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ABSTRACT: In times of a constantly growing world populati@brption of anchor peptides _
and increasing demand for food, sustainable agriculture is crucidp'eaf surface ;
The rainfastness of plant protection agents is of pivotal importance
to reduce the amount of applied nutrients, herbicides,
fungicides. As a result of protective agent waglait protection

rainfastness of plant protection products has been achievElig
adding polymeric adjuvants to the agrochemicals. Howk
polymeric adjuvants will be regarded as microplastics in the f
and environmentally friendly alternatives are needed. Al
peptides (APs) are promisingoliased and biodegradab [SEEtse
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 adhesi
biological surfaces remains challenging. The complex nature and composition of biological surfaces such as plant leaves ar
surfaces complicate the generation of accurate models. Here, we prestdethded three-layered atomistic model of the
surface of apple leaves and use it to compute free endegyoptbe adhesion and desorption of APs to and from that surface. Our
model is validated by a novebrescence-based microtiter plate (MTP) assay that mimics these complex processes and allows |
quantifying them. For the AP Macaque Histatin, we demonstrate that aromatic and positively charged amino acids are essentsi
binding to the waxy apple leaf surface. The established protocols should generally be applicable for tailoring the binding propert
APs to biological interfaces.

KEYWORDS:adaptive-steered MD, potential of mean force, atomistic leaf surface model, cutin, leaf wax, all-atom, MTP ass:
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1. INTRODUCTION pivotal importance to identify biodegradable alternatives to

: . . . ‘ sure future food production.
With the increasing demand for food worldwide, sustalnab‘?é‘Anchor peptides (APs) are short amphiphilic peptides with

and innovative plant nutrition and protection methods havgizeS ranaing from 20 o 100 amino acids that bind from
become progressively crucial for agricultural produgtion. LEOLS %olgtions to natttdland svnthetic surfatbd?
ecologically friendly and tailored application of plant nutrienfdd y

. 16 . . .
and protectants may help to reduce the amount of appliéacmdmg metalS:'® Tailor-made APs are thus applicable in

g . . , . H hany elds, including biotechnolddycatalysis® nano-
substances sigeantly by improving resistance against rainfall articles? medicin@® and agricultur®.

and sunlight and, thus, minimizing the ecological footprint. IR ; ) .
particular, the rainfastness of foliar applications has beg&ﬁiiewesrigﬁ pggtﬁt(;itnoet)slngarglcbrgggl Cﬁgéa'% errsthtg tlgi pl’[%rr]:n
proven to play a major role in its long-terecgveness and ) pp 9

often becomes the limiting factor for the timespan after Whic%ontrolled release of nutrients, herbicides, and fungicides. APs
9 P increase the rainfastness and, hence, reduce the overall amount

reapp_lication Is necessary. Thus, investigating_anc_j improvg}g chemicals needed foreetive plant protection and
the rainfastness of agrochemicals has been of high interest for a

long time: © Increased rainfastness is guaranteed by addirg
adjuvants to the agrochemicals. These adjuvants greatly vary§feived: January 11, 2022
their chemical nature. Commonly used polymeric adjuvants¢cepted: April 29, 2022
however, will be regarded as microplastics in the?fifture. Published:May 23, 2022
According to the European Chemical Agency, the use of

intentionally added microplastics to plant health products will

be prohibited within the nexte years. Therefore, it is of
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fertilizatior?. In another studf, APs were fused to an were grown under an ambieedd environment at the Research
antifungal peptide and successfully protected soybean plapi@ion of Campus Endenich, University of Borfn7&09 north
against its most severe disease, Asian soybeBhakspgora latitude, 7 7.34 east longitude), and northwest of the city (_)f B_onn.
pachyrhiyi Therefore, APs are promising candidates fopnly one plant per pot was allowed to grow after germination to

. i - ; : : oid nutrition, soil moisture, and light competition. The plants were
mlcroplastlc free adhesion promoting adjuvants to |ncrea§ wn in well-watered (soil moisture content above 60%) and
the rainfastness of agrochemicals.

. . L L. nourished soil media (pot with basal-diameter 11 cm, soil mixture:
The ant'm'crogb'al AP L&l shows signcant binding to ks [Brill Typ 5 + sand + perlite, mixing ratio 1:1.2:0.3], water

poly(propylenej; the subsequent rational improvement of holding capacity: 1.29 kg waterkiyy mass). Climate data such as

the binding characteristics to this synthetic material wagobal radiation, UVA, rainfall, and photoactive radiation in ambient

reported“ However, the rational improvement of AP outdoor conditions were continuously recorded every minute at the

adhesion to biological surfaces remained challenging becausteorological station (MWS® Microprocessor Weather Station,

of the complex nature and composition of biological surfacB§€inhardt System- und Messelectronic GmbH, Diessen-Oebermuel-

and the diversity of the forces involved. hausen, Germany) in theeld, whereas plant canopy level
Here, we developed and validated a warfor the rational temperature plus relative humidity was continuously recorded every

. . 10 min by Tinytag data loggers (Tinytag, Gemini Data Loggers,
improvement of AP adhesion to sgeplant leaves based on .Chichester, UK). During the growth period (181@607.2017), the

a multidisciplinary approach, comprising molecular dynamigg,na) radiation, photoactive radiation, and ultraviolet radiation A in
(MD) simulations and a tailoredorescence-based screeningthe eld were 328 14 W m2 (meant standard error (SEM)), 554
experiment. To obtain insights at the atomistic level into the 20 molm2s %, and 5.@ 0.2 W m? respectively. There were 29
adhesion properties of APs on apple leaves, we generated thiefall days with daily cumulative rainfall ranging from 0.11 mm
to our knowledge,rst three-layered atomistic model of an (23.06.2017) to 15.28 mm (10.07.2017), yielding a mean value of 3.5
apple leaf surface consisting @kllulose, a cutin matrix, and * 0.8 mm (SEM) and a median of 1.5 mm rainfall. The canopy level
a leaf wax layer and probed AP adhesion to it by MOemperature was 2370.5°C (megrﬂ_— SEM), and relative humidity
simulations. The predictive power of the model was validatés 61.4 1.4 (meant SEM). Fifteen-day-old apple leaf (15 days
by a novel uorescence-based quantitative assay designedf osed to theeld environment) samples were taken for wax analysis

, m 17th-position leaves from the base on June 13, 2017, each from
probe the adhesion of APs toward the leaf surfaces of plan biological replications. The freshly harvested leaves were placed in

The generated atomistic models allow investigating not onlyimid polybags and brought to the lab for wax extraction.

