to the plant
surface. Such containers can be applied for the long-term
controlled release of nutrients, herbicides, and fungicides. APs
increase the rainfastness and, hence, reduce the overall amount
of chemicals needed for e� ective plant protection and
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fertilization.9 In another study,10 APs were fused to an
antifungal peptide and successfully protected soybean plants
against its most severe disease, Asian soybean rust (Phakopsora
pachyrhizi). Therefore, APs are promising candidates for
microplastic-free adhesion-promoting adjuvants to increase
the rainfastness of agrochemicals.

The antimicrobial AP LCI21 shows signi� cant binding to
poly(propylene);13 the subsequent rational improvement of
the binding characteristics to this synthetic material was
reported.11,12 However, the rational improvement of AP
adhesion to biological surfaces remained challenging because
of the complex nature and composition of biological surfaces
and the diversity of the forces involved.

Here, we developed and validated a work� ow for the rational
improvement of AP adhesion to speci� c plant leaves based on
a multidisciplinary approach, comprising molecular dynamics
(MD) simulations and a tailored� uorescence-based screening
experiment. To obtain insights at the atomistic level into the
adhesion properties of APs on apple leaves, we generated the,
to our knowledge,� rst three-layered atomistic model of an
apple leaf surface consisting of I� cellulose, a cutin matrix, and
a leaf wax layer and probed AP adhesion to it by MD
simulations. The predictive power of the model was validated
by a novel� uorescence-based quantitative assay designed to
probe the adhesion of APs toward the leaf surfaces of plants.
The generated atomistic models allow investigating not only
the binding of APs, but can also aid in scrutinizing the
adsorption, penetration, and accumulation22 of nutrients,
herbicides, pesticides, or fungicides on/through the outer
surface of plant leaves. The� uorescence-based assay allows for
rapidly identifying new potential APs and selecting variants
with improved binding properties.

2. MATERIALS AND METHODS
Chemicals and Materials.All chemicals used in this study were

purchased from Carl Roth GmbH (Karlsruhe, Germany), Sigma-
Aldrich Corp. (St. Louis, MO and Deisenhofen, Germany), Fluka,
(Ulm, Germany), Macherey-Nagel (Du�ren, Germany), or AppliChem
GmbH (Darmstadt, Germany) and had at least analytical-reagent
grade purity unless speci� ed. Synthetic genes were obtained from
GenScript (Nanjing, China), and oligonucleotides were acquired from
Euro� ns Scienti� c SE (Ebersberg, Germany) in salt-free form.
Enzymes were obtained from New England Biolabs GmbH (Frankfurt
am Main, Germany). Plasmid extraction and polymerase chain
reaction (PCR) puri� cation kits were ordered from Macherey-Nagel
GmbH & Co. KG (Du�ren, Germany) and Qiagen GmbH (Hilden,
Germany). Black polypropylene microtiter plates (MTPs) were
obtained from Greiner Bio-One GmbH (Frickenhausen, Germany).
The plasmid pET28a(+) (Novagen, Darmstadt, Germany) was used
as the expression vector. TheEscherichia colistrains DH5� and BL21-
Gold (DE3) were purchased from Agilent Technologies (Santa Clara,
CA). E. coliDH5� was used as cloning host andE. coliBL21-Gold
(DE3) was used for protein expression.

Data Acquisition, Model Generation, Assay Development,
and Model Validation. In the following, we� rst describe the plant
growth conditions and the cuticular wax analysis. Next, this data is
used for the in silico model generation and molecular simulations for
the prediction of binding residues within APs and the binding
strength of APs. Finally, the predictions are investigated and validated
using a novel quantitative� uorescence-based screening.

Plant Growth Condition and Leaf Sampling. Strati� ed apple
(Malus domestica, cultivar“Bittenfelder”) seeds were sown on wet
sands for germination. After germination (2� 3 leaves stage), seedlings
were transplanted in soil pots (1 plant per pot). Seedlings were grown
under semicontrolled conditions in the greenhouse to the 12-leaves
stage. Then, they were transferred to the� eld. These apple plants

were grown under an ambient� eld environment at the Research
Station of Campus Endenich, University of Bonn (50° 73.09� north
latitude, 7° 7.34� east longitude), and northwest of the city of Bonn.
Only one plant per pot was allowed to grow after germination to
avoid nutrition, soil moisture, and light competition. The plants were
grown in well-watered (soil moisture content above 60%) and
nourished soil media (pot with basal-diameter 11 cm, soil mixture:
TKS [Brill Typ 5 + sand + perlite, mixing ratio 1:1.2:0.3], water
holding capacity: 1.29 kg water kg� 1 dry mass). Climate data such as
global radiation, UVA, rainfall, and photoactive radiation in ambient
outdoor conditions were continuously recorded every minute at the
meteorological station (MWS 9� 5 Microprocessor Weather Station,
Rheinhardt System- und Messelectronic GmbH, Diessen-Oebermuel-
hausen, Germany) in the� eld, whereas plant canopy level
temperature plus relative humidity was continuously recorded every
10 min by Tinytag data loggers (Tinytag, Gemini Data Loggers,
Chichester, UK). During the growth period (18.05� 10.07.2017), the
global radiation, photoactive radiation, and ultraviolet radiation A in
the� eld were 328± 14 W m� 2 (mean± standard error (SEM)), 554
± 20� mol m� 2 s� 1, and 5.0± 0.2 W m� 2, respectively. There were 29
rainfall days with daily cumulative rainfall ranging from 0.11 mm
(23.06.2017) to 15.28 mm (10.07.2017), yielding a mean value of 3.5
± 0.8 mm (SEM) and a median of 1.5 mm rainfall. The canopy level
temperature was 23.7± 0.5°C (mean± SEM), and relative humidity
was 61.4± 1.4 (mean± SEM). Fifteen-day-old apple leaf (15 days
exposed to the� eld environment) samples were taken for wax analysis
from 17th-position leaves from the base on June 13, 2017, each from
� ve biological replications. The freshly harvested leaves were placed in
humid polybags and brought to the lab for wax extraction.

