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“...At present this postulate rests only on suggestive evidence,

most of it morphological. This situation brings us back to the
necessity of obtaining detailed and -if possible-comprehensive
data on the chemistry and function of the different membranes

of the secretory pathway and on their interactions...”
GEORGE PALADE
Intracellular aspects of the process of protein secretion

Nobel Lecture, December 12, 1974
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Abstract

Biological membranes are cell-defining structural components that establish essential
boundaries between inner compartments and their environment in all living organisms. Their
composition, dynamics and functions are highly complex, not only depending on the lipids that
form part of the membrane, but also on proteins that are integral or peripheral to them. The lipid
bilayer and membrane proteins regulate fluxes between the separated compartments, as well as
the activities of membrane associated enzymes. In addition, the activity and structure of proteins
in the membrane environment depend on the interactions with lipids that form the membrane

and/or with other membrane proteins.

In the last years, the increase of computational power and the development of
computational techniques aimed at investigating membrane systems has enabled the theoretical
study of otherwise experimentally difficult targets. In this thesis, three relevant membrane-
related systems of Arabidopsis thaliana and Pseudomonas aeruginosa are studied at the atomic

level with state-of-the-art computational methods.

First, to help in the process of setting up membrane and membrane/protein systems for
molecular dynamics simulations, PACKMOL-Memgen was developed. It consists of a Python
workflow based on open-source programs, which enables to reduce the time dedicated to
prepare complex membrane systems by automatically imposing ad hoc system dimensions. The
program was used throughout this thesis, and has been included in the AmberTools suite of
programs. Then, to unveil the structure of the transmembrane domain of the A. thaliana ETR1
ethylene receptor, ab initio modeling with coevolution-derived protein residue-residue contacts
was used. The obtained model was used to assemble a dimeric structure, which in molecular
dynamics simulations showed the binding of ethylene in the proximity of included copper (I)
ions, exemplifying the first step of the receptor inhibition. Next, the dimer-to-monomer
dynamics of PlaF, a novel phospholipase A1 from P. aeruginosa, was studied. Free energy
calculations suggest that in vivo the monomer tilts on the membrane surface facilitating catalytic
access, while changes in the protein concentration and membrane dynamics could regulate its
enzymatic activity. Lastly, the IRT1 inhibition by binding of A. thaliana’s EHB1 to the
membrane surface was studied. Free diffusion of the protein showed a calcium-dependent
binding perpendicular to the membrane surface and a subsequent tilting, suggesting a two-step

binding process that results in the iron-uptake inhibition.
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Zusammenfassung

Biologische Membranen sind Zellbestandteile, die in allen lebenden Organismen die
Zelle definieren und von ihrer Umgebung abgrenzen. Die Zusammensetzung, Dynamik und
Funktion von Zellmembranen ist kompliziert und héngt nicht nur von den Lipiden ab, die die
Membran bilden, sondern auch von integralen und peripheren Membranproteinen. Das
Zusammenspiel von Lipiddoppelschicht und Membranproteinen, regulieren den Stoffaustausch
zwischen den angrenzenden Kompartimenten sowie die Aktivititen von membranassoziierten
Enzymen. Dariiber hinaus hingt die Aktivitdit und Struktur von Proteinen in der
Membranumgebung von den Wechselwirkungen mit Membranlipiden und/oder mit anderen

Membranproteinen ab.

In den letzten Jahren haben die Zunahme der Rechenleistung und die Entwicklung neuer
Techniken zur Simulation von Membransystemen die theoretische Erforschung experimentell
schwierig zu untersuchender Targets ermoglicht. In dieser Arbeit werden drei relevante
membranbezogene Systeme von Arabidopsis thaliana und Pseudomonas aeruginosa im

atomaren Maf3stab mit aktuelle Berechnungsmethoden untersucht.

Zunéchst wurde PACKMOL-Memgen entwickelt, um beim Aufbau von Membran- und
Membran/Protein-Systemen fiir molekulardynamische Simulationen zu helfen. Es besteht aus
einem Python-Workflow, der auf Open-Source-Programmen basiert ist. Dadurch kann die Zeit
fiir die Vorbereitung von komplexer Membransysteme reduziert werden, indem automatisch
Ad-hoc-Systemdimensionen festgelegt werden. Das Programm wurde im Rahmen dieser Arbeit
verwendet und in die AmberTools-Programmsuite aufgenommen. Um die Struktur der
Transmembrandoméne des Ethylenrezeptors von A. thaliana ETR1 aufzukldren, wurde eine
Ab-initio-Modellierung anhand von durch Koevolution hergeleiteten Aminosdureinteraktionen
durchgefiihrt. Das erhaltene Modell wurde zu einem Dimer zusammengesetzt, das in
Molekulardynamik-Simulationen die Bindung von Ethylen in der Nidhe komplexierter
Kupfer (I)-Ionen zeigte. Dies veranschaulicht den ersten Schritt der Rezeptorinhibierung.
Weiterhin wurde die Dimer-zu-Monomer-Dynamik von PlaF untersucht, einer neuen
Phospholipase A1 von P. aeruginosa. Berechnungen der freien Energie legen nahe, dass das
Monomer sich in vivo zur Membranoberfliche neigt, um den Zugang zum katalytischen
Zentrum zu erleichtern, wobei Anderungen der Proteinkonzentration und der
Membrandynamik die enzymatische Aktivitit regulieren konnten. AbschlieBend wurde die
IRT1-Inhibierung durch Bindung von EHBI aus A4. thaliana an die Membranoberfliche

untersucht. Die freie Diffusion des Proteins zeigte eine calciumabhingige Bindung senkrecht

Xiv



zur Membran und ein anschlieBendes Neigen zur Membranoberfliche, was auf einen

zweistufigen Bindungsprozess hinweist, der zur Hemmung der Eisenaufnahme fiihr
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Resumen

Las membranas bioldgicas son componentes que definen a la célula y establecen los
limites entres compartimientos intracelulares y sus alrededores en todos los organismos vivos.
Su composicion, dindmica y funciones son altamente complejas, y no dependen solamente de
los lipidos que forman parte de la membrana como tal, sino que también de proteinas que
forman parte integral o periférica a ellas. La membrana y las proteinas que la forman regulan
flujos entre los compartimentos que separan, como también la actividad de enzimas asociadas
a ella. Adicionalmente, las actividades y estructuras de proteinas en la membrana dependen de

interacciones con lipidos que forman a la membrana y/o con otras proteinas de membrana.

En los ultimos afios, el aumento en capacidad de computo y el desarrollo en técnicas
computacionales dedicadas a la investigacion de sistemas de membranas a permitido el estudio
teorético de blancos que serian dificiles de otra manera. En esta tesis, tres sistemas relevantes
asociados a membranas de Arabidopsis thaliana y Pseudomonas aeruginosa son estudiados a

nivel atdbmico con métodos computacionales recientes.

Primero, para ayudar en el proceso de preparacion de sistemas de membrana y
membrana/proteina para simulaciones de dindmica molecular, PACKMOL-Memgen fue
desarrollado. Consiste en un programa basado en Python y programas de cddigo abierto,
permitiendo reducir el tiempo dedicado a preparar sistemas de membrana complejos
imponiendo dimensiones ad hoc de forma automatica. El programa fue utilizado a lo largo de
esta tesis, y fue incluido en el paquete de programas AmberTools. Después, para revelar la
estructura del dominio de transmembrana del receptor de etileno ETR1 de A4. thaliana,
modelado ab initio en conjunto con contactos residuo-residuo derivados de informacion
coevolutiva fueron utilizados. El modelo obtenido fue utilizado para formar una estructura
dimérica, la cual en simulaciones de dinamica molecular mostraron la unién de etileno en la
proximidad de los incluidos iones de cobre (I), ejemplificando el primer paso para la inhibicion
del receptor. Posteriormente, la dindmica dimero-mondémero de PlaF, una nueva fosfolipasa A
de P. aeruginosa, fue estudiada. Célculos de energia libre sugieren que in vivo el mondmero se
inclina en la superficie de la membrana facilitando el acceso catalitico, mientras que cambios

en la concentracion y en la dinamica de la membrana pudieran controlar la actividad enzimatica.

Por ultimo, la inhibicién de IRT1 causada por la union de EHB1 de A. thaliana a la
superficie de la membrana fue estudiada. Libre difusion de la proteina mostrdé la union

perpendicular dependiente de calcio a la superficie de la membrana y su posterior inclinacion,



sugiriendo un proceso de unidon en dos pasos que resulta en la inhibicion de la absorcion de

hierro.

Xvii



Introduction

1 Introduction

Biological membranes are the essential barrier between the cytosol and the extracellular
environment, but also between the lumen of intracellular organelles and the cytosol itself.
Despite their evident relevance in defining the boundaries of the cell, only in the last 40 years
we have had insights into an approximated structure and composition of the membrane bilayer
[1]. Due to their physicochemical characteristics, they restrict the passage of highly polar and
charged molecules, allowing to generate membrane potentials essential for cell homeostasis and
signaling. They not only protect the cellular components from the external environment, but

also compartmentalize essential and sometimes toxic biological reactions [2].

The composition of biological membranes is highly complex, dynamic and diverse,
where small changes can have big implications in the cellular function [3]. The general structure
of a cellular membrane is a bilayer of a mixture of different types of lipids, with their aliphatic
tails generating a hydrophobic core, and their polar heads exposed to the water environment
(Fig.1). Additional to the lipid components, there are different amounts of intercalated proteins,
ranging from 18% in mass in myelin-insulated neurons, to 75% in the mitochondrial membrane
and Gram-positive bacteria, with 50% being a representative number overall [4, 5]. Early on, it
was noted that membrane proteins are radically different than their soluble counterparts [6].
While globular proteins have a hydrophobic moment that points towards the protein interior,

membrane proteins have it pointing towards the protein surface [7].

Probably the most successful way to describe biological membranes is the fluid-mosaic
model from Singer and Nicolson [8]. The model assumed a 2D homogeneous arrangement of
lipids with integral or peripheral proteins attached to it, freely diffusing across the membrane
following Brownian dynamics. This model has been recently updated to include more complex
membrane structures and dynamics [9], like the formation of microdomains (e.g. lipid rafts),
and interactions with the underlying cytoskeleton to form what has been described as “pickets
and fences” [10], which limit the free diffusion of lipids and proteins (Fig.1). This highlights
how the complexity with which membranes have been described has been increasing
dramatically over the years: starting from a picture that represented membranes as rigid

structures, and going to ever changing and evolving platforms, where interactions within the
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Figure 1. Schematic representation of a eukaryotic membrane bilayer. Membrane bilayers are mainly composed
by glycerophospholipids, in some cases by glycolipids, and, in eukaryotes, sterols and sphingolipids. The
distribution of lipid types on each leaflet is not necessarily homogeneous, depending on the membrane location.
Membrane proteins either are an integral part of it (in blue and purple) or attached to its periphery (in orange). The
lateral organization of the lipids in the bilayer is also not homogeneous, and microdomains like lipid rafts are
formed, where a higher concentration of sterols, sphingolipids and certain type of proteins (in purple) are to be
found. In addition to that, certain proteins (in green) interact with the cytoskeleton of the cell, generating a mesh
that supports the membrane, but also restricts the free diffusion of both proteins and lipids (picket and fence
model). Adapted from Nicolson [9].

membrane, between the membrane and membrane proteins, and between different membrane

proteins are constantly being formed and disrupted.

As the idea of biological membranes as highly dynamic environments gained traction,
and the functional relevance of the membrane in cell physiology was evident, methods for
molecular modeling and simulations that describe this systems have been developed [11]. These
methods allow to describe membrane systems at the atomic level, which is difficult if not
impossible to achieve experimentally for complex membrane systems. Systems that are
complex and that show dynamic association and dissociation of membrane proteins with other
proteins [12] or with the membrane [13] are exactly the ones that require more thorough
investigation and are good targets for computer simulations [14]. To help in this, in Publication
I, a workflow to prepare molecular simulations of membrane or membrane/protein systems was
developed. This software resulted in an essential step for the following studies, and has been

incorporated into the well-known AmberTools suite of programs [15].

In the present thesis, three independent membrane-associated molecular systems will be
presented. All of them have in common a biological membrane as their organizational center
for their functions, with static structural information available in literature, but lacking
information regarding their structure or structural dynamics in a membrane environment. In
Publication II, the first model for the transmembrane domain of the ETR1 ethylene receptor

from Arabidopsis thaliana was obtained. For this, ab initio modeling together with residue-

2



Introduction

residue contacts were used. The model was experimentally validated, and the copper:receptor
stoichiometry determined. Molecular simulations showed for the first time the binding of
ethylene to a putative ethylene-binding site. In Publication III, the dimer-to-monomer
dynamics of the novel phospholipase A1 PlaF from Pseudomonas aeruginosa were studied,
identifying through free energy calculations that the protein has a preferred monomeric state in
vivo, but that it can dimerize upon changes in protein concentration and probably on membrane
composition. Finally, in Publication IV, the dynamics of the interaction of the peripheral
protein EHB1 with the membrane surface were studied. The protein seems to bind in a two-step
manner, first responding to an increase in calcium, to then tilt on the membrane surface, where

it can regulate the activity of the iron transporter IRT1.



Background

2.1: Membrane lipids and composition
2 Background

2.1 Membrane lipids and composition

The relative composition of different membrane bilayers change in Gram-positive
or -negative bacteria and in every eukaryotic cell organelle [16], with more than 21,000 curated
lipid species found in nature as of November 2019 [17, 18]. In the model Gram-negative
bacteria Escherichia coli, 95% of the lipids in the inner membrane bilayer correspond to
glycerophospholipids, with about 70% and 25% of them corresponding to
phosphatidylethanolamine (PE) and phosphatidylglycerol (PG), respectively, with the rest
being mainly cardiolipin (CL) [19]. In the Gram-positive Bacillus subtillis, on the other hand,
~85% of the lipids of the plasma membrane correspond to phospholipids [20], which is
subdivided in 20% PE, 40% PG, 25% CL and 15% of lysyl-phosphatidylglycerol [21]. In
general, glycerophospholipids are the biggest class of lipids present in both prokaryotic and
eukaryotic species, while the latter have a higher complexity with additional sterols,
sphingolipids and glycolipids (Fig. 1). Glycerophospholipids, as the name indicates, have a
central moiety of glycerol. Its substitution sites follow the IUPAC “stereospecifically
numbered” (sn) rule, with fatty acids in positions sn-1 and sn-2, and a phosphatidyl head group
in position sn-3 (Fig. 2A). They represent the main structural lipids in biological membranes,
where the size and level of unsaturation of the fatty acids, and the physicochemical
characteristics of the phosphatidyl head group (Fig. 3), provide glycerophospholipids with the
plethora of shapes and chemical features present in different biological membrane types [3].
From those head groups, phosphatidylcholine (PC) and PE are the most frequent lipids in
general, with PC frequently used experimentally as a membrane model [22]. In this lipid class,
cardiolipins and phosphatidylinositols highlight for being an essential component of bacteria
and mitochondrial membranes related to oxidative phosphorylation [23], and for their relevant

role in signaling [24], respectively.

A second major class of lipids are sphingolipids. They are based on a sphingoid base
(usually sphingosine, Fig 2B), with a fatty acid tail and a head group, which can be a hydrogen,
PC or PE, or a sugar, being called ceramides, sphingomyelins or glycosphingolipids,
respectively. The chemical structure of the sphingoid base, its hydroxylation, and the usually
longer saturated fatty acid chains [25, 26] enhance their lateral interactions with other

sphingolipids and sterols (see below). They are a main component of the outer leaflet of the
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eukaryotic plasma membrane, forming lipid rafts and potentially organizing and influencing the

activity of multiple proteins [26].

A third class corresponds to sterols or steroid alcohols. They are a family of lipids based
on a hydroxylated cyclopentanoperhydrophenanthrene (i.e. sterane) nucleus, a three six-carbon
and one five-carbon fused ring system, with an aliphatic tail (Fig.2C). Similarly to
sphingolipids, they are a main component of eukaryotic membranes, particularly in the plasma
membrane. They can account for more than a fourth of the total composition [16] and interact
with sphingolipids to form lipid rafts. Sterols tend to order and increase the lipid packing in the
membrane and establish a liquid-ordered (Lo) phase, where the motion of the hydrophobic core

is constrained [26].

There are smaller but relevant classes of lipids that do not fit in the previous groups.
Worth mentioning are lipid A and hopanoids, which are essential for Gram-negative bacteria.
Lipid A is a main component of the outer leaflet of the outer membrane bilayer. It is composed

of at least four acyl chains covalently bound to two phosphorylated glucosamine units, which

C

Figure 2. A) Glycerophospholipids are the main components of biological membranes. The general structure is a
glycerol molecule (orange dashed box), which has fatty acid chains in positions sn-1 and sn-2 (R; and R), and a
phosphatidyl group in position sn-3. As positions sn-1 and sn-2 can have different acyl chains, and there are
multiple phosphatidyl head groups that can be added in position sn-3 (green, X), glycerophospholipids can have
very different structures. B) Sphingolipids are a main component of eukaryotic plasma membranes, usually formed
by a sphingosine residue (blue dashed box), a fatty acid (R) and different head groups (X). Hydroxyl groups of the
sphingosine residue establish hydrogen bonds with neighboring lipids, facilitating the formation of membrane
microdomains (Fig.1) C) Sterols are a minor but essential component of eukaryotic membranes, which regulate
the formation of microdomains and membrane rigidity. Cholesterol (in the Figure) is the main sterol, but changes
in the alkvl tail (bottom) or in the unsaturations in the ring structures (ton) are observed in other sterols.
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anchors big oligo and polysaccharide structures (namely, the core oligosaccharide and the O
antigen). The overall molecules are called lipopolysaccharides, which have been proposed to
regulate molecule diffusion in and out of the cell, as well as protein folding and function in the
outer membrane [27]. Interestingly, lipid A is also known as endotoxin, as it has a major role

in the immune response of animal hosts during invasion [28].

Hopanoids, on the other hand, are not as well studied as the previous lipid classes. With
sterols, in general, absent in prokaryotic species, hopanoids seem to fulfill an analogous
ordering function in the bacterial environment. They contribute to form domains with lipid A
in the outer membrane of Gram-negative bacteria in a comparable amount as if sterols would

be added to it [29, 30], though there are reasons to believe the mechanism is different [31].

It is clear that the lipidic composition of biological membranes is complex, and although
in different membranes it tends to stay static over time, lipids are in constant traffic through
compartments of the cell, homeostatically responding to changes in the environment or maturity
of individual cells [32]. The observation that bacteria require a complex network of enzymes to
adapt the membrane composition under thermal or pH stress have made the membrane
homeostasis pathways an interesting target for potential drug discovery [33]. Additionally, the

proteic composition of membranes, as exposed above, is a major component of lipid
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Figure 3. Common head groups of glycerophospholipids found in nature. G represents the phosphate group bound
to the glycerol moiety shown in Fig. 2A. PA, phosphatidic acid; PE, phosphatidylethanolamine; PC,
phosphatidylcholine; PS, phosphatidylserine; PG, phosphatidylglycerol; PI, phosphatidylinositol. PE and PC are
the most common head groups, and have an overall neutral charge with the phosphate group. All the other head
groups maintain a formal negative charge. PI can be additionally phosphorylated in positions 3, 4 and 5, adding
additional charges relevant for molecular signaling [24].
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membranes, adding additional complexity to it. In the next section, how proteins interact with

the membrane environment will be described.
2.2 Structure of membrane proteins

The function of biological membranes, aside from being a structural component of the
cell, depends on the subcellular compartment and the proteic composition. Different
membranes can have functions related to selective permeability, cell metabolism, signal
transduction and/or ionic transport [2, 34]. Their function is directly correlated to the proteins
that form that particular membrane. It was not until the 1960s that the relevance of proteins in
the functions of membranes was evidenced [1]. A good example is the brief publication of Rojas
and Luxoro [35], showing that proteins are responsible for ion conduction in squid axons. Given
the overall membrane structure described in the previous section, proteins can be placed through

the bilayer, attached on the surface, or interact with other components located in the bilayer

(Fig.1).

The interactions of proteins with the bilayer radically change their overall structural
features compared to common water-soluble globular proteins. Where water soluble proteins
tend to hide hydrophobic patches and expose polar surfaces to their surroundings, integral
membrane proteins invert that relationship, exposing hydrophobic residues to the membrane
core and hiding polar residues in the protein core. Additionally, due to the anisotropic structure
of biological membranes and the need to reduce exposed polar groups in the membrane core,
the amount of possible folds compared to globular proteins is greatly reduced, with in general
two types of secondary structure folding cores: a-helical bundles and B-barrels [36]. It has been
proposed that these defined secondary structure elements satisfy the majority of the possible
backbone hydrogen bonds, reducing the unfavorable interactions with the hydrophobic lipid
tails [34]. Single or multi-pass bundles of a-helical structures are ubiquitous in living
organisms, while B-barrels are solely found in Gram-negative, mitochondrial and chloroplast

membranes [37].

From a reductionist point of view, membrane proteins are not so different than globular
proteins in the sense that their folding, as every other molecule, follows thermodynamic laws
to reach its proper fold, with the clear difference that the interactions are arranged in a 2D plane
rather than in 3D space [38]. Furthermore, not only does the thermodynamic environment of

the membrane define the way membrane proteins are folded, but the membrane composition
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can have a direct impact on their activity, modulating the fine structure of the protein, or acting

as cofactors [39].

The extreme differences between the water and membrane environments make it
difficult to use typical protein overexpression and purification protocols on membrane proteins.
The hydrophobic regions of membrane proteins tend to aggregate in the cytosol of the
expressing cell or during liquid chromatography steps of purification. This forced to include
weak detergents and micelles as membrane mimetics, which allows to extract proteins from
membranes and to stabilize the hydrophobic surfaces [34, 40]. Overall, solving the 3D structure
of membrane proteins through experimental methods has been hampered in comparison to
soluble proteins [34]. They are largely underrepresented in the structural databases available
for the scientific community (< 1% of the Protein Data Bank (PDB), Fig. 4), with just about a
thousand unique membrane proteins resolved up until October 2019. That is the case even when
they represent 20 to 30% of the proteins in the eukaryotic genome, and they are essential in
multiple areas of cell biology [41]. Interestingly, despite the aforementioned difficulties, it is
estimated that more than half of the drug targets are integral membrane proteins[42]. This
highlights their relevance in molecular pathways that control diverse cell processes and that are
involved in disease, but also their importance for the pharmaceutical industry. Because of these
reasons, the study of the structure and dynamics of membrane proteins has high importance for
understanding cellular mechanisms, and for the development of new treatments for potential

diseases.
2.3 Computational methods to study membranes and membrane proteins

In this section, computational tools used to describe and study membrane and membrane
protein systems will be briefly described. These tools are the foundation for the studies and

results obtained in this thesis.

Molecular dynamics of membrane systems

In the 1980s, along with the determination of the first atomic-resolution transmembrane
protein structure [43] and with the overall notion of the Singer and Nicolson fluid-mosaic model
[8], computational methods that derived from conventional molecular dynamics (MD)
simulations were developed to study the physical environment of biological membranes. The
molecular models have grown from small surfactant and lipid simulations with one lipid type

and thousands of atoms in the picosecond (ps) range, to all-atom simulations of proteins
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embedded in complex bilayers with 10°-10° atoms for microseconds (ps). This has been further
extended to coarse-grained models that can describe tens of thousands of lipids for ps of
simulation [11]. MD simulations of lipid systems thus present an approach to study membrane
environments and converge theory and experimental results. These simulations provide an
atomistic view of experimental phenomena, and broaden what pure experiments can resolve,
especially considering the difficulties of performing wet-lab experiments with membrane

proteins and membranes themselves [11, 40].

For atomic MD simulations of membrane environments, proper parameters that describe
the physical characteristics of the lipids and proteins involved have to be determined. Multiple
force fields describing such systems have been developed throughout the years [22], where
CHARMM [44, 45], Slipids [46, 47], GROMOS [48, 49] and AMBER [50, 51] are general
biomolecular force fields worth mentioning. In general, the development of these force fields
has evolved throughout the years, starting at the beginning of the 2000s with simulations that
required constraints in the area of the membrane patch or on the surface tension to reproduce
experimental data. In the last decade, with the inclusion of quantum mechanically determined
charges and multiple corrections in the acyl chain torsion parameters, these force fields reached
the point where simulations in the isothermic-isobaric (NPT) ensemble can be performed

without the inclusion of additional constraints, as expected in membrane simulations [22, 52].

In particular, in the AMBER simulation package, the lipid force field development is a
relatively new endeavor. Initial attempts to have lipid parameters in AMBER date from the
2000s, and were modifications of the small molecule General Amber Force Field (GAFF) [53,
54]. However, a more refined and modular parametrization was achieved in the beginning of
the 2010s in Lipid11 [50] and GAFFlipid [55]. The lessons learned from these attempts were
applied to develop the tensionless Lipid14 force field [51], and its extension in Lipid17 (not
formally published as of 2020, [15]), where Lennard-Jones and torsion parameters, together
with the atomic charges were revised to reproduce experimental data in the NPT ensemble. This
family of force fields have shown to reproduce experimental data of membranes [56] and of
membrane interactions with proteins on par or better than previously developed force fields

[57].

Aside from the parameters, getting the initial structure of a reasonable membrane patch
also has been a challenge, particularly with the increasing size of the simulation systems.
Multiple methods allow to obtain a reasonable initial structure to perform MD simulations, with
CHARMM-GUI being probably the most used option for all the simulation packages previously
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described [58]. However, no dedicated option for the AMBER package existed until now,
forcing researchers to depend on the web interface provided by CHARMM-GUI. A new
software to generate initial structures of membrane systems for the AMBER package was
developed in this thesis. This software enables the preparation of molecular simulations directly
in the command line together with the AmberTools software package; this will be discussed

further in this thesis (see section 4.1, Publication I).

Free energy umbrella sampling calculations

In molecular dynamics simulations, as the force fields (like the ones introduced above)
describe the molecular interactions of the system, their statistics can be evaluated. As the
probability of having a determined molecular structure is representative of the free energy of
that structure, the sampling statistics should lead to the measurement and prediction of
chemically relevant free energy values [59]. One of the caveats though, is that the sampled
structures could not be representative of the process of interest. On one part, the sampling will
be biased by the initial structure used in the molecular sampling, and on the other, the timescale
in which the process under study occurs could be too long to be observed in the performed
simulations. To study such long-term molecular processes, the molecular sampling can be
enhanced by modifying the potential energy surface. If the free energy of the process is of
interest, this changes in the potential energy are later taken into account to calculate the effective

energy difference between the sampled structures [60].

One of such techniques is called umbrella sampling. In this method, structures that are
representative of a so-called reaction coordinate (or of the transition between two end-points of
interest) are sampled in harmonically restrained molecular dynamics simulations. The harmonic
restraints allow to sample the reaction coordinate by applying an “umbrella”-shaped potential
on top of the potential energy landscape. The objective of such a sampling approach is to obtain
structures that reflect the potential energy landscape between the start and end point of interest.
The distribution in the restrained umbrellas unveils information regarding the underlying
potential energy surface, allowing to mathematically calculate a “potential of mean force”
(PMF) [61]. This method has been used to calculate free energies of dimerization of proteins in
a membrane environment [62, 63], and was used in this thesis to calculate the dimer-to-

monomer dynamics of PlaF, a bacterial phospholipase Ai (section 4.3, Publication III).
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Structure prediction of membrane proteins

The huge increase in the amount of available protein sequences far exceeds the amount
of resolved protein structures, which is even more dramatic for the membrane protein case
(Fig. 4). As mentioned in the previous section, the experimental determination of membrane
protein structures remains particularly challenging, with complications both in their purification
and crystallization. As an alternative, the structural prediction of membrane proteins has gained

an important role to study their structure and understand their functions [34, 40].

In general, there are two approaches for predicting a protein structure: I) comparative
or homology modeling and II) ab initio (sometimes called de novo) structure prediction.
Homology modeling is based on the structural conservation observed across proteins with
diverse origins but a common ancestry, as long as their amino acid sequences have an identity
>30%. In general, if a structure that fulfills that requirement has been already resolved in the
PDB (Fig. 4), it can be used as a template and a proper model can be generated [64, 65]. Though
these methods have been widely used to model soluble proteins, they have been validated for
transmembrane proteins as well [66]. Ab initio methods, on the other hand, do not depend on
previously determined protein structures directly, but rather on conformational searches of
energy minima on a potential energy landscape that considers the native protein environment.

These methods are especially interesting for the transmembrane protein case, given the limited
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Figure 4. Number of entries in the automatically annotated protein sequence database (UniprotKB/TrEMBL), the
protein structure database (protein data bank, PDB), the transmembrane PDB database (PDBTM) and the unique
membrane protein structure database (MPStruc). The reduction observed in the number of sequences in
UniprotKB/TrEMBL corresponds to the removal of redundant sequences of repeated entries or within groups of
highly homologous organisms. The values correspond up until September 2019.
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availability of proper structural templates (Fig. 4). The energy functions used to perform the
structural search are either physics-based (as the ones used in MD simulations, see above), or
specially developed knowledge-based energy functions. At the same time, these functions are
usually associated with specific ways of performing the conformational search, from MD
simulations to Monte Carlo (MC) protein-fragment assembly search. The former have had
limited success due to the vast phase space of proteins, in general limiting its application to
proteins of < 100 residues and to the use of implicit solvent models to achieve enough sampling
[67, 68]. Methods especially developed for membrane proteins have shown some success,

particularly for small a-helical assemblies [69, 70].

Probably the most common ab initio alternative is the protein-fragment folding strategy
used in FRAGFOLD [71] and in the Rosetta package [72], with the latter being widely used
nowadays. There are multiple protocols that can be used within Rosetta, but a general approach
is to search 3- and 9-mer fragments homologous to the target in the PDB, and use their
secondary structure and side chain conformations to significantly reduce the search space,
which at the same time reduces the computational cost of the folding process [73]. These
fragments are later assembled using a MC search with the Rosetta knowledge-based potential
energy function. This function can be a full-atom energy function, comparable to force fields
used in MD [74], or coarse-grained per residue, reducing the ruggedness of the potential energy
landscape and increasing the sampling speed even further [75]. As the protein folding can get
stuck in multiple energy minima even with a coarse-grained potential, it is common that tens to
hundreds of thousands of models (usually called decoys) are generated per target of interest,
where one of them has to be selected as a representative model [73]. These methods have been
further developed to model membrane proteins in particular, by including an artificial
membrane slab, potential terms for the interactions of residues in the membrane environment,
and additionally predicted information such as secondary structure, transmembrane topology

and solvent accessibility [76, 77].

Protein residue-residue contact predictions

Though the ab initio methods have shown their usefulness during the last two decades
of development, they are computationally expensive and impractical in cases of big proteins
(> 300 residues) [68]. Early on, it was noted that just using native contact maps, the 3D structure
of a protein could be recovered completely [78]. By combining the ab initio sampling strategy

and including sparse experimental data, such as NMR or EPR restraints, the folding process
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becomes not only feasible, but allows to reach atomic accuracy [73, 79]. Getting experimental
measurements is not always possible though, as obtaining NMR or EPR restraints for
transmembrane proteins share many of the difficulties exposed for purification and
crystallization. Coevolutionarily determined residue-residue contact predictions, on the other
hand, rely on new sequencing techniques and on the huge amount of accumulated protein
sequences in the Uniprot database (Fig. 4). They make indirect use of experimental results, and
can be applied to drive the search of a proper model within the generated decoys. The predicted
contacts can be used analogously to sparse experimental restraints in ab initio structure
predictions. They can restrict the sampling search space by imposing distance restraints
between the predicted contacting residues, or to select the generated decoys that fulfill the
predictions the best [40, 68]. Interestingly, it has been independently shown, that 8% of the
essential native contacts or > 30% of randomly selected contacts are enough to fold a protein
[80], and that one correct and nonlocal predicted contact every twelve residues is enough to

obtain near to atomic protein structures [81].