the blndlng of APs, but can also aid in scrutinizing the Quanti cation of Apple Leaf Wax Components via GC/FID
adsorption, penetration, and accumufatioh nutrients, and GC/MS.Surface waxes were extracted from the adaxial leaf side
herbicides, pesticides, or fungicides on/through the outef apple leaves. Waxes were extracted by gently pressing a glass vial
surface of plant leaves. Therescence-based assay allows fogontaining 5 mL of chloroform on the adaxial leaf side for 10 s.

rapidly identifying new potential APs and selecting variant@mediately after extraction, samples were spi_ked with an _internal
with improved binding properties standard (50L tetracosane of a chloroform solution of 10 mg in 50

mL; Fluka, Ulm, Germany), enabling the quaatton of the
individual wax compounds. The chloroform volume was reduced
2. MATERIALS AND METHODS under a gentle stream of nitrogen at®@ an end-volume of 200

Chemicals and Materials.All chemicals used in this study were L. Hydroxylic and carboxyl groups of alcohols and acids were
purchased from Carl Roth GmbH (Karlsruhe, Germany), Sigm;;[ansfo_rme_d into the c_orre_spc_)ndlng trlmethylsnyl ethers and -esters
Aldrich Corp. (St. Louis, MO and Deisenhofen, Germany), Flukgy derivatization. Derivatization was done usingL 26f N,O-

(Ulm, Germany), Macherey-Nagel @y Germany), or AppliChem bls(trlmethyIS|IyI)-trluoroacetamld_ (_BSTF,_’-\; Macht_arey-NageI,
GmbH (Darmstadt, Germany) and had at least analytical-reagelRtren, Germany) and 20L of pyridine (Sigma-Aldrich Corp.,
grade purity unless sped. Synthetic genes were obtained from Deisenhofen, Germany) for 45 min at@0One microliter of each
GenScript (Nanjing, China), and oligonucleotides were acquired frof@mple was analyzed by on-column injection and a gas chromatograph
Eurons Scientc SE (Ebersberg, Germany) in salt-free form.€quipped with ame ionization detection (GC-FID; CG-Hewlett-
Enzymes were obtained from New England Biolabs GmbH (Frankfiffgckard 5890 series H, Hewlett-Packard, Palo Alto, CA, USA,
am Main, Germany). Plasmid extraction and polymerase cha@@lumn-type: 30 m DB-1i.d. 0.32 mim 0.1 m; J&W Scientt,

reaction (PCR) purcation kits were ordered from Macherey-NagelFolsom, CA, USA). For idertation of the individual wax
GmbH & Co. KG (Duen, Germany) and Qiagen GmbH (Hilden, components (i.e., fatty acids, alcohols), againdtf the samples
Germany). Black polypropylene microtiter plates (MTPs) werdvas analyzed by GC-MS (gas chromatography equipped with a mass
obtained from Greiner Bio-One GmbH (Frickenhausen, Germany§pPectrometer, quadrupole mass selective detector HP 5971, Hewlett-
The plasmid pET28a(+) (Novagen, Darmstadt, Germany) was us ckard, Palo Alto, CA, USA). All wax molecules, including the fatty
as the expression vector. Eeherichia cstiiains DH5 and BL21- acids, were quargd based on the amount of internal standard via
Gold (DE3) were purchased from Agilent Technologies (Santa ClargC-FID analysis. Identation of the single compounds was made
CA). E. colDH5 was used as cloning host &naoliBL21-Gold using a homemade wax database and by comparing the obtained
(DE3) was used for protein expression. fragmentation pattern with known substances. Calculations were

Data Acquisition, Model Generation, Assay Development, performed for every single component individually. The raw data are
and Model Validation. In the following, werst describe the plant  provided inTable S1
growth conditions and the cuticular wax analysis. Next, this data isComputational Methods. To rationally improve the adhesion of
used for the in silico model generation and molecular simulations five tested APs to the surface of an apple leaf, we generated an
the prediction of binding residues within APs and the bindingitomistic model of an apple leaf surface and performed (steered)
strength of APs. Finally, the predictions are investigated and validatedlecular dynamics simulations of the ad- and desorption of the
using a novel quantitativeorescence-based screening. tested APs to/from this model.

Plant Growth Condition and Leaf Sampling. Strati ed apple Generation of an All-Atom Model of a Leaf Surface.The
(Malus domestjceultivar“Bittenfelde) seeds were sown on wet outer part of the leaf surface consists of a cuticular polyester matrix of
sands for germination. After germinatior3 (Baves stage), seedlings interesteried -hydroxy acids, impregnated with cuticular waxes,
were transplanted in soil pots (1 plant per pot). Seedlings were growavered with cuticular waxéand located atop a polysaccharide cell
under semicontrolled conditions in the greenhouse to the 12-leawsall** We used the Cellulose-Buifdén generate a crystalline sheet
stage. Then, they were transferred to ¢lek These apple plants of | cellulose, consisting of three layers of 15 chains each with 15
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Figure 1.Stepwise creation of an atomistic leaf surface model. (A) Three-layered crystdililosd. (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 2
NVT MD simulations. (D) Randomly placed wax components above the compact cutin layer. (E) Solvated system. (F) Snapshot obtained &
100 ns of NVT MD simulations of the complete model.

(1  4)-linkedp-glucopyranose moieties per chain, yielding a shee¢b mimic the outer part of the cutin layer to adequately model
of 155 Ax 121 Ax 8 A size Figure A) that serves as a rigid surface interactions between the leaf surface and the wax components.

for our cutin model. Forceld parameters for th€l ~ 4)-linkedo- The composition of the wax was based on experimental data
glucopyranose units and the terminal hydroxyl groups were takehtained by GC/FID and GC/MS of an apple leaf wax/chloroform
from GLYCAMO0S°® extract (se®uanti cation of Apple Leaf Wax Components via GC/

Cutin is a waxy polymer composed dfydroxy acids (mostly  FID and GC/M3. To keep our computations tractable, we used 1/45
long-chain (16- or 18-carbon) fatty acids) and their derivatives, whiéf the experimentally determined amount of Wax components per
are interlinked via ester bonds, forming a polyester polymer &frface area of the cellulose/cutin syS@@KMOE® was used to
indeterminate size. Its composition varies depending on tfé plantPack the wax components into a rectangular box atop the cellulose/
As a representative fatty acid, we chose 10,18-dihydroxyoctadecaféit? SystemHigure D). Ten initial starting structures were created
acid. To generate building blocks for all possible ester cross-links PY|S€lecting derent random seeds for the packing process of the wax
possible 2structures derentially methylated at all hydroxyl groups COMPOnents. The resulting systems were again saivaed £)
were generated in Satingels MAESTROsoftware suifé. In with TIP3P° water such that the distance between the boundary of

subsequent preparation steps, methyl caps were removed, conne ng anld th(tahc_los;ﬁst ;(\)/I#te atoml;/;/ as at Ieﬁft 20 A'fMD simulations
records were added instead, and the structures were saved in‘1) ns length in the ensemble were then perfoFigede(