Quanti� cation of Apple Leaf Wax Components via GC/FID
and GC/MS.Surface waxes were extracted from the adaxial leaf side
of apple leaves. Waxes were extracted by gently pressing a glass vial
containing 5 mL of chloroform on the adaxial leaf side for 10 s.
Immediately after extraction, samples were spiked with an internal
standard (50� L tetracosane of a chloroform solution of 10 mg in 50
mL; Fluka, Ulm, Germany), enabling the quanti� cation of the
individual wax compounds. The chloroform volume was reduced
under a gentle stream of nitrogen at 60°C to an end-volume of 200
� L. Hydroxylic and carboxyl groups of alcohols and acids were
transformed into the corresponding trimethylsilyl ethers and -esters
by derivatization. Derivatization was done using 20� L of N,O-
bis(trimethylsilyl)-tri� uoroacetamid (BSTFA; Macherey-Nagel,
Du�ren, Germany) and 20� L of pyridine (Sigma-Aldrich Corp.,
Deisenhofen, Germany) for 45 min at 70°C. One microliter of each
sample was analyzed by on-column injection and a gas chromatograph
equipped with� ame ionization detection (GC-FID; CG-Hewlett-
Packard 5890 series H, Hewlett-Packard, Palo Alto, CA, USA,
column-type: 30 m DB-1 i.d. 0.32 mm,� lm 0.1� m; J&W Scienti� c,
Folsom, CA, USA). For identi� cation of the individual wax
components (i.e., fatty acids, alcohols), again 1� L of the samples
was analyzed by GC-MS (gas chromatography equipped with a mass
spectrometer, quadrupole mass selective detector HP 5971, Hewlett-
Packard, Palo Alto, CA, USA). All wax molecules, including the fatty
acids, were quanti� ed based on the amount of internal standard via
GC-FID analysis. Identi� cation of the single compounds was made
using a homemade wax database and by comparing the obtained
fragmentation pattern with known substances. Calculations were
performed for every single component individually. The raw data are
provided inTable S1.

Computational Methods. To rationally improve the adhesion of
the tested APs to the surface of an apple leaf, we generated an
atomistic model of an apple leaf surface and performed (steered)
molecular dynamics simulations of the ad- and desorption of the
tested APs to/from this model.

Generation of an All-Atom Model of a Leaf Surface.The
outer part of the leaf surface consists of a cuticular polyester matrix of
interesteri� ed � -hydroxy acids, impregnated with cuticular waxes,
covered with cuticular waxes,23 and located atop a polysaccharide cell
wall.24 We used the Cellulose-Builder25 to generate a crystalline sheet
of I� cellulose, consisting of three layers of 15 chains each with 15
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� (1 � 4)-linkedD-glucopyranose moieties per chain, yielding a sheet
of 155 Å× 121 Å× 8 Å size (Figure 1A) that serves as a rigid surface
for our cutin model. Force� eld parameters for the� (1 � 4)-linkedD-
glucopyranose units and the terminal hydroxyl groups were taken
from GLYCAM06.26

Cutin is a waxy polymer composed of� -hydroxy acids (mostly
long-chain (16- or 18-carbon) fatty acids) and their derivatives, which
are interlinked via ester bonds, forming a polyester polymer of
indeterminate size. Its composition varies depending on the plant.27

As a representative fatty acid, we chose 10,18-dihydroxyoctadecanoic
acid. To generate building blocks for all possible ester cross-links, all
possible 23 structures di� erentially methylated at all hydroxyl groups
were generated in Schro�dinger’s MAESTROsoftware suite.28 In
subsequent preparation steps, methyl caps were removed, connection
records were added instead, and the structures were saved in an
Amberlibrary � le (.lib), allowing one to generate custom polyester
matrixes. We generated several linear polyesters, ranging from dimers
to hexamers, and branched structures with up to 17 residues. The
polyesters were packed into a rectangular box (160 Å× 120 Å× 80
Å) atop the cellulose usingPACKMOL,29 thereby keeping a minimal
distance of at least 2 Å between all structures. This loosely packed
cutin matrix (Figure 1B) was solvated using TIP3P water30 and
energy-minimized and thermalized. MD simulations of 25 ns length
under NVT conditions (see the next section for details) were then
performed to compact the matrix (Figure 1C). The water from the
resulting cellulose/cutin model was stripped, and the system was used
as a starting structure for all consecutive MD simulations performed
to generate the complete atomistic model of the leaf wax on a cutin
surface. Note that the thickness of the cutin layer may vary
considerably in nature.23 However, as we are focusing on interactions
of the peptides with the leaf surface, our polyester layer merely serves

to mimic the outer part of the cutin layer to adequately model
interactions between the leaf surface and the wax components.

The composition of the wax was based on experimental data
obtained by GC/FID and GC/MS of an apple leaf wax/chloroform
extract (seeQuanti� cation of Apple Leaf Wax Components via GC/
FID and GC/MS). To keep our computations tractable, we used 1/45
of the experimentally determined amount of wax components per
surface area of the cellulose/cutin system.PACKMOL29 was used to
pack the wax components into a rectangular box atop the cellulose/
cutin system (Figure 1D). Ten initial starting structures were created
by selecting di� erent random seeds for the packing process of the wax
components. The resulting systems were again solvated (Figure 1E)
with TIP3P30 water such that the distance between the boundary of
the box and the closest solute atom was at least 20 Å. MD simulations
of 100 ns length in the NVT ensemble were then performed (Figure
1F), as described in the following section after minimization and
thermalization. Atomic charges of cutin and wax components were
determined using the AM1-BCC method31,32 as implemented in
antechamber.33 Force� eld parameters were taken from the GAFF2
force� eld.34 Na+ counterions were used to balance the charges of the
deprotonated fatty acids. The solvated system comprises more than
1 000 000 atoms. At the time the model was constructed,Amberdid
not have the option to handle covalent bonds across periodic
boundaries. Therefore, we were limited to a� nite sheet of cellulose
which has to be restrained during simulations (seeMolecular
Dynamics Simulations) and the padding of the system with solvent
molecules.

The coordinates of the ten generated leaf surface models are
provided in PDB format, andAmberlibrary� les are provided for the
cutin and wax components in theSupporting Information.