The typical approach to predict residue-residue contacts consists in measuring
coevolution signals throughout multiple sequence alignments (MSAs). The basic idea is that,
as single positions in proteins mutate (i.e. evolve), evolutionary pressures against loss-of-
function compensate for the change in the physicochemical features of the original residue by
changing interacting residues to match the new physicochemical environment (Fig. 5) [82]. As
the second change is a consequence of the first, they are correlated and can be measured directly
from changes in the MSA [83]. Such pairs of co-evolving residues indicate positions where
spatial proximity is likely. One caveat of this approach is that two correlated positions are not
necessarily caused by a direct physical interaction, which is emphasized in transitive
correlations, i.e., when a signal between positions A and C is obtained as a consequence of the
interaction with a third intermediate position B (“‘chaining effect”, A—~>B«C) [84]. Put in a
different way, these methods account for the probability of two positions affecting each other,
neglecting the influence of the rest of the protein positions. Because of the noise produced by
this lack of causation and the corresponding high rate of false positive signals in the predicted
contacts, their usage was rather limited and unsuccessful to predict 3D protein structures ab
initio. This changed in the last decade with the development of algorithms like DCA (direct
contact analysis) entropy-maximization [85, 86] and PSICOV (protein sparse inverse
covariance estimation) [87], which consider the whole protein statistics to derive the contact

probabilities between two positions, effectively decoupling indirect residue-residue interactions
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Co-evolution

—
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—

Figure 5. Schematic representation of coevolutionary changes in protein structures. With evolution, as single
residue mutations occur, interactions of the original residue with the rest of the structure are affected, risking
losing the overall protein function. Coevolutionarily, mutations that re-establish the original interaction network
and maintain the overall protein fold are favored, generating identifiable correlations in multiple sequence
alignments.

from the contact signals [84]. This resulted in multiple implementations based on these concepts

to accurately predict protein contacts [85-90], not only intra- but also inter-protein [91]

In addition to these developments, the last four years have signified a quantum leap in
protein contact predictions. The current rise of machine learning (ML) methods, the easier
access to software and hardware for their implementation, and the application of such methods
to contact predictions, have had an impact by doubling the top L/5 (where L is the length of the
protein) prediction accuracies from the 11% to the 12" Critical Assessment of Structure
Prediction (CASP) experiments [92]. The same trend was evidenced in CASP13, where the
accuracies increased up to 70% in the same range [93]. The usage of ML has been determinant
in being able to obtain a higher quality of contacts, especially in cases where the number of
sequences in the MSA is subpar. The ML methods used include most notably deep neural
networks, which with convolutional and residual neural network architectures have shown the

best results to date [94-99].

Just to mention some examples, the tools here mentioned have been used to model the
N-terminal portion of the human dopamine transporter [100] and the human alkylglycerol
mono-oxygenase [101]. An interesting case has been the prediction with coevolutionary
information of the structure for the human zinc transporter hZIP4 [102], which was later shown
to be highly similar to a crystalized homolog [103]. A similar modeling approach was used in
this thesis (section 4.2, Publication II). Interestingly, hZIP4 showed its relevance in a second

project studied in this thesis, unrelated to the first case (section 4.4, Publication 1IV).
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2.4 Ethylene-induced hormonal response and signaling pathway

Ethylene: the first identified gaseous hormone

At the beginning of the 1900s, Neljubow [104] and Crocker, Knight, Harvey and Doubt
[105-108] showed that smoke and “illuminating gas” in laboratory conditions, and particularly
the ethylene in it, acted as a phytohormone on plant seedlings. The phenotype produced by
ethylene, known as the seedling triple response, is evidenced by modifications in the growth
process, causing a shortening, curling, and thickening of the plant stem, a response that was
proven to be specific to ethylene [109]. In addition to the triple response, Cousins reported in
1910 that fungi-damaged oranges emanate a gas that accelerates the banana ripening process,
suggesting that they should be separated during transport [110, 111]. It was not until the 1930s
that Kidd, West and Gane directly linked ethylene to the ripening process of some fruits, and
suggested that they are able to generate ethylene themselves [112-114]. They were the first to
describe that in some fruits the ripening process is accompanied by a rapid increase of the
respiratory activity, coined by Kidd and West as the climacteric [114]. This term is currently
used to group produces that are particularly sensitive to ethylene. Overall, the discovery of
ethylene activity was controversial, considering that it was the first described gas with hormone
features. This has the implication that its range of action is not restricted only to the synthesizing
organism, but that it can diffuse and communicate signals between plants, and have the

aforementioned effects [110].

The synthesis of ethylene is dependent on the methionine cycle, also known as the Yang
cycle. S-adenosylmethionine (SAM), an intermediary commonly involved in methyl group
transfer reactions, can be transformed into 1-aminocyclopropane-1-carboxylic acid (ACC) by
the enzyme ACC synthase. This step is described as the first committed step to produce
ethylene. One further oxidation step of ACC, catalyzed by ACC oxidase, yields ethylene [115].
Interestingly, the activity of both ACC synthase and oxidase has been linked to other hormones,
to stress, and to the ripening responses of the plants, explaining to a large degree the effects
observed on produces [115, 116]. More important, however, is that ethylene establishes a
positive feedback loop in climacteric fruits, where a produce that ripens emits ethylene, triggers
the ethylene signaling cascade and results in an enhanced expression of ethylene receptors and

its biosynthetic enzymes [117].
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Fruit ripening in economy: ethylene signaling as a biotechnological target

Fruit and vegetable ripening has a huge social and economic impact, making their
storage and transport throughout the world a sensible point of the food supply chain. It is
estimated that over 30% of all produced foods are wasted along the food supply chain. From
that, 30 to 50% occurs postharvest or in the distribution stage. Proper access to energy sources
has shown to be the main differentiating factor in the amount of postharvest losses [118]. On
one side, better access to energy sources would reduce the wastage of multiple products, but on
the other, an increase in energy production is usually associated with an increased generation
of greenhouse contaminants. Taking the banana, the most traded horticultural product as an
example, about 45% of the costs involved in placing the fruit into a supermarket is related to
proper transport, storage, and ripening treatment [119]. “Cool chain management” is one of the
reasons behind those high costs, i.e., transporting and keeping fruits at temperatures from 13 to
16 °C throughout the whole distribution chain, and in this way reduce the ripening of
climacteric fruits [120]. It has been estimated that in Europe about 30% of the energy used in
the food production sector corresponds to cooling and freezing, a remarkable amount compared
to any other production area [121]. Low temperatures retard the ripening process of fruits,
partially because it inhibits the production of ethylene [122-124], slowing down the onset of

the whole ripening process.

Interestingly, an alternative to active refrigeration during transport are strategies that
reduce the ethylene concentration in the air or inhibit its activity on fruits [120, 125]. For
example, apples, kiwis, pears, strawberries and bananas display a relevant delay in the ripening
process by maintaining a controlled atmosphere during transport and storage [126]. However,
this implies expensive systems to either filter or maintain certain air composition. A different
approach is to inhibit the production and/or the effects of ethylene on plants, where the latter
have the advantage to additionally block effects of exogenous production from, for example,
gas combustion. The main commercially available example for this is 1-methylcyclopropene
(1-MCP) [127], which has been shown to work by competitively blocking the ethylene
receptors. The response to treatments with 1-MCP in different commodities has been shown to
delay the onset of the ripening process, showing improved responses on longer treatments or
by reducing the storage temperature alongside its application [128]. The commercial usage of
1-MCP has implied a higher flexibility for cold storage temperatures during transport, and an
increased shelf life of many commodities, though the response is not consistent on all

climacteric fruits [129]. This highlights the relevance of understanding how the response
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triggered by ethylene progresses at the molecular level. Interactions of the different components
of the ethylene-signaling cascade can provide new strategies to maintain produces over long
periods of time. The next subsection will describe the ethylene receptors and the information

available up until now regarding the molecular responses to ethylene in plants.

Ethylene receptors and the ethylene-signaling pathway

More than 80 years after the first hints pointed towards ethylene as a plant hormone,
Bleecker identified a gene which, when mutated, made Arabidopsis thaliana seedlings resistant
to the treatment with the hormone and did not show the expected triple response [130]. The
ETHYLENE RESISTANT 1 (also alternatively ETHYLENE RESPONSE) protein, widely
known as ETRI, and later its homologs ETHYLENE RESPONSE SENSOR 1 (ERSI),
ETHYLENE INSENSITIVE 4 (EIN4), ETR2, and ERS2 [131], were identified to be
responsible for the physiological responses to ethylene in plants. The receptors form
transmembrane dimers, fostered by disulfide bridges in the N-terminal region of the protein
[132], followed by a cytosolic GAF domain [133]. Aside from the N-terminal and GAF domain
regions, the protein resembles a two-component system histidine kinase (HK), similar to the
ones widely described in bacteria [134], and can be subdivided in dimerization/histidine

phosphotransfer (DHp), catalytic (CD) and receiver (RD) domains.

Though all receptors in Arabidopsis thaliana share the same overall structure, there are
differences that allow to classify them in two subfamilies (Fig. 6) [135]. ETR1 and ERSI1
correspond to subfamily 1, which has three transmembrane helices in the N-terminal binding
domain and active histidine kinase catalytic domains. Interestingly though, the histidine kinase
activity is not required for triggering the main signaling cascade [136]. ETR2, EIN4 and ERS2,
on the other hand, correspond to subfamily 2, which has an additional transmembrane helix in
the N-terminus, and a degenerate histidine kinase domain with serine kinase activity. It is still
a matter of debate if the first transmembrane helix is a signal peptide or remains as a structural
component in the active receptors [137-139]. It is relevant to mention that both ERS homologs

lack the receiver domain altogether.
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Subfamily 1 Subfamily 2

ETR1 ERS1 ETR2 EIN4 ERS2

Figure 6. Schematic representation of the family of ethylene receptors found in Arabidopsis thaliana. The
receptors are found in the membrane of the endoplasmic reticulum, with the two-component system domains
exposed to the cytoplasm. All members of subfamily 2 have an additional signal peptide/transmembrane helix
(magenta) and a catalytically inactive histidine kinase (HK) catalytic domain (CD). Both ERS1 and ERS2
receptors lack the receiver domain (RD). DHp, dimerization/histidine-phosphotransfer.

Regardless that all receptors respond to ethylene and have high similarity, they have
both overlapping and divergent functions. They have been proposed to be differentially
modulated by the receptor phosphorylation and homo-/hetero-oligomerization with other
ethylene receptors and other ethylene cascade proteins [139-141]. The receptors are non-
canonically localized in the endoplasmic reticulum (ER) membrane, instead of the usual
hormone receptors in the plasma membrane [142]. Conveniently, as ethylene is a gaseous
olefin, it is able to cross cellular membranes and reach to the receptor despite the intracellular

localization.

Under conditions without ethylene, the receptors are constitutively active, which
implies activating a downstream serine/threonine kinase, CONSTITUTIVE RESPONSE 1
(CTR1). CTRI1 phosphorylates ETHYLENE INSENSITIVE 2 (EIN2), which labels the protein
for binding and ubiquitination by the F-box proteins EIN2 TARGETING PROTEINS 1 and 2
(ETP1/2) and for the subsequent degradation by the ubiquitin proteasome pathway (Fig. 7, left)
[143, 144]. Without EIN2, EIN3, a downstream signaling component, is targeted by the EIN3
BINDING F-BOX PROTEIN 1 and 2 (EBF1/2) and further degraded by the proteasome [145].
Under an ethylene atmosphere, on the other hand, the receptors are deactivated, inhibiting the
kinase activity of CTR1. Without the phosphorylation of EIN2, a still unidentified protease
cleaves the C-terminus of the protein, allowing its diffusion in the cytosol and its translocation
to the nucleus, where it stabilizes EIN3 and triggers the main ethylene responses (Fig. 7, right).

It has been shown that EIN2 localizes to P-bodies and binds to the 3’-UTR of EBF1/2,

15



Background

2.4: Ethylene-induced hormonal response and signaling pathway

repressing their translation [146], while also regulating the histone acetylation of regions in the

chromatin that code for ethylene triggered responses [147].

Although it is known that the binding of ethylene triggers the inactivation of CTR1, the
structural mechanism for the inactivation of the receptors remains unknown. It has been
suggested that the binding of ethylene to the transmembrane domain of the ethylene receptors
causes a conformational change independent of the receptors kinase activity. This would be
transmitted to the cytosolic domain and result in the CTRI kinase inactivation. Multiple
cytosolic domains of the ethylene receptor have been resolved crystallographically [148, 149],
but the transmembrane and GAF domains remain experimentally undetermined. In the latter
case, homology modeling has resulted in a feasible structure, leaving the transmembrane
domain and its connections to the GAF domain as the sole part of the protein without a structural
model [150]. Binding of ethylene to the N-terminal transmembrane domain is supported by the
copper cofactor in the binding site required by all ethylene receptors to perform their function.

Interestingly, this was suggested many years before the discovery of the receptor proteins [151-

Figure 7. Inhibition of the ethylene receptors upon ethylene binding, and the subsequent activation of the
ethylene-signaling cascade. The ethylene receptors are constitutively active, serving as a scaffold for CTR1, which
phosphorylates EIN2. This triggers the degradation of EIN2 by the ubiquitin proteasome pathway. EIN3, lacking
stabilization by EIN2 is also degraded. When ethylene binds to the receptor, the activity of CTR1 is inhibited.
Without the phosphorylation, the C-terminus of EIN2 is cleaved by a protease and diffuses into the nucleus,
protecting EIN3 from degradation by the proteasome and triggering the ethylene responses.
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153]. The copper ion is expected to be in a +1 oxidation state and to interact with the ethylene
double bond by a Dewar-Chatt-Duncanson type of interaction [154], though whether one
copper ion per dimer or one per monomer are required has remained a matter of discussion
[151, 155, 156]. The requirement of the copper cofactor implies that the ethylene-signaling
pathway depends on copper chaperones and transporters. Recently it was shown that, while
well-described copper chaperones like ATX1 and CCH directly interact with ETR1, the Pis-
type ATPase RESPONSIVE TO ANTAGONIST 1 (RANT1) seems to be the main provider of
copper for the ethylene receptor after the protein is loaded by the aforementioned chaperones

itself [157].

Despite residues of the transmembrane domain have been related to the binding of
copper or to be essential for the ethylene response, giving approximate information about the
environment of the copper and ethylene-binding sites, no three dimensional structure of the
transmembrane region of the receptor has been made available [137]. In this thesis, the first
structural model for the transmembrane domain of the ethylene receptor ETR1 was generated
(section 4.2, Publication II). This, together with the determination of the stoichiometry of
copper binding and tryptophan mutants of the transmembrane domain, enabled us to perform
molecular simulations of free diffusing ethylene into the protein, illustrating the initial steps for

the receptor inactivation.
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2.5 Pseudomonas aeruginosa, a nosocomial infection agent with multiple

virulence factors

Medical relevance and virulence factors

Pseudomonas aeruginosa is an opportunistic Gram-negative pathogenic bacterium. It is
versatile, being able to survive on soil and aquatic environments, and to colonize diverse
multicellular eukaryote species such as plants and humans [158]. The bacterium causes local
and systemic infections. It has become a frequent cause of nosocomial infections in
immunocompromised patients, being responsible for high mortality rates, even after antibiotic
treatment [159, 160]. For instance, the latest United States National Healthcare Safety Network
report for healthcare-associated infections lists Pseudomonas aeruginosa with 8% of the
reported cases as the 4™ most prevalent infection, only behind Escherichia coli, Staphylococcus
aureus and Klebsiella spp. [161]. The emergence of resistant and multi-drug resistant strains of
Pseudomonas aeruginosa leads to a consequent increase in the average treatment cost, where
the change in antibiotics alone can result in up to six times more expenditure in pharmacy [162].
For these reasons, as of 2017, P. aeruginosa has been classified by the World Health
Organization as a desirable target for the development of new antibiotics [163], ranking only

below Acinetobacter baumanii as the most concerning antibiotic-resistant pathogen [164].

The success of P. aeruginosa in surviving in different environments and its ability to
infect multiple hosts resides in the diverse virulence factors available in different strains of the
bacteria. The major types of virulence factors include flagella and pili, secretion systems like
the Type 3 secretion system (3SS), biofilm and lipopolysaccharide formation, quorum sensing,
and the synthesis of enzymes such as proteases and (phospho)lipases (Fig. 8) [158].
Additionally, the bacteria have resistance mechanisms such as efflux pumps and -lactamases
that confer multidrug-resistance. These factors can additionally be transferred between bacterial
strains by movable DNA elements. Studying each of the previously mentioned virulence factors

is an essential step in developing new potential treatments against pathogenic bacteria.
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Resistance mechanisms
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Figure 8. Pseudomonas aeruginosa resistance mechanisms and virulence factors. Pseudomonas aeruginosa is a
versatile pathogen, mainly due to the flexibilities conferred by mechanisms to resist antibacterial treatments and
multiple virulence factors. The bacteria can have specialized mechanisms that confer resistance towards antibiotic
such as efflux pumps and p-lactamases, which can also be acquired through DNA transfer or modified by
mutations, and a lower outer membrane permeability. In addition, P. aeruginosa can have mechanisms to inject
toxins, like the type 3 secretion system, motility and adhesion structures, such as a flagellum or pili, and secrete
biofilm thickening agents like alginate. The cells are able to adapt to surrounding bacteria and regulate biofilm
formation by secreting and sensing homoserine lactones, but they are also capable of secreting molecules able to
target and damage the host cells (red dotted box). They are able to generate proteases, modulate immune responses
with lipopolysaccharides, block protein synthesis with exotoxin A, and directly damage host-cell membranes with
lipases and phospholipases. On top of that, they can regulate iron homeostasis and oxidative responses with
pyocyanine and pyoverdine. Figure adapted from Gellatly and Hancock [158].

(Phospho)lipases as a target of interest

From the previously mentioned virulence factors, lipases and phospholipases are
carboxylesterases (EC 3.1.1) or phosphodiesterases (EC 3.1.4) that are common throughout
diverse pathogenic organisms. They are usually involved in degrading the membrane of the
host cells, causing general cellular damage, as well as blocking defense mechanisms from the
host organism [165, 166]. They are not only interesting medically though [167], and
applications in the generation of lysophospholipidic surfactants for the industry and in

phospholipid composition analysis have been devised [168].
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Phospholipases in particular can be classified depending on the ester bond they
enzymatically cleave, where PLA1 and PLA: cleave in positions sn-1 and sn-2, respectively,
PLB cleaves both, and PLC and PLD cleave ester bonds from the phosphate group (Fig. 9)
[165, 169]. From these, PLA2, PLC and PLD are probably the most widely studied and
understood, while for PLA1 only a limited number of enzymes have been described. Until
recently only secreted PLA1 bacterial enzymes were characterized in Serratia spp. and Yersenia
enterocolitica, all of which have a conserved lipase motif (GXSXG) [168]. Phospholipases
fulfill, in general, three different functions: I) they can serve as digestive enzymes, II) they can
remodel and regulate the membrane composition, and III) they can participate in relevant
signaling cascades [168]. With respect to the latter, an interesting consequence of the activity
of pathogenic phospholipases is that an important part of the damage to the host is independent
of the direct damage caused on the host membranes, but rather as a consequence of second

messengers that mediate inflammation responses, facilitating the host invasion [165].

A usually unexplored effect of phospholipases as virulence factors is their relevance in
the adaptation of the pathogen to the host environment. Indeed, it has been described that
Pseudomonas aeruginosa goes through important changes in the lipid composition of its plasma
membrane compared to its planktonic state while forming biofilm colonies [170]. These
changes could depend on remodeling the membrane by fine tuning the activity of lipases present
in the bacteria. Additionally, recent publications have shown that, analogous to Xanthomonas

campestris, fatty acids secreted by Pseudomonas aeruginosa (termed diffusible signal factors

Figure 9. Phospholipases are classified according to the ester

o0—CH—"2ch, bond they are able to cleave. The color code corresponds to
TPUA sn-1 sn-3 the one usecli in F ?g.ure 2.PLA; and PLA, are able to cleave
CEEESTBIB] O saneees ester bonds in positions sn-1 and sn-2, respectively. Enzymes
“=f=<PLAx that can cleave both bonds are classified as PLB. All of these

—0 enzymes are classified as acyl hydrolases. PLC and PLD on

the other hand, cleave ester bonds from the phosphate group

(phosphodiesterases), with the former resulting in a glycerol
moiety without the phosphate group, while PLD cleaves the
head group associated to the phosphate, resulting in a
phosphatidic acid molecule.
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or DSF), have been shown to regulate bacterial virulence and biofilm dispersion, essential for
further infection spreading [171, 172]. Although little is known about the synthesis and sensing
of these molecules, it seems reasonable to relate their activity to (phospho)lipase activities

present in the pathogen.

Understanding the regulation of the pathogenic processes of the bacteria and its
virulence factors, like the aforementioned phospholipases, has medical relevance. In 2010,
Kovaci¢ identified and purified a set of previously not described proteins with phospholipolytic
activity [173], where TesA [174], PlpD [175] and PA2949 (PlaF) [176] have been further
characterized. From those, PlaF has shown to be membrane bound, with features of a relevant
virulence factor and was recently crystalized [177]. The exact physiological relevance of PlaF
and its involvement in the virulence of the bacteria is not clear, however. In section 4.3
(Publication III), the structure of the PLA1 phospholipase PlaF from Pseudomonas aeruginosa
will be described, with emphasis on the dimerization of the protein, a computational model of
the energetics of the dimerization process itself, and its possible implications in regulating the

activity of the enzyme.
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2.6 Iron acquisition and CAR proteins in plants

Nutrient uptake by plant roots and the relevance of iron

Given the stationary nature of plants, nutrient acquisition from the surrounding
environment and soil is essential to maintain their growth. Plants have to rely on extraction of
the nutrients from the soil by their roots with the additional handicap that nutrients are
heterogeneously distributed in space and time in their habitat [178]. In general, the most
required nutrients obtained from the soil are the macronutrients nitrogen, phosphorous,
potassium and magnesium, a lack thereof affects the ability to distribute carbon molecules and
growth [179]. As a response, plants extend their root systems to patches of soil where the
concentration of nutrients are higher [178, 180] and have a proper soil compaction and water
supply [181]. One strategy used by plants to reach further soil space is to generate symbiosis
with fungi to provide the proper nutrients. Up to 80% of plants, excluding the common plant
model Arabidopsis thaliana [182], resort to arbuscular mycorrhizal symbiosis to obtain the right
amounts of nutrients, in an interaction where fungi provide for nutrients like phosphorous and
nitrogen in exchange for energy-rich molecules [183]. Taking into account the physicochemical
descriptions of the transporters described until now, and of the periarbuscular space, we have
recently described that the exchange between the plant and the fungus occurs as long as each
part has enough nutrients to provide for the symbiosis partner, asymmetrically competing for

the resources imported/exported to the periarbuscular space [184, 185].

In addition, plants require multiple micronutrients like Fe, Zn, Mn, Cu, Ni, B, Mo, and
Cl. From those, iron is the micronutrient required in higher quantities, mainly due to its
involvement in redox systems essential for photosynthesis and in enzymes required for nitrogen
fixation [186]. Although iron is abundant in the earth crust, concentrations in the soil are close
to 1071 M, which is 102-10° fold lower than the optimal growth conditions for most plants [187].
Hence, iron tends to be a limiting growth factor, a lack of which causes decoloration or
yellowing of the leaves, also known as iron chlorosis (see below). One factor that influences
the low availability of iron in the soil is that under aerobic conditions, iron tends to get oxidized
to Fe(Ill) and forms oxyhydrates, lowering its solubility at neutral and basic soil pH. On the
other hand, anaerobic and acid conditions favor the accumulation of Fe(Il), which can cause
cellular damage due to the generation of reactive oxygen species [187, 188]. The essential
nature of iron, its lower solubility and toxicity exemplify why having a proper homeostasis of

iron is a crucial task for the root system of plants.
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Even when reaching soil patches with proper nutrients, having the molecular
mechanisms to fulfill the absorption is an essential part of the nutrient acquisition process. In
general, plants have two different strategies for absorbing iron either as Fe(Il) or Fe(II)
(strategies I and II, respectively, see Fig. 10A) [192]. Though only strategy I is dependent on
the IRON-REGULATED TRANSPORTER 1 (IRT1), many plants that use strategy II have an
active IRT1 isoform, highlighting the broad relevance of the IRT1 transporter activity [192].
IRT1 was first described in 1996 by Eide ef al. [196] as the major iron transporter under iron-
deficient conditions, displaying high affinity for metal ions such as zinc, manganese, and cobalt.

The knockout phenotype of the plant displays the previously described chlorotic characteristics
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Figure 10. A) Root iron-uptake strategies in plants. Plants such as Arabidopsis thaliana and tomato follow
strategy I, where Fe(III) is reduced to Fe(II) by FRO2 before transporting it with the IRT1 iron transporter. Fe(III)
oxyhydrates are additionally solubilized by soil acidification by proton pumps (AHA2), and by catecholic
coumarins (CC) such as sideretin, esculetin and fraxetin[189]. Grasses such as rice, maize and barley follow
strategy II, and are able to uptake Fe(Ill) directly. For this, they secrete phytosiderophores (PS) such as
deoxymugineic acid through TOMI, which after complexing Fe(Ill) are reabsorbed through the YSL/YS1
transporters [190, 191]. Interestingly though, many are able to transport Fe(Il) through IRT1 transporters too.
Figure adapted from Connorton et al. [192]. FRO2, FERRIC REDUCTION OXIDASE 2; IRT1, IRON-
REGULATED TRANSPORTER 1; AHA2, ARABIDOPSIS PLASMA MEMBRANE H(+)-ATPASE
ISOFORM 2; PDRY, PLEIOTROPIC DRUG RESISTANCE 9; TOM1, TRANSPORTER OF MUGINEIC ACID
FAMILY PHYTOSIDEROPHORES 1; YSL, YELLOW STRIPE 1-LIKE. B) IRT1 is essential for iron uptake
under low iron concentrations. Phenotype of Arabidopsis thaliana plants after 15 days (top) and 4 weeks (bottom)
of growth. The lack of a functional IRT1 transporter causes chlorosis and lack of growth in the knockout plant
(irt1-1). The wild type (WT) phenotype is maintained in heterozygous plants (irtl-1 +/-), and recovered when
transformed with a plasmid containing the sequence of a functional IRT1 (irtl-1:IRT1). The underdeveloped
phenotype is prevented when treated with water rich in iron (irt1-1+Fe). Figure licensed from Vert et al. [193].
C) The ZIP family of transporters consist of eight transmembrane helices and a variable region, rich in histidine
residues, which is predicted to be unstructured and to be involved in binding metal ions ([194, 195], left). The
only experimentally resolved structure for a ZIP transporter corresponds to an IRT1 homolog from Bordetella
bronchiseptica, BbZIP (PDB: 5STSA [103], right). The structure confirms eight transmembrane helices in a 3+2+3
arrangement, where helices 1-3 are symmetrically related to helices 6-8, sandwiching helices 4 and 5. The
unstructured variable region of BbZIP was not resolved in the crystal structure.
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and growth defects while growing in soil [193] (Fig. 10B). Together with ZRT1 (ZINC-
RELATED TRANSPORTER 1), IRT1 is the founding member of the ZIP (ZRT1/IRT1 like
protein) family of metal transporters, which has representative homologs in all eukaryotic
kingdoms [194]. ZIP proteins have been predicted to have eight membrane-spanning regions,
with a histidine-rich cytosolic loop or “variable region” between transmembrane helices three
and four (Fig. 10C). This variable region shows affinity for metal ions and has been proposed
to be involved in regulating protein activity [197]. In IRT1, this loop has additionally been
shown to be essential for posttranslational regulation of the activity of the transporter, mediating
its ubiquitination [198] and internalization into the vacuole [199]. The internalization
mechanism has in turn been shown to be regulated by the availability of other non-iron metal
substrates of IRT1 [200]. Though an ab initio model of the human homolog hZIP4 was recently
reported [102], only in 2017 the first structure of a transporter of the ZIP family, BbZIP from
Bordetella bronchiseptica, was resolved [103] (Fig. 10C). The structure confirms the predicted
eight transmembrane spanning helices, with a novel 3+2+3 TM arrangement, though the
cytosolic loop remained unresolved. Though IRT1 and BbZIP belong to the same family, the
sequence identity between them does not reach 20%, leaving room for important structural

differences between the two.

Considering the relevance of IRT1 in iron uptake, having a better understanding of the
regulation of this transporter is essential to comprehend plant responses to iron-deficient or
iron-excess conditions. In the next subsection, the abscisic acid pathway will be described.
Though IRT1 is not directly involved in this pathway, recent results exposed in this thesis
suggest that a member of the C2-DOMAIN ABSCISIC ACID-RELATED (CAR) family of

proteins is involved in regulating the transporter activity (section 4.4, Publication IV).

Abscisic acid hormonal response and the modulation by CAR proteins

Abscisic acid (ABA) is a hormone involved in responses to abiotic stress in plants.
Responses related to this phytohormone physiologically prepare the plant and reduce growth to
overcome situations with adverse temperatures, low water availability, high salinity and
osmotic stress [201]. The mechanism used by plant cells to sense ABA remained obscure until
recently. Under stress conditions, the biosynthesis of ABA is upregulated, leading to its
cytoplasmic accumulation. Only in 2009 the receptor in charge of sensing the accumulated
ABA was identified and described as the REGULATORY COMPONENT OF THE ABA
RECEPTOR (RCAR) [202]. The receptor has a family composed of 14 proteins, all of which
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show resistance to the synthetic ABA agonist pyrabactin in mutant strains. Because of that,
RCAR proteins are also named PYRABACTIN RESISTANT 1 and PYRABACTIN
RESISTANT LIKE proteins (PYR1/PYL) [203]. The complex of the receptor with the hormone
then binds to type 2C protein phosphatases (PP2C) like ABA INSENSITIVE 1 (ABIl),
inhibiting them (Fig. 11A) [202]. When inhibited, these phosphatases stop preventing the
activation of proteins from the Sucrose non-fermenting 1 (SNF1)-related kinase 2 (SnRK2)

family, enabling the responses commonly associated to ABA (Fig. 11A) [204].
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Figure 11. ABA signaling pathway and CAR proteins. A) ABA is an essential phytohormone that regulates the
responses of plants to abiotic stress. Under these conditions, the de novo biosynthetic pathway of ABA is
upregulated. In the cytoplasm, ABA is sensed by binding to its receptors of the RCAR (also known as PYR/PYL)
family. Upon binding, the RCAR is able to bind and inhibit PP2C phosphatases like ABI1. Without the
phosphatase activity, downstream kinases from the SnRK2 family remain phosphorylated, and trigger the ABA
responses by phosphorylating other downstream effectors. Recently it has been shown that the action of the
RCAR/ABA complex can be regulated by complementary calcium signals and C2-DOMAIN ABA-RELATED
(CAR) proteins, which target the complex to the plasma membrane, where it can regulate the activity of additional
effectors. B) The crystal structure of CAR4 shows the expected C2-domain structure, with eight -strands forming
a B-sandwich, with an occupied calcium-binding site (white spheres) and a polybasic patch (in magenta). The
protein has an additional a1 BABB “CAR-signature extra-domain”, present in all the members of the CAR family
(highlighted in red).
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Overall, though the activation of the RCAR receptor by ABA has been described, the
cellular mechanisms used to target the complex to specific proteins and cell regions are unclear.
Interestingly, and maybe to be expected, the responses to ABA and the calcium signaling
pathways are convergent, with PP2Cs being essential in the signaling cross-talk [204]. An
additional connecting point between both signaling pathways are the recently described CAR
proteins (Fig. 11A and B). In 2014, Rodriguez ef al. [205] identified the family of 10 CAR
proteins, showing that multiple of its members are able to coimmunoprecipitate with different
RCARs. PYL4 and CARI1 colocalize and bind to the plasma membrane in a calcium-dependent
manner, showing the targeting of the receptor to potential protein interactors. Moreover, triple
mutants for different CAR proteins showed reduced sensitivity to ABA, highlighting the
involvement of the CAR family in the signaling pathway.