Ambetlibrary le (.lib), allowing one to generate custom polyester,; ”’ as described in the following section after minimization and
thermalization. Atomic charges of cutin and wax components were

matrixes. We generated several linear polyesters, ranging from d%%ﬁgrmined using the AM1-BCC mefidd as implemented in

to hexamers, and branched structures with up to 17 residues. echambé? Force eld parameters were taken from the GAFF2
polyesters were packed into a rectangular box (462AAx 80 force eld®*Na* counterions were used to balance the charges of the

A) atop the cellulose usiRACKMOL™® thereby keeping a minimal jep otonated fatty acids. The solvated system comprises more than
distance of at least 2 A between all structures. This loosely packegnn 000 atoms. At the time the model was constraneddid

cutin matrix kigure B) was solvated using TIP3P wétend not have the option to handle covalent bonds across periodic
energy-minimized and thermalized. MD simulations of 25 ns lengiundaries. Therefore, we were limited toita sheet of cellulose
under NVT conditions (see the next section for details) were theyhich has to be restrained during simulations Nggecular
performed to compact the matrisigure C). The water from the  pynamics Simulatignand the padding of the system with solvent
resulting cellulose/cutin model was stripped, and the system was uggglecules.

as a starting structure for all consecutive MD simulations performedThe coordinates of the ten generated leaf surface models are
to generate the complete atomistic model of the leaf wax on a cuffovided in PDB format, aanbelibrary les are provided for the
surface. Note that the thickness of the cutin layer may vamutin and wax components in Sigporting Information

considerably in naturéHowever, as we are focusing on interactions AP/Leaf SystemsPeptide structures were taken from the Protein

of the peptides with the leaf surface, our polyester layer merely sefdesa Bank (PDBJ when available (name, PDB ID: LCI, 2B9K;
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Magainin, 2MAG; Plantaricin A, 1YTR; Pleurocidin, 1Z64). If a PDB h _k s 12
entry contained an ensemble of structures,réhestructure was (n = E[ " ]
taken, and if the protein was present as a multimersttseibunit

was used. We employ&dpModel® a meta-method for protein with

structure prediction using top-down consensus and deep neural (f) = (0) + vt  v= const (3)
networks, to generate a structural model for Macaque Histatin

(MacHis). Ten systems for the simulation of the adhesion for each H(r, p) = Hr, p + K ) %)

peptide were created by placing three APs randomly above the ten
di erent leaf wax replicas usM@CKMOlwhile keeping a minimum ~ When applying Jarzysléquality to théi system, we obta@y 5
distance of at least 5 A between the APs as well as to the wax surface.  _ . SWOY kT
Na'/Cl counterions were added to neutralize the charges. Thus, for F() S Fg =S k Tin( V(' 'eT)
all peptides, ten independent MD simulations of 250 ns length each with
were performed, using eliently packed leaf wax models for each
system. To probe the imence of the initial conformation of the leaf -
. . . . W() = th—Hm(r, o)

wax surface on the simulation, we simulated ten replicas of LCI for 0 t D=0, 6 (5)
each of the ten initial leaf wax models for 250 ns, thus, in total 100
runs. whereF is the Helmholtz free energy of theystem antV( ) is

Molecular Dynamics Simulations.MD simulations were carried the work done during the time interval [Pgcalculated for each
out with the Amberi8suite of program&® using the GPU- trajectory (), p(t)).
accelerated CUDA version of PMEWE. We applied the14SE* e /%" can be expressed in terms of the Helmholtz free energy
(for the peptides), GLYCAM®Hfor | cellulose), and GAFF2 (for  pro le (potential of mean force) PMr@@long , with the highest
cutin and wax components) forads* in all simulations. The  contribution of the integral coming from the region aroendfor
structures were solvated in a box of TiP@Rter such that the largek, known as stispring approximatiéii.Taking the Taylor
distance between the boundary of the box and the closest solute ate#fies o€ ”""''" about , then, allows for calculating the potential
was at least 20 A. Periodic boundary conditions were applied us@gnean force (PMF) from the leading order, yielding AWM ™
the particle mesh Ewald (PME) meffotb treat long-range T elatter can be calculated freqrg resulting in PMF as a function
electrostatic interactions. Bond lengths involving bonds to hydrog@h the distance from the leaf surface plus a constant coRgg)=
atoms were constrained by the SHAKEorithm. The time step for _according teq 6
all MD simulations was 2 fs, and a direct-space nonbondeaf 8uto o & SW( ) kgT
A was applied. First, the solvent was minimized for 250 steps by usingPMF( =g =SikTin( & ")+ cong )
the steepest descent method followed by conjugate gradiemt general, a high number of simulations must be performed to
minimization of 50 steps. Subsequently, the same approach wasiverge the average over all realizations of an external process that
used to minimize the entire system. Afterward, the system was heatsicks the system from the equilibrium state A to a new, generally
from 0 to 100 K using canonical ensemble (NVT) MD simulationsnonequilibrium state B and, thus, obtain a converged’ AGMD
and from 100 to 293 K using isobaric MD simulations. The solveriackles this problem by dividing the reaction path into smaller
density was adjusted to 0.97 g cmsing isothermaisobaric segments called stafjéalithin these stages, the trajectory closest to
ensemble (NPT) MD simulations. Positional restraints applied duririfie Jarzynski average is determined, andntiestate of this
thermalization were reduced in a stepwise manner over 50 pEgjectory is used as starting point for the consecutive’ Stage,
followed by 50 ps of unrestrained canonical ensemble (NVT) MOrajectories contributing little to the overall PMF are disregarded in
simulations at 293 K with a time constant of 2 ps for heat batthe next stage, that way reducing the total number of simulations to
coupling with the Berendsen thermd$taProduction MD  be performed. _ _ . _ _
simulations for the leaf model only and the system comprising the Here, we performed ASMD simulations with a pulling velocity of
APs were run for 100 and 250 ns length, respectively, using 10 ps Tot A ns? along the surface normal of the leaf model, and only the
heat bath couplif§.Coordinates were saved at 100 ps intervals. T¢VO'k @pplied along this axis is determined. We employed a uniform

— 2 i
prevent twisting of the cellulose layer, positional restraints with a forgice constant éf= 100 kcal mot A - For each stage, 25 rep';'\c"?‘s
constant of 1 kcal mélA 2 were applied to the glucopyranose are simulated for 2 ns each, resulting in an increase of 2 A in the
moieties throughout the production simulations distance between the center of mass of the AP and the leaf surface per