AP/Leaf Systems.Peptide structures were taken from the Protein
Data Bank (PDB)35 when available (name, PDB ID: LCI, 2B9K;

Figure 1.Stepwise creation of an atomistic leaf surface model. (A) Three-layered crystalline I� cellulose. (B) Loosely packed polyester matrix of
cross-linked 10,18-dihydroxyoctadecanoic acid located above the cellulose sheet. (C) Compacted cutin layer atop the cellulose sheet after 25 ns of
NVT MD simulations. (D) Randomly placed wax components above the compact cutin layer. (E) Solvated system. (F) Snapshot obtained after
100 ns of NVT MD simulations of the complete model.
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Magainin, 2MAG; Plantaricin A, 1YTR; Pleurocidin, 1Z64). If a PDB
entry contained an ensemble of structures, the� rst structure was
taken, and if the protein was present as a multimer, the� rst subunit
was used. We employedTopModel,36 a meta-method for protein
structure prediction using top-down consensus and deep neural
networks, to generate a structural model for Macaque Histatin
(MacHis). Ten systems for the simulation of the adhesion for each
peptide were created by placing three APs randomly above the ten
di� erent leaf wax replicas usingPACKMOLwhile keeping a minimum
distance of at least 5 Å between the APs as well as to the wax surface.
Na+/Cl � counterions were added to neutralize the charges. Thus, for
all peptides, ten independent MD simulations of 250 ns length each
were performed, using di� erently packed leaf wax models for each
system. To probe the in� uence of the initial conformation of the leaf
wax surface on the simulation, we simulated ten replicas of LCI for
each of the ten initial leaf wax models for 250 ns, thus, in total 100
runs.

Molecular Dynamics Simulations.MD simulations were carried
out with the Amber18suite of programs37,38 using the GPU-
accelerated CUDA version of PMEMD.39,40 We applied the� 14SB41

(for the peptides), GLYCAM0626 (for I� cellulose), and GAFF2 (for
cutin and wax components) force� elds34 in all simulations. The
structures were solvated in a box of TIP3P30 water such that the
distance between the boundary of the box and the closest solute atom
was at least 20 Å. Periodic boundary conditions were applied using
the particle mesh Ewald (PME) method42 to treat long-range
electrostatic interactions. Bond lengths involving bonds to hydrogen
atoms were constrained by the SHAKE43 algorithm. The time step for
all MD simulations was 2 fs, and a direct-space nonbonded cuto� of 8
Å was applied. First, the solvent was minimized for 250 steps by using
the steepest descent method followed by conjugate gradient
minimization of 50 steps. Subsequently, the same approach was
used to minimize the entire system. Afterward, the system was heated
from 0 to 100 K using canonical ensemble (NVT) MD simulations,
and from 100 to 293 K using isobaric MD simulations. The solvent
density was adjusted to 0.97 g cm� 3 using isothermal� isobaric
ensemble (NPT) MD simulations. Positional restraints applied during
thermalization were reduced in a stepwise manner over 50 ps,
followed by 50 ps of unrestrained canonical ensemble (NVT) MD
simulations at 293 K with a time constant of 2 ps for heat bath
coupling with the Berendsen thermostat.44 Production MD
simulations for the leaf model only and the system comprising the
APs were run for 100 and 250 ns length, respectively, using 10 ps for
heat bath coupling.44 Coordinates were saved at 100 ps intervals. To
prevent twisting of the cellulose layer, positional restraints with a force
constant of 1 kcal mol� 1 Å� 2 were applied to the glucopyranose
moieties throughout the production simulations.

Estimation of the Potential of Mean Force for AP
Desorption by Adaptive Steered Molecular Dynamics Simu-
lations. To estimate the work needed to release the AP from the wax
surface, we performed adaptive-steered molecular dynamics (ASMD)
simulations.45,46 Using Jarzynski’s equality,47 the nonequilibrium work
WA� B performed on the system in a steered MD simulation can be
related to the free energy di� erence� F = FB � FA between state A
and B48 as depicted ineq 1andeq 2(T: absolute temperature;kB:
Boltzmann constant):

F F k T eln( )W k T
B A B

/A B BŠ = Š � �Š � (1)

e eF k T W k T/ /B A B B= � �Š � Š � (2)

In steered MD simulations (SMDs), a steering force is applied along
the desired reaction coordinate� (r) at a constant velocityv to explore
the system.45,48The system’s original HamiltonianH(r, p) is extended
by a guiding potentialh� (r), with the spring constantk and the time-
dependent perturbation� = � (t) ( eq 3), yielding the total
HamiltonianH�

� (r, p) ( eq 4):48
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whereF� is the Helmholtz free energy of theH� system andW(� ) is
the work done during the time interval [0,� ] calculated for each
trajectory (r(t), p(t)).

e� F� / kBT can be expressed in terms of the Helmholtz free energy
pro� le (potential of mean force) PMF(� ) along� , with the highest
contribution of the integral coming from the region around� = � for
largek, known as sti� -spring approximation.48 Taking the Taylor
series ofe� PMF(� )/ kBT about� , then, allows for calculating the potential
of mean force (PMF) from the leading order, yielding PMF(� ) = F� .

48

The latter can be calculated fromeq 5, resulting in PMF as a function
of the distanced from the leaf surface plus a constant const =F� (0)
according toeq 6:

d k T ePMF( ) ln( ) constW k T
B

( )/ B� = = Š � � +�Š (6)

In general, a high number of simulations must be performed to
converge the average over all realizations of an external process that
takes the system from the equilibrium state A to a new, generally
nonequilibrium state B and, thus, obtain a converged PMF.48 ASMD
tackles this problem by dividing the reaction path into smaller
segments called stages.49 Within these stages, the trajectory closest to
the Jarzynski average is determined, and the� nal state of this
trajectory is used as starting point for the consecutive stage.50 Thus,
trajectories contributing little to the overall PMF are disregarded in
the next stage, that way reducing the total number of simulations to
be performed.

Here, we performed ASMD simulations with a pulling velocity ofv
= 1 Å ns� 1 along the surface normal of the leaf model, and only the
work applied along this axis is determined. We employed a uniform
force constant ofk = 100 kcal mol� 1 Å� 2. For each stage, 25 replicas
are simulated for 2 ns each, resulting in an increase of 2 Å in the
distance between the center of mass of the AP and the leaf surface per
stage. As the amount of required simulation time is considerable for a
system comprising more than 1 000 000 atoms (� 6� 8 h on state-of-
the-art GPUs for 1 ns of simulation time), we limited the tested APs
to MacHis, LCI, Plantaricin A, Magainin, and Pleurocidin. These
peptides cover the range from strong adhesion (MacHis, LCI) over
medium adhesion (Plantaricin A) to weak/no signi� cant adhesion
(Magainin, Pleurocidin) as determined from qualitative experiments
on the apple. For each AP, one system out of the ten replicas is
chosen for ASMD simulations, where one of the three APs present in
the system is adsorbed approximately at the center of the wax surface
and does not interfere with the remaining APs.