The structure of CAR4 was resolved, evidencing a “CAR-signature extra-domain” (or
CAR-signature domain for short) formed by an additional a1BABB motif that distinguishes all
members of the CAR family from a canonical C2-domain (Fig. 11B). C2-domains have for
long shown to interact with membranes, both through their calcium-binding site [206] and with
their polybasic patch, taking advantage of negatively charged lipids present in the membrane.
The latter interaction has been shown to be specific for PtdIns(4,5)P2 in canonical PKC-a C2-
domains [207, 208]. Both interactions make proteins containing C2-domains interesting targets
as membrane interacting hubs [209], where homologs of the canonical PKC domain have a

wider variety of specificities towards PtdIns or affinities for calcium [210, 211].

From the members of the CAR family, CAR6 was already identified in 2011 by Knauer
et al. [212]. The protein was initially named ENHANCED BENDING 1 (EHBI1), and
negatively regulates hypocotyl bending by gravitropism and under blue light conditions by
forming a complex with phototropins [213]. However, not more is known on how this protein
is connected to the ABA signaling pathway, or what other targets it could be regulating. In
section 4.4 (Publication I'V), the experimental interaction of EHB1 with the membrane, as well
as the binding and inhibition of IRT1 by EHB1 will be shown. This is a particularly interesting
result, as it links the ABA pathway with the regulation of the uptake of iron and other metals,
protecting the cells from potential metal toxicity and oxidative damage. With homology models
of EHBI and IRT1, we illustrate how the CAR protein could bind to the membrane in response

to calcium, respond to changes in the PtdIns present in the membrane, and bind to IRT1.
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3 Scope of the Thesis

Throughout the Introduction and Background chapters, the importance of cellular
membranes and related systems of high-interest associated to membranes were presented: I)
the ethylene-signaling pathway in plants (section 2.4), IT) phospholipolytic enzymes associated
with virulence in Pseudomonas aeruginosa (section 2.5), and I1I) the iron uptake from soil and
the ABA/CAR regulation in the plant root (section 2.6). Though all of these systems are quite
different from one another, being in different organisms and cellular environments, they all
have in common using membranes as the central hubs to organize their corresponding
pathways, relying on membrane, membrane/protein and/or protein/protein molecular

interactions.

In general, biological systems associated with membranes are more difficult to
approach, which might explain why these topics have only until recently been studied more
thoroughly. The last two decades of investigation and development in membrane systems and
techniques associated with their study have been accompanied by a constant increase in
computational power and development of techniques related to the study of membrane
environments. MD engines and their corresponding force fields are a good example for such a
development (section 2.3). Related to this, the amount of time associated with preparing
simulations of membrane bilayers with additional proteins or molecules of interest has
increased dramatically, to the point where for particularly complex systems the time dedicated
to setting up and preparing them can overcome the time required to reach the desired simulation
time. To tackle this in this work, PACKMOL-Memgen, a software to assemble and help in the
parametrization of common membrane bilayer systems, was developed (section 4.1,
Publication I). We show that the generated systems are well-suited for performing MD
simulations and that the software is generalizable to more complex systems. The program is

included in the distribution of AmberTools version 18 and above.

To have a structural insight into the mechanism that triggers the ethylene-signaling
pathway in Arabidopsis thaliana (section 2.4), the first model of the transmembrane domain of
an ethylene receptor was obtained in this thesis. Using predicted contacts obtained from
coevolutionary signals and ab initio modeling (section 2.3), a dimer structure of the
transmembrane domain of ETR1 was obtained (section 4.2, Publication II). The structure was
validated by previously reported single point mutants and by the effects of tryptophan mutants
on the secondary structure of the receptor determined by circular dichroism®. Additionally, the

copper/receptor stoichiometry was determined, resolving previously contradictory information
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available in literature’. Molecular simulations of the modeled transmembrane domain in a fully
explicit membrane environment and with high concentrations of ethylene showed binding of
the ligand to the sensor domain. The binding occurs in proximity to the added copper ions and
in accordance to the aforementioned reported mutations, illustrating the first steps of the

ethylene-signaling pathway.

With respect to the discovered phospholipases of Pseudomonas aeruginosa (section
2.5), PlaF showed to be an inner membrane anchored enzyme with its catalytic activity exposed
to the periplasmic space. The obtained crystalized structure of PlaF showed a dimer
arrangement, while experimental measurements evidenced activity as a monomer and suggest
a decrease in its activity as the protein dimerizes in vitro (Publication III). In this work, and
to rationalize the importance of the dimer for the protein activity, the dimerization free energy
of the protein in a membrane bilayer context was calculated by umbrella sampling simulations.
The calculations showed that the protein has a favored conformation as a dimer (section 4.3).
Interestingly though, we showed that the monomer is able to interact with the membrane surface
with the dimerization interface by performing a tilting motion, which also showed to be the
favored monomeric conformation in free energy calculations. Overall, the dimerization and
tilting free energies suggest that the protein activity might be controlled by tight regulations of
the availability of the enzyme in the membrane surface, where an increase in the concentration
would cause the dimer conformation to be favored and the activity of the enzyme to be reduced.
As the activity of PlaF showed to be directly correlated with the virulence of the bacterial strain,
this opens a new target for dealing with Pseudomonas aeruginosa and potential homolog

infections.

Finally, EHB1, a recently identified member of the C2-DOMAIN ABA- RELATED
(CAR) protein family of Arabidopsis thaliana, was identified as an interactor of the variable
region of IRT1 by a yeast two-hybrid approach (section 2.6). This interaction with IRT1
regulates the activity of the iron transporter (Publication IV)'. In this work, MD simulations

were used to evaluate the binding of EHB1 to the membrane, evidencing that it is able to orient

TThe experimental work was performed by Lena Miiller and Elissa Classen in the Laboratory and under the guidance of Prof. Dr.
Georg Groth, in the Institute for Biochemical Plant Physiology, at the Heinrich Heine University, Diisseldorf, Germany.

i The experimental work was performed by Florian Bleffert, Joachim Granzin and Muttalip Caliskan under the supervision of Renu

Batra-Safferling, Karl-Erich Jaeger and Filip Kovaci¢ in the Institute for Molecular Enzyme Technology and the Institute of Complex Systems,

Forschungzentrum Jiilich, Jilich, Germany.

[P The experimental work was performed by Imran Kahn, Regina Gratz, Polina Denezhkin, Kalina Angrand, Lara Genders, Rubek

Merina Basgaran, Claudia Fink-Straube, Tzvetina Brumbarova and Rumen Ivanov, under the supervision of Petra Bauer and Rumen Ivanov in
the Institute of Botany, at the Heinrich Heine University, Diisseldorf, and at the Department of Biosciences-Plant Biology, Saarland University,

Saarbriicken, Germany.

28



Scope of the Thesis

itself transiently parallel to the membrane plane, potentially enabling the interaction with the
variable region of IRT1 (section 4.2). Interestingly, it was observed that EHB1 does not interact
with PtdIns(4,5)P2 as the canonical C2-domain from PKC, but rather with PtdIns and
PtdIns(4)P. This could be explained in terms of changes in the polybasic patch, and suggested
that this interaction could be facilitated by the transient tilting of the protein on the membrane

surface.

The previously introduced works exemplify different levels of available experimental
information: starting from coevolutionary information, where no structure was available
(ETR1), with an X-ray determined set of atomic coordinates (PlaF), or with homolog structures
with adequate sequence identity (EHB1). All of the aforementioned membrane systems have in
common their dependence on membrane structures, and together with the computational
approaches used to study them, form the main scope and framework on which this thesis work
is funded. In the following Chapter, the computational work realized in this thesis, and how it

helps to understand the behavior of the studied proteins, will be presented.
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Background

As mentioned in section 2.3, one of the challenges of studying membrane systems or
membrane proteins by computational techniques is building a system that is representative of
the in vivo conditions. The way lipids assemble to form a membrane and the placement of a
protein within or at the membrane are not trivial due to, in part, the anisotropic nature of the
lipid bilayer. To tackle the so-called “membrane-protein packing problem”, multiple tools have
been developed to help in the process of generating such systems [214, 215], such as
CHARMM-GUI[44], VMD (through the Membrane plugin) [216], Maestro [217], and Packmol
[218]. CHARMM-GUI stands out for having multiple lipids available and a user-friendly web
interface, making the packing process easier for newcomers but at the same time dependent on
a web interface. This dependency turns into a challenge when a user needs to generate multiple
systems with different proteins or different membrane compositions, or requires different
starting configurations, as the process becomes time-consuming. Compared to CHARMM-
GUI, Packmol stands out for having functionalities that allow building complex and intricate
simulation systems directly in the command line [218]. These functionalities build upon solving
the packing problem with the GENCAN optimizer, which minimizes an objective function that
describes the molecular overlap [219]. To do so, appropriate PDB files for the individual system
components and system-specific geometric constraints to restrict the packing are required as
input. Together with the requirement of command line-usage, this makes applying Packmol

difficult for non-expert users.

To conciliate the benefits from Packmol and user-friendliness, but still make a program
that runs locally in the command line, we developed PACKMOL-Memgen. It is a Python-based
program that uses Packmol as the packing engine but wraps the main procedures required to

build complex membrane systems, such that only single-line commands of the user are required.
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PACKMOL-Memgen Workflow

The general workflow of PACKMOL-Memgen follows similar principles as the
CHARMM-GUI membrane builder [44], and is depicted in Figure 12. The user can decide to
either pack a membrane-only system, or embed a protein structure into the membrane. For the
latter, a PDB file of the protein structure following the conventional formatting is used as input
(step 1). The next steps can be summarized in determining a default protonation for the input
PDB with reduce [220] (step2), predicting the orientation of the protein in a membrane
environment with memembed [221] (step3), to then determine the dimensions of a default
packed box, given the size of the provided protein structure. To set the number of lipids that
will be used, the area per lipid (APL) values reported in literature and the surface area of the
membrane patch to be packed are considered. If lipid mixtures are used, the APL is computed
as a weighted average according to the composition ratio. The volume occupied by the protein
in each water slab, as well as in the membrane leaflets, is calculated by a grid approach derived
from pdbremix [222] (step 4.2). This is later used to reduce the previously calculated number
of molecules in the respective system sections. For this, the lipid molecular volume is obtained

from literature or estimated based on the length of the acyl chains as described previously [223].

The user can select multiple lipids and define complex lipid mixtures at desired ratios,
including different compositions per leaflet. In addition, multiple bilayers can be generated by
calling the corresponding flags once per bilayer. This is useful if, for example, an
electrochemical gradient is required to study a system as in the case of “computational

electrophysiology”’[224].
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To initiate the molecule packing (step 5), the calculated number of molecules of each
type and the geometrical constraints associated with each section of the system are written to a
Packmol input file, and Packmol is started. If a protein is included, its position is considered
fixed during the packing, and all other molecules will be packed such that they accommodate
to the protein. The Packmol PDB file output is, by default, transformed into an AMBER-

compatible file.

To show the validity of the generated systems, a membrane-only system with an inner-
membrane-like composition of a Gram-negative bacteria of DOPE:DOPG 3:1 was simulated
for 500 ns (Fig. 13, top). Parameters including the APL, the Scp order parameter, membrane
thickness, electron density, and the average lipid mean square displacement corresponded with
values reported previously. Additionally, a membrane patch with the KcsA potassium channel
(PDB 1BLS) was simulated (Fig. 13, bottom), showing well-behaved systems and replicating

conformations previously reported in literature.

--dist_wat
minimum distance between protein/membrane
(17.5 A by default)

--leaflet
leaflet width
(23 A by default)

Input PDB structure REDUCI.E --tailplane
protonation maximum distance for tail CH3 groups to center
® (defined per lipid / usually 4 A)
— --headplane

minimum distance for P
and headgroup to center
(defined per lipid / usually 18 A)

--dist
minimum distance __
e to box border 4
MEMEMBED (15 A by default)
membrane orientation

@ Box size definition: l
*geometrical restraints
PACKMOL *avai
@ e available volume PDBREMIX
i upper water
packing iterations per molecule volume grid vglzme
(20 by default) < .
--nloop_all Composition upper leafle
all-together packing iterations = volume
(100 by default) ~lipids lower leaflet
colon-separated volume
list of lipids
. lower water

(DOPC by default)

volume
--ratio

colon-separated list
of lipid ratios
(1 by default)

Figure 12. PACKMOL-Memgen workflow applied to the protein structure PDB ID 1BL8. The process comprises
multiple, often optional, steps that are controlled by flags available in the software. The most important flags are
mentioned in the Figure. Figure taken from Publication I, page 62.
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Conclusions and significance

In this work, PACKMOL-Memgen was developed and evaluated. The program is a
simple-to-use generalized workflow for automated building of membrane-protein/lipid-bilayer
systems that relies on open-source tools only, including Packmol, memembed, pdbremix, and
AmberTools. As evaluated in Publication I, the built systems are appropriate as starting point
for MD simulations under periodic boundary conditions. There are more than one way of
building a membrane system for performing computational studies, and the choices may depend
on the molecular simulation package and the force field used, or the user preference. The
development of PACKMOL-Memgen enabled users of the AMBER community to make a local
packing of the system to be simulated. They were primarily dependent on webservers such as
CHARMM-GUI to build membrane-protein/lipid-bilayer systems, which while user-friendly,
becomes inconvenient if multiple systems need to be built. Interestingly, despite its recent
release, it has already been used in scientific research from members of the AMBER community
to study the folding of peptaiboil in a membrane context with accelerated MD [225] and a
desensitization mechanism of the ATP-gated P2X2 receptor [226].

Packed system Post-MD system

PE/PG

PE/PG+KcsA

Figure 13. Representative structures for a membrane-only DOPE:DOPG 3:1 system (A, B) and the KcsA channel
(PDB 1BL8) embedded in a membrane (C, D) generated as described in Publication I, immediately after packing
with PACKMOL-Memgen (A and C) and after 500 ns of MD simulations (B and D). Figure taken from
Publication I, page 64.
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PACKMOL-Memgen was an important development for the workflow with
computational membrane systems, and was essential in studying free diffusion dynamics of
ethylene with the model of the transmembrane domain of ETR1 (Publication II, section 4.2),
in measuring the dimerization free energy profile of the Pseudomonas aeruginosa
phospholipase PlaF (Publication III, section 4.3), and in studying the interactions of the CAR
protein EHB1 and model its mechanism of inhibition of the plant iron transporter IRT1
(Publication IV, section 4.4). On top of that, the development on the program has been
continued, with recent incorporation of parameters for lysophospholipids, PtdIns, and

cardiolipin, and incorporating functions to pack systems with curved membranes.
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Background

As presented in section 2.4, the ethylene pathway is essential in fruit ripening,
senescence, and decay, with important economic implications. The ethylene receptors in
Arabidopsis thaliana are a family of five homologs that resemble two-component systems from
bacteria, form higher oligomeric assemblies at the ER membrane [227] and require copper ions
in oxidation state +1 to exert their activity [151, 228, 229]. As mentioned above, the copper
stoichiometry in the functional dimer is still a matter of discussion, with one Cu” / monomer
[155] and one Cu' / dimer [151, 156] as the possible stoichiometries. On top of that, the lack of
a protein structure for the whole receptor has hindered the understanding of the intra- and
intermolecular mechanism used to transmit the ethylene signal in the ethylene receptors and to
further downstream elements. A model of the whole cytosolic domain (residues 158 to 738)
was published by Mayerhofer ef al. [149], with the GAF, dimerization, catalytic, and receiver
domains, but lacking the transmembrane domain and the connection to it. Most structural
information of the transmembrane region comes from the study of Wang et al. [137], where
three main classes of loss-of-function mutants were identified, showing different levels of
ethylene binding, signal transmission, or intrinsic activity. Despite this, no structure of the
transmembrane domain and the ethylene-binding region has been reported, which is aggravated

by the fact that no homolog with an identity higher than 15% has been obtained until now.

The current development of ab initio protein folding tools allows one to predict the
structure of such a domain (section 2.3). Using Rosetta to generate ab initio decoys, we
generated the first monomeric structural models of the transmembrane sensor domain of the
ethylene receptor ETR1. The search was refined by integrating coevolutionary information and
in this way include all experimental information available. The selected representative model
was used to generate an ETR1 dimeric structure of the transmembrane region in complex with

copper (I) (ETR1_TMD/Cu) according to experimentally determined stoichiometries, and the
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models were validated by tryptophan scanning mutagenesis. The obtained dimeric model was
used to obtain free diffusion MD trajectories of ethylene into the receptor, exemplifying how
ethylene can reach to the putative copper binding sites and potentially trigger the signaling

cascade.

Modeling of the ETR1 transmembrane domain

To obtain a structure for the first 117 residues of ETR1, which includes the whole
transmembrane domain, the membrane_abinitio?2 Rosetta protocol was used, including the
secondary structure and transmembrane topology predictions from PSIPRED [230] and
CCTOP [231], respectively. The 100,000 generated decoys were clustered in three groups,
revealing two different handednesses for the obtained models (Fig. 15, top row). To filter the
results and discriminate between the potential solutions, coevolutionary residue-residue contact
predictions from MetaPSICOV [95] were used to rescore the models by a so-called Contact
score. The Contact score was able to discriminate between models with similar Rosetta scores
(Fig. 14, left panel), showing that the third largest cluster fulfills the predicted contacts best, as
seen in the overlap of the predictions to the contact map (Fig. 15). Similar to the hZIP4 case,
only models with a favorable z-score below -2 were kept for further analysis, which removed
all right-handed helical models from the pool of 100,000 models and left 5,217 structures.
Reclustering the remaining models shows conformations that only differ in the relative
orientation of the helices and slightly in the positioning of the third helix with respect to the
second (Fig. 15, bottom row conformations and contact map). The centroid of the most
populated cluster (representing 40% of the filtered structures) was selected for further analysis.
Interestingly, the remaining filtered decoys have a template modeling score (TM-score) to the
selected model of 0.5 or higher, which has been shown to be indicative of having the same fold
[232] (Fig. 14, right panel). The selected model was further refined with the Rosetta protocol
relax to incorporate side chains [233], serving as the first available monomeric model of the

transmembrane region of ETRI.
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Figure 14. Distributions of Rosetta scores (membrane centroid score, A) and TM-scores with respect to the
selected decoy (B) versus the calculated Contact score of the generated models. There is a positive correlation
between the Rosetta score and the Contact score (R? = 0.25, p < 0.001) for models with a negative Rosetta score
(R%=0.01 for the complete distribution). The horizontal line demarks the -2 z-score threshold used with respect
to the contact score to filter out the worst scoring models; selected structures are shown on green background as
a zoom. The models were structurally clustered in three groups pre- and post-score filtering, with the structures
corresponding to the first, second, and third cluster shown in red, yellow, and cyan, respectively. The centroid
models of the identified clusters (Fig. 15) are highlighted with a thick outline. The inset in panel A shows the
complete distribution, including outliers. Figure taken from Publication II, see page 84.

As the active form of the receptor is a dimer with copper ion cofactors, such a model
had to be built from the monomeric structure. First, the copper stoichiometry was determined
by loading the purified protein to saturation with copper (I) in reducing conditions, to later
measure the amount of copper loaded with a bicinchoninic acid (BCA) assay. The ratio of
loaded protein and BCA showed that one copper ion binds per protein monomer, solving the
aforementioned unclarity regarding the requirement of copper. In addition, by titrating a
solution of BCA-Cu(I) with the purified protein, an affinity constant of 1.3 x 101> M was
obtained. Using this copper stoichiometry, the notion that the metal binding site should be
shielded from the solvent [234], the monomeric model, the coevolutionary signals and
information of low-lipophilicity regions, the interface formed by the first two helices was used
to form a dimeric model by docking with HADDOCK [235] and refining with implicit solvent

replica exchange MD simulations [236]. The representative dimer model (Fig. 16) consists of
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an almost symmetrical arrangement of the previously modeled left-handed monomers, where
the N-terminus includes the disulfide bonds in between chains formed by residues 4 and 6. The
putative copper binding sites, composed of residues C65 and H69, are buried in the dimerization
interface, as previously mentioned and suggested [137]. From the stoichiometry measurement
and the residues involved according to Rodriguez et al. [151], two copper ions were added in
proximity to Sy of C65 and Ns of H69. With the C-termini of the dimer at opposite sides of the
dimeric configuration, there is enough room for residues connecting the transmembrane domain

and the cytoplasmic GAF domain.

Interestingly, the model shows that the previously determined loss-of-function mutants
for ethylene binding, signaling, and function form a “layered” spatial arrangement of residues,

starting close to the putative copper binding site and with residues relevant to signal
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Figure 15. Clustered conformations and average contact maps for the generated decoys pre- (top) and post-
(bottom) filtering according to the Contact Score. The centroid of each cluster is shown in a cartoon representation,
overlaid over every tenth other structure in the cluster, shown as wires. The structures are colored blue to red,
starting from the N-terminal portion. The contact map for each set of clustered conformations are overlaid on the
right, following the color scheme shown on top of every cluster to the left. Additionally, the MetaPSICOV contact
predictions are shown as yellow dots. The size of the dots reflects the confidence assigned by the method. Before
filtering, the clusters show different orientations with respect to helix three, as visible in the different
conformations and on the contact map (residues 20-40 contacting 80-100). Contacts of the right-handed
configuration of cluster 1 deviate the most from the MetaPSICOV contact predictions, and such configurations
are removed by the filtering. Figure taken from Publication II, see page 87.
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Figure 16. Dimer model of the ETR1 transmembrane domain. On the structure, the positions where tryptophan
mutants were generated (left monomer) and where previous loss-of-function mutations were found ([137], right
monomer) are denoted by the color code on the right, with a list of the residues found in each class. The upper
left inset shows the disulfide bridges included during the refinement of the protein. The orange spheres show the
putative copper binding site in proximity to residues C65 and H69. The orange polygon indicates the interface.
The two structures on the right represent the interface in an “open book” representation. Tryptophan mutants of
residues that are pointing towards the monomer bundle core are disruptive (red) or are partially disruptive
(orange), while mutations of residues pointing towards the dimer interface of the model (blue) showed no effect
on the alpha-helical content. Residues that are closer to the protein center and in proximity to the putative copper
binding site are essential for ethylene binding (magenta), while residues farther away and closer to the cytosolic
portion are responsible for the signal transmission (yellow). Residues shown to be relevant to maintain the protein
in an active state are displayed in cyan. Figure taken from Publication II, see page 87.

transmission close to the third helix/cytoplasmic region. Additionally, S98 and P110 [137]
which are essential for signal transmission, are pointing towards the copper binding site and
generating a kink in the C-terminal portion of helix 3, respectively. From the dimeric model,
and based on solvent accessibility measures, a set of residue positions were chosen to perform
tryptophan mutants and secondary structure determination by circular dichroism. From this
analysis, only residues that are not exposed and pointing towards the core of each monomer
showed a significant reduction in the calculated alpha-helical content, while residues that point

towards the dimer interface showed no significant change (Fig. 16).

MD simulations of free diffusing ethylene show binding in proximity of the putative

copper binding site

To evaluate ethylene binding to the ETR1 transmembrane domain/copper dimer model,
MD simulations of 1 ps length with an explicit membrane environment were prepared with
PACKMOL-Memgen (Publication I, section 4.1). Ten independent replicas were simulated,
either containing 0.1 M ethylene in the water phase at the beginning of the simulation or not.

The modelled structure showed only a moderate Co atom RMSD drift with respect to the
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average structure, with all of the simulations reaching an apparent plateau after 500 ns. The
copper ions remained bound to the sulfur atom of cysteinate C65 of each chain, interacted with

the non-protonated Ns of H69, and showed infrequent interactions with D25.

The positioning of ethylene in the simulation was measured as a 3D histogram, showing
that ethylene has a higher propensity to bind within either monomer of the transmembrane
domain than to freely diffuse in the membrane (Fig. 17A), further supported by a clustering
analysis (Fig. 17B). Of particular interest is the binding of ethylene in proximity to the included
copper ions, with three of the identified ethylene-binding sites at a distance < 5 A. From those,
two are located in the center of each monomer bundle (Fig. 17). A set of ten residues was
identified in these binding sites, seven of which have been shown to be essential for ethylene
binding to the protein (red labels in Fig. 17) [137]. Only three residues have been previously
described and were not identified, but are in the immediate proximity to the centroids of the
described clusters (I35, P36, and 162). These results are very promising, as no Dewar-Chatt-

Duncanson type of interaction was included in the simulations, relying solely on the binding

Figure 17. Putative ethylene-binding sites identified during MD simulations. The average structure of the
ETR1_TMD dimer over all replicate simulations is shown. A) 3D propensity representation of the most probable
locations of ethylene binding along all replicate simulations. The boxes highlight the portion close to the included
copper ions, with a zoom on the blobs at a distance < 5 A. B) Representative configurations of identified ethylene
clusters. The clusters enclosed in the red boxes are at a distance < 5 A to the copper ions, and are shown in detail
on the right. The residues labeled in red have been shown to be essential for ethylene binding, S98 (magenta) has
a moderate effect, while T94 (blue) has no effect on binding, but is relevant for signal transmission. 128 has not
been tested. Mutation information from Wang et al. [137]. Figure taken from Publication II, see page 89.
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site affinity and electrostatic interactions between the parametrized ethylene and copper ions.
Inclusion of a more thorough model for this quantum effect would increase the affinity of
ethylene for the copper ion and reduce their interaction distance, while also increasing the
affinity for the ethylene receptor. This could give more insights into the effects of ethylene

binding into the receptor structure and its signal transduction.

Conclusions and significance

In this study, the lack of a structural representation of the dimeric transmembrane
domain of the ethylene receptor ETR1 of Arabidopsis thaliana was tackled. In order to model
the protein, we used state-of-the-art computational methods such as ab initio modelling with
coevolutionary predicted contacts and molecular dynamics simulations of explicit membranes,

together with experimental determinations of the copper stoichiometry and affinity for ETR1.
The main results of this study are:

. The stoichiometry of copper (I) binding to the ethylene receptor ETR1 is one ion per
monomer. The ions bind with a femtomolar affinity (1.3 x 107! M), which is in range with the

copper affinities observed for copper chaperones in the plant [157].

o Extensive modelling of the transmembrane region of ETR1 with ab initio techniques,
filtering with coevolutionarily predicted residue-residue contacts and refinement resulted in the
first reported structure for the transmembrane region of an ethylene receptor. The resulting
model relates well with previously determined loss-of-function mutants [137] and with

tryptophan mutants generated in the study.

o MD simulations of the generated model in conjunction with free diffusing ethylene
shows the binding of the ligand to the center of the monomer bundles in proximity of the
included copper ions. This binding occurs next to residues that have been shown to be involved
in ethylene binding, despite not including force-field terms to model the Dewar-Chatt-

Duncanson olefin-copper interaction.

The obtained model not only sheds light into the structure of ETR1, but the same
protocol and model could be used to study the whole family of the receptors. The inclusion of
experimental information for the copper and ethylene binding sites could help in determining
the validity of the obtained binding poses, and would help in setting up more complex

simulations. Representing the copper-ethylene binding site at a quantum level could explain the
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receptor changes while sensing the ligand. Additionally, the transmembrane region of the
receptor leads to generate a full-length protein model. This could help in studying more

complex regulations observed for the ethylene receptors, like receptor oligomerization.
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Background

Pseudomonas aeruginosa is a relevant pathogenic bacteria, with multiple mechanism
that increase its virulence, as described in section 2.5. The high number of infections caused by
the bacteria has caused it to be classified as a high priority by the WHO in the development of
antibiotics [163, 164]. As mentioned in the Introduction (section 2.1), the membrane
composition is highly complex and requires regulation to maintain its structure, with recent
studies suggesting its homeostasis as a potential target for pathogenic bacteria [237]. Since long
it has been known that bacteria adapt their membrane composition in response to temperature
changes [238, 239], with more recent descriptions of pH effects [240] and transitions from
planktonic to biofilm of Pseudomonas [170]. Given the relevance of discovering new
treatments for pathogens, studying pathways and enzymes involved in the lipid homeostasis in

bacteria, particularly in pathogenic strains, has gained relevance in the last years [241].

Recently, a set of phospholipolytic enzymes from Pseudomonas aeruginosa have been
discovered [174-177], from which PA2949 (now named PlaF) has shown promising evidence
as a relevant virulence factor. In this study, the structure of PlaF is described and the
mechanistic relevance of the dimerization in the regulation of its activity is analyzed. First, the
cell localization and activity of the enzyme was studied in an overexpressing strain (p-plaf),
showing that the protein is anchored in the inner membrane of the bacteria with its catalytic
center exposed to the periplasmic space. A knockout for the enzyme (Aplaf) evidences a
decreased virulence in infected Drosophila melanogaster, and reduced capability to swim and
form biofilm, with 16 lipid species and presumable substrates of the enzyme significantly
accumulated (showing preference for 35:1 lipids, but not particularly for head groups). The
protein was crystalized as described previously [177], obtaining an asymmetric dimer with the

cocrystalized fatty acids myristic and undecylic acid. The crystal dimer shows an interface with

44



Publications
Structural and mechanistic insights into phospholipase A-mediated membrane phospholipid degradation
related to the bacterial virulence

the first a-helix of the protein, which comprises the single transmembrane helix present in the
protein (see Publication III, page 122 for a detailed description). The dimerization was further
analyzed by overexpressing the protein and crosslinking in vivo and by microscale
thermophoresis (MST) of the purified protein, evidencing that the protein dimerizes in the
bacteria, while also forming the complex in a protein-concentration dependent manner.
Interestingly, the dimerization of the protein correlates with a decrease in the phospholipolytic

activity and can be induced by incubation with fatty acids.

To analyze the monomer/dimer dynamics of PlaF, MD simulations in an explicit
membrane environment were performed, starting from the protein dimer or monomers in
different conformations. It was identified that the protein as a monomer has a preferred
orientation in the membrane, while the dimer stays as such during the simulated time.
Additionally, using biased MD simulations, we determined free energy profiles for the protein
dimerization and for transition between the monomer orientations in the membrane, allowing

to suggest a dimerization model for the protein in vivo.