Estimation of the Potential of Mean Eorce for AP stage. As the amount of required simulation time is considerable for a
Desorption by Adaptive Steered Molecular Dynamics Simu- systerp égﬂpr;s'n% mor(fe thanl thOOtQOO atomﬁg(.rt‘ %ntﬁtatte"t)f'd AP
lations. To estimate the work needed to release the AP from the wdR®:ar s for 1 ns of simulation time), we limited the tested APs

surface, we performed adaptive-steered molecular dynamics (AS ® MacHis, LCI, Plantaricin A, Magainin, ar_1d Pleuroc_idin. These
simulation&3*® Using Jarzynskiequality)? the nonequilibrium work peptides cover the range from strong adhesion (MacHis, LCI) over

. . . medium adhesion (Plantaricin A) to weak/no signt adhesion
W, g performed on the system in a steered MD simulation can b L S . 2 h
related to the free energyafience F = F, F, between state A ﬁ\/lagamln, Pleurocidin) as determined from qualitative experiments

) . . ] - on the apple. For each AP, one system out of the ten replicas is
and B as depicted inq landeq 2(T: absolute temperatuik; chosen for ASMD simulations, where one of the three APs present in
Boltzmann constant):

the system is adsorbed approximately at the center of the wax surface
. . Wy o kT and does not interfere with the remaining APs.

RS F=SlgTin( &% dkT) 1) 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 cuib 7 A for each replica. On the

) ) ] ) ) basis of the idengd interactions, MacHis variants were generated by

In steered MD simulations (SMDs), a steering force is applied alorgbstituting the residues showing the highest number of contacts with
the desired reaction coordingi at a constant velocitfo explore  alanine. As a negative control, alanine variants of residues showing less
the systerf**® The systeta original Hamiltoniaf(r, p) is extended  frequent contacts were generated @seeeration of eGFP-MacHis

by a guiding potentikl(r), with the spring constaktnd the time- VariantandCharacterization of eGFP-AP Binding Strength to Apple
dependent perturbation = (t) (eq 3, yielding the total Leaf Wa)x The geometric analyses of the trajectories were performed
HamiltoniarH (r, p) (eq 4:*® with CPPTRA

e FlleT— W dleT @)
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Figure 2.Generation of an MTP-based assay for evaluating the adsorption of APs toward surface wax. (A) Surface wax extraction of an appl

using chloroform. The extracted wax can be stored and (re)dissolved for coating. (B) Wax coating of an MTP well. (C) Procedure of the bind

assay describing the application of the eGFP-AP solution and consecutive washing steps. ThaoreswEni® is detected using a
uorescence reader.

Assay Development and Model Validation. To quantify the China) (Table Sp All synthetic genes contained a §piacer helix
APs binding strength to the cuticular wax and validate th&17 amino acids; AEAAAKEAAAKEAAAKA)Ilowed downstream
computational predictions, we developeabeescence-based MTP by a TEV cleavage site (7 amino acids: ENLY¥@the 5-end of
assay to screen the APs and AP variants rapidly. The basis for tihe AP gene. APs were cloned in the pET28a(+)::eGFP (enhanced
development was the reliable and robust ABBA assay successfyigen uorescent protein) backbone appl{segjuence-independent
applied for the characterization of anchor peptide-bindin@hosPhorothioate-based ligase-independent gene” c(@hilcr
strengtit™*? In the following, we describe the developed assay anidg)>* as previously descriﬂgﬁor the performed binding study, the

the generation of the AP fusion constructs. TEV cleavage site was removed. Primers were deSiniedSB
Wax Extraction and Coating of MTPs.For cuticular wax  and a two-step PCR ampétion was performed under the following
extraction, apple leavedajus domestjcaultivar “Pinova, 200 conditions: pre-PCR for single-primer extensiorf98 min; one
leaves) were immersed in pure chloroform for 10 s. The remainirycle), (98'C, 15 s/55°C, 15 s/72°C, 4 min; 6 cycles)) followed by
cuticular waxchloroform mixture wastered (cellulose foldedter a nal elongation step (?Z, 10 min; one cycle) and a PCR for

paper; 412 m pore size, M&N 615 1, @ 185 mm, Macherey-Nagele cient recombination ((98, 2 min; one cycle), (&€, 15 s/55

GmbH & Co. KG), and chloroform was evaporated (rotary°C, 15 s/72°C, 4 min; 15 cycles)) followed byraal elongation step

evaporator; 500 mbar to 250 mbar, 3®°C water bath, IKA- (72 °C, 10 min; one cycle). All generated constructs were digested

Werke GmbH & CO. KG)Kigure 2). For the MTP wax coating, (20 U Dpnl 2 h, 37°C) and puried using a PCR cleanup kit

the wax chloroform mixture was added to each well {gon? (Macherey-Nagel). As eGFP-control, the construct pET28a-

apple wax; 50L per well), and the chloroform was evaporated (+)::eGFP-17xHelix was generated. All generated constructs were

completely (RT, 16 h)Higure B). Wax-coated MTPs were transformed in electrocompeténtolDH5 and BL21-Gold (DE3)

subsequently used for the characterization of AP binding strengthcells. Successful cloning was raoed by sequencing (Euns
Generation of eGFP-AP Fusion ConstructsThe synthetic Genomics GmbH, Ebersberg, Germany).

genes of LCI (UniProt ID: P82243), MacHis (UniProt ID: P34084), Generation of eGFP-MacHis VariantsAmino acid substitutions

Magainin (UniProt ID: P11006), Plantaricin A (UniProt ID: were introduced into the eGFP-MacHis system by side-directed

P80214), and Pleurocidin (UniProt ID: P81941) were codon-mutagenesis using the pET28a::eGFP-17xHelix-TEV-MacHis tem-

optimized forE. coliand synthesized by GenScript (Nanjing, plate and the primer pairs showhables S1 and $8ing a two-step
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Figure 3.Multidisciplinary worlow for the rational improvement of the binding strength of APs toward apple leaves.