Identi � cation of Residues Contributing to Binding. To
identify residues important for the adhesion of the AP to the leaf
surface, we calculated all contacts of the peptides to the wax
components within a distance cuto� of 7 Å for each replica. On the
basis of the identi� ed interactions, MacHis variants were generated by
substituting the residues showing the highest number of contacts with
alanine. As a negative control, alanine variants of residues showing less
frequent contacts were generated (seeGeneration of eGFP-MacHis
VariantsandCharacterization of eGFP-AP Binding Strength to Apple
Leaf Wax). The geometric analyses of the trajectories were performed
with CPPTRAJ.51

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c00648
ACS Appl. Mater. Interfaces2022, 14, 28412� 28426

28415

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c00648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Assay Development and Model Validation. To quantify the
AP’s binding strength to the cuticular wax and validate the
computational predictions, we developed a� uorescence-based MTP
assay to screen the APs and AP variants rapidly. The basis for the
development was the reliable and robust ABBA assay successfully
applied for the characterization of anchor peptide-binding
strength.11,12 In the following, we describe the developed assay and
the generation of the AP fusion constructs.

Wax Extraction and Coating of MTPs.For cuticular wax
extraction, apple leaves (Malus domestica, cultivar “Pinova”, 200
leaves) were immersed in pure chloroform for 10 s. The remaining
cuticular wax� chloroform mixture was� ltered (cellulose folded� lter
paper; 4� 12� m pore size, M&N 615 1, Ø 185 mm, Macherey-Nagel
GmbH & Co. KG), and chloroform was evaporated (rotary
evaporator; 500 mbar to 250 mbar, 49� 50 °C water bath, IKA-
Werke GmbH & CO. KG) (Figure 2A). For the MTP wax coating,
the wax� chloroform mixture was added to each well (50� g/cm2

apple wax; 50� L per well), and the chloroform was evaporated
completely (RT, 16 h) (Figure 2B). Wax-coated MTPs were
subsequently used for the characterization of AP binding strength.

Generation of eGFP-AP Fusion Constructs.The synthetic
genes of LCI (UniProt ID: P82243), MacHis (UniProt ID: P34084),
Magainin (UniProt ID: P11006), Plantaricin A (UniProt ID:
P80214), and Pleurocidin (UniProt ID: P81941) were codon-
optimized forE. coli and synthesized by GenScript (Nanjing,

China) (Table S2). All synthetic genes contained a sti� spacer helix
(17 amino acids; AEAAAKEAAAKEAAAKA)52 followed downstream
by a TEV cleavage site (7 amino acids: ENLYFQG)53 at the 5�-end of
the AP gene. APs were cloned in the pET28a(+)::eGFP (enhanced
green� uorescent protein) backbone applying“sequence-independent
phosphorothioate-based ligase-independent gene cloning” (PLIC-
ing)54 as previously described.13 For the performed binding study, the
TEV cleavage site was removed. Primers were designed (Table S3),
and a two-step PCR ampli� cation was performed under the following
conditions: pre-PCR for single-primer extension ((98°C, 2 min; one
cycle), (98°C, 15 s/55°C, 15 s/72°C, 4 min; 6 cycles)) followed by
a � nal elongation step (72°C, 10 min; one cycle) and a PCR for
e� cient recombination ((98°C, 2 min; one cycle), (98°C, 15 s/55
°C, 15 s/72°C, 4 min; 15 cycles)) followed by a� nal elongation step
(72 °C, 10 min; one cycle). All generated constructs were digested
(20 U Dpn1; 2 h, 37°C) and puri� ed using a PCR cleanup kit
(Macherey-Nagel). As eGFP-control, the construct pET28a-
(+)::eGFP-17xHelix was generated. All generated constructs were
transformed in electrocompetentE. coliDH5� and BL21-Gold (DE3)
cells. Successful cloning was con� rmed by sequencing (Euro� ns
Genomics GmbH, Ebersberg, Germany).

Generation of eGFP-MacHis Variants.Amino acid substitutions
were introduced into the eGFP-MacHis system by side-directed
mutagenesis using the pET28a::eGFP-17xHelix-TEV-MacHis tem-
plate and the primer pairs shown inTables S1 and S2using a two-step

Figure 2.Generation of an MTP-based assay for evaluating the adsorption of APs toward surface wax. (A) Surface wax extraction of an apple leaf
using chloroform. The extracted wax can be stored and (re)dissolved for coating. (B) Wax coating of an MTP well. (C) Procedure of the binding
assay describing the application of the eGFP-AP solution and consecutive washing steps. The remaining� uorescence is detected using a
� uorescence reader.
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PCR. The PCR conditions were pre-PCR for single-primer extension
((98 °C, 2 min; one cycle), (98°C, 15 s/55°C, 15 s/72°C, 4 min; 6
cycles)) followed by a� nal elongation step (72°C, 10 min; one
cycle) and a protocol for e� cient introduction of point mutations
((98 °C, 2 min; one cycle), (98°C, 15 s/55°C, 15 s/72°C, 4 min;
15 cycles)) followed by a� nal elongation step (72°C, 10 min; one
cycle). All generated constructs were digested (20 UDpn1; 2 h, 37
°C), puri� ed using a PCR cleanup kit (Macherey-Nagel), and
transformed in electrocompetentE. coliDH5� and BL21-Gold (DE3)
cells. Successful construction and cloning were con� rmed by
sequencing (Euro� ns Genomics GmbH, Ebersberg, Germany).