Molecular dynamics simulations show a preferred orientation of the PlaF monomer in a

membrane context

As PlaF was shown to be activated by monomerization, the dimer-to-monomer
transition and the monomer dynamics in a membrane environment were studied with MD
simulations. First, systems with the protein dimer as well as with the monomer were prepared.
For the monomer simulations, we selected chain A from the asymmetric crystal of PlaF (PlaFa)
by removing PlaFs from the crystal structure (di-PlaF). PlaFs was used in control simulations.
The orientation of the dimer and monomer in the membrane were predicted with the PPM
method [242], resulting in the monomer having a tilted orientation towards the membrane,
different than the monomer orientation in the dimer context. To study both orientations, we
named the latter t-PlaFa (Fig. 19A) and performed ten replicas of unbiased MD simulations of
2 us long starting for all the generated conformations in explicit membrane conditions. In all
cases, the protein behaved well, with all dimer replicas keeping the inter dimer distance
unchanged throughout the simulation time (Fig. 19B), suggesting the dimer is stable in the ps
timescale. In eight MD simulations that started with a monomer in a dimer-like orientation
(PlaFa), a transition to the tilted conformation was observed. In contrast, in all MD simulations
starting from t-PlaFa the protein remained in the tilted orientation (Fig. 19C). These results

show that the tilted PlaF orientation is preferred over the orientation observed in the crystal
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structure. The tilting of the protein on the membrane surface results particularly interesting, as
the cocrystallized fatty acids in the crystal structure suggest that upon tilting, the catalytic tunnel
would be perpendicular to the membrane plane, such that membrane substrates could access
the catalytic site. In contrast, di-PlaF and PlaFa have the residues lining the entrance of the
active site tunnel at > 5 A above the membrane surface (Fig. 19A), hindering the access to the

catalytic center.

Free energy profiles of PlaF dimerization and tilting suggest a monomeric state in vivo

Given that di-PlaF stays as a dimer during the unbiased simulations, and that the
monomer transitions from the dimer-like (PlaFa) to a tilted orientation (t-PlaFa), the energetics
of both processes were analyzed by computing the potential of mean force (PMF) using
umbrella sampling and post-processing with the WHAM method [243]. All the simulation
systems packed for the umbrella sampling simulations were generated using PACKMOL-

Memgen, taking advantage of the easier handling of multiple systems in parallel (Publication
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Figure 18. Distribution of reaction coordinate values obtained by umbrella sampling of dimer separation (A) and
monomer tilting (B) The dashed lines represent the restrained distance used for each window. In both cases, a
force constant of 4 kcal mol”' A2 was used, obtaining distributions with a median overlap of 8.2% and 8.6%,
respectively. C) Convergence of the PMFs for dimer separation and D) monomer tilting. The plots show PMFs
computed every 25 ns of umbrella simulations for each window; the first 100 ns of umbrella simulations were
considered equilibration phase and removed. Figures taken from Publication III, see page 165.

46



Publications
Structural and mechanistic insights into phospholipase A-mediated membrane phospholipid degradation
related to the bacterial virulence

I, section 4.1). As reaction coordinates, the distance between Cq atoms of residues 25-38 of
each chain (which in the crystal structure is 9.9 A) and the distance between Cq atoms of
residues 33-37 and the center of the membrane slab were chosen, starting at 37 A and until 15 A
(Fig. 19E, inset). In both cases overlapping distributions that permitted to perform a proper
analysis were obtained (Fig. 18A and 18B). The dimerization PMF was converged (Fig. 18C),
revealing that di-PlaF is favored with a global minimum at 9.5 A by -11.4 kcal mol™! over the
monomer (Fig. 19D). The weakening of intermolecular interactions are observed from a
distance of 15 A onwards, disappearing beyond 27 A. For the tilting process, an also converged
PMF was obtained (Fig. 18D), revealing two minima at 19.6 and 30.6 A and with t-PlaFa
favored over PlaFa by 0.66 kcal mol™! (Fig. 19E). The rather small free energy barrier of
~1.2 kcal mol™! explains the rapid transition from PlaFa to t-PlaFa observed in the unbiased MD

simulations.

To calculate the equilibrium constant of the protein dimerization in the membrane, the
approach used by Provasi ef al. [62] was implemented. The equilibrium constant for the protein
tilting was calculated as the ratio of the partition functions bounded to the observed basins in
the PMF (B1 and B2 in Fig. 19E) [244]. To have an idea of the overall monomerization and
tilting process, the obtained dimerization constant (Ka=1.57x107 A2,
AG = -7.5£0.7 kcal mol") can be combined with the tilting constant (Kiing = 3.35,
AGiiting = -0.8£0.2 kcal mol™) to calculate the PlaF monomer-to-dimer dependency given the
protein concentration in a membrane environment (K = 1.4x10° A2, Fig. 19F). Interestingly, at
the experimental concentrations of PlaF in overexpressing conditions (~6.93x10° PlaF A2), the
calculated amount of monomer is low, favoring a dimeric arrangement. This is in agreement
with the crosslinking experiments performed in the study, and also explains the recovery of a
crystal structure in a dimeric arrangement. At protein concentrations that are physiological
(presumably 100-1000 fold less than in the overexpressing p-plaf), 86-98% of the protein is
expected to be in a monomeric t-PlaFa-like state. As the protein concentration in the bacteria
lies at the calculated range, where relatively small changes in the effective concentration of the
protein would change the dimer to monomer ratio, it is expected that by regulating the
expression of the protein, or by modulating the membrane composition and dynamics, the
activity of PlaF would be modulated. In this way, the bacteria would adapt its membrane, and
have the observed consequences in virulence and biofilm formation. In addition, the

inactivation of the protein at higher concentrations implies having a safeguarding mechanism,
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in which the increase in the phospholipase would not imply a radical change in the membrane

composition.
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Figure 19. MD simulations and PMF computations for PlaF dimer and monomers. A) Structures used for MD
simulations. di-PlaF. Crystal structure oriented in the membrane by the PPM method. Yellow spheres highlight
the COM used to define the distance restraint for umbrella sampling simulations. PlaF: Chain A from PlaF dimer
oriented as in the dimer. The entrance of the active site tunnel is more than 5 A above the membrane bilayer
surface. t-PlaFa: Extracted monomer A was oriented using the PPM method. Cocrystallized MYR and OG (not
included in the simulations) are depicted in pink to highlight the orientation of the active site tunnel. Arrows
between the structures reflect the predicted states of equilibria under physiological conditions in P. aeruginosa.
B) Molecular dynamics simulations of di-PlaF. The dimer does not show a tendency to separate on the time scale
of the MD simulations according to the distance between the COM of Cq atoms of residues 25 to 38 of each
monomer (yellow spheres in panel A). C) Molecular dynamics simulations of s-PlaF and t-PlaF. Time course of
the orientation of monomeric PlaF starting from the PlaF, configuration (left) or t-PlaF, configuration (right). In
the former case, in eight out of ten trajectories the monomer ends in a tilted configuration (marked with *), while
in the latter, no rearrangement occurs. This shows a significant tendency of the monomer to tilt, irrespective of
the starting condition (McNemar’s X? = 6.125, p = 0.013). D) Potential of mean force of dimer separation. The
distance between the COM of C, atoms of residues 25 to 38 of each chain (yellow spheres in panel A) was used
as the reaction coordinate. The shaded area shows the standard error of the mean obtained by dividing the data
into four independent parts of 50 ns each. Insets show representative structures at intermediate reaction coordinate
values. E) Potential of mean force of monomer tilting. The distance between the COM of C, atoms of residues 33
to 37 (yellow and gray spheres) and the COM of the C;3 of the oleic acid moieties of all lipids in the membrane
(continuous horizontal line in the membrane slab) was used as a reaction coordinate. The gray shaded area shows
the standard deviation of the mean obtained by dividing the data into four independent parts of 50 ns each. The
yellow shaded regions correspond to the integration limits used to calculate Kgiing. The spheres in the PMF relate
to monomer configurations shown in the inset. F) Percentage of PlaF monomer as a function of total PlaF
concentration in the membrane according the tilting model shown in A). The monomer percentage was computed
according to the combined equilibrium constant of dimerization and tilting. The red line shows experimentally
determined PlaF concentration under overexpressing conditions in P. aeruginosa p-plaF, while the blue dashed
region shows an estimated span for the PlaF concentration in P. aeruginosa wild type. Figure taken from
Publication III, see page 127.
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Conclusions and significance

PlaF was characterized, a recently identified and crystalized PLA1 enzyme of
Pseudomonas aeruginosa, studying its enzymatic activity and its effects on the bacterial
membrane. For this thesis, the PlaF monomer, dimer, and dimer to monomer dynamics with
MD techniques were performed, identifying preferred states for the protein in explicit
membranes. Calculated free energy profiles explain the protein dimerization and correlate with

the obtained experimental information.

From this study, the most relevant results are:

e PlaF is an inner-membrane anchored protein, with its catalytic domain exposed to the
periplasm. The activity of the enzyme is related with virulence, biofilm formation, swimming

motility and with differential concentration of lipid species in the bacterial membrane.

e An asymmetric dimer of PlaF cocrystalized with fatty acids shows a single N-terminal
transmembrane helix and the opening of the catalytic tunnel as the dimer interface. PlaF
dimerizes in vivo and in vitro in crosslinking and microscale thermophoresis assays,
respectively, showing a dimerization-dependent inactivation of the enzyme. The latter is

enhanced by fatty acid products.

e Molecular dynamics simulations show that the dimer is stable as such in 2 us long
simulations, while the monomer, if started from a dimer-like orientation, transitions to a tilted

orientation with the opening of the catalytic tunnel pointing towards the membrane surface.

e Configurational free energy calculations for PlaF dimerization confirm an energy minima
for the dimer structure, favoring it in about 11 kcal mol™'. The tilted monomer, t-PlaFa, is also
favored by ~0.7 kcal mol™! with respect to the dimer like orientation, with an energy barrier of
~1.2 kcal mol™'. The combination of both processes results in a predicted dimer to monomer
equilibrium which transitions at concentrations close to those expected in vivo, suggesting that

PlaF could be regulated by protein expression or membrane dynamics.

This novel regulation mechanism involves complex and tight regulation of the
membrane environment from the bacteria, while also presenting the questions of how the
substrates are loaded into the catalytic tunnel, and how the product is involved in enhancing the

dimerization of PlaF.
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4.4 Calcium-promoted interaction between the C2-domain protein EHB1

and metal transporter IRT1 inhibits Arabidopsis iron acquisition

Khan, I., Gratz, R., Denezhkin, P., Schott-Verdugo, S. N., Angrand, K., Genders, L., Basgaran,
R.M., Fink-Straube, C., Brumbarova, T., Gohlke, H., Bauer, P. & Ivanov, R. (2019).

Plant Physiology, 2019, 180(3), 1564—1581.

For the original publication, see page 182.

Background

In section 2.6, the plants’ difficulties in acquiring proper nutrients and in particular the
root iron-uptake strategies were presented. Regulating the process that leads to iron absorption
by the root is highly relevant, as a deficiency leads to reduced growth, while excessive amounts
lead to toxicity and death [187, 188]. With this in mind, understanding the regulation and

interactome of IRT1, the main transporter of iron in plant roots, is of outmost importance.

In this publication, a novel interactor of the IRT1 variable region (IRT1vr) was
identified in yeast two-hybrid assays against a library of cDNA obtained from iron-deficient
Arabidopsis roots. The identified protein, EHB1, corresponds to the recently described CAR
protein family (section 2.6). As evaluated by BiFC, the interaction between IRT1vr and EHB1
is dependent on the CAR-signature domain (Fig. 11B). Coimmunoprecipitation showed that
the interaction with IRT1 is calcium-dependent, and fluorescence colocalization showed that
the interaction occurs in the plasma membrane. As shown for other C2-domain proteins [210],
EHBI is able to interact with membranes in a calcium-dependent manner on plant microsomes,
showing binding to PtdIns and PtdIns4P but not to other lipids on membrane strips, and on
PtdIns/PtdIns4P+PC liposomes; this interaction was not observed in pure PC liposomes. These
results suggest the specific interaction with PtdIns and PtdIns4P in a calcium-dependent

manner.

Interestingly, EHB1 is a negative regulator of iron uptake, as loss-of-function mutants
for EHB1 show higher resistance to iron-deficient conditions, while overexpressing lines are
sensitive and show signs of chlorosis. This regulation of the iron uptake depends on a direct
interaction between EHB1 and IRT1, as iron-uptake deficient fet3fet4 yeast double mutants are
complemented by IRT1 or by IRT1 and EHB1 lacking the CAR-signature domain, but not when
it is coexpressed with EHB1 wild type.
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The obtained results beg the question of how the interaction between EHB1 and IRT1
occurs on the membrane. To unveil this, homology models of EHB1 and IRT1 were generated.
MD simulations of EHB1 complexed with calcium in an explicit DOPC:DOPE:DOPG
membrane were performed, allowing it to diffuse from the water phase onto the membrane
surface. Binding of the protein “perpendicular” to the membrane plane through the calcium-
binding site was observed, while also intermittently transitioning to a tilted orientation. The
latter places the polybasic patch in proximity of the membrane surface, potentially enables the
experimentally identified interaction with PtdIns, and places the CAR-signature domain in

proximity of the membrane surface.

EHB1 binds to the membrane surface, fostering its interaction with IRT1

To obtain a model of the binding mode of EHB1 to the plant plasma membrane at the
atomistic level, a homology model of EHB1 was generated with TopModel [245]. The model
was based on the structures of the homologous proteins CAR1 and CAR4 (PDBs 5A52 and
4V29, respectively), and including calcium ions as found in CAR4 [209]. MD simulations in
an explicit solvent/membrane environment were prepared by using PACKMOL-Memgen
(Publication I, section 4.1), setting a composition of DOPC:DOPE:DOPG 4:4:1, which
resembles the composition of a plasma membrane of a plant [246]. To allow the diffusion of
EHBI, the starting configuration of the system had the protein at ~25 A apart from the closest
membrane surface. After ~1 ps of simulation in five replicas, EHB1 bound to the membrane
via the calcium-binding site in all cases, with four out of five replicas showing an additional
potassium ion in the calcium-binding site (Fig. 20A and B). This is of particular interest, as the
position is homologous to an additional calcium present in PKC (Fig. 20B) [208]. Though no
PtdIns were included, EHB1 showed a strong tendency to tilt and to engage in interactions with
the membrane with its sides, with one case in which the protein was tilted during the majority
of the simulation (Fig. 20C). Surprisingly the interaction does not occur via the polybasic patch
but rather through residues 51-62, 140-142, and 164-168, keeping the CAR-signature domain
and the polybasic patch close to the membrane surface (Fig. 20D).

As described in section 2.6, it is known that C2-domains tend to interact with PtdInsP2,
with the canonical C2-domain of PKC interacting with PtdIns(4,5)P2, so it was unexpected to
see binding to PtdIns and PtdIns4P. Though differences in the polybasic binding site have been
pointed out before, it was suggested that CAR proteins show unspecific binding to membranes

[209]. When comparing the canonical polybasic patch with the one present in the EHB1 model,
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Figure 20. EHB1 membrane interactions through the calcium-binding site based on five independent MD
simulations of 1-pus length in the presence of a membrane bilayer with a 4:4:1 ratio of DOPC/ DOPE/DOPG. A)
Distance between the calcium ions bound to the protein and the center of mass of the phosphorous atoms of the
phospholipids of the closest leaflet over the simulation time; in the starting configuration, EHB1 was placed 25 A
away from the membrane surface. In all replicas, EHB1 binds to the membrane surface through the calcium-
binding site. B) Representative structure showing an EHB1 configuration (green) bound to the membrane (gray
carbon atoms) through the calcium-binding site (Ca?*: white spheres). An additional potassium ion was found to
bind to an extra calcium-binding site (magenta). C) Tilt angle defined between the vectors formed by the center
of mass of EHB1with the complexed calcium ions and the membrane normal over the simulation time. A repeated,
frequent, and, in one case, persistent tilting of EHB1 was observed in the replica simulations. D) Representative
structure of the “parallel” configuration of EHB1 at the membrane. Residues that show direct interactions with
the membrane are colored yellow; residues that correspond to the described polybasic patch are colored magenta.
Figures taken from Publication IV, see page 189.

we noted that in PKC-a these amino acids can interact with all phosphate groups of
PtdIns(4,5)P2 (Fig. 21A), whereas in EHB1 only the negative charges of PtdIns4P (and PtdIns
for that matter) would be properly compensated for by the binding site (Fig. 21B and C).
Considering that in plants PtdIns4P is enriched in the plasma membrane [247], where EHB1
binds and IRT1 is located, the binding specificity relates well with the protein function. These
variations in the binding site could explain the differences in lipid-binding specificity between

other C2-domain proteins and EHB1 (Fig. 21D).

Overall, the obtained results allows us to propose a two-step model (Fig. 21E). First, an
increase of cytosolic calcium triggers the binding of EHB1 to the membrane surface,
“perpendicular” to the membrane plane. The simulations represent a condition where both

calcium and the protein are at a high concentration in the proximity of the membrane surface.
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The protein is then able to tilt over the membrane surface to a “parallel” orientation, probably
stabilized by PtdIns4P in vivo, reducing the distance between the CAR-signature domain and
the membrane surface. As the interaction occurs with the variable region, we generated a
homology model of IRTI and generated conformational sampling to have an idea of the
placement of this region in a membrane context. The model, together with the attachment of
EHBI1 to the membrane surface, show that the interaction between them would be possible in
the EHB1-tilted orientation, potentially causing the transporter inhibition by a mechanism to be

described.

Conclusions and significance

In the search of novel interactors and regulators of the IRT1 iron transporter, EHB1 was
identified, a protein previously associated with gravitropic and ABA responses [205, 212]. The
protein negatively regulates IRT1 activity through a direct interaction between EHB1’s CAR-
signature domain and IRT1vr. Based on the experimental results, a binding mode of EHBI1 to

the membrane was simulated, and a binding model between the two proteins was generated.

In this study, the following were the most relevant results:

J Through yeast-two hybrid methods, EHB1 was identified as an IRT1vr interactor. This

interaction was further narrowed down to the CAR-signature domain of EHB1.

J EHBI interacts with membranes and IRT1 in a calcium-dependent manner. The
interaction with membranes showed specificity for PtdIns and PtdIns4P, and no interaction with

pure PC liposomes.

o EHB1 negatively regulates the activity of IRT1, both in planta and in a yeast fet3fet4
iron-uptake deficient double mutant. As the interaction between the proteins, this was

dependent on the CAR-signature domain.

o Molecular dynamics simulations of a homology model of a EHB1/Ca*" complex with
an explicit membrane environment show the binding of the protein to the membrane surface

“perpendicular” to the membrane plane.

J The bound protein is able to tilt on the membrane surface and to interact with charged
residues on its sides, placing the polybasic batch and the CAR-signature domain in proximity

of the membrane surface.
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Figure 21. A) The C2-domain of PKC-o (PDB ID 3GPE) preferably binds to PtdIns(4,5)P: (blue carbon atoms)
through its polybasic binding site (marine carbon atoms), which contains Tyr and Lys to interact with the
phosphate at O5. B) In contrast, EHB1 has a Phe and Val at this site (magenta carbon atoms), which may explain
the lack of EHBI1 binding to PtdIns(4,5)P; in the strip analysis (Publication IV, see page 189). C) This site could
bind PtdIns4P, as for this lipid no stabilization of the negative charge of the phosphate at O5 is required. The
PtdIns(4,5)P, and PtdIns4P-bound structures were modeled based on PDB ID 3GPE. D) Alignment of the
polybasic region of PKC-a, CAR1, CAR4 and EHB1. The amino acids described in A)-C) are highlighted in red.
E) Hypothetical mechanism of the EHB1-IRT1 interaction using information from other C2 domain proteins,
homology models for EHB1 and IRT1, and results from our MD simulations. Structures highlighted in red relate
to protein regions identified here as relevant for the EHB1/IRT1 interaction. (1) An increase in the cytosolic
calcium concentration leads to the occupation of the EHB1 calcium-binding sites. This increases EHB1’s affinity
for the plasma membrane surface (2), which contains negatively charged phospholipids. After binding in a
“perpendicular” configuration, EHB1 would tilt to favor a “parallel” interaction (3). This would bring the CAR-
signature domain in close proximity to the IRT 1vr (4), allowing the two to interact, that way inhibiting iron uptake
by a yet unknown mechanism. Figures taken from Publication IV, see pages 203 and 193.

The identification of EHB1 as an interactor with IRT1 and its regulation of iron uptake

potentially connects its control to ABA stress-triggered responses (section 2.6). The data
suggests that to prevent iron accumulation or absorption of other metals, EHB1 is recruited to

the plasma membrane in a calcium-dependent manner to interact and inhibit IRT1, representing
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a novel mechanism for the regulation of metal acquisition and for the prevention of metal

toxicity.
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5 Summary and Perspectives

In the present thesis, three independent molecular systems that rely on intermolecular
association and dissociation in a membrane environment to perform their function were
investigated: 1) the transmembrane domain of the Arabidopsis thaliana ethylene receptor
ETRI1, 2) the membrane-anchored phospholipase A1 PlaF of Pseudomonas aeruginosa and 3)
the membrane binding protein EHB1, which regulates the iron uptake activity of IRTI in

Arabidopsis thaliana.

First, for modeling the membrane environment of these systems, a software that
generates atomic membrane/protein molecular structures was required. Until recently,
researchers working in the AMBER/AmberTools package had to rely on setting up systems by
hand or utilizing programs and web interfaces not included in the software suite. To facilitate
the generation of MD-ready molecular systems, PACKMOL-Memgen was developed. The
workflow was tested and validated on the KcsA potassium channel and on a Gram-negative
inner-like membrane (section 4.1, Publication I). The program continues to be developed,
including parameters for new lipid types and functions for packing more complex membrane

systems.

Until now, no structure for the transmembrane domain of the ETR1 ethylene receptor
has been obtained experimentally. Here, the first dimeric model for the transmembrane domain
of the Arabidopsis thaliana ETR1 was generated, by using Rosetta membrane ab initio folding
and residue-residue contacts predicted from coevolutionary information. The model was
validated by the effects of a set of tryptophan mutants on the receptor a-helical content, and by
rationalizing previously reported alanine mutants. With the determination of the 1:1
copper:monomer stoichiometry, molecular simulations showed binding of ethylene in
proximity of the included copper ions. The ethylene binding sites correlate with previously loss-
of-function mutants, and suggest a first step for the inhibition of the receptor (section 4.2,
Publication II). The model opens the door to study more detailed receptor/copper/ethylene
complexes, generate a full-receptor model and to study the regulation of the receptor by

oligomerization.

Regarding the phospholipase Al PlaF from Pseudomonas aeruginosa, unbiased
simulations showed that while the protein dimer stays as a dimer, the monomer orientation in
the membrane tilts with respect to the crystal structure. Free energy profiles for the dimerization

and tilting of the protein monomer in the membrane were calculated, confirming the favored
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dimeric conformation and the tendency of the monomer to tilt. The latter is an interesting
finding, as cocrystalized fatty acids indicate that the loading in such an orientation would be
possible. From the obtained free energies, a membrane dimerization equilibrium was calculated,
suggesting that in vivo the protein remains in a monomeric conformation. As the dimerization
inhibits the enzyme, an increase in the protein concentration or probably changes in the
membrane composition are able to regulate the protein dimerization and activity (section 4.3,

Publication III).

Finally, molecular dynamics simulation of a homology model of the EHB1/Ca*"

complex in explicit membrane showed the free diffusion of the protein on the surface of a
DOPC:DOPE:DOPG membrane. While the protein initially binds with the calcium binding site
and perpendicular to the membrane plane, this binding mode allows the protein to tilt on the
membrane surface. The tilted orientations would allow the binding of PtdIns4P to the polybasic
patch and the interaction of the CAR-signature domain to the variable region of IRT1. This
mechanism explains the experimental results where EHB1 inhibits IRT1 by a direct interaction,

regulating the iron uptake (section 4.4, Publication IV).

As shown in this work, there are still methods that need to be generated in order to
facilitate computational studies of membrane systems (PACKMOL-Memgen). Through the
multiple systems studied, the present thesis shows how state-of-the-art structural bioinformatics
and computational biophysics tools can be used to study complex membrane and
membrane/protein systems. The available techniques allow to generate structures of membrane
proteins with sparse residue-residue contact information (ETR1), to calculate thermodynamic
free energies of dimerization and conformational changes of membrane proteins (PlaF), and to
analyze the dynamics of association to membrane surfaces from peripheral membrane proteins
(EHB1). These methods are extendable to systems with comparable problematics, especially
considering the constant increase in computational power, providing atomic-scale simulations
of systems that would otherwise be difficult if not impossible to study by conventional

experimental approaches.
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ABSTRACT: We present PACKMOL-Memgen, a simple—m-
use, generalized workflow for automated building of
membrane-protein—lipid-bilayer systems based on open-
source tools including Packmol, memembed, pdbremix, and
AmberTools. Compared with web-interface-based related
tools, PACKMOL-Memgen allows setup of multiple config-
urations of a system in a user-friendly and efficient manner
within minutes. The generated systems are well-packed and
thus well-suited as starting configurations in MD simulations
under periodic boundary conditions, requiring only moderate
equilibration times. PACKMOL-Memgen is distributed with
AmberTools and runs on most computing platforms, and its
output can also be used for CHARMM or adapted to other
molecular-simulation packages.

B INTRODUCTION

More than half of the current drug targets are integral
membrane proteins, although they only represent about a third
of the human protecme.' This highlights the functional
importance of membrane proteins for physiology: membrane
proteins participate in essential processes such as ion and
molcculc transport, signal transduction, and enzymatic
Lata]ym These characteristics, together with an increase in
available structures and computational resources, has moti-
vated the proliferation of computational studies focusing on
this type of protein” and the lipid bilayer they are embedded in
or associated with.’

One of the challenges of studying membrane systems or
membrane proteins by computational techniques is building a
system that is representative of the in vivo conditions. This is
patticularly true when one considers the anisotropic nature of
the lipid bilayer, making the assembly of lipids to form a
membrane and the placement of a protein within or at a
membrane a nontrivial task (the membrane-protein-packing
problem).”® Multiple tools have been developed to help in the
process of generating such systems.*® In general, they can be
subdivided into methods that pack the systems from scratch
(self-assembly, grid, or geometry-based) and methods that use
pre-equilibrated membrane systems to merge them with the
components of interest (insertion or replacement methods).”
The former have the advantage of letting the user generate any
composition they need, at the cost of requiring longer

< ACS Publications  © 2019 American Chemical Society

simulation times in order to equilibrate the membrane system.
This challenge is partially overcome by the latter methods, at
the cost of having only a limited amount of pre-equilibrated
membrane patches available, while still having to equilibrate
the protein—membrane interface.

Popular tools that are widely used to solve the membrane-
protein-packing problem are CHARMM-GUIL,’” VMD
(through the Membrane p]ugin),E Maestro,” and Packmol."
Of these tools, CHARMM-GUI stands out for having multiple
lipids available and a user-friendly web interface, making the
packing process easier for newcomers but at the same time
dependent on the web interface.” This dependency turns into a
challenge when a user needs to generate multiple systems with
different proteins or different membrane compositions, or
requires dilferent starting conligurations, as the process
becomes time-consuming. Packmol, on the other hand, stands
out for having functionalities that allow building complex and
intricate simulation systems.'” These functionalities build upon
solving the packing problem with the GENCAN optimizer,
which minimizes an objective function that describes the
molecular ﬂverlap.II Te do so, appropriate PDB files for the
individual system components and system-specific geometric
constraints to restrict the packing ate required as input.
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Figure 1. PACKMOL-Memgen workflow applied to the protein structure PDB ID} 1BLS. The process comprises multiple {often optional) steps
that are controlled by flags available in the software. The most important flags are mentioned in the figure. For a detailed description, see the

Workflow Description section.

Together with the requirement of command line-usage, this
makes applying Packmol difficult for nonexpert users.

Therefore, we developed PACKMOL-Memgen, a Python-
based program that uses Packmol as the packing engine but
wraps the main procedures required to build complex
membrane systems, such that only single-line commands of
the user are required. Further advantages of PACKMOL-
Memgen are that its protocol is easily parallelizable when
working with multiple proteins, membrane compositions, or
starting configurations, the packing is achieved on the order of
minutes for common system sizes, and it is user-friendly and
easy to grasp. PACKMOL-Memgen generates formatted PDB
files that can be used both with AMBER’s LeAP with the
Lipidl7 force field'™" and with VMD’s psfgen with the
CHARMM ¢36 force field.""

The program is distributed under a GPL license together
with AmberTools"’? (http://ambermd.org/AmberTools.php).

B WORKFLOW DESCRIPTION

The general workflow of PACKMOL-Memgen is depicted in
Figure 1. Tt follows similar principles to the CHARMM-GUI
membrane builder.” The user can decide to either pack a
membrane-only system, or embed a protein structure into the
membrane. For the latter, a PDB file of the protein structure

2523

following the conventional formatting is used as input (step 1).
The user needs to make sure that this PDB file represents the
system of interest adequately (e.g., the protein configuration is
representative of the process to be studied; ligands of interest
are included, which can be kept for further processing with the
flag ——keep; and relevant protonation states are set). Next,
unless otherwise specified, hydrogens are added to the input
structure with “reduce”,' as this helps to correctly determine
the protein volume in later steps (step 2). This step can be
skipped by the user if the structure was previously protonated.
To determine the placement of the protein within the
membrane, the structure is oriented with "memembed",'ﬁ
which employs a knowledge-based potential function to mimic
embedding of the protein in a membrane slab centered at the
origin of the coordinate system (step 3). By default, the
orientation is optimized over five cycles of the memembed
genetic algorithin. The automatic orientation can be skipped
with the —-preoriented flag

From the placement of the protein, the size limits of the
system to be packed are determined (step 4). Unless specified
differently by the user, a distance of at least 15 A to the
boundaries in the x—y plane (-—dist) and a water slab with
a thickness of at least 17.5 A above and below the membrane
(--dist wat) are used. The determined geometry is used

DOl 10,1021 /acs jcim.9b00269
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to prepare the placement of lipids, waters, ions, and possible
additional solutes, which together with specified molecule
concentrations {e.g, —-sol_con or --salt_con) and
lipid ratios {--1lipids, ——ratio} determines the number
of molecules to be used. The placement of the center of the
membrane slab is set to be on the z-coordinate origin, with the
lipids oriented parallel to this axis and a leaflet width of 23 A
by default {--leaflet). To ensure the correct leaflet
orientation, restricted volumes for (I) the phosphorus atom
together with the terminal atom of the headgroup {--head-
plane) and (II) the carbon atoms of the terminal methyl
groups of the tails (--tailplane) are set (step 4.1).

The default behavior of the program is to estimate the
number of lipids per leaflet on the basis of the calculated leaflet
area and the area per lipid (APL). APL values are obtained for
systems at or close to 300 K from the literature,'’~** taken
from the maximum value for lipids with the same headgroup,
or set to 75 A” otherwise. If lipid mixtures are used, the APL is
computed as a weighted average according to the composition
ratio. The number of water molecules in the upper and lower
water slabs is determined on the basis of the respective
volumes and the density of water. The volume occupied by the
protein in each water slab, as well as in the membrane leaflets,
is calculated by a grid approach derived from pdbremix® (step
4.2). The algorithm adds equidistant grid points (0.5 A by
default) within the radius of the atoms in the structure,
representing the volume of the protein as a sum of cubes, with
the grid spacing as the cube edge. This volume is used to
reduce the previously calculated number of molecules in the
different system sections by the numbers of lipids and waters
ral would veupy the protein volume. For s, tse Lipid
molecular volume is obtained from the literature”*™*" or
estimated on the basis of the lengths of the acyl chains, as
described previously.”® If solutes are added, a similar approach
is applied by using the pdbremix-computed volume to adapt
the numbers of lipids or waters as appropriate. By default,
potassium and chloride are added as counterions to reach
electroneutrality with respect to the charges in the protein and
the lipids. Extra jons can be included by specifying the
--salt flag, and a concentration of 0.15 M in the water
volume is used by default (--salt con).