PCR. The PCR conditions were pre-PCR for single-primer extensitm ve subsequent washing steps, the MTP wells were washed with
((98 °C, 2 min; one cycle), (9&, 15 s/55°C, 15 s/72°C, 4 min; 6 PBS buer (100 L/well; 5 min, RT, 600 rpm) to remove nonspeci
cycles)) followed by anal elongation step (7Z, 10 min; one as well as weak binding peptides and select strong binding eGFP-APs.
cycle) and a protocol for eient introduction of point mutations  After removal of the liquid and desorbed peptidesjdhescence of

((98 °C, 2 min; one cycle), (&€, 15 s/55°C, 15 s/72°C, 4 min; the bound eGFP-APs was measured directly on the wax-coated MTP
15 cycles)) followed by aal elongation step (P£, 10 min; one surface with the 96-well MTP reader FLUOstar Omega (BMG
cycle). All generated constructs were digested @tht) 2 h, 37 LABTECH GmbH, Ortenberg, Germany; excitation (exc.) 485 nm,
°C), puried using a PCR cleanup kit (Macherey-Nagel), andemission (em.) 520 nm, gain 1000, 35 reads/well). The obtained

transformed in electrocompeténcolDH5 and BL21-Gold (DE3) uorescence was normalized by therescence of the respective

cells. Successful condinrc and cloning were camed by “dry’ well after the initial treatment and removal of the supernatant to

sequencing (Euros Genomics GmbH, Ebersberg, Germany). account for varying concentrations. Finally, a baseline correction was
Production of eGFP-AP Fusion ConstructseGFP-control, performed to account for theorescence of the pure eGFP.

eGFP-LCI, eGFP-MacHis, eGFP-Magainin, eGFP-Plantaricin A,Immobilization of eGFP-APs to Apple LeavesApple leaves
eGFP-Pleurocidin, and eGFP-MacHis variants were expréssed irwere cleaned with water and cell-free extracts containing eGFP-APs
coliBL21-Gold (DE3) cells and produced in Erlenmeysks as (50 L) were added to the apple leaves and incubated at room
published previousyCultivation was performed for 24 h (20 temperature. All nonsperpr weak binding peptides were removed
900 rpm, 70% humidity; Multitron Pro; Infors AG). Cells werein a subsequent washing step (50 mM Tris-HGripH 8.0, 1 mL,
harvested by centrifugation (3200 g, 40 mifAC;4 Eppendorf 3 min incubation). Immobilization of the APs on apple leaves was
centrifuge 5810 R, Eppendorf AG, Hamburg, Germany), and the cefin rmed by detection of theiorescent fusion partner eGFP and
pellets were stored 20 °C). The obtained cell pellets were Visualized by confocal microscopy (Leica Microsystems GmbH, Ex:
suspended in tris(hydroxymethyl)-aminomethane (Tris/HCBrbu 335 nm, Em: 454 nm, 405 diode laser).

(20 mL; pH 8.0, 50 mM) and disrupted by sonication on ige32

min, interval 30 s, 70% amplitude). By centrifugation (3200 g, 30 mig, RESULTS AND DISCUSSION

4 °C; Eppendorf centrifuge 5810 R), soluble proteins were separat S .
from cgl‘lj fragments ang insoluble) proteinsl.O The supernata?n wggere.’ we present our multidisciplinary \{mﬂk_(Flgure >
ltered through a 0.45 mm cellulose-acelte (GE Healthcare, ~anging from apple leaf sample selection inefdeover
Little Chalfont, UK) and subsequently used for furthercatian. surface wax extraction, analysis, and MTP assay preparation on
Puri cation of eGFP-AP Fusion ConstructsThe eGFP-AP  the laboratory scale to molecular modeling and simulations
fusion proteins and the eGFP-control were qulnising the N-  and back to the laboratory scale for the screening of the
terminal HigTag and fast protein liquid chromatograptyT é4p- identi ed APs and AP variants. Thus, in the following, we will
rime, GE Healthcare) with a prepacked ianitg chromatography st present oumdings with regard to the adaxial surface wax
column (Ni-Sepharose 6 Fast Flow, 5 mL, GE Healthcare). Samplesmposition. Second, we will show the results of unbiased MD
\k/)vere e:_)uged '\\//thhdng%e.\zole, ddesaltgd by ‘ga'yi'sajggall”sg T”Si/ Himulations involving the atomistic apple leaf surface model to
uer (50 mM, pH 8.0; used membrane: Spectra/Pord, Spec rUIrnjentify residues of MacHis essential for binding to that surface

Inc., Breda, The Netherlands), and concentrated usinfjratioa d th ) | lidati Third h h
(Amicon Ultra 15 mL Centrifugal Filters, Merck KGaA). Protein@nd the experimental validation. Ird, we show that our

concentrations were determined with the BCA protein assay Kfodel can qualitatively predict the binding strength of

(Novagen, Merck KGaA), and protein homogeneity was analyzed Bffucturally dierent APs, as the results match the ones
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SO#btained from theuorescence assay.

PAGE; 5% stacking gel, 12% separation gel). Apple Leaf Wax Composition. Analytical investigations
Characterization of eGFP-AP Binding Strength to Apple  of the adaxial leaf side ®falus domestjcaultivar
Leaf Wax.To analyze the binding strength of themdint eGFP-APs  «gittanfelder using GC/FID and GC/MS indicate that the

and eGFP-MacHis variants toward apple leaf wax, we established a . . :
96-well MTP-based assdyu(re % e e oblaation step. | Caralkane is the most prominent compound. Besides alkanes,

eGFP-APs (4M and 10 M for €GFP-APs and eGFP-MacHis Primary alcohols (chain lengii© Cyy), esters (chain length
variants, respectively; supplemented to PBSi 7.4, 100L per Cyo to Cyg), primary ac_lds ,(Cha,'n lengthsdo ,03'4)’ _and .

well) were transferred to a black wax-coated MTP gPBottom, ketones were the dominating linear long-chain aliphatic wax
wax coating described above) and incubated (10 min, RT, 600 rp@@mpounds. In addition, triterpenoids representing typical wax
MTP shaker, TiMix5, EdmundtBer GmbH, Hechingen, Germany). compounds for species of the plant fdRoisaceaere found
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Figure 4.Composition of applé/ialus domestjcailtivar'Bittenfeldel) adaxial leaf wax obtained via GC/FID and GC/MS. The bars depict the
mean ( = 5) amount of the respective wax component, and the error bars depict the standard error of the mean.
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Figure 5.(A) Residue-wise relative contacts of MacHis with the wax molecules dur2i® 1% of MD simulations of AP adsorption. The
secondary structure, as determined by B&SRdicated 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 A; si
chains of residues with a relative contact >0.04 are depicted as sticks and spheres.