Production of eGFP-AP Fusion Constructs.eGFP-control,
eGFP-LCI, eGFP-MacHis, eGFP-Magainin, eGFP-Plantaricin A,
eGFP-Pleurocidin, and eGFP-MacHis variants were expressed inE.
coli BL21-Gold (DE3) cells and produced in Erlenmeyer� asks as
published previously.13 Cultivation was performed for 24 h (20°C,
900 rpm, 70% humidity; Multitron Pro; Infors AG). Cells were
harvested by centrifugation (3200 g, 40 min, 4°C; Eppendorf
centrifuge 5810 R, Eppendorf AG, Hamburg, Germany), and the cell
pellets were stored (� 20 °C). The obtained cell pellets were
suspended in tris(hydroxymethyl)-aminomethane (Tris/HCl) bu� er
(10 mL; pH 8.0, 50 mM) and disrupted by sonication on ice (2× 3
min, interval 30 s, 70% amplitude). By centrifugation (3200 g, 30 min,
4 °C; Eppendorf centrifuge 5810 R), soluble proteins were separated
from cell fragments and insoluble proteins. The supernatant was
� ltered through a 0.45 mm cellulose-acetate� lter (GE Healthcare,
Little Chalfont, UK) and subsequently used for further puri� cation.

Puri� cation of eGFP-AP Fusion Constructs.The eGFP-AP
fusion proteins and the eGFP-control were puri� ed using the N-
terminal His6-Tag and fast protein liquid chromatography (A�KTAp-
rime, GE Healthcare) with a prepacked ion a� nity chromatography
column (Ni-Sepharose 6 Fast Flow, 5 mL, GE Healthcare). Samples
were eluted with imidazole, desalted by dialysis against Tris/HCl
bu� er (50 mM, pH 8.0; used membrane: Spectra/Por4, Spectrum
Inc., Breda, The Netherlands), and concentrated using ultra� ltration
(Amicon Ultra 15 mL Centrifugal Filters, Merck KGaA). Protein
concentrations were determined with the BCA protein assay kit
(Novagen, Merck KGaA), and protein homogeneity was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE; 5% stacking gel, 12% separation gel).

Characterization of eGFP-AP Binding Strength to Apple
Leaf Wax.To analyze the binding strength of the di� erent eGFP-APs
and eGFP-MacHis variants toward apple leaf wax, we established a
96-well MTP-based assay (Figure 2). In the immobilization step,
eGFP-APs (4� M and 10 � M for eGFP-APs and eGFP-MacHis
variants, respectively; supplemented to PBS bu� er pH 7.4, 100� L per
well) were transferred to a black wax-coated MTP (PP,� at bottom,
wax coating described above) and incubated (10 min, RT, 600 rpm,
MTP shaker, TiMix5, Edmund Bu�hler GmbH, Hechingen, Germany).

In � ve subsequent washing steps, the MTP wells were washed with
PBS bu� er (100� L/well; 5 min, RT, 600 rpm) to remove nonspeci� c
as well as weak binding peptides and select strong binding eGFP-APs.
After removal of the liquid and desorbed peptides, the� uorescence of
the bound eGFP-APs was measured directly on the wax-coated MTP
surface with the 96-well MTP reader FLUOstar Omega (BMG
LABTECH GmbH, Ortenberg, Germany; excitation (exc.) 485 nm,
emission (em.) 520 nm, gain 1000, 35 reads/well). The obtained
� uorescence was normalized by the� uorescence of the respective
“dry” well after the initial treatment and removal of the supernatant to
account for varying concentrations. Finally, a baseline correction was
performed to account for the� uorescence of the pure eGFP.

Immobilization of eGFP-APs to Apple Leaves.Apple leaves
were cleaned with water and cell-free extracts containing eGFP-APs
(50 � L) were added to the apple leaves and incubated at room
temperature. All nonspeci� c or weak binding peptides were removed
in a subsequent washing step (50 mM Tris-HCl bu� er pH 8.0, 1 mL,
3 min incubation). Immobilization of the APs on apple leaves was
con� rmed by detection of the� uorescent fusion partner eGFP and
visualized by confocal microscopy (Leica Microsystems GmbH, Ex:
335 nm, Em: 454 nm, 405 diode laser).

3. RESULTS AND DISCUSSION
Here, we present our multidisciplinary work� ow (Figure 3),
ranging from apple leaf sample selection in the� eld over
surface wax extraction, analysis, and MTP assay preparation on
the laboratory scale to molecular modeling and simulations
and back to the laboratory scale for the screening of the
identi� ed APs and AP variants. Thus, in the following, we will
� rst present our� ndings with regard to the adaxial surface wax
composition. Second, we will show the results of unbiased MD
simulations involving the atomistic apple leaf surface model to
identify residues of MacHis essential for binding to that surface
and the experimental validation. Third, we show that our
model can qualitatively predict the binding strength of
structurally di� erent APs, as the results match the ones
obtained from the� uorescence assay.

Apple Leaf Wax Composition. Analytical investigations
of the adaxial leaf side ofMalus domestica, cultivar
“Bittenfelder” using GC/FID and GC/MS indicate that the
C31 alkane is the most prominent compound. Besides alkanes,
primary alcohols (chain length C26 to C34), esters (chain length
C40 to C48), primary acids (chain length C16 to C34), and
ketones were the dominating linear long-chain aliphatic wax
compounds. In addition, triterpenoids representing typical wax
compounds for species of the plant familyRosaceaewere found

Figure 3.Multidisciplinary work� ow for the rational improvement of the binding strength of APs toward apple leaves.
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(Figure 4andTable S3). Sterols were also identi� ed in the wax
extracts, however, since they are typical cell membrane
components, it cannot be excluded that they partially also
originated from the leaf interior. Our� ndings are in line with
published data55 on the adaxial apple leaf wax composition,
where alkanes, alcohols, esters, and acids of similar size and
triterpenoids were described as prominent wax compounds,
whereas steroids were missing in this study. The complex
composition of the leaf wax does not allow for drawing
conclusions about the precise physicochemical properties of
the wax layer and potential interactions with the APs, requiring
MD simulations for further investigations. Our work� ow for
the extraction of surface wax from di� erent kinds of leaves, e.g.,
di� erent species, di� erent growing conditions, and di� erent
positions on the plant, allows a standardized determination of
the wax composition, and the resulting knowledge about the

composition can be used to adapt our atomistic model to
re� ect the complex variety of surface waxes.