The user can select multiple lipids {--11ipids) and define
complex lipid mixtures at desired ratios {--ratio),
including different compositions per leaflet. For this,
cotresponding colon-separated lists of lipids and ratios have
to be provided, separated by two consecutive slashes {//), in
case a different composition per leaflet is desired. For example,
--lipids POPE:POPC:POPS//POPC:POPE
--ratio 3:1:1//4:1 would add a lower leaflet with
POPE, POPC, and POPS in a 3:1:1 ratio and an upper leaflet
with POPC and POPE in a 4:1 ratio. Table 1 lists lipids
available in the current version, which can be extended with
new lipids as long as parameters such as APL and molecular
volume are provided. For example, parameters for phosphoi-
nositides and lysophospholipids have been added to the
AmberTools19 PACKMOL-Memgen release, extending the
range of lipids in the Lipid17 force field toward those available
in other lipid force fields™ (Table S1).

In addition, multiple bilayers can be generated by calling the
corresponding flags once per bilayer. This is useful if, for
example, an electrochemical gradient is required to study a
system, as in the case of computational electrophysiology.”’

2524

Table 1. Lipids and Cholesterol Available in PACKMOL-
Memgen”

DAPA DMPA DPPA PLPA SDPA
DAPC DMPC DPPC PLPC SDPC
DAPE DMPE DPPE PLPE SDPE
DAPG DMPG DPPG PLPG SDPG
DAPS DMPS DPPS PLPS SDPS
DLPA DOPA DSPA POPA PSM
DLPC DOPC DSPC POPC SSM.
DLPE DOPE DSPE POPE CHL1
DLPG DOPG DSPG POPG

DLPS DOPS DSPS POPS

“Abbreviations used: DA, diarachidonoyl; DL, dilauroyl; DM,
dimyristoyl; DO, dioleoyl; DP, dipalmitoyl; DS, distearoyl; PL,
palmitoyl lauroyl; PO, palmitoyl oleoyl; SD, stearoyl docosahex-
aenoyl; PSM, palmitoyl sphingomyelin; SSM, stearoyl sphingomyelin;
CHL1, cholesterol; PA, phosphatidic acid; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PS, phos-
phatidylserine

To initiate molecule packing {step 5), the calculated number
of molecules of each type and the geometrical constraints
associated with each section of the system are written to a
Packmol input file, and Packmol is started. If a protein is
included, its position is considered fixed during the packing,
and all other molecules will be packed such that they
accommodate to the protein. By default, the system is packed
with 20 iterations of the optimization algorithm per molecule
section (or per entry in the Packmol input file) and 100
iterations system-wide. This is considerably less than the
Packmol default value for iterations of 200 times the number of
molecule sections but is usually more than enough to obtain
the best possible solution from the GENCAN algorithm for
the given input constraints. This is evidenced by the fact that,
after the system-wide packing starts, usually only few cycles are
required for the objective function of Packmol to reach a
plateau (see Figure S1 for an example). Still, as the number of
iterations required to pack a system depends on the system size
and the complexity of the mixture, the number of iterations can
be specified by the user if required {(--nloop and
--nlocp_all).

The Packmol PDB file output is, by default, transformed into
an AMBER-compatible file using an adapted version of
charmmlipid2amber.py from Benjamin Madej;13 this step can
be skipped if desired (--charmm). The resulting assembled
system has the best possible packing given the input molecules
and geometrical restraints but might not be an overlap-free
solution. Thus, prior to using the system in MD simulations,
usually a thorough energy minimization is required, which, if
using the AMBER suite of programs, should be performed with
the CPU code of pmemd.”" To simplify this step, functions to
parametrize (- -parametrize; using by default, the f14SB
parameters32 for the protein, Lipid17 from Skjevik et al'»" for
lipids, and the TIP3P water with AMBER 18 default ion
parameters’®>*) and minimize {--minimize) simple
protein—membrane systems after the packing are included.

Example Case 1: Bacteria-like Membrane. As a first
example, the packing of a membrane bilayer composed of a
mixture of DOPE—DOPG lipids with a 3:1 ratio is shown.
This composition has been proposed as a representative model
of the inner membrane of Gram-negative bacteria.*® The
packing of such a system can be performed with a single
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Figure 2. Representative structures for the membrane-only system (A,B) and the KcsA channel embedded in a membrane {C,D}, generated as
described in the main text, immediately after packing with PACKMOL-Memgen (A,C) and after 500 ns of MD simulations (B,D).

command line: packmol-memgen --ratic 3:1
--lipids DOPE:DOPG --distxy fix 100.

Because no protein is included, a desired length in the x—y
dimension has to be set (--distxy fix, using 100 A for
this particular example). The resulting packed system is
depicted in Figure 2A. The whole packing process took less
than 13 min on a single i5-4590 CPU. In order to evaluate the
stability of this system, MD simulations were performed as
described in the Supporting Information, and a representative
structure after 500 ns of production time is shown in Figure
2B. Parameters including the APL,*® 8¢, order parameter, "7
membrane thickness,™ electron density,”* and average lipid
mean-square displacement’” correspond with values reported
previously (see Supplementary Methods and Figures $2—54);
this result demonstrates that the packed system is appropriate
for performing all-atom MD simulations without requiring
extensive equilibration times. Along these lines, the average x—
¥ cross-sectional area is less than $% smaller than the size of
the system at the beginning of the production run, suggesting
that the amount of lipids and geometrical constraints used for
the packing are close to the equilibrium values.

Example Case 2: KcsA Potassium Channel. The
packing is more challenging when a protein is included,
because the other system components need to adapt to the
protein during the packing itself and the equilibration phase of
the MD simulations, and there may be different volumes in the
membrane [eaflets or water sections. As an example, we use
KesA, the potassium channel of Streptomyces lividans. The
structure from PDB ID 1BL8 was capped at the termini, and a
protonated (glutamic acid in position 71 was used, as reported
previously."""! As ——keep was not used, crystallization ions
were removed. The resulting packed system, including the
protein, lipids (DOPE—DQPG, 3:1), water, and ions, is shown
in Figure 2C. The packing of this system was performed with
the following command line: packmol-memgen —-pdb
1BL8.pdb --1lipids DOPE:DOPG --ratio 3:1.

2535

The packing time is comparable to the one of the
membrane-only example. A script to pack this system is
included with the software as a test case. Furthermore,
animations of the packing process performed by Packmol are
shown in Videos S1 and $2. MD simulations were performed
to investigate whether the packed system is suitable as a
starting structure. A representative structure after 500 ns of
production is shown in Figure 2D. The protein structure shows
slight deviations during the MD simulations, as indicated by
the C,-atom RMSD to the crystal structure (<2.5 A) and the
RMS average correlation reaching 1 A within 200 ns (Figure
$5). The membrane maintains its bilayer structure, as in the
simulation with lipids only (Figure S4A,B). The KesA channel
has been investigated by MD simulations in detail before,
particularly regarding the binding and flux of potassium ions
into and through the selectivity filter.*” However, the exact
mechanism is still a matter of debate.”*" Although a thorough
discussion of the dynamics of the protein and protein—
potassium interactions is beyond the scope of the present
work, the simulation results reveal that potassium stays bound
mainly to the exit of the channel (Figures 848 and $6). These
results resemble those of previously performed simulations of
the protein started without potassium bound in the selectivity
lilter, where the protein stayed in an inactivated state. ™
Additionally, the selectivity filter adopts a conformation closer
to a structure crystallized at low K' concentrations, where the
selectivity filter is unoccupied'® (Figure $7). This finding is
consistent with the observation that the channel becomes
inactivated as a result of carbonyl repulsions in the selectivity
filter and the hydration that follows.” Qverall, the simulations
show previously described structural dynamics for this protein,
indicating that the packed system is a suitable starting
structure.

DOl 10,1021 /acs jcim.9b00269
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B DISCUSSION

In this study, we developed PACKMOL-Memgen, a simple-to-
use, generalized workilow for automated building of mem-
brane-protein—lipid-bilayer systems based on open-source
tools including Packmol, memembed, pdbremix, and Amber-
Tools. As demonstrated, the built systems are well-suited as
starting configurations in MD simulations under periodic
boundary conditions, requiring only moderate equilibration
times. As discussed before,™® there is more than one way of
building a membrane system for performing computational
studies, and the choices may depend on the molecular-
simulation package and the force field used, or the wuser
preference. Until recently, users of the AMBER biomolecular-
simulation programs were primarily dependent on webservers
such as CHARMM-GUI to build membrane-protein—lipid-
bilayer systems. Although user-friendly, providing support for
many lipids, including glycolipids and lipopolysaccharides,*”
and yielding input for current molecular-simulation pack-
ages,48’49 the use of a web interface becomes inconvenient if
many systems need to be built (e.g, when performing
umbrella-sampling simulations), if different membrane compo-
sitions are to be tested, or if replicas are to be started from
different configurations. A command line implementation
helps to save time when such broad studies are performed,
allowing scripting of system generation and, thereby, reducing
the chances of making input errors. As shown in the example
cases, the PACKMOL-Memgen workflow is both user-friendly
and efficient, generating well-packed starting structures in
minutes for typical simulation systems.

Although the workflow automatizes a large part of the
building process, the user is still required to critically evaluate if
the built system is representative from a molecular and
physiological point of view. As an example, for packing a
porin—lipid-bilayer system, one needs to consider the
approptiate knowledge-based potential in memembed for §-
barrel-type proteins {available through the --barrel flag).
Furthermore, because the packing of lipids depends exclusively
on reducing the molecular overlap, lipids may be inserted in
the protein tunnel, which needs to be fixed manually prior to
performing simulations.

PACKMOL-Memgen generates output with atom and
residue names compatible with AMBER’s Leap with the
Lipidl7 force field and with VMD’s psfgen with the
CHARMM ¢36 force field. Finally, the current implementation
of the Windows Subsystem for Linux {WSL) in Windows 10
makes AmberTools and the included PACKMOL-Memgen
workflow available on most computing platforms, including
common Linux distributions and MacOS.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs jeim.9b00269.

Supplementary methods on the molecular-dynamics
simulations and lipid-diffusion calculation; figures
showing changes in the target function during the
packing process, plots of area per lipid and membrane
thickness, lipid-order parameter, electron-density profile,
RMSD and RAC of the performed MD simulations, 3D
histograms of the potassium ions and water molecules,
and structural comparison with crystal structures of the
KesA channel; and tables showing additional Lipid17
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headgroups and the calculated lipid diffusion with
petiodic boundary corrections (PDF)

Video showing a top-down view of the packing process
of the KesA channel (MP4)

Video showing a side view of the packing process of the
KesA channel {MP4)
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1 Supplementary Methods

Molecular dynamics simulations

The crystal structure of the KesA potassium channel from Strepromyces lividans (PDB
id. 1BL8) was embedded into a DOPE:DOPG 3:1 membrane, resembling the membrane of
Gram-negative bacteria 12

AMBER 18 GPU PME implementation > with ff14SB *, TIP3P ¢and Lipid17 ¢’ and Skjevik et

. using the default parameters from Packmol-Memgen. The

al., %) parameters for the protein, water, and membrane lipids, respectively, were used. Five
independent MD simulations of 0.5 us length were performed, constraining covalent bonds to
hydrogens with the SHAKE algorithm ° and using a time step of 2 fs.

Five mixed steepest descent/conjugate gradient calculations with a maximum of 20,000
steps each were performed. Initially, the positions of the protein and membrane were restrained;
later, restraints were kept on the protein atoms only and, finally, a minimization without
restraints was performed. The temperature was maintained by using a Langevin thermostat 17,
with a friction coefficient of 1 ps™. The pressure, when required, was maintained using a semi-
isotropic Berendsen barostat !!, coupling the membrane (x-y) plane. After minimization, the
system was heated by gradually increasing the temperature from 10 to 100 K for 5 ps under
NVT conditions, and from 100 to 300 K for 115 ps under NPT conditions at 1 bar. The
thermalization process was continued for 5 ns under NPT conditions, after which production
runs were started using the same conditions.

All simulations showed a stable membrane phase, as evidenced by electron density and
order parameter calculations (SI Figures 3 and 4), with all double bonds in the unsaturated lipid
chains staying in the corresponding c¢is isomer. The calculated area per lipid in all simulations

was 63.2 A2+ 0.3, similar to values reported previously 2.

Lipid in-plane diffusion

The in-plane diffusion of lipids was evaluated by measuring the average mean square
displacement (MSD) of the phosphorous atoms of the phospholipids over time in the
simulations without protein and using a linear fit to determine the diffusion coeftficient Drc

according to the Einstein relationship (eq. 1):

. 1 d
Dppc = lim (——(MSD(t)Z)) eq. 1,

—oo \2n df
where 1 is the simulation time and # is the number of dimensions on which the displacement is

evaluated (here, two for the membrane plane). Prior to calculating the MSD, the system was
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centered with respect to the center of mass of the phospholipid molecules to remove overall
translational motions and avoid diffusion overestimation'?. Dpgc is the diffusion coefficient of
particles under periodic boundary conditions, which cannot be extrapolated to infinitely sized
systems 13"1°. A correction was proposed by Yeh and Hummer '3, which was recently modified
by Végele and Hummer ' to take into account the Saffman-Delbriick model for membrane

diffusion (eq. 2):

L T H
In{——]-In{ 1+ —e+1
kpT (Lsn) ( ZLSD) _Nm _
D0~DPBC__4mm T+ 'LSD__an'nm_h'n eq. 2,
Lsp

which is a fair approximation when # <L and H < Lsp, and where ks is the Boltzmann constant,
7' is the absolute temperature, #m is the membrane surface viscosity, L is the lateral length of
the system, H is half the water height between periodic membrane images, and Lsp is the
Saffman-Delbrick length with #r being the water viscosity. Experimental values of
ym=127nPasm (with ©h=396A [see SI Figure 2B] and #=320mPas!®) and
ne= 0.85 mPas!” were used, resulting in .sp = 746 nm within the range of reported values®*.
Every simulated leaflet was taken as an independent sample, resulting in 7 =3 * 2 = 10, fitting
on the last 300 ns of cach replica. For the analysis, the NPT simulations using the Langevin
thermostat were applied, considering that, with a moderate collision frequency of 1 ps’, about
90% of the self-diffusion of particles is recovered, even when the Langevin thermostat
periodically affects the momentum of particles’ 8%,

Results are reported in Table S2. All analyses were performed with CPPTRAJT %° and in-
house Python seripts.
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2  Supplementary Figures
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Figure S1. GENCAN objective function value for the packing of the KesA potassium
channel in a DOPE:DOPG 3:1 membrane. The red lines delimit the packing of individual
molecular sections of the system. The all-together packing reaches a plateau, with spikes that
correspond to molecular movements performed by Packmol in the search of a better solution.
No overall packing ofions occurs, as their random initial placements remained a solution of the

packing problem.

71



Publication I: PACKMOL-Memgen: A simple-to-use, generalized workflow for membrane-protein/lipid-bilayer system building

>

-~
=]
i

-~
N
1

~
N]
L

~
[=]
i

[2]
5]
"

[+2]
[+]

Area per lipid [4?]

(o2]
B

(2]
[[¢]
i

D
o
i

0 100 200 300 400 500 0 1 2 3
Time [ns] x1000 Counts

N
%)

Membrane thickness [A]

38

- 160 200 30 400 0 0 1 2
R ) x1000 Counts
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membrane of a Gram-negative organism. The individual values for the different replicas are
shown as shaded colors. Both parameters reach a plateau after ~ 50 ns, in line with previously

reported values® . The reported values before 0 ns correspond to the equilibration steps.
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Figure S3. Lipid order parameter in the DOPE:DOPG 3:1 simulations. The bold line
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replicas over 500 ns of simulation time. The shaded area shows the propagated standard error
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Figure S4. Electron density profiles of the DOPE:DOPG 3:1 bilayer in a membrane-
only simulation (A) and with the KcsA potassium channel embedded (B). The electron
density was calculated with CPPTRAJ in that the number of electrons over all atoms in a section
across a desired axis of the simulation box is computed, thereby compensating for the charge
of each included atom. The profiles show the average over five replicas of 500 ns simulation

time, with the shaded area representing the propagated standard error of the mean.
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Figure S5. C; root mean square deviation (RMSD, A) and RMS average correlation
(RAC, B) of the simulated KesA potassium channel along the trajectory. The RMSD is
calculated with respect to the structure in the initially packed system. Both analyses were
performed with CPPTRAJ.

75



Publication I: PACKMOL-Memgen: A simple-to-use, generalized workflow for membrane-protein/lipid-bilayer system building

S0

s1

s2
s3
sS4

Figure $6. 3D histograms of the positions of potassium (A) and water (B) in the selectivity filter. Potassium ions remain mainly in the extracellular
vestibule of the protein (S0), while also accessing position S1. Water is able to hydrate the inoccupied sites.
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Figure S7.The selectivity filter assumes an inactivated structure during simulations
started without K* bound. In green, the average structure for the largest cluster of all replicas
is shown. In ¢yan and in orange, the structures of the channel in an activated (1BL8) and
inactivated (1K4D) state are shown, respectively. The structures were superimposed with the
selectivity filter (residues 75-79) as the reference. The RMSD between the selectivity filters of
the MD average and 1BL8 and the MD average and 1K4D are 1.1 and 0.6 A, respectively.
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3 Supplementary Tables

Table S1. PACKMOIL-Memgen lipid headgroups extending Lipid17.?

Headgroup Variants

Lyso-PC Acyl chains in positions s#-1 or su-2

Lyso-PE Acyl chains in positions s#-1 or su-2

Lyso-PG Acyl chains in positions s#-1 or s#-2

Lyso-PS Acyl chains in positions s#-1 or sn-2

PI3P Phosphate group deprotonated or singly-protonated.

PI4P Phosphate group deprotonated or singly-protonated.

PISP Phosphate group deprotonated or singly-protonated.

PI3.4P Phosphate groups deprotonated or singly-protonated in 3, 4, or 3+4
PI13,5P Phosphate groups deprotonated or singly-protonated in 3, 3, or 3+5
PI4.5P Phosphate groups deprotonated or singly-protonated in 4, 5, or 4+5
PI3.,4,5P Phosphate groups deprotonated or singly-protonated in 3, 4, 5, 3+4, 3+3, 4+5 or 3+4+5

a Abbreviations used are: PC = phosphatidylcholine; PE = phosphatidylethanolamine;
PG = phosphatidylglycerol; PS = phosphatidylserine; PI = phosphatidylinositol; 3P = 3-phosphate; 4P = 4-
phosphate; 5P = 5-phosphate; 3.4P = 3,4-diphosphate; 3,5P = 3,5-diphosphate; 4.5P = 4,5-diphosphate;
3,4,5P = 3,4, 5-triphosphate
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Table S2. Diffusion coefficients

measured from

NPT DOPE:DOPG 3:1 MD

simulations.
Lipid Dppc *P Dy P Dexp Ref.¢ Remarks?
DOPG 4.5+0.4 6.0+0.4 56-82| 2 NMR; range between 294 and
303 K at 0.15 M NaCl
DOPE. 3.8£03 54403 FRAP; data from plot; NBD-PE in
~3.2 B E. coli extracts with 78:14 PE:PG
at25°C
g " NMR,; data from plot; E. coli
Mixture 40402 55202 h membrane lateral diffusion at 27°C.
average DiD fluorescence correlation
~0 B spectroscopy; data from plot;
DOPE:DOPG:DOPC 2:1:1 at 20°C
In pm®*s™.

® Mean + standard deviation.

¢ Reference from which experimental values were taken.

4 Reported are the main experimental technique and measurement conditions.
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: The structure, mechanism of action and copper stoichiometry of the transmembrane sensor domain of
i the plant ethylene receptor ETR1 and homologs have remained elusive, hampering the understanding
. on how the perception of the plant hormone ethylene is transformed into a downstream signal. We
¢ generated the first structural model of the transmembrane sensor domain of ETR1 by integrating ab
i initio structure prediction and coevolutionary information. To refine and independently validate the
. model, we determined protein-related copper stoichiometries on purified receptor preparations and
: explored the helixarrangement by tryptophan scanning mutagenesis. All-atom molecular dynamics
! simulations of the dimeric model reveal how ethylene can bind proximal to the copper ions in the
receptor, illustrating the initial stages of the ethylene perception process.

: Plant hormones regulate diverse aspects from growth and development to biotic and abiotic responses through-
. outthe lifespan of plants. Signaling pathways and receptors have been identified to molecular detail for several of
¢ these signaling molecules, providing a basic integrated understanding on the mechanisms of hormone actions.
: High resolution structural information on receptors such as the brassinosteroid receptor BRI12 or abscisic acid
¢ receptor PYRI/PYL1** has been instrumental to understand receptor activation mechanisms** or to identify
: small molecule mimetics activating receptors and related plant responses’. However, for most plant receptors
. such alevel of structural and mechanistic understanding is still lacking.

: Fruit ripening, senescence, and decay are highly relevant agronomical processes regulated by the plant hor-
: meone ethylene. Ethylene is perceived by a receptor family composed of ETR1, ERS1, ETR2, ERS2 and EIN4 in
. Arabidopsis®, which, in their functional state, form dimers and higher-molecular weight oligomers at the ER
. membrane’. These receptors show similarity to bacterial two-component histidine kinase receptors. All members
: of the receptor family have a similar overall modular structure composed of an N-terminal transmembrane sen-
¢ sor domain (TMD), a GAF domain in the middle portion, and a catalytic transmitter domain at the C-terminus.
¢ Inreceptors ETR1, ETR2, and EIN4, this basic structure is complemented by a C-terminal receiver domain. The
: presence of a copper cofactor in the TMD, likely in the 41 oxidation state'’, was shown to be essential for ethylene
! binding and receptor function'''2, Yet, the copper stoichiometry in the functional dimer is still a matter of dis-
¢ cussion. Bleecker, et al.” consider one Cu*/monomer, while Rodriguez, et al.'’ favor one Cu*/dimer. At present,
i the exact output of the receptors and mechanism of intramolecular and intermolecular signal transfer to further
: downstream elements in the ethylene signaling network is still obscure.

: High-resolution structure information on the receptor is expected to solve this puzzle. Until today, crystal
¢ structures and low resolution SAXS models of the cytoplasmic part of ethylene receptors ERS1 and ETRI except-
¢ ing the GAF domain have been obtained'*!". This has allowed to obtain a model of the whole cytosolic domain,
¢ including the GAF, dimerization, catalytic,and receiver domains (residues 158 to 738, see Fig. 1 in ref'¥); yet, this
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Figure 1. Dislribulions of Rosella scores (membrane centroid score, A} and TM-scores with respect Lo the
selected decoy (B) versus the calculated Contact score of the generated models. Lhere is a positive correlation
between the Rosetta score and the Contact score (R? —0.25, p <2 0,001) for models with a negative Rosetta

score (R? —0.01 for the complete distribution). The horizontal line demarks the —2 z-score threshold used

with respect to the Contact score to filter out the worst scoring models; selected structures are shown on green
background as a zoom. The models were structurally clustered in three groups pre- and post-score filtering, with
the structures corresponding to the first, second, and third cluster shown in red, yellow, and cyan, respectively.
The centroid models of the identified clusters (Fig. 2} are highlighted with a thick outline. The insel in panel A
shows the complete distribution, including outliers.

model lacks the connection to the transmembrane domain, and the transmembrane domain itsell. In addition,
mutational studies have contributed to a structure-function understanding. In that respect, most structural infor-
matjon comes from the studies of Wang, ef al.'". ‘Three main classes of loss-of-function mutants were identified,
showing different levels of ethylene binding, signal transmission, or intrinsic activity. ITowever, the structure of
the TMD bearing the ethylene binding site has remained elusive. The current development of ab initio protein
folding tools allows one Lo predict the structure. Such tools have been used for modelling, e.g., the N-lerminal
portion of the human dopamine transporter'” and the human alkylglycerol mona-oxygenase'®. A notable appli-
cation is the structure prediction of the human zinc transporter hZ1P4*, for which mainly coevolutionary infor-
mation was used. The thus oblained structure was later shown Lo be highly similar to a crystalized homolog™.

Following the same principles as for hZI1P4, we generated the first structural model of the transmembrane
sensor domain of ethylene receptor ETR1 (ETR1_TMD) and a ETR1_TMD/Cu dimer model by integrating ab
initio structure prediction and cocvolutionary information to drive the model selection process according to the
available experimental information. In addition, to refine and independently validate the obtained structural
model, we delermined prolein-related copper stoichiomelries experimentally on purified receplor preparalions
and explored the helix arrangement in the TMD using tryptophan scanning mutagenesis. ' he models obtained
by this pipeline allow deriving experimentally lestable hypotheses as Lo how ethylene accesses the copper colactor,
how copper is transferred to the TMD, and how ethylene binding leads to downstream signaling.

Results

Structural model of the transmembrane sensor domain ETR1_TMD. Currently, no homologs of
ETR1 with an experimentally resolved structure are available. A search for structural templates in the Protein
Data Bank resulted in structures with sequence identities below 15%, which would likely result in an imprecise
structural model of ETR1 by homology modeling (see Supplementary Results). Hence, the structure of the TMD
of EI'R1 was modeled using the ab initio Rosetta protocol membrane_abinitio2, and further validated by filtering
resulting structural models with co-evolutionary methods. A flowchart of the whole process can be found in
the Supplementary Information (SI Tig. 6). The secondary structure and transmembrane topology predictions
from the methods PSIPRED and CCTOP, respectively, were used in the model building process, and they agree
on three TM a-helices for the ETR1_TMD, as previously predicted'® and shown for the close homolog FRS1#
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Figure 2. Clustered conformations and average contact maps for the generated decoys pre- (top) and

post- (bottom) filtering according to the Contact score. The centroid of each cluster is shown in a cartoon
representation, overlaid over every tenth other structure in the cluster, shown as wires. The structures

are colored blue to red, starting from the N-terminal portion. The contact map for each set of clustered
conlormations are overlaid on the right, lollowing Lthe color scheme shown on Lop of every cluster Lo the lefl.
Additionally, the MetaPSICOV contact predictions are shown as yellow dots, 'The size of the dots reflects the
confidence assigned by the method. Before filtering, the clusters show different orientations with respect to helix
three, as visible in the different conformations and on the contact map (residues 20-40 contacting 80-100).
Contacts of the right-handed configuration of cluster 1 deviate the most from the MetaPSICOV contact
predictions, and such configurations are removed by the filtering.

(S1 Fig. 2). 'The distribution of the 100,000 models generated shows that = 99% of them have negative, i.e., favora-
ble, Rosella scores (Fig. 1). The models were clustered with Calibur®, with an estimated C, atlom RMSD of res-
idues 15 to 117 ranging from 1.1 to 22 A. Al clustered models are located in the membrane, as evaluated by
the orientation of each model with respect to the “MEM” coordinates printed by the score_jd2 protocol; the
evaluation was done visually in that it was assured that all models are oriented along the membrane normal and
are embedded in the membrane slab. The representative structures of the three clusters obtained (Fig. 2, top row)
reveal two helix arrangements with different handednesses of the helix bundle. To discriminate between these two
potential solutions, coevolutionary residue-residue contact predictions from MetaPSICOV? were used to rescore
the models. The third largest cluster [ulfills the predicled conlacts best, as seen in Lhe overlap of Lhe prediclions Lo
the contact map (Fig. 2, top row, blue over yellow dots in the contact map) and given by a much more favorable
average Contact score of —88, compared to —36 and —49 for the most and the second most populated clusters,
respectively. Filtering the generated models for structures that fulfill the contact predictions the best removes all
configurations with a right-handed helical bundle from the pool of 100,000 models, leaving 5,217 structures that
only differ in the relative orientation of the helices and slightly in the positioning of the third helix with respect to
the second (Fig. 2, compare top and bottom conformations and contact maps).

After clustering of the filtered models, cach cluster has a quadratic mean of the pairwise RMSD), < RMSD? =12
ol 3.1 to 3.2 A% and a distance in C, atom RMSD of 2.8, 2.8, and 1.0 A between centroids of clusters 1 and 2, 2
and 3, and 1 and 3, respectively. Both measures indicate the precision of our models®®. 'Lhe centroid of the most
populated cluster {representing 40% of the filtered structures) was selected for further analysis (Fig. 2, bottom left
and SI Tig. 4A). Most of the other models that have a favorable Contact score also have a TM score to that selected
model of 0.5 or higher; the TM score is a measure analogous to RMSD, but less sensitive to local variations, and is
bound between 0 and 1, where 1 relates Lo an identical 3D structure, indicating that these models have the same
fold™ (Fig, 1). 'Lhe selected model (SI Fig. 4A) was further refined with the Rosetta protocol refax to incorporate

side chains?.
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Figure 3. Copper-binding stoichiometry (A) and binding of copper(I} by the ETR1 transmembrane sensor
domain (B). (A) Calibration curve of different BCA,-Cu(l) concentrations used to determine the copper
concentralion released [rom the protein (28.3 pM). Stoichiomelry of copper-loaded ETR1 was delermined by
denaturing purified EI'R1_TMD (26.22uM) previously saturated with copper(l) by adding the detergent SDS
at 20% (w/v) and heating the sample to 95 °C. The chromophoric copper chelator BCA (2 mM) was added, and
absorption at 562nm monitored. The table shown in the inset summarizes protein and copper concentrations
of the experiment corresponding to a copper:protein molar ratio of 1.08:1. (B) Purified ETR1_TMD was
titrated to BCA,~Cu(T) complex at concentrations from 122-0.06 pM. Binding of the metal ion was monitored
spectrophotometrically by measuring absorbance of the purple BCA,-Cu(I) complex at 562 nm (black points).
From the binding curve a dissociation constant K= 1.3 x 107° M and a Hill coeflicient b = 1.07 — 0.07 were
calculated for copper binding to ETR1 TMD. The non-copper binding protein lysozyme (grey squares) was
used as negative control. All measurements were run in triplicates.

Stoichiometry and affinity of copper(l) binding te ETR1_TMD. To generate an ETR1_TMD/Cu
dimer maodel (see below), the stoichiometry of ETR1_TMD with respect to the copper cofactor needs to be estab-
lished. Previous studies have shown that the receplors sensing the plant hormone ethylene require monovalent
copper ions in their transmembrane sensor domain in order to bind their ligand. Still, the mumber of copper ions
per dimer forming the basic functional unit of the receptors is not clear. To clarify the stoichiometry of metal
binding, purified ETR1 TMD was saturated with monovalent copper. To this end the purified sensor domain
was incubated with saturating concentrations of the chromophoric copper chelator BCA, a water-soluble ligand
that stabilizes the metal ion in the monovalent oxidation state. Transfer of the copper ion from the intensely
purple-colored BCA,-Cu(I) chelate complex to the purified ETRI sensor domain was monitored directly by
absorption spectroscopy. Complete saturation of the copper binding sites in the receptor was achieved when
no further change in the deeply purple-colored solution was delectable. Then, excess BCA,-Cu(T) chelale was
removed by gel filtration, and the copper bound to the ETR1_TMD was released from the protein by chemical
and thermal denaturation using the harsh detergent and amphipathic surfactant sodium dodecyl sulfate (SDS).
The released metal ions were recomplexed by adding BCA, and the related copper concentration of the solution
was determined by comparing the observed absorption at 562 nm to standard concentrations of BCA,-Cu(I).
Figure 3A shows the calibration curve used for quantification. From these studies a metal-to-protein stoichiom-
ctry of one copper ion per ETR1_TMD was obtained (sce table inserted in Fig. 3A).