(Figure ZandTable SR Sterols were also ideetil in the wax  composition can be used to adapt our atomistic model to
extracts, however, since they are typical cell membrareect the complex variety of surface waxes.

components, it cannot be excluded that they partially also Generating an Atomistic Model of an Apple Leaf
originated from the leaf interior. Omdings are in line with  Surface.Using the determined composition of the apple leaf
published data on the adaxial apple leaf wax compositionsurface waxes, we tailored the wax layer of our three-layer leaf
where alkanes, alcohols, esters, and acids of similar size amthce model to represent an applés leater surface
triterpenoids were described as prominent wax compoundsglequately. As the generation of the model is a multistep
whereas steroids were missing in this study. The complpsocess Kigure ), a high number of alternative and
composition of the leaf wax does not allow for drawingndependent conformations of the system results. Here, we
conclusions about the precise physicochemical propertiesused one template of the cellulose-cutin medelré C) for

the wax layer and potential interactions with the APs, requirittige generation of ten systems exhibitireyetitly packed wax

MD simulations for further investigations. Our weerkfor layers to promote the versatility of the cuticular wax layer and
the extraction of surface wax froremdint kinds of leaves, e.g., account for natural changes within it. In principle, the
di erent species, @rent growing conditions, andedent composition of the wax layer can be adjusted to experimental
positions on the plant, allows a standardized determination d@édita to reect di erent kinds of plant leaves and growing
the wax composition, and the resulting knowledge about tlenditions. We note that within the model the interfaces
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Figure 6.Binding of eGFP, eGFP-MacHis wild-type (MHand eGFP-MacHis variants (M§) to extracted cuticular wax from apple leaves.
Binding was quanéd by measuring the remainingrescence of the fusion partner eGFP aftavashing 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-sidedSKotmogtasty
corresponding-values are provided above/below the horizontal linéadnsignicant, *** : p  0.001).

between the derent layers are ded by noncovalent components within a distance of 7 A and considered residues
interactions. As we focus on the interaction between the AB preferentially bind to the leaf wax if they form >5% of all
and the leaf wax, we did not investigate these interfaceseractionsKigure B). The secondary structure of MacHis
between the layers in detail in this study. The model, howeveras predictéd to be predominantly anthelix with a small

may be used for this in future work and can be altered to alsmop region between residues 7 and 11. The MD simulations
account for the possible formation of covalent bondsevealed that MacHis preferentially binds to the cuticular wax
connecting the interfaces. Besides allowing to identify keyth one side of the-helix Figure B). Residues located at
interactions of APs (see below), the model should beositions 6, 10, 16, and 20 showed the highest number of
applicable to investigate deposition and penetration processestactsfigure &). These positions were selected for alanine
of agrochemicals through the edént layers, potentially scanning in combination with the high-throughput MTP assay
leading to accumulation in plaifts® The generated to determine the importance of these residues for binding to
atomistic model provides a detailed description of the outéne cuticular wax. The contact analysis for the remaining four
leaf surface and is a platform for further coarse-grafiing  investigated APs is showrFigure S1

speed up computational evaluation in the future when aTo probe the dependency from the sample size, i.e., the
simplied topology is swient. Here, we note that the number of observed ARax interactions, on the ideation
generated models show a noticeable accumulation of the le&fpreferred binding residues, we performed bootstrapping
wax components. Because of the solvation (at least 20afalyses on the MacHisiqure Spand LCI (Figure SB
between the boundary of the box and the closest solute atosijnulation data. When using a sample size of 15 APs, i.e.,
during the preparation of the three-layered model (seepproximately half of the MacHis set, in 71% (17%) of all
Generation of an All-Atom Model of a Leaf Sysfte cases, it is possible to identify two (three) out of the three
wax components accumulate in the center of the cutin plain tesidues identtd using the complete data set. When
minimize the hydrophobic area exposed to the solvent. Foonsidering theve best binding residues, in more than half
future investigations, the atomistic model can be furthef the cases (53%), it is still possible to identify four out of the
optimized to tackle the aforementioned accumulation of waxe residues (in 13% of all cases, &l residues are
components and speed up the simulation time. By packing ddenti ed), using half of the data set. In comparison, the
system similar to membrane systems where the solventbizotstrapping analysis of the exhaustive simulations using LCI
located above and below the model, it is possible to exploit theveals that, with our setup (10 replic&APs), one can
periodic boundary conditions for a more accurate representdentify at least two out of the top three (three out of the top
tion of a leaf section. To reduce the computational costs, thee) residues idenéd using a ten times larger data set in
wax layer could be extracted once the locations of its80% ( 90%) of the cases, suggesting that the chosen setup
components converged to investigate the interactions of AB®D replicas 8 APs) provides a reasonable balance between
with wax solely in consecutive simulations. accuracy and computational demand.

Identi cation of Preferred Leaf Wax-Binding Resi- Finally, a simulation time of 250 ns for adsorption proved to
dues within MacHis. We identied the preferred binding be su cient, as upon binding to the wax layer, which is
residues of MacHis from the ten unbiased MD simulations @bserved within less than 100 ns for the majority of all MacHis
250 ns length, each containing a leaf model and three ARoieties, the binding pose of MacHis is stable for the
moieties. We evaluated all contacts of the MacHis to the weamaining simulation time as indicated by only minor changes

28419 https://doi.org/10.1021/acsami.2c00648
ACS Appl. Mater. Interfac2622, 14, 2841228426


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c00648/suppl_file/am2c00648_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c00648/suppl_file/am2c00648_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c00648/suppl_file/am2c00648_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c00648?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c00648?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c00648?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c00648?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c00648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

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

Figure 7. Adaptive steered MD of the desorption process of MacHis (cyan) from the leaf surface model. The potential of mean force (PMF, blz
solid line) of desorption determined as the average of the work of each stage (blue transparent lines) is depicted in the inset. The starting stru
(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
as opaque (stage 17); corresponding stages are highlighted in the RMF pro

compared to the previous framBNISDevious 10@50 ns = Signi cant di erences in binding strength with regard to the

2.16+ 0.04 AFigure Sy wild-type and the negative control Miere observed for
Alanine Scanning of the Identi ed Residues of variants MH MHs;, and MH_These variants showed the

MacHis Reveals their Importance for Binding to the overall lowest binding strength with a decrease of 97%, 90%,

Surface Wax.As a general trend, positively charged andnd 89% in relativeuorescence compared to the wild-type,
aromatic amino acids (R6, R10, Y16, F20) were &tbas respectively, making them indistinguishable from pure eGFP.
preferred binding residues interacting with the wax layefhe variant Mijas well as the negative controlgMhid the
Amino acids at the four binding residues with the highedtariants with multiple substitutions (M&hd MH) show a
relative contact were exchanged for alaRigar¢ 5 the signicant decrease in binding compared to the wild-type,
generated variants are MER6A), MH, (R10A), MH; however, to a lower extent than variantg, MiH;, and MH.
(Y16A), MH, (F20A), MH; (RGA’/RloA) MH ’(R6A/ No signicant di erence in wax binding compared to the wild-
R10A/F20A), and MK (REA/R10A/Y16A/F20A). In  YPe however, was observed for variant MH

addition, one eGFP-MacHis variant, {MKIL5A), with an AIthough si_ng!e substitytiqns can lead to up to >90%
’ 6 ’ gcrease in binding, substitutions of several residues, including

amino acid substitution at a residue with few relative contacﬂ1 single most impactful substitutions on positions 10 and 16
to the apple leaf wax Was_gene_rated as a negative conty E to a decrease of at most 61% {MHexcept for MH '
Qverall, seven eGF_P—MacHls variants were generated by sc ‘crease of 89%) compared to the Wild-type. However, MH
dlr_crer(l:tegpmgltadg_eness. h el . and MH; do not show a sigrdant di erence in comparison to

The APSbinding strength to apple leave wax was RNt o negative control MHFor MH;, the mutation R6A hardly
using the eGFFuorescence. Through washing steps, peptides \,ences the loss in binding strength caused by the mutation
and proteins with weak interactions to the cuticular wax ag10a as expected from the behavior of, Mtdding to a
removed, whereas peptides with higheityaremain on the  signj cant decrease in binding compared to both the wild-type
surface. Therefore, the binding strength of eGFP, eGFRnd the negative control. By contrast, in variantsatH
MacHis wild-type (Mlgr), and the eGFP-MacHis variants MHy, the additional substitutions unexpectedly counterbalance
(MH; g) correlates with the determinedorescence after the decrease in binding strength caused by the single
washing. The remainingorescence of eGFP, M and  substitutions at positions 10 and 16.