Generating an Atomistic Model of an Apple Leaf
Surface.Using the determined composition of the apple leaf
surface waxes, we tailored the wax layer of our three-layer leaf
surface model to represent an apple leaf’s outer surface
adequately. As the generation of the model is a multistep
process (Figure 1), a high number of alternative and
independent conformations of the system results. Here, we
used one template of the cellulose-cutin model (Figure 1C) for
the generation of ten systems exhibiting di� erently packed wax
layers to promote the versatility of the cuticular wax layer and
account for natural changes within it. In principle, the
composition of the wax layer can be adjusted to experimental
data to re� ect di� erent kinds of plant leaves and growing
conditions. We note that within the model the interfaces

Figure 4.Composition of apple (Malus domestica, cultivar“Bittenfelder”) adaxial leaf wax obtained via GC/FID and GC/MS. The bars depict the
mean (n = 5) amount of the respective wax component, and the error bars depict the standard error of the mean.

Figure 5.(A) Residue-wise relative contacts of MacHis with the wax molecules during 10× 250 ns of MD simulations of AP adsorption. The
secondary structure, as determined by DSSP,61 is indicated on the top. The color code relates to that shown in panel B. Error bars denote the SEM.
(B) Homology model of MacHis colored according to the relative number of contacts a residue forms with the wax molecules within 7 Å; side
chains of residues with a relative contact >0.04 are depicted as sticks and spheres.
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between the di� erent layers are de� ned by noncovalent
interactions. As we focus on the interaction between the AP
and the leaf wax, we did not investigate these interfaces
between the layers in detail in this study. The model, however,
may be used for this in future work and can be altered to also
account for the possible formation of covalent bonds
connecting the interfaces. Besides allowing to identify key
interactions of APs (see below), the model should be
applicable to investigate deposition and penetration processes
of agrochemicals through the di� erent layers, potentially
leading to accumulation in plants.56� 58 The generated
atomistic model provides a detailed description of the outer
leaf surface and is a platform for further coarse-graining59,60 to
speed up computational evaluation in the future when a
simpli� ed topology is su� cient. Here, we note that the
generated models show a noticeable accumulation of the leaf
wax components. Because of the solvation (at least 20 Å
between the boundary of the box and the closest solute atom)
during the preparation of the three-layered model (see
Generation of an All-Atom Model of a Leaf Surface), the
wax components accumulate in the center of the cutin plain to
minimize the hydrophobic area exposed to the solvent. For
future investigations, the atomistic model can be further
optimized to tackle the aforementioned accumulation of wax
components and speed up the simulation time. By packing our
system similar to membrane systems where the solvent is
located above and below the model, it is possible to exploit the
periodic boundary conditions for a more accurate representa-
tion of a leaf section. To reduce the computational costs, the
wax layer could be extracted once the locations of its
components converged to investigate the interactions of APs
with wax solely in consecutive simulations.

Identi � cation of Preferred Leaf Wax-Binding Resi-
dues within MacHis. We identi� ed the preferred binding
residues of MacHis from the ten unbiased MD simulations of
250 ns length, each containing a leaf model and three AP
moieties. We evaluated all contacts of the MacHis to the wax

components within a distance of 7 Å and considered residues
to preferentially bind to the leaf wax if they form >5% of all
interactions (Figure 5A). The secondary structure of MacHis
was predicted36 to be predominantly an� -helix with a small
loop region between residues 7 and 11. The MD simulations
revealed that MacHis preferentially binds to the cuticular wax
with one side of the� -helix (Figure 5B). Residues located at
positions 6, 10, 16, and 20 showed the highest number of
contacts (Figure 5A). These positions were selected for alanine
scanning in combination with the high-throughput MTP assay
to determine the importance of these residues for binding to
the cuticular wax. The contact analysis for the remaining four
investigated APs is shown inFigure S1.

To probe the dependency from the sample size, i.e., the
number of observed AP� wax interactions, on the identi� cation
of preferred binding residues, we performed bootstrapping
analyses on the MacHis (Figure S2) and LCI (Figure S3)
simulation data. When using a sample size of 15 APs, i.e.,
approximately half of the MacHis set, in 71% (17%) of all
cases, it is possible to identify two (three) out of the three
residues identi� ed using the complete data set. When
considering the� ve best binding residues, in more than half
of the cases (53%), it is still possible to identify four out of the
� ve residues (in 13% of all cases, all� ve residues are
identi� ed), using half of the data set. In comparison, the
bootstrapping analysis of the exhaustive simulations using LCI
reveals that, with our setup (10 replicas a� 3 APs), one can
identify at least two out of the top three (three out of the top
� ve) residues identi� ed using a ten times larger data set in
� 80% (� 90%) of the cases, suggesting that the chosen setup
(10 replicas a�3 APs) provides a reasonable balance between
accuracy and computational demand.

Finally, a simulation time of 250 ns for adsorption proved to
be su� cient, as upon binding to the wax layer, which is
observed within less than 100 ns for the majority of all MacHis
moieties, the binding pose of MacHis is stable for the
remaining simulation time as indicated by only minor changes

Figure 6.Binding of eGFP, eGFP-MacHis wild-type (MHWT), and eGFP-MacHis variants (MH1� 8) to extracted cuticular wax from apple leaves.
Binding was quanti� ed by measuring the remaining� uorescence of the fusion partner eGFP after� ve washing steps on apple leaf cuticular wax in
96-well MTPs (four wells, three replicates). The similarity of the obtained distributions is evaluated using a two-sided Kolmogorov� Smirnov test;
correspondingp-values are provided above/below the horizontal lines (ns:“not signi� cant”, *** : p � 0.001).
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compared to the previous frame (� RMSDprevious,100� 250 ns� =
2.16± 0.04 Å,Figure S4).

Alanine Scanning of the Identi� ed Residues of
MacHis Reveals their Importance for Binding to the
Surface Wax. As a general trend, positively charged and
aromatic amino acids (R6, R10, Y16, F20) were identi� ed as
preferred binding residues interacting with the wax layer.
Amino acids at the four binding residues with the highest
relative contact were exchanged for alanine (Figure 5); the
generated variants are MH1 (R6A), MH2 (R10A), MH3

(Y16A), MH4 (F20A), MH5 (R6A/R10A), MH7 (R6A/
R10A/F20A), and MH8 (R6A/R10A/Y16A/F20A). In
addition, one eGFP-MacHis variant, MH6 (K15A), with an
amino acid substitution at a residue with few relative contacts
to the apple leaf wax was generated as a negative control.
Overall, seven eGFP-MacHis variants were generated by site-
directed mutagenesis.