Since monovalent copper promoles highly reaclive oxygen species, Lhe [ree copper concentrations in biolog-
ical systems is kept extremely low due to high affinity binding to specific proteins, in order to avoid toxic effects.
To determine the in vitro copper-binding affinity of ETR1_TMD, the purified sensor domain was titrated with
Cu(I). As for the experiments resolving the copper stoichiometry of ETR1, the metal ion was stabilized in the
monovalent oxidation state by BCA. Reduction in absorbance at 562 nm observed at increasing protein concen-
tration was used Lo follow concentration-dependent copper binding to the receptlor and to determine copper
aftinity of the purified TMD. Figure 3B shows the corresponding absorption changes as a function of the protein
concentration added. 'Lhe dissociation constant K2 = 1.3 « 10~ M (eq. 4) obtained from the metal-titration
curve confirms the capacity of the purified ETR1 sensor domain to bind copper at very low concentrations, as
previously reported for copper chaperones in living cells**, Under the same conditions, no changes in absorption
and, thus, no copper binding was observed with the non-copper(I) binding protein lysozyme upon titration with
the monovalent cation {also see Fig. 3B).

To confirm our stoichiometry analysis, titration data was fitted to the Hill binding model®. In this model,
the stoichiomelric coellicient i provides a measure [or the cooperalivily between binding siles and, in the
extreme case of strict cooperativity, i.e., if all ligands bind at once {all-or-nothing binding), reflects the number
of ligand binding sites on a protein. In this context, the Till coeflicient A —1.07 - 0.07 obtained from a fit of the
titration data shown in Fig. 3B implies simple, non-cooperative copper binding at the ETRI transmembrane
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Figure 4. Dimer model of the ETR1_TMD. On the structure, the positions where tryptophan mutants were
generated (leflt monomer) and where previous loss-o/-function mutations were found'® (right monomer) are
denoled by the color code on Lhe right, with a list of the residues found in each class. The upper left insel shows
the disulfide bridges included during the refinement of the protein. The orange spheres show the putative
copper binding site in proximity to residues C65 and 1169. The orange polygon indicates the interface. The two
structures on the right represent the interface in an “open book” representation. Tryptophan mutants of residues
that are peinting towards the monomer bundle core are disruptive (red) or are partially disruptive (orange),
while mutations of residues pointing towards the dimer interface of the model (blue) showed no effect on the
alpha-helical content, as shown in Fig. 5. Residues that are closer to the protein center and in proximity to the
pulalive copper binding sile are essential for ethylene binding (magenta), while residues larther away and closer
to the cytosolic portion are responsible for the signal transmission {yellow}. Residues shown to be relevant to
maintain the protein in an active state are displayed in cyan.
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Figure 5. Changes in overall cv-helical content in ETR1 by tryptophan substitution. Secondary structure
content of purified full-length ETR1 tryptophan mutants was determined by CD spectroscopy. Changes in
a-helical content related to individual tryptophan mutants are shown as deviation from the tryptophan-free
background mutant ETR1%7. All measurements were taken in triplicates. Mean and standard deviation are
shown (¥P <2 0.05; P 0.02).

sensor domain (lower bound of potential sites). In the case of strict binding cooperativity, this figure reflects a
metal-to-protein stoichiometry of one copper ion per monomer (upper bound of potential sites) as obtained by
direct analysis of the purified ETR1 sensor domain (Tig. 3B).

Structural model of the ETR1_TMD/Cu dimer. From the generated ETRI TMD model, and the deter-
mined copper stoichiometry, a dimeric model of ETR1_TMD/Cu can now be generated. For generating this
model, the TMD model was docked using IIADDOCK. Coevolutionary signals (Fig. 2 and SI Tig. 3), knowledge
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about low-lipophilicity regions (SI Fig. 2B), and the notion that the metal binding site should be shielded from
the solvent™ were used as information to select the interacting interface; all this data suggests that the interface
involves H2, while H3 is more membrane-exposed, indicating H1/H2 as the proper interface. The representative
dimer model obtained from clustering after refinement by replica exchange MD simulations is shown in Fig. 4.
The structure consists of an almost symmetrical arrangement of the previously modelled left-handed monomers.
The N-terminal part displays the disulfide bonds in-between chains, formed by residues 4 and 6, respectively. The
putative copper binding sites, composed of residues C65 and H69, are buried in the dimerization interface, as
previously mentioned and suggested's; in the monomer, they would be exposed to the membrane environment.
Based on the experimentally determined metal-to-protein stoichiometry of ETRI (Fig. 3), two copper ions were
added in subsequent steps in proximity to 8. of C65 and Nj of H69, considering that these residues are relevant
for copper binding (Rodriguez, et al.'%). The C-termini of the dimer are at opposite sides of the dimeric configu-
ration, which would leave enough room for residues connecting the transmembrane domain and the cytoplas-
mic GAF domain. The obtained dimer model is supported by loss-of-function mutations according to which
mainly H1 and H2 are involved in the binding of ethylene'® (for further details see Discussion section). These
mutations form a “layered” spatial arrangement of residues, with relevant ethylene-binding residues close to the
putative copper binding site and residues relevant to signal transmission close to the third helix/cytoplasmic
region. Interestingly, the model shows residues §98 and P110, both of which seem to be essential for the correct
transmission of the ethylene binding signal ‘¢, with the former pointing towards the copper binding site, while the
latter generates a kink in the C-terminal portion of helix 3.

Based on the structural model, positions 26, 27, 29, 33, 39, 54, 55, 58, 64, 68,70, 72, 73, 75, 95, and 98 were
considered non-sclvent/membrane exposed and good candidates for tryptophan scanning experiments; their
mutation to tryptophan is expected to distort the structure as the relative solvent accessibility is reduced in the
model ensemble (see also below).

Experimental validation of the structural model by tryptophan scanning mutagenesis. To
validate the ETR1_TMD/Cu dimer model, tryptophan variants were generated. In the past tryptophan substitu-
tion mutagenesis has been applied as a useful tool to identify the relative arrangement and orientation of trans-
membrane helices in membrane proteins®™. In this approach the large and moderately hydrophobic tryptophan
side-chain is introduced at different positions of a transmembrane helix. Substitutions are tolerated at positions
facing the membrane only, whereas introduction of tryptophan residues at helix-helix interfaces show disruptive
effects on protein function or structure. Making use of this approach, ETR1 tryptophan mutants were generated
based on predictions from the generated structural model of the ETR1_TMD/Cu dimer, and CD spectra of the
variants were measured. From there, the o-helical amount of each mutant was computed. The tryptophan-free
version of the full length ETR1 (ETR1%7) shows an o-helical amount of 33%. Some of the other mutants
show similar values, e.g., F27W (34%), F33W (35%), L64W (32%), and L70W (33%) (see Fig. 5, Supplemental
Information Table 2, and Fig. 4). However, exchange of amino acids at positions 29, 39, 54, 75, and 95 to trypto-
phan show a significant decrease in o-helical amount to 22-27%. A lower amount in this value compared to the
ETR1I™™ was used as an indicator for changes in protein structure due to specific tryptophan insertion.

Molecular dynamics simulations of free ethylene diffusion show preferential occurrence of
ethylene in the proximity of copper in the dimer model. In order to elucidate how ethylene can
bind to the ETR1_TMD/Cu dimer model, molecular dynamics (MD) simulations of 1 pis length with an explicit
membrane environment were performed (SI Fig. 4B). Ten independent replicates each were simulated, either
containing 0.1 M ethylene in the water phase at the beginning of the simulation or not. Experimentally identified
disulfide bridges between the protomers were included in the N-terminal region®. The trajectories show a mod-
erate C, atom RMSD drift with respect to the average structure (distribution maximum between 2 to 4 A in all
but one case (SI Fig. 5)), with all of the simulations reaching an apparent plateau after 500 ns. The copper ion was
included with a 12-6-4 Lennard Jones non- covalent model, which has been shown to yield good coordination
geometries with surrounding amino acids without additional restraints™. The ions remained bound to the sulfur
atom of cysteinate C65 of each chain, interacted also with the non-protonated Ny of H69, and showed infrequent
interactions with D25 (SI Fig. 5). The overall coordination number between the protein and the copper ions fluc-
tuates between 2 and 3, while there are 2 to 1 sites occupied by water molecules, yielding a total of 4 coordination
sites. While the number of coordination sites may be biased by the used non-covalent model*, copper is coordi-
nated in a similar manner in copper chaperones®.

According to the preparation of the simulation system, ethylene starts in the water phase but rapidly enters the
membrane, and from there the ETR1_TMD (see also below), yielding a distribution with the maximum located
in the central plane of the membrane (SI Fig. 5). A 3D histogram shows that ethylene has a higher propensity to
bind within the TMD than the membrane, and it does so in particular regions of the TMD (Fig. 6A); these results
are confirmed by a cluster analysis (Fig. 6B). Ethylene binding and unbinding occurs from the center of the mem-
brane to the accessible binding site(s) in the protein; an example path is shown in 81 Fig. 6B and C. That ethylene
binding to the protein is almost in equilibrium is suggested by rapid and repeated binding/unbinding events (SI
Fig. 6A) and the fact that ethylene binds similarly to both monomers (Fig. 6B), although no symmetry restraints
were imposed during the MD simulations.

Three of the identified ethylene binding sites are at a distance < 5 A to the copper ions, with one being in
between the two ions, while the other two are located in the center of each monomer bundle (Fig. 6). These
putative ethylene binding regions are close to the central plane of the membrane, as are the locations of the
copper ions (S Fig. 5). Residues lining ethylene binding sites close to the copper ions (Fig. 6B) are conserved (SI
Fig. 2). Of these residues, seven have been shown to be essential for ethylene binding to the protein (red labels;
(Fig. 6B)), and §98 has been shown to affect the binding moderately (magenta label; (Fig. 6B))". In turn, of the
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Figure 6. Putative ethylene binding sites identified during MD simulations. The average structure of the
ETR1_TMD dimer over all replicate simulations is shown. {A) 3D propensity representation of the most
probable locations of ethylene binding along all replicate simulations. The boxes highlight the portion close
ta the included copper ions, with a zoom on the blobs at a distance <3 A. (B) Representative configurations
of identified ethylene clusters. ‘Lhe clusters enclosed in the red boxes are at a distance <5 A to the copper ions,
and are shown in detail on the right. The residues labeled in red have been shown to be essential for ethylene
binding, $98 (magenta) has a moderate effect, while T94 (blue) has no effect on binding, but is relevant for
signal transmission. 128 has not been tested. Mutation information from Wang, et al.'®.

residues found to be essential for ethylene binding aside from C65 and [169, which also have been linked with
copper binding, only I35, P36, and [62 were not identified, but are in immediate proximity to the centroids of
the described clusters. Tn some cases, distances belween a copper ion and the cenler of mass of ethylene < 3 A
were observed, which is in the range of the sum of van der Waals radii for carbon and copper and only ~1 A
larger than distances observed in organomelallic complexes®. While this clearly demonstrates a close approach
of ethylene to copper, smaller distances cannot be expected, because the force field approach used here to model
ethylene-copper interactions does not incorporate electron exchange between the binding partners, as expected
from the Dewar-Chatt-Duncanson model of ethylene binding™.

Discussion

In this study, we describe Lhe [irst structural model of the Lransmembrane sensor domain of the plant ethylene
receptor ETR1 at the molecular level. 'Lhe structure reflects the functional dimeric state of the receptor with
the bound copper cofactor, which was previously shown to be essential for ethylene binding and perception.
Experimental analysis of purified ETR1 revealed a metal-to-protein stoichiometry of 1:1 and a dissociation con-
stant (Kp'%, eq. 4) of 1.3 > 107'* M for the monovalent copper cofactor.

Fvidence for the 1:1 stoichiomelry was oblained in (wo ways, using in both cases BCA as reporter and cop-
per(l)-chelating system. First, the ETR1 sensor domain was saturated with the metal ion. Monovalent copper
bound Lo Lhe receplor then was released by denaturation of the protein, recomplexed with BCA, and delermined
spectrophotometrically. The measured copper concentration was then related to the concentration determined
for the purified ETRI_TMD to obtain the melecular metal-te-protein ratio, In a second approach, the stoi-
chiometry was deduced from the ITill coefficient of the binding isotherm obtained by titration of the soluble
BCA ,-Cu(I) chelate to increasing concentrations of the purified ETR1 sensor domain, assuming that the sys-
tem shows strict cooperativity (all-or-nothing binding). Such behavior has been reported previously for vari-
ous protein-ligand systems such as receptor interactions in tyrosine kinase ErbB-3/ErbB-27%, proton trapping in
chloroplast ATPase™, or proton release in violaxanthin deepoxidase®. At first glance, the experimentally derived
stoichiometry of one copper per monomer found in this work is contrary Lo earlier studies, which, based on the
binding of radio-labeled ethylene in the presence of copper, proposed a stoichiometry of one copper per receptor
dimer®. However, later work on this topic® conceded that potentially not all receptors were active and capable of
binding ethylene in this carlier study. Based on this boundary, the authors proposed an alternative model where
each ETR1 receptor contains more than one copper ion per active receplor dimer - each one capable of binding
ethylene?’. The experimentally derived stoichiometry and molecular model of our study (it well to this idea.

‘The femtomolar affinity of copper towards the purified ETR1 sensor domain conforms well to the high metal
affinities of 1.6 to 1.5 % 107" M reported for the metal binding domains of Menkes copper-transporting Pyg-lype
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ATPases - a homolog of plant RAN1% - or the soluble chaperone Atox1%, which may be involved in copper trans-
fer to the receptor at cellular conditions. Moreover, the higher copper affinity of the ETR1 sensor domain and the
thermodynamic gradient to the above-mentioned cellular copper delivery systems may assure copper routing
from the chaperons to the receptor target and thus an efficient net copper flux among these sites. Note, however,
that these values are apparent affinities of purified proteins, which may change for membrane-integrated receptor
dimers or receptor clusters at physiological conditions.

Generating a structural model of the transmembrane domain of ethylene receptors has been hampered so
far by the lack of close homologs with known structure (see Supplementary Information). As an alternative, the
Rosetta protocol for membrane protein modeling has been widely used for ab initio structure prediction!”%.
The accuracy of protein structural models obtained by ab initio techniques is markedly improved by including
co-evolutionary information into the model process®. A notable case was the structural model obtained for the
human zinc transporter hZIP4', which was later shown to be highly similar to a crystalized homolog?’. Using the
same principles as reported there, we resorted to the Rosetta membrane ab initio protocols and coevelutionary
contacts to generate a structural model of the ETR1_TMD. The resulting large ensemble of structural models was
screened with respect to coevolutionary residue-residue contact predictions. About 5% of the initial ensemble
fulfilled the Contact score to values below —2 Z-score, showing an enrichment of models that favor the predicted
contacts compared to the reduction shown for the hZIP4 modeling case'’. The validity of the finally chosen
model is further supported by the fact that measures of structural variability within a cluster of filtered models
(< RMSD?>>!?) as well as between clusters of suitable models (C, atom RMSD between centroid structures) are
small and very similar (~3-4 A). This indicates, first, a precision of the model comparable to structural deviations
observed during molecular dynamics simulations started from crystal structures and, second, that no grossly
different structural models have been generated with a likewise favorable Contact score.

For generating a dimer model from the left-handed helical bundle of three TM helices, we again used
co-evolutionary information as restraints for protein-protein docking in addition to experimental knowledge on
the shieldedness of the copper binding site’, information on the roles of C65 and H69 as copper-interacting and
putatively copper-interacting residues, respectively'®***, and our own data on the copper:ETR1 monomer sto-
ichiometry. The finding that there is one copper(I) per monomer suggests that there is one ethylene binding site
per monomer as well, as the Dewar-Chatt-Duncanson interaction model involves one olefin per copper ion! 1%,
This also implies that the interplay between the monomers is probably necessary to transmit the signal to the
C-terminal part of the receptor, rather than to provide a joint binding interface for ethylene.

The dimer model was validated by mutational analysis, both based on loss-of function mutations previously
described!® and tryptophan scanning mutagenesis performed here at sites identified from the dimer model. As
to the former, residues involved in loss-of-function mutations form a layered arrangement around the copper
binding site, which, first, indicates that in the structural dimer model, functionally relevant residues are in close
proximity and, second, provides a suggestion on the mechanism how the receptor transmits the signal of ethyl-
ene binding to the cytosolic domain. The inner-center layer involves loss-of- function mutations on helices 1 and
2 (H1 and H2) relevant for (assisting in) binding of copper(I) and ethylene, while loss-of function mutations on
H1 and helix 3 (H3) closer to the cytosol are mainly involved in the transmission of the inhibitory signal to the
rest of the protein. This suggests that a possible conformational change triggered by the binding of ethylene to
the receptor is transmitted through H3 as a signal to the rest of the protein, thereby inhibiting it, while H1 and
H2 provide support for the core of the binding site and might constitute the structural foundation against which
the conformational change of H3 occurs. As to tryptophan scanning mutagenesis, tryptophan mutations that
point to the hydrophilic core of the monomer according to our dimer model affected the helical content the most,
as expected’*. In contrast, mutations with a lower effect are either pointing to the membrane environment,
again as expected, or the dimer interface. The latter seems surprising, but the incorporation of bulky residues at
the interface might only affect the dimerization efficiency'® and not the overall &-helical content used here as a
read-out for structural distortions.

We finally used the dimer model in all-atom explicit solvent/membrane MD simulations of free ethylene diffu-
sion to probe ifand how ethylene can access the copper cofactor: The MD simulations are converged with respect
to ethylene binding from the central membrane slab to the ETR1_TMD dimer, as demonstrated by repeated and
frequent binding and unbinding events and an almost symmetrical ethylene propensity within the protein. The
MD simulations revealed one dominant binding site per monomer in the proximity of the copper ion. Notably,
the location of this binding site is also in line with previously reported loss-of function mutations'. The MD
simulations furthermore reveal a prominent binding region between the monomers. However, accumulation of
ethylene there may be due to ahigh concentration of ethylene used in the MD simulations and/or alack of suffi-
ciently high attraction between copper and ethylene. The latter results from missing charge transfer effects in the
clagsical force field representation of intermolecular interactions used here® %, In turn, this fact implicates that
ETRI itself provides sufficient affinity for ethylene, such that ethylene is attracted from the membrane already
before the interaction with copper occurs. In line with this implication, the MD simulations also reveal that
predominant paths of ethylene access and egress run parallel to the membrane and roughly at the center of the
membrane slab (SI Figs 5C and 6).

Due to the only approximate representation of copper-ethylene interactions and the fact that no
small-molecule model compound has been described yet in which cysteinate and histidine mimics, resembling
the sidechains of C65 and H69, chelate Cu(I), we are currently unable to provide detailed insights into the exact
binding geometry of ethylene at the copper jon in ETR1, the related electronic structure, and/or further influ-
ences of neighboring residues®. Providing such insights may also help answering the question how ETR1 man-
ages to avoid unspecific reactions with dioxygen species®”.

Still, the derived information can be used to speculate on the mechanism underlying the inhibition of ETR1
by ethylene. Residues $98 and P110 in H3 have been shown to be relevant to maintain the activity of the receptor,
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as mutations to alanine resulted in a permanently semi-inactivated state's. Our model shows that S98 is close to
the putative ethylene binding site, while P110 generates a kink in the C-terminal region of H3. We now speculate
that S98 is relevant to maintain H3 in a “receptor-on” conformation, which is perturbed due to the binding of
ethylene, causing the inhibition of the receptor. The kink caused by P110, on the other hand, might be structur-
ally required to correctly connect the transmembrane domain of ETRI to the C-terminal part of the protein.
The strain imposed by the lack of a helix breaking residue at this position might be enough to inhibit the whole
receptor. Finally, binding of ethylene to copper might displace one of the coordinating residues and/orlead to a
change in the coordination geometry of these residues. This change would be transmitted to the cytosolic domain.
It has been previously shown that two component systems rely on amplifying the signal to transmit the message
through the protein?”. The binding of one ethylene molecule to each monomer might thus cause an even stronger
signal, making a small coordination effect significant for the whole structure.

In summary, we have identified that ETR1 binds one copper(I) ion per monomer, and based on this informa-
tion and coevolutionary signals, we built a dimeric ab initio model of the transmembrane sensor domain of ETR1
including copper(I). The structural model is supported by alanine and tryptophan scanning mutagenesis studies
and reveals how ethylene accesses the center of each monomer bundle and can bind proximal to the copper(I)
ions. From the model, we propose that ethylene binding perturbs interactions of H3 with the remaining receptor
part, which leads to a signal towards the cytoplasmic domains that switches off the receptor.

Materials and Methods

Abinitio modeling with Rosetta. For modeling the transmembrane sensor domain of ETRI of Arabidopsis
thaliana, residues 1-117 (Uniprot code P49333) were used. The selection was based on the transmembrane
topology prediction obtained by the meta approach CCTOP* and on the secondary structure prediction from
PSIPRED v4* (both shown in SI Fig. 2A). The former was chosen as it averages via a weighted Hidden Markov
Model results of ten state-of-the-art transmembrane topology predictors and has shown a significantly higher
accuracy®®. A search of protein templates was performed, resulting in a maximum sequence identity of 11.3%
(Supplementary Information). As a consequence, the protein was modelled ab initio. For this, the exposure of the
transmembrane portion of each predicted helix towards the membrane environment was evaluated with the LIPS
algorithm®. Based on the secondary structure prediction, 3- and 9-mer fragments were generated by using the
make_fragments.pl script included in Rosetta 3.6. These initial predictions were included into the modelling pro-
cess, which was performed using the RosettaMembrane membrane_abinitio2 protocol (Supplementary Methods),
also included in Rosetta®™ .. The modelling followed the developer recommendations*’, generating 100,000 cen-
troid models (structures without explicit side-chains). To evaluate the orientation of the models in the membrane
with respect to the “MEM” coordinates printed by the score_jd2 protocol, it was assured visually that all models
are oriented along the membrane normal and are embedded in the membrane slab. Contact predictions were
calculated using MetaPSICOV with the default protocol”’, generating an alignment of 447 homologs with an
alignment depth of 3.8, which is in line with previously shown modelling scenarios*>**, As a result, 397 predicted
contacts with a confidence > 0.1 were obtained. The contact predictions were transformed into Rosetta constraint
format between the Cg atoms (C,, if glycine) to score the obtained models, using the following sigmoidal function:

1
Contact score f{c, 1) = | m——]
e =t - 1] o
where ¢ corresponds to the prediction confidence used as a weighting factor and r is the corresponding dis-
tance between Cy atoms in Angstroms. This is the suggested way to score models in the GREMLIN contact
web-server™. The sigmoid was centered at a distance of 8 A, following the contact prediction convention. The
models were scored during the folding process using a weight of 4, and were filtered using a z-score < —2 with
respect to the contact score, similar to what has been used before', reducing the number of structures to 5217. To
identify a representative structure of the ensemble, a clustering step was performed by using Calibur®. Contact
maps for the decoys corresponding to each cluster were calculated and averaged by using a 8 A threshold. The
centroid of the largest identified cluster was used for further analysis and relaxed using the corresponding Rosetta
protocol (Supplementary Methods) with membrane scoring and the RosettaMembrane membrane_highres scor-
ing weights, generating 100 decoys with different side-chain configurations. The per-residue solvent accessibility
of the models in the selected cluster was evaluated using FreeSASA®®, and residues with low average accessibility
were considered for tryptophan mutation analysis. To have a measure of the sampled model space and conver-
gence of the filtered models, the final selected model was compared with the rest by using the template modeling
score (TM score), a measure of structural similarity analogous to RMSD, but less sensitive to local variations,
which is bounded between 0 and 1; values > 0.5 have been shown to reflect similar folds*®.

Dimer model generation. The decoy with the highest ProQM®” and high QMEANbrane®® scores was
selected from the relaxed configurations. Both scores are model quality assessment scores for membrane proteins,
which allow evaluating protein structures without knowing the target structure, and are derived from top-ranked
methods in the CASP12 competition®. To generate a dimer structure, two copies of this decoy were docked
together using HADDOCK®’. Residues of the TM1/TM2 interface were selected to fulfil restraints between mon-
omers. The rationale for selecting this interface was twofold: I) it has been proposed that copper ions bind to
residues C65 and H69 on TM2'? and that residues chelating metal ions are less solvent accessible®’; 11) TM1
and TM2 have more helical surfaces with a low LIPS score and stronger coevolutionary signals between them
considering homodimeric symmetry (SI Fig. 2). Both I) and II) have been shown to be predictive of interactions
between monomers® and, thus, were used to guide the docking with HADDOCK. Additional unambiguous
restraints between residues E15 and K45 were included to promote a near-parallel and membrane-like orientation
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of the monomers. The first 15 unstructured aminoacids were removed to avoid sampling restrictions during
the rigid docking phase, the DMSO model was used for the “water” refinement stage, and a C; symmetry was
enforced throughout the docking process. The generated models were scored with QMEANbrane as before, and
the N-terminal residues were modelled with MODELLER®, including restraints between residues 4 and 6 of
monomers, respectively, to represent experimentally shown disulfide bonds®.

The relative orientation between the transmembrane helices in the dimer was refined by using a replica
exchange molecular dynamics protocol (REMD) in a GBSW® implicit membrane model. The sampling of the
relative orientation of the helices was enforced by imposing restraints on dihedral angles in portions of the protein
with predicted secondary structure. It has been shown previously that refinement of models through molecular
dynamics (MD) simulations is well suited for local structure refinement but can drift the model away from the
real structure if no restraints are used®’. The simulations were performed using charmm 41b2 with the included
CHARMM?22 GBSW parameters and run using the MM'TSB Tool Set® aarex.p! script. For this, 16 exponen-
tially spaced replicas between 300 and 460 K were used, ensuring an exchange probability between 12 and 15%
throughout the simulations. An exchange was tried every picosecond of simulation time, and each replica was run
for 5 ns, making a total of 80 ns. The temperature was maintained with a Langevin thermostat with a friction coef-
ficient of 5ps~.. A membrane thickness of 30 A, a switching length of 2.5 A, and a surface tension coefficient of
0.005 keal mol~* A=? were used. The replica running at 300K was clustered by using the DESCAN clustering algo-
rithm in CPPTRAJ®. The representative structure of the biggest cluster was selected for further MD simulations.

Molecular dynamics simulations of the ETRL_TMD/Cu dimer model in the absence and pres-
ence of ethylene. The refined model was embedded into a DOPC:DOPE 3:1 membrane, resembling the
major components of the plant endoplasmic reticulum membrane®, by using PACKMOL-Memgen®. A Cu* ion
was included per subunit (see below with respect to the stoichiometry) in between residues C65 and H69, and K*
and Cl~ were added as counterions in the solvation box. lons were treated with a 12-6-4 non-bonded model®*. The
GPU particle mesh Ewald implementation from the AMBER18 molecular simulation suite® with the ff14SB™ and
Lipid17 (" and Skjevik et al.””) parameters for the protein and the membrane lipids, respectively, were used; water
molecules were added using the TIP3P model™. Ten independent MD simulations of 1 ps length were performed.
Covalent bonds to hydrogens were constrained with the SHAKE algorithm’ in all simulations, allowing to use a
time step of 2fs. All analyses were performed using CPPTRAJ,

Initially, the total potential energy was minimized by three mixed steepest descent/conjugate gradient min-
imizations with a maximum of 20,000 steps each. First, the initial positions of the protein and membrane were
restrained, followed by a calculation with restraints on the protein atoms only and, finally, a minimization without
restraints. The temperature was maintained by using Langevin dynamics’, with a friction coefficient of 1ps~.
The pressure, when required, was maintained using a semi-isotropic Berendsen barostat™, coupling the mem-
brane (x-y) plane. The equilibration started from the minimized structure, which was heated by gradually increas-
ing the temperature from 10 to 100K for 5 ps under NVT conditions, and from 100 to 300K for 115ps under
NPT conditions at 1 bar. This was continued for 5ns under NPT conditions, after which production runs were
started using the same setup. Ethylene was parametrized with the general Amber force field (GAFF)”’, and RESP
charges”™ were obtained from electrostatic potentials computed at the HF/6-31 G* level of theory with Gaussian
097 and fitting with antechamber®. Ethylene was included at a concentration of 0.1 M in the water volume, and
its diffusion was observed in an unbiased manner®"#2,

Cloning of ETR1 tryptophan mutants and ETR1_TMD. DNA coding tryptophan-free ETR1
(ETR1Y7¥) from plasmid pET16b-ETRI(AW)® was cloned in vector pET15b. The resulting vector carry-
ing ampicillin resistance and an N-terminal Hexahistidine-tag was used for cloning a set of ETRI tryptophan
substitution mutants. Mutants were either cloned by using mega primer built on mutagenesis primer or by
round-the-horn site-directed mutagenesis®™. pET16b_ETR1 TMD was cloned from pET16b-ETR1® which
differs from vector pET15b by an N-terminal Decahistidine-tag by round-the-horn site-directed mutagenesis.
Oligonucleotides used by round-the-horn site-directed mutagenesis were phosphorylated at their 5" ends. A table
with all oligonucleotides used can be found in the supplemental information.

Expression of ETR1 tryptophan mutants and ETR1L_TMD in E. coliC43. Expression of ETR1 pro-
tein constructs was performed in 2YT media (1.6% (w/v) peptone, 1% (w/v) yeast extract, and 0.5% (w/v) NaCl)
containing 100 pg/ml ampicillin for selection. For agar plates 1.5% (w/v) agar was added. Vectors pET15b or
pET16b carrying the DNA sequence for ETRI tryptophan mutants or ETR1_TMD, respectively, were individ-
ually transformed into the expression host E. coli C43 and incubated on agar plates at 37 °C. The main culture
was inoculated with a preculture to an ODyy,=0.1. For ETR1 tryptophan mutant expression, cells were grown
at 30°C and 180 rpm, and expression was induced by adding 0.5 mM IPTG at an ODy, = 0.8. After 5hours,
cells were harvested by centrifugation at 7,000 g and 4 °C for 15 min, flash frozen inliquid nitrogen and stored
at —20°C. For expression of ETR1_TMD, 2% (v/v) ethanol was added to the media, and cells were grown at
30°C and 180 rpm until ODy,= 0.4 was reached. Temperature was reduced to 16 °C, and protein expression was
induced with 0.5 mM IPTG at an ODg;, =0.6. Cells were incubated for 20 h and harvested as described for ETR1
tryptophan mutant expression.

Sequential fractionation and isolation of full-length ETR1 and ETR1_TMD. Cells were resus-
pended in buffer M (PBS, 10% (w/v) glycerol, 0.002% (w/v) PMSF, and 10 ug/uL DNasel) and broken in a
Constants Cell Disruption System (Constant Systems, Daventry, United Kingdom) at 2.4 kbar and 4 °C. The lysate
was centrifuged at 14,000 g and 4°C for 30 min. The supernatant was centrifuged again at 40,000 g and 4 °C for
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30 min. The resulting pellet was resuspended in buffer M and centrifuged at 34,000 g and 4°C for 30 min. Finally,
the pellet was flash frozen in liquid nitrogen and stored at —80°C.