MacHis variants afteve washing steps is depicteéigure 6 Out of the predicted preferred residues, igghtfrom

(raw data are provided inables S4SG the remaining formed contacts, the two in the center (R10, Y16) show a

uorescence after two washing steps is depi€tediia Sp signi cant eect on the binding strength, but the two on the
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Figure 8.(A) Potential of mean force (PMF) ples 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, ar
PMF is shown as opaque. (B) Forcelpras the dierence quotientPMF/1 A, where the denominator relates to the distarerenite with

respect to the leaf surface. (C) Bar plot depicting the maxima of the forces shown in panel B.

sides (R6, F20) do not. This suggests that the contacts forméat each stage as a function of the distdrafethe APs

by the latter originate as a secondaggtdrom the contacts geometric center from the surface of the leaf mege} (
formed by R10 and Y16 and the rigid secondary structure Bfgure 7(inset, black solid linefjgure &).

the -helix. The nding is reminiscent of the O-ring hypothesis The higher the work needed to transfer the AP from the wax
in protein protein interfacé$ and indicates that more surface into the solution, the better the adhesion of the AP to
detailed energetic evaluations of residue contributions the leaf surface. By determining the derivative of the applied
binding® may be necessary to evaluate AP-wax binding. Stillork with respect to the distance, we obtained the forte pro
the _computatione}l prediction_ of bjndin_g—relevant residuesf the desorption processdure 8), which could be used to
provides a 117 times more likely ideation of the two  determine a potential force threshold needed to release the AP
key residues (R10 and Y16) out of four possible suggestiofgm the leaf waxF{gure €). We performed the adaptive
than a random drawing, considering that the chancelity  steered MDs forve APs, covering the range from weak to
the identied two key residues (assuming these are the onlytrong binding (Magainin, Pleurocidin, Plantaricin A, MacHis,
residues of major importance for binding) by randomlyng | cy).

choosing four out of 38 possible mutation sides amounts t0The ASMD simulations reveal distinciedinces in the
h(2|38;2;4) = 0.85% based on the hypergeometric distributiors for releasing the APs from the wax surface. The forced
The two key residues are found in 53.8% of the time Whetﬂlasorption of MacHis requires the most wor0( kcal
randomly generating 28 variam(2|88;2;28) = 53.8%) and, 5 1) followed by Plantaricin A 40 kcal mof), LCI and
therefore, the pr§d|ct|on using the computational modelgIeurocidin (35 kcal molt each), and Magainin 80 kcal
reduces the experimental burden by a factar @8 random mol * each) Eigure &). As to the maximal force required

variants/4 predicted variants) on average. As to th uring desorptionFigure 8), MacHis and Magainin show

unexpectedly smalleets found for MHand MH;, we can o ; .
: B e largest and smallest values, in line with the required work.
only speculate that the multiple substitutions may lead he order of the other three APs is LCl > Plantaricin A >

conformational changes of the AP and erafitial binding leurocidin, with therst two showing very similar values. The

mode, which was not captured in the MD simulations of th A
wild-type AP, suggesting that MD simulations of the varia rce needed to move the AP from the leaf surface is indicative
i of the steepness of the potential energy barriers along the

APs are needed in such cases. In addition, in &l ; ;

mutation is close to the end connected to thehgfical ~ réaction coordinate. . _ .
spacer, which in turn is connected to the eGFP, potentially © @Ssess our mosatapability to predict and rank binding
restricting the N-terminal end of MacHis to form contacts witi® Nities for structurally dirent APs qualitatively, we analyzed

the cuticular wax. all ve APs for their binding performance in the MTP-based
Binding Strengths Estimated via Adaptive Steered  binding assay. For a more stable production of all coifigs in
MD Match the Experimentally Determined Binding colj the TEV cleavage site was excised using noncontinuous

Strengths of APs. To estimate the individual binding (loop-out) primers during a PCR. As done in the alanine
properties of the APs, we performed adaptive-steered Misanning, the APsinding strength was characterized by
simulations. By applying a pseudoforce, we simulated tRgantifying eGFRuorescence in apple leaf wax precoated 96-
desorption of the AP from the leaf waigre J. The well-PP-MTPs using the assay described above. The binding of
nonequilibrium work performed on the system can be relatethly eGFP and eGFP-APs corresponds to the determined
to the free energy dirence between the bound and free statesgelative uorescence in each well (four wells, three replicas) in
using Jarzyn&ki equality €gq 1, Figure 7 (inset, blue  relation to the applied amount of AP. The results of the MTP
transparent lineslrigure &). From the work calculated for assay of all eGFP-APs are depictegjime @ (raw data are

each trajectory within each stage, we can deduce thd PMFprovided inTables S7S9.
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Figure 9.(A) Binding of eGFP-APs to extracted cuticular wax from apple leaves. AP binding veak lyuamtasuring the remaining
uorescence of the reporter protein eGFP aiewashing 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 Kolrgogionov test; correspondmgalues are provided above/below
the corresponding horizontal lines {net signicant, *: 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 investig
incubation (50 L, 5 min, ambient temperature) followed by one washing step (1 mL, 50 mM Trised@H08B.0). Scale bars represent 500
m in all images.

After ve washing steps, LCI and MacHis show the highe®espite the normalized eGFP-AP concentration, grerdi
binding strength to surface apple leaf wax according to tpeptide samples contained a varying amount of eGFP (eGFP-
relative remaininguorescence, followed by Plantaricin A,Magainin, 75%; eGFP-Plantaricin A10%). eGFP could
Pleurocidin, and Magainifigure @\); the relative remaining interfere with the binding of Magainin and Plantaricin A,

uorescence of Pleurocidin is not sagmitly dierent from leading to a possibly lower binding strength.
that of the pure eGFP, and that of Magainin is sagnly The quantitative results from the MTP assay correspond
worse (results after two washing steps are depicienlia well with qualitative results obtained frouorescence
SH. These results compare very favorably to the computadicroscopy of apple leaveast treated with the eGFP-AP
maximal forces required during desorption in that the sansmlutions and subsequently wasliegufe 8), supporting
order of binding strength is obtained except for LCI andhat the wax-coated MTPs adequately mimic the waxy surface
MacHis Figure &). of an apple leaf.