The APs’ binding strength to apple leave wax was quanti� ed
using the eGFP� uorescence. Through washing steps, peptides
and proteins with weak interactions to the cuticular wax are
removed, whereas peptides with higher a� nity remain on the
surface. Therefore, the binding strength of eGFP, eGFP-
MacHis wild-type (MHWT), and the eGFP-MacHis variants
(MH1� 8) correlates with the determined� uorescence after
washing. The remaining� uorescence of eGFP, MHWT, and
MacHis variants after� ve washing steps is depicted inFigure 6
(raw data are provided inTables S4� S6, the remaining
� uorescence after two washing steps is depicted inFigure S5).

Signi� cant di� erences in binding strength with regard to the
wild-type and the negative control MH6 were observed for
variants MH2, MH3, and MH5. These variants showed the
overall lowest binding strength with a decrease of 97%, 90%,
and 89% in relative� uorescence compared to the wild-type,
respectively, making them indistinguishable from pure eGFP.
The variant MH4 as well as the negative control MH6 and the
variants with multiple substitutions (MH7 and MH8) show a
signi� cant decrease in binding compared to the wild-type,
however, to a lower extent than variants MH2, MH3, and MH5.
No signi� cant di� erence in wax binding compared to the wild-
type, however, was observed for variant MH1.

Although single substitutions can lead to up to >90%
decrease in binding, substitutions of several residues, including
the single most impactful substitutions on positions 10 and 16,
led to a decrease of at most 61% (MH7, 8) except for MH5
(decrease of 89%) compared to the wild-type. However, MH7
and MH8 do not show a signi� cant di� erence in comparison to
the negative control MH6. For MH5, the mutation R6A hardly
in� uences the loss in binding strength caused by the mutation
R10A, as expected from the behavior of MH1, leading to a
signi� cant decrease in binding compared to both the wild-type
and the negative control. By contrast, in variants MH7 and
MH8, the additional substitutions unexpectedly counterbalance
the decrease in binding strength caused by the single
substitutions at positions 10 and 16.

Out of the predicted preferred residues, identi� ed from
formed contacts, the two in the center (R10, Y16) show a
signi� cant e� ect on the binding strength, but the two on the

Figure 7.Adaptive steered MD of the desorption process of MacHis (cyan) from the leaf surface model. The potential of mean force (PMF, black
solid line) of desorption determined as the average of the work of each stage (blue transparent lines) is depicted in the inset. The starting structure
(stage 1) of MacHis as well as a structure selected from stage 12 of the steered MD are shown as translucent, the completely detached AP is shown
as opaque (stage 17); corresponding stages are highlighted in the PMF pro� le.
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sides (R6, F20) do not. This suggests that the contacts formed
by the latter originate as a secondary e� ect from the contacts
formed by R10 and Y16 and the rigid secondary structure of
the� -helix. The� nding is reminiscent of the O-ring hypothesis
in protein� protein interfaces62 and indicates that more
detailed energetic evaluations of residue contributions to
binding63 may be necessary to evaluate AP-wax binding. Still,
the computational prediction of binding-relevant residues
provides a 117 times more likely identi� cation of the two
key residues (R10 and Y16) out of four possible suggestions
than a random drawing, considering that the chance for� nding
the identi� ed two key residues (assuming these are the only
residues of major importance for binding) by randomly
choosing four out of 38 possible mutation sides amounts to
h(2|38;2;4) = 0.85% based on the hypergeometric distribution.
The two key residues are found in 53.8% of the time when
randomly generating 28 variants (h(2|38;2;28) = 53.8%) and,
therefore, the prediction using the computational models
reduces the experimental burden by a factor of� 7 (28 random
variants/4 predicted variants) on average. As to the
unexpectedly small e� ects found for MH7 and MH8, we can
only speculate that the multiple substitutions may lead to
conformational changes of the AP and a di� erential binding
mode, which was not captured in the MD simulations of the
wild-type AP, suggesting that MD simulations of the variant
APs are needed in such cases. In addition, in MH1, the
mutation is close to the end connected to the sti� helical
spacer, which in turn is connected to the eGFP, potentially
restricting the N-terminal end of MacHis to form contacts with
the cuticular wax.

Binding Strengths Estimated via Adaptive Steered
MD Match the Experimentally Determined Binding
Strengths of APs. To estimate the individual binding
properties of the APs, we performed adaptive-steered MD
simulations. By applying a pseudoforce, we simulated the
desorption of the AP from the leaf wax (Figure 7). The
nonequilibrium work performed on the system can be related
to the free energy di� erence between the bound and free states
using Jarzynski’s equality (eq 1, Figure 7 (inset, blue
transparent lines),Figure 8A). From the work calculated for
each trajectory within each stage, we can deduce the PMF(d)

for each stage as a function of the distanced of the AP’s
geometric center from the surface of the leaf model (eq 6,
Figure 7(inset, black solid line),Figure 8A).

The higher the work needed to transfer the AP from the wax
surface into the solution, the better the adhesion of the AP to
the leaf surface. By determining the derivative of the applied
work with respect to the distance, we obtained the force pro� le
of the desorption process (Figure 8B), which could be used to
determine a potential force threshold needed to release the AP
from the leaf wax (Figure 8C). We performed the adaptive
steered MDs for� ve APs, covering the range from weak to
strong binding (Magainin, Pleurocidin, Plantaricin A, MacHis,
and LCI).

The ASMD simulations reveal distinct di� erences in the
PMFs for releasing the APs from the wax surface. The forced
desorption of MacHis requires the most work (� 60 kcal
mol� 1), followed by Plantaricin A (� 40 kcal mol� 1), LCI and
Pleurocidin (� 35 kcal mol� 1 each), and Magainin (� 30 kcal
mol� 1 each) (Figure 8A). As to the maximal force required
during desorption (Figure 8B), MacHis and Magainin show
the largest and smallest values, in line with the required work.
The order of the other three APs is LCI > Plantaricin A >
Pleurocidin, with the� rst two showing very similar values. The
force needed to move the AP from the leaf surface is indicative
of the steepness of the potential energy barriers along the
reaction coordinate.