Denatured purification and renaturation of ETRL tryptophan mutants. Membrane fractions of
ETRI tryptophan mutants were resuspended in buffer D (50 mM TRIS/HCI pH 8, 100 mM NaCl and 8 M urea)
and stirred for 2h at 37 °C before centrifugation at 100,000 g and RT for 30 min. The supernatant was loaded to a
buffer D-equilibrated HisTrap FF column operated by an AK TAprime plus (both GE Healthcare Life Sciences) and
purified by immobilized metal-ion affinity chromatography (IMAC) at 4 °C. The column was washed with buffer
D containing 50 mM imidazole, and the protein was eluted with buffer D containing 500 mM imidazole. Protein
fractions were pooled and concentrated to 1.5 ml, refilled to 15 ml with buffer D and again concentrated to a final
concentration of 0.8 mg/ml. For renaturation 100 mM DTT was added to 0.5 ml protein solution (0.8 mg/mL),
mixed with 10 m] buffer R (55 mM TRIS/HC1 pH &, 264 mM NaCl, 11 mM KCl, 0.1% (w/v) DDM, 1.1 mM EDTA,
10mM DT'T, and 0.002% (w/v) PMSF) and centrifuged at 229,600g and 4 °C for 30 min. The protein solution
was concentrated to 500 i, buffer was changed to buffer C (50 mM potassium phosphate pH 7.5 and 0.05% (w/v)
DDM), concentrated to a final concentration of 0.1-0.3 mg/mL for circular dichroism spectroscopy studies.

Solubilization and purification of ETRL_TMD. Membrane fraction of ETRI_TMD was resuspended
in buffer S (50 mM TRIS/HCI pH 8, 200 mM NaCl, 1.2% (w/v) FosCholine-16, and 0.002% (w/v) PMSF), stirred
for 1h at RT, and centrifuged for 30 min at 229,600 rpm and 4 °C. Protein was purified by IMAC. To this end, the
supernatant was loaded to a HisTrap FF column equilibrated in buffer A (50 mM TRIS/HC1 pH 8, 200 mM NaCl,
0,015% (w/v) FosCholine-16, and 0.002% (w/v) PMSF). After washing with 20 column volumes with buffer ATP
(50 mM TRIS/HCI pH 8, 200 mM NaCl, 50 mM KCl, 20 mM MgCl,, 10 mM ATP, and 0.002% (w/v) PMSF), the
column was washed with buffer A containing 50 mM imidazole. ETR1_TMD was eluted from the column with
buffer A containing 250 mM imidazole and fractions containing the purified protein were concentrated to 2.5 mL
Buffer was changed to buffer A and protein was loaded to a Superdex 200 Increase 10/300 GL column previously
equilibrated with buffer A (GE Healthcare Life Sciences) and further purified by size exclusion chromatography.
Protein fractions containing the purified ETR1_TMD dimers were pooled, concentrated to a minimum final
concentration of 200 UM and used for copper binding studies.

Circular dichroism spectroscopy of ETRL tryptophan mutants. CD measurements of ETRI tryp-
tophan mutants were performed using a Jasco-715 spectropolarimeter (Jasco GmbH, Gross-Umstadt, Germany)
and a cylindrical quartz cuvette (Hellma GmbH & Co. KG, Muellheim) with a path length of 1 mm and a vol-
ume of 200pl. All measurements were performed at room temperature in buffer C at a protein concentration of
0.1-0.3mg/ml. Spectra were recorded from 260-195 nm with a step resolution of 1 nm and a bandwidth of 2nm.
The scan speed was set to 50 nm/min, and 10 scans were accumulated. Secondary structure content of purified
proteins was calculated from the spectra by Selcon3 and CONTINLL.

Copper binding studies on purified ETR1_TMD. Protein-related copper stoichiometries were deter-
mined from ETR1_TMD samples saturated with BCA,-Cu(I). First, these were loaded on PD10 mini columns
(GE Healthcare Life Sciences) to remove excess BCA,-Cu(l). Subsequently, protein concentration of the samples
was determined by measuring absorbance at 280 nm in a TECAN plate reader Infinite M200 PRO using a Nano
Quant plate (Tecan, Mannedorf, Schweiz). For determination of protein-related copper stoichiometries, ETR1
TMD was denatured with SDS at a final concentration of 20% (w/v) and heated at 95 °C for 10 min resulting in
the release of copper cofactor bound to the protein. To complex the copper released by the protein, the solution
then was incubated for 10 min with 2 mM BCA. After incubation, absorbance at 562 nm was measured, and cop-
per concentration in the sample was calculated from a standard curve obtained by measuring the absorbance of
different concentrations of BCA,-Cu(l) at 562 nm™. All samples were run in triplicates.

For copper binding studies, ETR1_TMD was serially diluted from 122 pM to 60 nM in a transparent 96 well
plate (Sarstedt/Niimbrecht) at a volume of 25 L for each concentration. Then, an equivalent volume of 25 1l
of a 1:10 dilution of BCA,-Cu(I) reagent (50 mM TRIS/HCI pH 7.5, 200 mM NaCl, 2.5mM BCA, 1 mM CuCl,
and 20 mM ascorbate) was mixed with each of the ETR1_TMD samples. Absorption of the purple BCA,-Cu(l)
complex at 562 nm was measured in a TECAN plate reader Infinite M200 PRO (Tecan, Mannedorf, Schweiz).
Lysozyme - a non-copper(l) binding protein - was used as negative control in these measurements®’. Based on
previous studies recognizing homodimers as the minimum functional unit of the ethylene receptor family*
titration data of the purified TMD with BCA,-Cu(I) was fitted to a binding isotherm reflecting the following

equilibrium:
(ETR1_TMD), + 2(BCA), — Cu — (ETR1_TMD), — Cu(I), + 4 BCA (2)
which consists of the two partial reactions
(BCA), — Cu(l) — Cu(l) + 2 BCA (2a)
and
(ETRI_TMD), + 2 Cu(l) — (ETRI_TMD), — Cu(I), (2b)

The equilibrium constant for eq. 2 then is
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[(ETR1_TMD), — Cu(I),][BCA]*
[(ETRL_TMD),][(BCA), — Cu(I)]*
[(ETR1_TMD),][Cu]*[BCAT*
Kp (erm_rmapy, —cucrs, (ETRLTMD),1[(BCA), — Ca(D)
1
KD(ETRLTMD)Z—Cu(Dﬁz([(BCA)z - Cu([)])z (3)

R =

From eq. 3, the dissociation constant for eq. 2b, K, (BTRI_TMD),— Cu(D), > is calculated from Kj and previous
estimates of the formation constant of BCA,-Cu(l), f, =2*107M 2%,

! = - 21 — = L7210 M
Ky B,([(BCA), — CalD]P 1.5 % 10°M? x 4 x 10%M “)

Kpzrry_map),—cun, =

This value corresponds to a dissociation constant Kpjerar_mam), — cun, of 1.3 107" M per copper
equivalent.
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1 Supplementary Methods

a) membrane abinitio2:

The ab initio folding was performed in batches of 100 structures across multiple computers
using the following flags (bold text represents options/paths that have to be replaced
appropriately):

-in:file:fasta FASTA_FILE
-seed_offset RANDOM_NUMBER
-in:file:spanfile SPAN_FILE
-in:file:1lipofile LIPS4_FILE
-in:file:frag3 3MERS_FILE
-in:file:frag9 9MERS_FILE
-in:path:database DATABASE_PATH
-abinitio:membrane
-score:find_neighbors_3dgrid
-membrane:no_interpolate_Mpair
-membrane:Menv_penalties
-out:file:silent SILENT_FILE
-out:sf SCORE_FILE

-out:instruct 100
-out:file:silent_struct_type binary

-mute all

-constraints
-cst_file CONSTRAINT_FILE
-cst_weight 4
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relax:
The selected centroid model was relaxed to incorporate side chains using the

following flags:

-in:file:s PDB_FILE
-in:file:spanfile SPAN_FILE
-in:file:1ipofile LIPS4_FILE
-in:path:database DATABASE_PATH
-relax:thorough
-out:file:silent_struct_type binary
-membrane

-membrane:Membed_init
-score:weights membrane_highres.wts
-nstruct 100

-out:file:silent SILENT_FILE

score jd2:
The predicted membrane orientation was obtained by rescoring with the following

flags:

-in:file:silent SILENT_FILE
-in:file:spanfile SPAN_FILE
-in:file:1ipofile LIPS4_FILE
-in:path:database DATABASE_PATH

-score:weights score_membrane
-score:find_neighbors_3dgrid
-membrane:no_interpolate_Mpair

-membrane:Menv_penalties
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2 Supplementary Results

ETR1 transmembrane domain homolog search. The homolog search for the
transmembrane domain of ETR1 was performed using the same N-terminal 117 residues as for
ab initio modeling. For this, the threading module of TopModel was used !. The top three
identified homologues were (sequence identity and protein in parenthesis) 2C12 A (11.3%,
nitroalkane oxidase), 1EGD_A (9.7%, acyl-CoA dehydrogenase) and 1RX0 A (7.3%,
isobutyryl-CoA dehydrogenase). none of which corresponds to transmembrane proteins. Even
when a transmembrane protein could be modeled based on the hydrophobic core of a soluble
protein, the additional low sequence identity” and the lack of homology urged us to sample the

fold space by ab initio modelling.

MetaPSICOV and Rosetta constraint files. Files containing both constraints are

accessible as separate files at https://uni-duesseldorf.sciebo.de/s/i0s61IK1Zmw8vSEf.

PDB file of the ETR1 TMD/Cu dimer. Coordinates of the dimer model depicted in
Figure 4  are  accessible as a  separate PDB  file at  httpsy/uni-
duesseldorf.sciebo.de/s/i0s6]KIZmw8vSEL.
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3 Supplementary Figures

A B C D
M kDa M kDa M kDa M kDa
= 170
— | | 170
a_m’so b — 150
70 ’ 70 = | 70
® i ; B B 55 ! | 55
[ 55 - 0 40 B 40
~ 140 ! 40 - 35
35 35 | 35 T - [e
_— - 25 -_—
| 25 B 05 -
- B 15
o 15
- 1° - s

SI Figure 1. Expression and purification of ETR1 tryptophan mutants and
ETR1_TMD. E cofi C43 (DE3) was transformed with a pET16b vector carrying the DNA
sequence of ETR1 tryptophan mutants and ETR1_TMD, respectively. ETR1 tryptophan
mutants (A) were expressed for 5 hat 30 °C and ETR1 TMD (C) was expressed for 20 h at 16
°C. For both expressions host cell extract was analyzed by western blotting. For protein
detection an Anti-His antibody targeting the proteins deca-histidine tag was used. For
purification from the bacterial host, ETR1 tryptophan mutants (B) were purified by IMAC and
ETR1 TMD (D) was purified by IMAC and SEC. Analysis was performed by coomassie
stained SDS-PAGE.
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SI Figure 2. Analysis of modeled ETR1_TMD structure. A) Weblogo *, PSIPRED
secondary structure, and CCTOP transmembrane topology predictions for the modeled
structure. C = coil; H = helix; O = extra-cytosolic region, M = transmembrane region; [ =
cytosolic region. B) Schematic representation of the LIPS score of the surfaces of the predicted
helical transmembrane helices H1, H2 and H3. A higher LIPS score implies a higher propensity
to be exposed to the membrane envircnment. The helical wheel representations were modified

from NetWheels®.
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Residue number

Residue number

SI Figure 3. Coevolutionary signals on transmembrane helix surlaces with high LIPS
score and at a sequence distance of 8 or less residues (vellow). These signals have been
proposed as being indicative of dimerization interface. The signals are shown with a radius 30
times bigger than those shown in Figure 2 in the main text. The contact map of the selected

monomer model is shown for reference (blue).
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B ,i_j (! "‘“L' “ .5,

SI Figure 4. ETR1 membrane orientation. A) Selected monomer model, colored blue to
red from the N-terminal to the C-terminal region, shown from two different orientations. The
membrane orientation (“"MEM” residue) obtained from Rosetta 1s superimposed in magenta
spheres, where the central sphere represents the center of the membrane, and the external
spheres represent the predicted upper and lower water-membrane interfaces. B) Representative
snapshot of the dimer model in the molecular dynamics setup. All atoms in front of the protein
were removed to allow a direct view onto the protein. The protein is shown in yellow, chloride
ions in green, potassium ions in purple, and water as a transparent cyan surface. Ethylene and
the aliphatic tails of the lipids are shown in black and grev, respectively. Hydrogens of the latter

were omitted for clarity.
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SI Figure 5. Analysis of MD simulations. A) & B) C, RMSD for the simulated systems
without (A) or with (B) ethylene with respect to the average structure. Residues 15-117 of both
chains were considered for the calculation. Different colors represent different trajectories. On
the right, normalized distributions of the time plots are shown. C) Decomposed density profile
along the membrane axis. The plot shows the proportion of every component at a given distance
of the membrane center. The dashed line shows the density for ethylene, with a peak at the
center ot the membrane slab. The ethylene molecules were added to the water bulk at the start
and initially diffuse into the membrane during the simulations, from which they bind to the
embedded dimer model of the ETR1 TMD. D) Histograms of distances between chelating
atoms of C65, H69, or D25 and the Cu” ion of the corresponding chain. Interactions with C63
prevail along the whole trajectory.
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ETR1 N-terminal
FASTA Sequence 117 residues

(SIFig.2)| LIPS CCTop | PSIPRED

Jv MetaPSICOV
Rosetta
make_fragments.pl 447 homolog
sequences
Y /
Clustering Rosetta
(Fig. 2, top row) membrane_abinitio2

100,000 monomer
| models (Fig. 1, top row)

Coevolution based
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5,217 monomer | Cu* stoichiometry |(Fig. 3)
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Dimer docking and
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( (Fig. 4) )

I Trp mutants |
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SI Figure 7. Summary of the modelling (black boxes) and experimental validation (blue
boxes) process followed in this study. The main modelling tasks are depicted as a tlowchart,
with references to corresponding figures in the article. For details, refer to the main text.
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4 Supplementary Tables

SI Table 1. Oligonucleotides used for cloning of ETR1 tryptophan mutants.
Oligonucleotides were used for cloning of tryptophan mutants building megaprimer or by
round-the-horn site-directed mutagenesis. Oligonucleotides used for round-the-horn site-

directed mutagenesis were 5 prime phosphorylated.

ETRI1 tryptophan mutant direction Oligonucleotide
ETR1Y™* F26W for 5°-GTAATTCATATGGAAGTCIGCAATTG-3"

rev 5°-AATCGCAATGAACCAATCGGAGATGTA-3¢
ETRIV* F27W for 5°-GTAATTCATATGGAAGTCTGCAATTG-3*

rev 5°-CGCAATCGCAATCCAGAAATCGGAGAT-3¢
ETRIY™* A20W for 5-ATTGCGTATTTTTCGATTCCTCTTGAGTTG-3¢

rev 5°-CCAAATGAAGAAATCGGAGATGTATTGGTA-3¢
ETR1Y™ F33W for 5°-GTAATTCATATGGAAGTCTGCAATTG-3"

rev 5°-AAGAGGAATCGACCAATACGCAATCGC-3°
ETRIY™* 1.39W for 5-GATTTACTTTGTGAAGAAATCAGCCGTGTT-3¢

rev 5-CACTCAAGAGGAATCGAAAAATACGCAATC-3¢
ETRI1V™ V54W for 5°-CTTGTTCAGTTIGGTGCTTITATCGTTCTT-3¢

rev 5°-CCAAAATCTATACGGAAACACGGCTGATTT-3¢
ETR1V® L35W for 5-GTAATTCATATGGAAGTCTGCAATTG-3*

rev 5°-ACCAAACTGAACCCATACAAATCTATA-3¢
ETR1Y* F58W for 5-GTAATTCATATGGAAGTCTGCAATTG-3*

rev 5°-GATAAAAGCACCCCACTGAACAAGTAC-3¢
ETR1Y* Le4W for 5°-GTAATTCATATGGAAGTCTGCAATTG-3"

rev 5°-AGTTGCTCCACACCAAACGATAAAAGC-3¢
ETR1Y* Te8W for 5-TGGCATCTTATTAACTTATTTACTTTCACT-3*

rev 5-TGCTCCACAAAGAACGATAAAAGC-3¢
ETR1Y* L70W for 5°-GTAATTCATATGGAAGTCIGCAATTG-3"

rev 5-AAATAAGTTAATCCAATGAGTTGCTCC-3¢
ETR1V* N72W for 5-TGGTTATTTACTTTCACTACGCATTCGA-3*

rev 5°-AATAAGATGAGTTGCTCCACAAAGAACG-3¢
ETRIY™* 1.73W for 5-GTAATTCATATGGAAGTCTGCAATTG-3*

rev 5°-AGTGAAAGTAAACCAGTTAATAAGATG-3¢
ETR1V™ T75W for S-ATTAACTTATTTTGGTTCACTACGCATTCG-3¢

rev 5°-AAGATGAGTTGCTCCACAAAGAACG-3¢
ETRIY™* A95W for 5-GTTGTCTCGTGTGCTACTGCGTTGAT-3¢

rev 5‘-CCAGGTTAACACCTTCGCGGTAGTC-3¢
ETR1V* S98W for 5°-GCIGTTGTCIGGTGTGCTACTGC-3¢

rev 5°-GGTTAACACCTTCGCGGTAGTCAT-3*
ETR1 TMD for 5°-TAAGGATCCGGCTGCTAACA-3*

rev 5-TAAAGTGCTTCTAATCTCATGAGTC-3¢

12
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SI Table 2. Amounts of secondary structure in ETR1 tryptophan mutants determined
by CD spectroscopy. The composition of structural elements in all constructed ETR1

tryptophan mutants were investigated by CD spectroscopy.

ETR1 a-helices B- p-turn Random
tryptophan mutant | [%] strands [ %] [%o] coil [%]
ETRIWX 33 18 21 28
ETR1W™X F26W 35 17 19 29
ETRIW™X F27W 34 18 20 28
ETRIW® A20W 25 25 22 28
ETR1IW™X F33W 35 18 19 28
ETRIV™® 139W 27 23 22 28
ETRIWE V54w 22 27 23 28
ETRIWX L55W 35 17 20 28
ETRIW® F38W 36 18 19 27
ETRIWX L64W 32 19 21 28
ETRIW™ T68W 30 20 23 27
ETRIWX L70W 33 18 21 28
ETRIWX N72W 31 19 21 29
ETRIW® 173W 35 17 20 28
ETR1IW™X T75W 27 21 23 29
ETRIV™X A95W 26 24 23 27
ETRIW™ S98W 29 20 22 29

13
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Abstract

Cells are steadily adapting their membrane glycerophospholipid (GPL) composition to
changing environmental and developmental conditions. Although the mechanism to maintain
membrane homeostasis via GPL biosynthesis is known, the mechanism underlying the
controlled degradation of endogenous GPLs is unknown. Here, we show that the cytoplasmic
membrane-bound phospholipase Al from Pseudomonas aeruginosa (PlaF) alters the
membrane GPL composition, which leads to attenuated virulence of this human pathogen.
We present a 2.0-A-resolution crystal structure of a homodimer of PlaF, the first structure of
a single-span transmembrane protein in full-length. The structure reveals homodimerization
viog the transmembrane and juxtamembrane regions and an intricate ligand-mediated
interaction network that bridges the catalytic and dimerization sites. We used the structure
to rationalize how PlaF activity is regulated by product-feedback inhibition and a dimer-to-
monomer transition followed by tilting of the monomer in the membrane. These data provide
a framework for understanding PLA-mediated membrane GPL degradation and pave the way

for the development of novel therapeutics against P. geruginosa infections.

Keywords: Pseudomonoas aeruginosa, crystal structure, dimer, juxtamembrane region,

transmembrane helix, fatty acid, virulence factor
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Biological membranes are steadily changing and adapting to environmental and
developmental conditions.!2 These changes affect processes indispensable for cell life such as
nutrient uptake,® chemical signaling,® protein secretion,® and folding,® interaction with hosts,’
antibiotic resistance®. An important mechanism to maintain membrane functionality in
bacteria is the alteration of lipid composition.>™! One of the best understood and probably
the most important mechanism of membrane lipid homeostasis is the adjustment of the FA
composition in glycerophospholipids (GPL) upon thermal adaptation.'>'® Furthermore,
bacteria maintain membrane functionality under stress conditions by chemical modifications
of FAs in GPLs'1> and during the transition to stationary growth phase or biofilm lifestyle by
tuning the proportions of lipid classes and polar head groups in GPLs,'%17 although the latter
is poorly understood.

Alteration of membrane lipid composition is also thought to affect virulence properties of the
human pathogen Pseudomonas aeruginosa,™ 1718 which is listed as a critical pathogen due to
difficult-to-treat infections.' The extraordinary pathogenicity of P. geruginosa is associated
with the production of a broad spectrum of cell-associated and secreted virulence factors.?0-1
Among them are several phospholipases,??2* belonging to the diverse group of enzymes that
cleave ester (phospholipases Al and A2) or phosphoester (phospholipases C and D) bonds in
GPLs.?* Their hydrolytic activity toward GPLs is commonly related to host tissue destruction
by cell lysis® or to immunomodulatory effects in hosts achieved through the release of
bioactive compounds.?” These modes of action require that phospholipases are secreted into
the medium or directly into the host cells.?*?’ On the other hand, some bacterial
phospholipases support bacterial survival and adaptation without harming the host.282°
Whether and how bacteria utilize intracellular phospholipases A to maintain their membrane
homeostasis is not known. We previously identified several lipolytic enzymes of P. aeruginosa
with putative roles for virulence %32 Here, we describe PlaF as a novel phospholipase Al from
P. ageruginosa, which is anchored vig a single N-terminal TM helix to the cytoplasmic
membrane where it degrades endogenous GPLs.

Notably, all hitherto known cytoplasmic membrane-spanning protein domains adopt a-helical
structures;®? these structures govern vital biological processes in bacteria and eukaryotes
through dimerization.?”?8 Prominent examples are proteins of the receptor tyrosine kinase
family proteins that contain a single-pass TM a-helix followed by a JM region that links the TM

with a soluble kinase domain and dimerize via the TM o-helices to maintain the kinase in a
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catalytically active state.3* Another example is the ToxR-family of transcriptional regulators,
widespread among bacterial pathogens, where a single-pass TM a-helix is linked to a
periplasmic sensory domain and a cytoplasmic JM region followed by a DNA binding domain®?;
homodimerization via the TM a-helix and the JM region is required to achieve the DNA
binding-competent state.?® However, while the role TM helix-mediated dimerization for the
functional regulation of single-span membrane proteins is undisputed, the exact structural
mechanism has remained enigmatic due to the lack of a high-resolution structure of a
homodimer of a full-length single-span membrane protein.

Here, we thus set out to resolve the X-ray crystal structure of the homodimer of PlaF as a basis
to provide mechanistic insights into phospholipase A-mediated membrane phospholipid

degradation related to the bacterial virulence.

Results

PlaF is a cytoplasmic membrane-bound phospholipase A that alters membrane
glycerophospholipid composition. In our previous studies, we purified PlaF from the
membrane fractions of E. cofi and P. aeruginosa overexpressing plaF.?”-3 Here, we show that
native PlaF co-localizes with the known membrane protein XepQ to the membranes of the P.
geruginosa strain carrying the p-plaF plasmid, while it was absent in the soluble fraction
containing cytoplasmic and periplasmic proteins (Fig. 1a). We next investigated if PlaF is an
integral or peripheral membrane protein by treating the P. aeruginosa p-plaF membranes with
Na:C0s and urea, which destabilize weak interactions between peripheral proteins and the
membrane. Under these conditions, PlaF remained membrane-associated, indicating its
integral membrane localization (Fig. 1b). Consistent with our previous study,?” PlaF was
released from membranes after treatment with Triton X-100 (Fig. 1b). Cytoplasmic and outer
membranes of P. aeruginosa p-plaF were separated by ultracentrifugation in a sucrose density
gradient, which was confirmed by immunodetection of the cytoplasmic membrane protein
SecG* and the outer membrane-associated lipid A%, The majority of PlaF esterase activity
was detected in the low-sucrose fractions (# 9-13) where SecG was detected (Fig. 1c), whereas
Lipid A was detected in the high-sucrose fractions that showed negligible esterase activity (Fig.
1c), indicating that PlaF is a cytoplasmic integral membrane protein. The sequence analysis of
PlaF indicated the presence of a transmembrane domain at the N-terminus.?” We performed

proteolysis experiments in which P. aeruginosa p-ploF cells with a chemically permeabilized

4
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outer membrane were treated with trypsin. The results revealed a time-dependent
degradation of PlaF {Fig. 1d} supporting a cellular localization model in which PlaF is anchored
in the cytoplasmic membrane of P. aeruginosa with its N-terminal transmembrane helix, while

its catalytic C-terminal domain protrudes into the periplasm.
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Fig. 1: Subcellular localization of PlaF. a) PlaF is a membrane protein of P. aeruginosa. The membrane
(M) and soluble fractions (SF) of cell extracts from P. aeruginosa p-plaF and the empty vector control
strain (EV) were separated, analyzed by immunodetection with anti-Hiss-tag antibodies and by
esterase activity assay with p-NPCs substrate. The membrane protein marker P. aeruginosa XcpQ was
detected with anti-XcpQ antibodies. b) PlaF is an integral membrane protein of P. aeruginosa. The
crude membranes of P. aeruginosa p-plaF were treated with sodium carbonate (Na,COs), urea, Triton
X-100, or MES buffer control followed by ultracentrifugation (S, supernatant; M, membrane proteins).
PlaF was detected as in panel a. ) PlaF is a cytoplasmic-membrane protein of P. aeruginosa. The
membrane fractions of P. aeruginosa p-plaF and the EV strains were isolated and separated by
ultracentrifugation in a sucrose density gradient. The esterase activity was assayed as in panel a. P.
aeruginosa SecG and outer membrane lipid A were used as markers for cytoplasmic and outer
membranes and detected by Western blotting using anti-SecG and anti-Lipid A antibodies,
respectively. Inlet: A model of PlaF cellular localization. All values are mean + standard deviation (S.D.)
of three independent experiments measured in triplicates. d) The catalytic domain of PlaF is exposed

to the periplasm. P. geruginosa p-plaF cells with permeabilized outer membrane were treated with

trypsin for the indicated time periods and PlaF was detected as described in figure 1a.

We next analyzed the hydrolytic function of PlaF against a spectrum of artificial and natural

GPLs. PlaF purified with DDM as described previously®” showed PLA1 activity yet no PLA2

5
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activity towards the artificial substrates specific to each of these two phospholipase families
(Fig. 2a). The substrate profile of PlaF against natural di-acyl GPLs commonly occurring in P.
geruginosa membranes'” was determined with a spectrum of substrates (see legend to Fig.
2b). Purified PlaF in vitro hydrolyzed GPLs containing medium-chain FAs with ethanclamine,
glycerol and choline head groups to a similar extent (Fig. 2b).

To address the role of membrane-bound PlaF in the regulation of the membrane GPL content
in vivo, we constructed by homologous recombination the P. geruginosa deletion mutant
AplaF which is missing the entire p/oF gene (Figs. S1a-c). The PLA1 activity assay showed 60 %
loss of activity indicating that PlaF is a major but not the only PLAL in P. geruginosa {Fig. Slc).
The Q-TOF-MS/MS analysis of total GPL content isclated from four biological replicates (n = 4)
of P. aeruginosa wild-type and AplaF revealed significant differences in membrane GPL
composition (Fig. 2¢, Table S1). Statistical analysis of 334 GPL molecular species identified 16
significantly accumulated phospholipids {p < 0.05) in P. aeruginosa AplaF. These GPLs are
candidates for native substrates (Table S2). The most significantly accumulated GPLs were
monounsaturated  phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and
phosphatidylcholine (PC) species with two FA containing 35 carbon atoms. We also identified
19 GPLs significantly depleted in P. geruginosa AplaF, in line with the finding that the total GPL
contents of the wild-type and the mutant strain were not significantly (p = 0.91) different
(Table $3). These results suggest that P. geruginosa AplaF responds to unbalanced membrane
GPL content by a yet unidentified pathway to maintain the net GPL content at physiological
levels. Taken together, quantitative lipidomics revealed that significantly accumulated GPLs in
the AplaF strain account for > 12 % of the total GPL content (Table S3), indicating the profound

function of PlaF in membrane GPL homeostasis.

o
=
o
-

1000 8 100

\.
o
3

[AAFU/min]
@
8
[nmolee,/(h x mg)]
IS

©
Phospholipase A activity ~
S
%
2

PE 37:1
PE 38:2
PE 35.0
PG 36:2
PE 38:8
PG 38:2
PG 38:3

Phospholipase A activity
PC 35:1

[trmol/mg]
a
3
.« PG 35:1
PE 36:2

.

ER=I-1
_—
_—
|l

i Tl

PLA1-PE PLA2-PC PLA2-PE C12‘014‘016‘C18‘C12‘C14‘C16‘C18‘C12‘C14‘C16‘018‘
uPlaF oPositiv control PE ‘ PG ‘ PC ‘

o
o

Phospholipid amount (AplaF - WT)
m

R E e E L
Phospholipid
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lanuginosus and PLA2 of Najo mocambique. Results are means 1 S.D. of three independent
measurements performed with at least three samples. b) PlaF releases FAs from naturally occurring
bacterial GPLs. PLA activity of PlaF was measured by quantification of released FAs after incubation of
PE, PG and PC substrates containing FAs with different chain lengths (C12-C18). ¢) GPL composition of
P. aeruginosa wild-type and AplaF membrane differs. Crude lipids extracted from P. aeruginosa wild-
type and AplaF membranes were quantified by Q-TOF-MS/MS. For quantification, an internal standard
mixture of GPLs was used. The GPL amount (nmol) was normalized to mg of crude lipids (Table S4). FA
composition of GPL is depicted as XX:Y, where XX defines the number of carbon atoms and Y defines

the number of double bonds in FAs bound to GPL. Results are mean = S.D. of four biological replicates.

PlaF is a virulence factor of P. aeruginosa affecting swimming motility and biofilm formation.
Bacterial membranes and GPLs regulate virulence.?” Therefore, we addressed the question of
whether PlaF contributes to the virulence of P. aeruginosa. In a comparative study using a D.
melanogaster infection model, a remarkable difference in the survival of flies infected with P.
aeruginosa wild-type or AplaF was observed. While AploF was almost avirulent during 30 h of
infection, the majority of the flies (~80 %) infected with the wild-type did not survive (Fig. 3a).
These results suggest that PlaF is a novel virulence factor of P. aeruginosa. Comparison of
growth of P. aeruginosa wild-type and AplaFin rich medium (Fig. S2a) did not reveal significant
differences indicating that PlaF most likely does not contribute to virulence by affecting the
primary metabolism of P. aeruginosa. As PlaF is anchored to the cytoplasmic membrane and
is not in direct contact with the host cell, PlaF-mediated virulence is likely different from host
membrane disruption mechanisms commonly observed for bacterial PLAs.?2 The analysis of
typical virulence-associated phenotypes revealed significantly impaired flagella-mediated
swimming motility of P. geruginosa ApiaF compared to the wild-type strain (Fig. 3b), but no
effects on swarming and twitching motilities (Figs. S2b-¢). Quantification of the bacterial
adherence to a plastic surface showed 40-60 % less biofilm production by P. aeruginosa AplaF
compared to the wild-type (n = 4, p <0.05) after 16 and 24 h of growth (Fig. 3c). To conclude,
the results indicate that PlaF substantially contributes to the virulence properties of P.
geruginosa in the early phase of biofilm development, including the irreversible attachment

of cells to a surface.*!
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Fig. 3: PlaF is a novel virulence factor of P. aeruginosa PAOL. a} P. aeruginosa AplaF strain is less
virulent than the respective wild-type strain in a D. melanogaster virulence assay. The results are
mean + S.D. of at least three experiments with 20 flies, ** p < 0.01. b) The P. aeruginosa AplaF mutant
strain is impaired in swimming motility. The growth of the strains on the LB agar swimming plate was
guantified using Imagel and expressed as swimming area, *** p < 0.00005, n = 10. c) P. aeruginosa
AplaF produces a reduced amount of biofilm as compared to the wild-type strain. Cultures were
grown in a microtiter plate and attached biofilm was guantified with the crystal violet. The results are

mean + S.D. of three biological replicates each measured four times.