During the production of eGFP-Plantaricin A and eGFP- Overall, the results from the MTP assay largely match the
Magainin inE. colia degradation band was observed in thecomputational predictions and the qualitative observations on
SDS-PAGE at a size corresponding to eGFP. The eGFP-aftire apple leaves. The good agreement with the (AS)MD
concentration was normalized based on the concentrati@mmulations supports the validity of our atomistic leaf model
quantied by SDS-PAGE usirghageFiJi (Figure Sy and the computational approach. To further increase the
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precision of the PMFs obtained from the ASMD simulations, ASSOCIATED CONTENT
ideally, several PMFs obtained fromemnt starting * gypporting Information

conformations using eérent pulling directions should be The Supporting Information is available free of charge at
calculated. However, ASMD simulations are computationaliytps://pubs.acs.org/doi/10.1021/acsami.2c00648

costly for systems comprising more than 1000000 atoms. Additional information on the surface wax composition,

nucleotide and primer sequences, SDS-PAGE data,
4. CONCLUSION contacts of the investigated APs with the leaf, boot-

In this work, we present a wanw for the selection of suitable strapping analyses on the ideutibinding promoting
APs and rational improvement of their binding properties ~ residues, stability of the MacHis binding positions
toward spect plant leaves using a multidisciplinary approach. ~ during MDs, and the remainingorescence of the
For this, we created, to the best of our knowledgersthe eGFP-.AP constructs after two washing s&pS (
multilayered model of an apple leaf surface, which can be used Coordinates of the ten generated leaf surface models are
to investigate interactions of agrochemicals or nutrients with prov!ded in PDB fqrmat, arkimberlibrary les are
leaf surfaces at an atomistic level. The model consists of three provided for the cutin and wax componenisy

layers: cellulose, cutin, and a surface wax layer. All layers can be

modi ed and adjusted to ket the properties of @irent AUTHOR INFORMATION

plant leaves. With the leaf wax composition of apple leav@srresponding Author

determined with GC/FID and GC/MS, we could tailor our Holger Gohlke Bioeconomy Science Center (BioSC),

atomistic model toward that spedieaf type, enabling the ForschungszentrufitBuJlich 52425, Germany; Institute
realistic modeling of adsorption properties. for Pharmaceutical and Medicinal Chemistry, Heinrich Heine

adhesion of APs to the cuticular wax layer of the model. APs Neumann Institute for Computing (N1G3hJu

are versatile and well-studied adhesion promoters that can be ISl]:IpeI’C(:_mplging Centre I(éIS7CI),SItnstittutel OBf. Biglogi_c?l q
applied in a variety oélds, including novel plant protection nformation Processing (IBI-7: Structural Biochemistry), an

technologiel For complex biological surfaces such as a leaf nSUtute of Bio- and Geosciences (IBG-4: Bioinformatics),
91€s! P 9 ForschungszentruficulGmbH, lch 52425, Germany;

surface, however, the mechanisms of adsorption at the orcid.org/0000-0001-8613-14@hone: (+49) 211 81

atomistic level have remained elusive. To elucidate the 13662; Emaibohlke @uni-duesseldorffa: (+49) 211
adsorption, werst used our atomistic leaf surface model to g1 13847 ’

identify key residues of the AP MacHis that preferentially

interact with the wax layer in MD simulations. The iéenti  Authors

residues were further investigated experimentally using alaninéonas Dittrich  Bioeconomy Science Center (BioSC),
scanning in combination with a newly developed MTP assay to Forschungszentruiicudlich 52425, Germany; Institute
rapidly quantify the surface wax binding propertiesoém for_Phar_maceutlcaI and Medicinal Chemistry, Heinrich Heine
APs or AP variants. With the obtained knowledge and the University Dusseldorf, Dusseldorf 40225, Germany;

: - Lo : : orcid.org/0000-0003-2377-2268
'“!e”F' ed key binding Tes'd“es of Mac!—hs, we can tune the Christin Brethauer Bioeconomy Science Center (BioSC),
binding strength to improve the rainfastness to match

o9 . . Forschungszentruticludiich 52425, Germany; Institute

appllcatlpp demands. For .MacH!s, we found. that aromatlp of Biotechnology, RWTH Aachen University, Aachen 52074,

and positively charged amino acids on one side of the helix German; DWI - Leibniz-Institute for Interactive Materials,

majorly contribute to the binding toward the surface wax of  agchen 52074, Germaayyrcid.org/0000-0003-4794-

apple leaves. Therefore, engineered anchor peptides might 9203

become promising altervas for polymeric adhesion  Liudmyla Goncharenko Bioeconomy Science Center

promoters and will pave the way to developing microplastic- (BioSC), Forschungszentriioh Jdiich 52425, Germany;

free and biodegradable plant protection products. Institute of Biotechnology, RWTH Aachen University, Aachen
Second, we probed our waw for use in AP screening. 52074, German; DWI - Leibniz-Institute for Interactive

For this, we performed ASMD simulations to determine the Materials, Aachen 52074, Germany

PMF of desorption ofve di erent APs from the leaf surface, Jens Bormann Institute of Biotechnology, RWTH Aachen

ranging from weak to strong binding APs. The results were University, Aachen 52074, German )

validated with the novel MTP assay. The quantitative Viktoria Zeisler-Diehl Department of Ecophysiology,

experimental results match well with the computational _University of Bonn, Bonn 53115, Germany

g : o - Shyam Pariyar Bioeconomy Science Center (BioSC),
giii;x);;tsaj S\{:‘Z” e?w?i r\éwltgaegslltatlve results obtained from Forschungszentruficluldlich 52425, Germany; Institute

The established wodw opens up avenues for further of Crop Science and Resource Conservation, University of

. . . X . Bonn, Bonn 53115, Germany
experimental and computational studies revolving around foliar=q i jaKk0b Bioeconomy Science Center (BioSC)

applications, such as optimizing APs and investigating the Forschungszentruficlpdiich 52425, Germany; Institute
adsorption, incorporation, or wion of herbicides, fungi- of Biotechnology, RWTH Aachen University, Aachen 52074,
cides, or nutrients on, into, or through the surface wax, cutin, German; DWI - Leibniz-Institute for Interactive Materials,

or cellulose. Finally, the generated atomistic models and the Aachen 52074, Germany

MTP assay can be adapted to accommodaeermt plant Tetiana Kurkina Institute of Biotechnology, RWTH Aachen
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