To assess our model’s capability to predict and rank binding
a� nities for structurally di� erent APs qualitatively, we analyzed
all � ve APs for their binding performance in the MTP-based
binding assay. For a more stable production of all contigs inE.
coli, the TEV cleavage site was excised using noncontinuous
(loop-out) primers during a PCR. As done in the alanine
scanning, the APs’ binding strength was characterized by
quantifying eGFP� uorescence in apple leaf wax precoated 96-
well-PP-MTPs using the assay described above. The binding of
only eGFP and eGFP-APs corresponds to the determined
relative� uorescence in each well (four wells, three replicas) in
relation to the applied amount of AP. The results of the MTP
assay of all eGFP-APs are depicted inFigure 9A (raw data are
provided inTables S7� S9).

Figure 8.(A) Potential of mean force (PMF) pro� les for the desorption of MacHis (blue), Plantaricin A (green), LCI (orange), Pleurocidin (red),
and Magainin (purple) as determined by adaptive steered MDs. The work of the 25 individual replicas per stage is depicted as transparent, and the
PMF is shown as opaque. (B) Force pro� le as the di� erence quotient� PMF/1 Å, where the denominator relates to the distance di� erence with
respect to the leaf surface. (C) Bar plot depicting the maxima of the forces shown in panel B.
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After � ve washing steps, LCI and MacHis show the highest
binding strength to surface apple leaf wax according to the
relative remaining� uorescence, followed by Plantaricin A,
Pleurocidin, and Magainin (Figure 9A); the relative remaining
� uorescence of Pleurocidin is not signi� cantly di� erent from
that of the pure eGFP, and that of Magainin is signi� cantly
worse (results after two washing steps are depicted inFigure
S6). These results compare very favorably to the computed
maximal forces required during desorption in that the same
order of binding strength is obtained except for LCI and
MacHis (Figure 8C).

During the production of eGFP-Plantaricin A and eGFP-
Magainin inE. coli, a degradation band was observed in the
SDS-PAGE at a size corresponding to eGFP. The eGFP-AP
concentration was normalized based on the concentration
quanti� ed by SDS-PAGE usingImageJ/FiJi (Figure S7).

Despite the normalized eGFP-AP concentration, the di� erent
peptide samples contained a varying amount of eGFP (eGFP-
Magainin,� 75%; eGFP-Plantaricin A,� 10%). eGFP could
interfere with the binding of Magainin and Plantaricin A,
leading to a possibly lower binding strength.

The quantitative results from the MTP assay correspond
well with qualitative results obtained from� uorescence
microscopy of apple leaves� rst treated with the eGFP-AP
solutions and subsequently washed (Figure 9B), supporting
that the wax-coated MTPs adequately mimic the waxy surface
of an apple leaf.

Overall, the results from the MTP assay largely match the
computational predictions and the qualitative observations on
entire apple leaves. The good agreement with the (AS)MD
simulations supports the validity of our atomistic leaf model
and the computational approach. To further increase the

Figure 9.(A) Binding of eGFP-APs to extracted cuticular wax from apple leaves. AP binding was quanti� ed by measuring the remaining
� uorescence of the reporter protein eGFP after� ve washing steps on apple leaf cuticular wax in 96-well MTPs (four wells, three replicates). The
similarity of the obtained distributions is evaluated using a two-sided Kolmogorov� Smirnov test; correspondingp-values are provided above/below
the corresponding horizontal lines (ns:“not signi� cant”, * : p � 0.05,*** : p � 0.001). (B) Qualitative assessment of eGFP-AP binding on apple
leaves after washing using confocal microscopy. Immobilization of eGFP-control and eGFP-APs to the surface of apple leaves was investigated by
incubation (50� L, 5 min, ambient temperature) followed by one washing step (1 mL, 50 mM Tris-HCl bu� er pH 8.0). Scale bars represent 500
� m in all images.
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precision of the PMFs obtained from the ASMD simulations,
ideally, several PMFs obtained from di� erent starting
conformations using di� erent pulling directions should be
calculated. However, ASMD simulations are computationally
costly for systems comprising more than 1 000 000 atoms.

4. CONCLUSION

In this work, we present a work� ow for the selection of suitable
APs and rational improvement of their binding properties
toward speci� c plant leaves using a multidisciplinary approach.
For this, we created, to the best of our knowledge, the� rst
multilayered model of an apple leaf surface, which can be used
to investigate interactions of agrochemicals or nutrients with
leaf surfaces at an atomistic level. The model consists of three
layers: cellulose, cutin, and a surface wax layer. All layers can be
modi� ed and adjusted to re� ect the properties of di� erent
plant leaves. With the leaf wax composition of apple leaves
determined with GC/FID and GC/MS, we could tailor our
atomistic model toward that speci� c leaf type, enabling the
realistic modeling of adsorption properties.

To validate our model, we focused on investigating the
adhesion of APs to the cuticular wax layer of the model. APs
are versatile and well-studied adhesion promoters that can be
applied in a variety of� elds, including novel plant protection
technologies.9 For complex biological surfaces such as a leaf
surface, however, the mechanisms of adsorption at the
atomistic level have remained elusive. To elucidate the
adsorption, we� rst used our atomistic leaf surface model to
identify key residues of the AP MacHis that preferentially
interact with the wax layer in MD simulations. The identi� ed
residues were further investigated experimentally using alanine
scanning in combination with a newly developed MTP assay to
rapidly quantify the surface wax binding properties of di� erent
APs or AP variants. With the obtained knowledge and the
identi� ed key binding residues of MacHis, we can tune the
binding strength to improve the rainfastness to match
application demands. For MacHis, we found that aromatic
and positively charged amino acids on one side of the helix
majorly contribute to the binding toward the surface wax of
apple leaves. Therefore, engineered anchor peptides might
become promising alternatives for polymeric adhesion
promoters and will pave the way to developing microplastic-
free and biodegradable plant protection products.

Second, we probed our work� ow for use in AP screening.
For this, we performed ASMD simulations to determine the
PMF of desorption of� ve di� erent APs from the leaf surface,
ranging from weak to strong binding APs. The results were
validated with the novel MTP assay. The quantitative
experimental results match well with the computational
predictions as well as with qualitative results obtained from
experiments using entire leaves.

The established work� ow opens up avenues for further
experimental and computational studies revolving around foliar
applications, such as optimizing APs and investigating the
adsorption, incorporation, or di� usion of herbicides, fungi-
cides, or nutrients on, into, or through the surface wax, cutin,
or cellulose. Finally, the generated atomistic models and the
MTP assay can be adapted to accommodate di� erent plant
types and growing conditions.
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