Crystal structure analysis demonstrates that PlaF forms dimers. To reveal the molecular
mechanism of PlaF-mediated virulence through hydrolysis of membrane GPLs, PlaF was
purified from P. ageruginosa p-plaF membranes after solubilization in OG, crystallized as
described previously,3® the structure was determined and refined at a resolution of up to 2.0
A (Table 1). The final atomic model in the asymmetric unit consists of two protein molecules
(PlaFa and PlaFg), which are related by improper 2-fold non-crystallographic symmetry (Fig.
4a). Each monomer is composed of residues 1-310 and the ligands {myristic acid (MYR), OG
and isopropyl alcohol (IPA) in PlaFs; undecyclic acid (11A), OG and IPA in PlaFg) non-covalently
bound in the active site cavity (Fig. 4a, Table S5). The N-terminal 38 amino acids comprise the
putative transmembrane helix (aTM1, residues 5= 27, all of which are hydrophobic) and the
juxtamembrane helix (0dM1, residues 28 - 38). No ordered water molecules were found in the
vicinity of aTM1 (Fig. 4b), which is bent at residue Y20 flanked at both sides by charged and
polar residues. aJM1 extends aTM1, giving the TM-JM domain an appearance of a long kinked
helix, and connects the membrane and the catalytic domain (Fig. 4a). No relevant match to
the TM-JM domain was found using the Dali server (Fig. S3, Tables $6-8). Dimerization is
mediated primarily via hydrophobic interactions of symmetry-nonrelated residues comprising

the TM-JM domains of two monomers (Fig. 4c, Table 59). The TM-JM helices adopt a unigue
8
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coiled-coil-like conformation (Fig. 4d), where the aTM1 crosses its counterpart at about V14
to form an elongated X-shaped dimer interface with a large contact area of 656 A? per
monomer as determined by PISA.#? Superposition of PlaFa and PlaFes shows mainly differences
in kinked conformations of TM-JM helix (Fig. S4a), likely caused by crystal packing effects
where interactions of TM-JM helices from two PlaF dimers (di-PlaF) interact to form a four-
helix bundle (Fig. S4b).

The catalytic domain of PlaF adopts a typical o/B-hydrolase fold,*® consisting of the canonical
eight-stranded B-sheet surrounded by eight a-helices (Fig. 4a). Three of these a-helices form
a distinct lid-like domain, which covers the active site (Fig. 4a). Despite high homology of the
catalytic PlaF domain with other lipolytic enzymes, the lid-like domain varies significantly
among PlaF homologs (Fig. S5), as abserved for other lipolytic enzymes previously.*® The lid-
like domain shows a less ordered structure compared to the catalytic domain, as suggested
from the analysis of anisotropic B factors (Fig. S6a) using the translation-libration-screw-
rotation (TLS) model (Fig. S6b). This is likely a consequence of the absence of stabilizing
interactions of the charged residue-rich lid-like domain with the hydrophilic head groups of
membrane phospholipids. The TLS model also revealed a less ordered structure of the TM-JM
domains presumably caused due to the missing interactions with the hydrophobic membrane
core (Fig. S6b).

The active site of PlaF comprises the typical serine-hydrolase catalytic triad with S137, D258
and H286 interacting through H-bonds* (Table S10). In both PlaF molecules, 5137 shows two
side-chain conformations, where one conformer is within hydrogen bond distance with the
MYR and IPA in PlaFa and PlaFe, respectively (Fig. 4e, Tables S5 and S10), as is expected for PLA
cleavage products. The presence of FA in the active sites of both monomers in the PlaF
structure was unexpected, as they were not added exogenously during crystallization. These
FAs are the natural products co-purified with PlaF from the homologous organism P.
aeruginosa as confirmed by GC-MS analysis of organic solvent extracts of purified PlaF (Fig.
S7). Furthermore, binding of these FAs is in line with the demonstrated specificity of PlaF for
short and medium-chain FA esters.®® Additionally, 5137 forms H-bonds with residues 1160,
D161 and A163 located in the loop of the lid-like domain. Superposition of PlaF and the crystal
structures of lipases from P. aeruginosa (PAL)* and B. cepacia (BCL)*’, both with
triacylglycerol substrate analogs covalently bound to the active site, reveals a conserved o/p-

hydrolase domain, catalytic triad and oxyanion hole, which is formed by F71 and M138 in PlaF
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(Fig. S8). Two water malecules at H-bond distances to the backbone nitrogen atoms of F71
and M138 and the side-chain oxygen atom of 5137 are likely involved in the catalytic cycle
(Fig. 4e, Table S10).

The active site cleft in PlaF is formed by residues from the helix aJM1, the o/B-hydrolase and
the lid-like domains (Fig. 4e, Table S11). In contrast to the structures of other lipolytic
enzymes, the cleft in PlaF has a T-shape and three openings. The pyranose ring of the 0G
molecule is located on the opening, between two monomers, made by aJM1 and the loop
preceding oF of the lid-like domain (Fig. 4d). A second opening lined with residues from the
loops preceding oF and oF is located on the opposite end of the cleft, close to the catalytic
$137. In the middle of the T-shaped cleft, likely pointing towards the membrane is a third
opening lined mostly with polar residues of the loops preceding aB and aF. The amphiphilic
and large T-shaped active site cleft is compatible with binding amphiphilic, bulky GPL
substrates. The alkyl chains of OG and MYR bound in the active site cleft are stabilized via
hydrophaobic interactions (Fig. 4e). The pyranose ring of OG interacts, among others, with the
residue V33 of PlaF,, which, in turn, is involved in dimerization through interactions with V33
and T32 of PlaFeg (Fig. 4e). The H-bond interaction of the catalytic S137 with the carboxyl group
of MYR completes an intricate ligand-mediated interaction network that bridges the catalytic
(5137) and dimerization (V33) sites in PlaF (Fig. 4e). In summary, the crystal structure
suggested a role of dimerization and FAs for the regulation of the PlaF function, which was

subsequently analyzed biochemically.
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Fig. 4: Overall structure of dimeric PlaF with bound endogenous FA ligands. a) A unique N-terminal
helix comprising a putative transmembrane helix (¢TM1, grey) flanked by charged residues (K2, R3) on
one side (R3 side chain is not completely resolved) and, on the another side, the juxtamembrane helix
{cUM1, yellow) which links the aTM1 with the periplasmic catalytic domain which consists of an a/B-
hydrolase {colcred as follows: blue, a-helices; green, B-strands and grey, loops) and a lid-like domain
{brown). Ligands bound in the active site cleft of PlaF are represented as ball-and-sticks and colored as
follows: oxygen in red; carbon of OG, MYR and IPA in green, orange and blue, respectively. Thick grey
lines roughly depict the membrane. b) A model for PlaF orientation in the membrane as suggested
from the distribution of charged/polar (K2, R3, 529, R31, T32, E34) and hydrophobic residues and the
water molecules (green spheres). The transparent surface of PlaF was colored as in Fig. 4a. PlaF is
rotated by 1809 along the normal to the membrane. c) The interaction interface between two PlaF
malecules involving TM-JM helices is predominantly hydrophabic with four weak H-bonds (indicated
by a red asterisk) were detected maostly in the JM helix (S29) and close tec it (T25). The only interaction
with residues outside of the JM-TM helix involves Rgs from aA. Residues of the PlaFg molecule are
indicated in italics. A detailed list of interactions is provided in table $9. d} Enlarged section of PlaF

viewed from the periplasmic side indicating the coiled-coil organization of the TM-JM helix and 0OG

1
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ligands placed between IM and the loop preceding aF in both PlaF monomers. Elements of the PlaFs
molecule are indicated in italics. e) Interaction network within T-shaped ligand-binding cleft of PlaFa.
MYR is linked via H-bond with the catalytic S137 and vig hydrophobic interactions with OG. The sugar
moiety of OG from PlaFa forms H-bonds with V33 of PlaFa which is interacting with V33 and G36 of
PlaFg. The part of the cleft in direction of the opening 2 is occupied by several water molecules (W,
yellow spheres). The cleft accommodates one IPA molecule bound to the water. Arrows indicate the
openings one and two not visible in this orientation. The cleft was calculated using the Pymol software

(http://www.pymol.org) and colored by elements: carbon, gray; oxygen, red; nitrogen, blue.

The monomer-dimer ratio of PlaF affects enzyme activity. Purified PlaF elutes as a monomer
during size exclusion chromatography (Fig. $9). Yet, the crystal structure and the PISA
analysis® performed on it reveal a dimer. To investigate the oligomeric state of PlaF in vivo,
we performed cross-linking experiments using the bi-functional cross-linking reagent dimethyl
pimelimidate (DMP), which was added to intact P. aeruginosa p-plaF cells. As expected,
Western blot results revealed monomeric PlaF in all samples. PlaF dimers migrating at ~70 kDa
and a faint band corresponding to higher apparent molecular weight of ~120 kDa (PlaF*) were
detected in DMP treated cells (Figs. 5a and S$10a). The latter is likely due to a cross-linking
product between PlaF and an unknown protein interaction partner. /n vitro time-resolved
cross-linking experiments by incubating purified PlaF with DMP revealed spontaneous
dimerization (Figs. 5b and S10b). The presence of PlaF and di-PlaF was confirmed by MALDI
mass spectrometric fingerprint analysis of the respective protein bands after SDS-PAGE and
trypsin digestion (data not shown). To quantify spontaneous PlaF dimerization, we performed
microscale thermophoresis (MST) measurements with purified PlaF solubilized with OG.
Titration of the fluorescence-labeled PlaF with an equimolar concentration of non-labeled PlaF
revealed a sigmoidal binding curve, with a dissociation constant Kp = 637.9 + 109.4 nM (Fig.
5c¢). Next, we measured the esterase activity of PlaF as a function of protein concentration
using the slowly hydrolyzable substrate 4-methylumbelliferyl palmitate, which allows reliable
activity measurements even at high PlaF concentrations where dimerization occurs. The
specific activity of PlaF at concentrations above 100 uM dropped to 4 % (Fig. 5¢) compared to
the low-concentrated sample (30 nM) containing presumably monomeric PlaF. The activation
constant Kact = 916.9 + 72.4 nM is similar to the dissociation constant of di-PlaF. These data
strongly support the regulation of PlaF activity through reversible dimerization in vitro and
likely also in P. geruginoso cells.
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Fig. 5: PlaF oligomeric states and their enzymatic activity. a) PlaF forms dimers in cell membranes. in
vivo cross-linking experiments were performed by incubating P. aeruginosa p-plaF or the empty vector
control (EV) cells with different concentrations of DMP cross-linker followed by immunodetection of
PlaF with anti-PlaF antiserum. b} In vitro cross-linking of purified PlaF. Purified PlaF was incubated for
up to 120 min with DMP and the samples were analyzed by SDS-PAGE. Molecular weights of protein
standard in kDa are indicated. c) PlaF homodimerization and activity are concentration-dependent.
Protein-protein interactions of purified PlaF were monitored by measuring the changes in
thermophoresis (AFnorm, grey circles) using the MST method. The MST results are mean + S.D. of two
independent experiments with PlaF purified with OG. Esterase activity {black squares) of PlaF was
measured in three independent experiments using 4-methylumbelliferyl palmitate substrate.

Dissociation (Kp) and activation (Kaa) constants were calculated using a logistic fit of sigmoidal curves.

Fatty acid-induced PlaF dimerization regulates PlaF activity. Inhibition assays with several
FAs of different chain lengths revealed strong inhibition of PlaF activity with FAs with 10 to 14
carbon atoms and at mM concentrations (Fig. 6a). Shorter and longer FAs showed only
moderate or weak inhibition (Fig. 6a). To explore the underlining mechanism of regulation, we

performed inhibition kinetics studies with decanoic acid as the inhibitor and p-NPB as the
13
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substrate. The results showed typical properties of mixed-inhibition kinetics with lowered
maximal hydrolysis rates {vmax) and elevated binding constants (Kn) in the presence of
increasing concentrations of decanoic acid (Fig. 6b, Table $12). In section 3.4, we showed that
the enzyme activity of di-PlaF is strongly reduced compared to monomeric PlaF. To test
whether FA inhibition is related to dimerization, we performed DMP crosslinking experiments
with PlaF in the presence of C10, C11 and C12 FAs. The results revealed an increasing amount
of di-PlaF in FA treated samples {Fig. 6c). This effect of FAs on the dimerization and the
Michaelis-Menten constants suggest a potential regulatory role of FAs on PlaF activity via FA-

induced dimerization.
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Fig. 6: FAs exert an inhibitory effect on PlaF and trigger dimerization. a) Inhibition of PlaF with FAs.
Esterase activity of PlaF was measured in the presence of 7.5 mM FA (C5 — C15); a untreated PlaF
sample was set as 100 %. The results are mean + S.D. of three experiments with three samples each.
b} Kinetic studies with FA C10 show evidence of mixed-inhibition. Double-reciprocal plots of initial
reaction velocities measured with the p-NPB substrate and FA C10 inhibitor at concentrations in a
range 0-7.5 mM. c) The effect of FAs on PlaF dimerization. PlaF samples incubated with FAs (C10, C11,
C12), dimethyl sulfoxide (DM, DMSO used to dissolve FAs) and purification buffer (B, dilution control)

were cross-linked with dimethyl pimelimidate (DMP).

The tilt of the monomeric PlaF in a lipid bilayer permits direct GPL access to the active site.
To examine possible structural changes associated with the dimer-monomer transition in
relation to the experimentally suggested activation of PlaF through monomerization, we
performed MD simulations on PlaF. First, we selected PlaFa by removing PlaFgs from the crystal
structure of di-PlaF; by the same procedure, PlaFs was generated. The spatial orientation of
both PlaFa and PlaFs in the membrane were predicted with the PPM method.® This resulted
in configuration with the dimerization interface tilted towards the membrane, which we

named t-PlaFa and t-PlaFs, respectively (Fig. 7a). A set of ten independent, unbiased 2 ps long
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MD simulations starting from either di-PlaF, PlaFa, PlaFs, t-PlaFa or t-PlaFg embedded in an
explicit membrane revealed only moderate intramolecular changes compared to the initial
structure (RMSDal atom < 4.0 A), as well as among each other (RMSDallatom < 4.3 A) (Table $13,
Fig S12a). No spontaneous monomerization of di-PlaF was observed during the MD
simulations (Fig. 7b), which is expected due to the high viscosity of the lipid hilayer. In most
MD simulations of the monomeric PlaF starting from a dimeric orientation {eight for PlaFa and
six for PlaFe), a transition to the tilted configuration was observed, while in all MD simulations
starting from either t-PlaFa or t-PlaFg the protein remained in the tilted orientation (Figs. 7¢
and S12b). These results suggest that the tilted PlaF orientation is preferred over the
respective configurations of monomers observed in the crystal structure. Strikingly, the tilting
orients the active site cleft perpendicular to the membrane plane such that GPL substrates
can have direct access to the cleft. In contrast, in the cases of dimeric and monomeric
configurations observed in the crystal structure, the residues lining the opening of the active
site cleft located between the monomers in the crystal structure are > 5 A above the
membrane surface (Fig. 7a). Diffusion of a GPL from the membrane bilayer to the cleft
entrance in this configuration is essentially thermodynamically unfavorable.

As no spontaneous separation of the di-PlaF was observed, we explored the energetics of
monomerization and tilting of the monomer by computing the PMF for the dimer-to-
monomer transition and for the tilting of monomeric PlaF from PlaFa to t-PlaFa, using umbrella
sampling and post-processing with the WHAM method. As reaction coordinates, we chose the
distance (r) between Cq atoms of residues 25-38 of the two molecules (in the crystal structure:
r = 9.9 A) and the distance (d) between Cq atoms of residues 33-37 and the center of the
membrane slab (d(PlaFs) = 37 A and d(t-PlaF) = 15 A). The converged (Fig. 512¢, left) and
precise (SEM < 1.4 kcal mol™) PMF revealed that di-PlaF at the global minimum with r= 9.5 A
is favored by -11.4 kcal mol™ over the monomer (Fig. 7d}. The weakening of intermolecular
interactions are observed from r = 15 A onwards, disappearing beyond r = 27 A. For the tilting
process, the converged and precise (Fig. S12c, right; SEM < 0.4 kcal mol') PMF revealed two
minima at d = 19.6 and 30.6 A, with t-PlaFa favored over PlaFa by 0.66 kcal mol! (Fig. 7e). The
free energy barrier of ~1.2 kcal mol? explains the rapid transition from PlaFa to t-PlaFs
observed in the unbiased MD simulations.

The equilibrium constants and free energies of PlaF dimerization (eqs. 1-3; K, = 1.57x107 A2,

Kx=2.58x10%  AG=-7.5x0.7 kcalmol?) and tilting (eq.5,6; Kuwng =3.35,
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AGiiting = -0.820.2 kcal mol™) were computed, taking into consideration that Kx and AG relate
to a state of one PlaF dimer in a membrane of 764 lipids, according to our simulation setup.
This ratio is presumably higher by a factor of 100-1000 than for P. geruginosa under non-
overproducing, physiological conditions (see SI). Under such physiological conditions and
considering that the equilibria for dimer-to-monomer transition and titling are coupled (Fig.
7f and eq. 11}, between 86 and 98 % (for an overproduction factor of 100 to 1000) of the PlaF
molecules are predicted to be in a monomeric, tilted state in P. geruginosa. This result is in
agreement with cross-linking results (Fig. 5a) showing that the equilibrium between
monomeric and dimeric PlaF in P. geruginosa cells is shifted towards the monomer as well as
that /in vitro at low concentrations PlaF exists predominantly as the monomer (Fig. $9). Taken
together, the molecular simulations suggest that monomeric t-PlaF is favored under
physiological conditions in P. aeruginosa. This configuration might allow direct access of GPL

substrates to the active site.
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Fig. 7: MD simulations and PMF computations for PlaF dimer and monomers. a}) Structures used for

MD simulations. di-PlaF: Crystal structure oriented in the membrane by the PPM method. Yellow
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spheres highlight the COM used to define the distance restraint for umbrella sampling simulations.
PlaFa: Chain A from PlaF dimer oriented as in the dimer. The entrance of the active site cleft is more
than 5 A above the membrane bilayer surface. t-PlaFa: Extracted monomer A was oriented using the
PPM method. Cocrystallized MYR, 11A and OG (not included in the simulations) are depicted in pink to
highlight the orientation of the active site cleft. Arrows between the structures reflect the predicted
states of equilibria under physiological conditions in P. aeruginosa. b) Molecular dynamics simulations
of di-PlaF. The dimer does not show a tendency to separate on the time scale of the MD simulations
according to the distance between the COM of C, atoms of residues 25 to 38 of each monomer (yellow
spheres in panel a). ¢) Molecular dynamics simulations of monomeric PlaF. Time course of the
orientation of monomeric PlaF with respect to the membrane starting from the PlaF, configuration
{left) or t-PlaFa configuration (right). In the former case, in 8 out of 10 trajectories the monomer ends
in a tilted configuration (marked with *), while in the latter, no rearrangement occurs. This shows a
significant tendency of the monomer to tilt, irrespective of the starting condition (McNemar's X? =
6.125, p = 0.013). d) Potential of mean force of dimer separation. The distance between the COM of
C, atoms of residues 25 to 38 of each chain (yellow spheres in panel a) was used as the reaction
coordinate. The shaded area shows the standard error of the mean obtained by dividing the data into
four independent parts of 50 ns each. Insets show representative structures at intermediate reaction
coordinate values. e) Potential of mean force of monomer tilting. The distance between the COM of
C, atoms of residues 33 to 37 (yellow and grey spheres) and the COM of the Ci5 of the oleic acid
moieties of all lipids in the membrane (continuous horizontal line in the membrane slab) was used as
a reaction coordinate. The gray shaded area shows the S.D. of the mean obtained by dividing the data
into four independent parts of 50 ns each. The yellow shaded regions correspond to the integration
limits used to calculate Kiing (2q. 5). The spheres in the PMF relate to monomer configurations shown
in the inset. f) Percentage of PlaF monomer as a function of total PlaF concentration in the membrane
according to the equilibria shown in Fig. 7a. The monomer percentage was computed according to
egs. 7-11. The red line shows experimentally determined PlaF concentration under overexpressing
conditions in P. geruginosa p-plaf, while the blue-dashed region shows an estimated span for the PlaF

concentration in P. aeruginosa wild-type (see methods for details).

Discussion

Cells continuously adapt the phospholipid composition of their membranes to changing
functional requirements. Thus, it is plausible to assume that phospholipases are involved in
this process; however, the role of phospholipase A-mediated membrane GPL degradation for
membrane homeostasis in bacteria is unknown. In this study, we presented the first high-

resolution structure of a homodimer of a single-span membrane protein in full-length, where
17
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protomer association occurs vig the TM and JM regions. We used this structure to rationalize
how a dimer-to-monomer transition is associated with PlaF switching from an enzymatically
inactive to an active state. These results provide the basis for understanding how PlaF acts as
a virulence factor of P. aeruginosa by releasing FA from the sn1 position in membrane GPLs,
thereby affecting swimming motility and biofilm formation. Interestingly, recent lipidomic
studies revealed that the transition of P. aeruginosa from a planktonic to a sessile lifestyle
upon biofilm formation is accompanied by the alteration of membrane GPL composition.!74°
Furthermore, changes in membrane GPLs were ohserved in a P. aeruginosa small colony
variant that shows low virulence and enhanced biofilm phenotypes.®® Such a regulation of
bacterial virulence by tuning membrane GPL composition should rely on both pathways for
the biosynthesis and controlled degradation of GPLs.

Enzymatic properties of PlaF (Fig. 2b) suggest that it functions in the GPL-degradation
pathway. This hypothesis is supported by cellular localization results that demonstrated that
PlaF is tethered to the cytoplasmic membrane (Fig. 1), that way being in direct contact with
putative GPL substrates. Despite the astounding diversity of lipids in membranes®!, a global
lipidomic analysis identified a small subset of sixteen GPLs accumulating in P. aeruginosa AplaF
(Fig. 2¢, Table S2) that are presumably native PlaF substrates. Amaong them were PG, PC and
PE predominantly containing unsaturated FAs (15 of 16 GPLs). This result is concordant with
previous data showing that PlaF does not show specificity for GPL head groups (Fig. 2b) and
can hydrolyze unsaturated lipids.*® PG, PC and PE 35:1 account for > 65 % of the accumulated
GPLs highlighting these molecular species as main PlaF substrates. These results reveal an
unprecedented in vivo specificity of a GPL-degrading enzyme. Interestingly, changes in the
concentration of these three GPL species result in a large change (~8 %) of total membrane
GPL composition. Thus, PlaF rather specifically tunes the membrane GPL composition thereby
exerting a profound effect on membrane properties, with potential consequences for
functional protein-lipid interactions.”®

The observations that the net GPL amount was not significantly different (Table 54) between
P. aeruginosa wild-type and AplaF cells and that nineteen GPL species were depleted in AplaF
suggest that a PlaF-mediated GPL modulation is coupled to GPL biosynthesis or another still
unknown GPL degrading pathway of P. aeruginosa. Although the cellular pathway in which

PlaF is active is unknown, it is tempting to speculate that lysophospholipids produced by PlaF-
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mediated release of FAs from GPLs will be acylated to di-acyl GPLs by the de novo GPL
biosynthetic pathway®>? or the recently described GPL repair pathway>.

The unique crystal structure of PlaF revealed several features that underlined the role of PlaF
for degradation of membrane GPLs. First, FA ligands identified in the crystal structure (C14
and C11) and bound to the active site (Fig. 4a) showed inhibitory activity on PlaF (Fig. 6a).
These FAs were also copurified with PlaF from P. aeruginosa (Fig. S7). As PlaF can in vitro (Fig.
2b) and in vivo (Fig. 2c) produce such FAs, itis reasonable to assume that their cellular function
is related to the regulation of PlaF activity by product-feedback inhibition. This phenomenon
is well known for lipolytic®**> and other central metabolic enzymes®>. A recent global
analysis of metabolic enzyme inhibition by metabolites revealed that lipids account for most
inhibitions.”® An additional indication for a negative feedback regulation by FA products is the
finding that bacteria intracellularly accumulate FAs up to the mM range,*® which is the same
range in which inhibitory activity on PlaF was observed (0.5 — 7.5 mM) (Fig. 6b and Table $12).
Inhibition kinetics experiments revealed an alteration of the substrate-binding constant (Km)
by FAs, indicating that substrate (GPL) and product (FA) both compete for the active site. Yet,
the same experiments showed that the maximal velocity of PlaF reaction (vmax) was lower. This
indicates that FAs also allosterically alter the catalytic properties of PlaF by changing either its
structure or oligomerization state. The crystal structure of the PlaF:FA complex revealed a
dimer, prompting us to test the relationship between dimerization and FA inhibition. Indeed,
in vitro crosslinking of PlaF revealed that the presence of FA enhances PlaF dimerization (Fig.
6¢), suggesting that the activity of dimeric PlaF is reduced compared to monomeric PlaF.
Concentration-dependent enzymatic measurements of PlaF activity and MST analysis of
homodimerization revealed a coupled sigmoidal decrease of activity and an increase of
dimerization as a function of increasing PlaF concentration (Fig. 6¢). The finding that the
activation (Kaet =916.9 nM) and dimerization (Kp = 637.9 nM) constants are similar strengthens
our hypothesis that PlaF inhibition is dimerization-mediated.

Specific homo- and heterodimerization is commonly underlying control of protein function.®’
Among single TM spanning proteins, this concept is poorly understood at an atomistic level
due to the lack of full-length dimeric structures.®! The structure of di-PlaF with its membrane-
spanning domain is unique and without homology to any protein listed in the PDB (Table S6).
This structure revealed unprecedented details of interactions between the membrane-

spanning domains. First, TM and JM domains are not distinct but form a single kinked o-helix
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(Fig. 4a). Sole interactions of two TM-JM helices, which fold into a coiled-coil motif, stabilize
the PlaF dimer (Fig. 4c¢). In contrast, the catalytic domains of two PlaF monomers do not
interact with each other. di-PlaF was also detected by crosslinking experiments on P.
aeruginosa p-plaF cells (Fig. 5a). The predominantly hydrophobic interaction interface of TM-
JM domains with a few weak H-honds detected in the JM region (Fig. 4c) seems to be designed
to specifically binds amphipathic lipid effectors. Ligands (FAs and OG) bound to the PlaF active
site cleft form an intricate interaction network connecting the catalytic (S137) with the
dimerization site (529, T32 and V33) located in the JM domain (Fig. 4e). Assuming that the OG
moleculeis replaced by a natural ligand in the cell, this interaction network provides a possible
explanation how FAs can mediate dimerization between the two TM-JM helices (Fig. 6c),
thereby inhibiting PlaF activity (Fig. 6b). Furthermore, it is feasible that interactions of lipids
from the hydrophobic membrane core with the TM helix fine-tune PlaF activity by
counteracting or enhancing the TM-JM dimerization.5%61

How does a PlaF dimer-to-monomer transition then lead to enzymatic activity? The active sites
in the crystal structure of di-PlaF already adopt catalytically active conformations (Fig. 4a).
Hence, activation of PlaF most likely does not involve structural rearrangements of the active
site. To unravel a possible effect of the structural dynamics of PlaF in the membrane on the
enzyme’s regulation by dimerization, we performed extensive MD simulations and
configurational free energy computations on di-PlaF and monomeric PlaF embedded into a
GPL bilayer mimicking the bacterial cytoplasmic membrane. While structural changes within
di-PlaF and monomeric PlaF were moderate (Table S13), monomeric PlaF spontaneously tilted
as a whole towards the membrane, constraining the PlaF in a configuration with the opening
of the active site cleft immersed into the GPL bilayer (t-PlaF, Figs. 7a and 7c). A configuration
similar to t-PlaF was observed for monomeric Saccharomyces cerevisiae lanosterol 14o-
demethylase, a single TM spanning protein acting on a membrane-bound substrate.®? In t-
PlaF, GPL can likely access the active site cleft directly from the membrane, in contrast to di-
PlaF, in which the opening of the active site cleftis > 5 A above the membrane (Fig. 7a). There,
a GPL would need to transition from the bilayer to the water milieu prior to entering the active
site cleft, which is thermodynamically unfavorable.

Taking together our experimental evidence, we therefore propose a hitherto undescribed
mechanism, by which the transition of PlaF between a dimeric, not-tilted versus a monomeric,

tilted configuration is intimately linked to the modulation of PlaF’s functional state. This
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mechanism, to the best of our knowledge, expands the general understanding of mechanisms
of inactivation of integral single-pass TM proteins and differs from suggested allosteric
mechanisms implying structural rearrangements (even folding), mostly in the JM domain,
upon ligand binding as underlying causes for functional regulation.®® Rather, for PlaF,
monomerization followed by a global reorientation of the single-pass TM protein in the
membrane is the central, function-determining element.

Based on computed free energies of association and tilting, and taking into account the
concentration range of PlaF in P. geruginosa, PlaF preferentially exists as t-PlaF in the
cytoplasmic membrane (Fig. 7f). Increasing the PlaF concentration in the membrane will thus
shift the equilibrium towards the di-PlaF. This result can provide an explanation for the
observations that PlaF, an enzyme with membrane-disruptive activity, is found in only very
low amounts (Fig. S11) in wild type P. geruginosa cells and why overproduction of PlaF in P.
aeruginosa is not harmful to the cells.

In summary, our biochemical, structural and computational data uncover a unique structural
feature of PlaF in that its function is dependent on monomerization followed by global
reorientation of the single-pass TM protein at the membrane. The dimer-to-monomer
transition is furthermore inhibited by FAs, the products of PlaF activity on membrane GPLs.
We suggest that PlaF-mediated alteration of membrane GPLs might regulate the function of
cytoplasmic membrane-embedded and virulence-related proteins in P. geruginosa, such as
two-component signaling systems indispensable for biofilm and swimming motility?!. These
results open up novel avenues for the development of potential drugs to extenuate P.

aeruginosa virulence during infections through inhibition of PlaF.
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Table 1: Data collection and refinement statistics on PlaF

X ray-data

Beamline/Detector

Wavelength (A)/Monochromator

Resolution range (A)

Space group

Unit cell (a=b), ¢ (A); a=p=y
Total reflections

Unique reflections
Multiplicity

Completeness (%)

Mean I/sigma (1)

Wilson B-factor (A2)
R-merge %

R-meas %

Refinement

R-work %

R-free %

Number of atoms
macromolecules

ligands

water

Protein residues

RMS (bonds)

RMS (angles)
Ramachandran favored (%)
Ramachandran outliers (%)
Clashscore

Average B-factor (A2)
macromolecules (A2)
ligands (A2)

solvent (A2)

ID29, ESRF (Grenoble, France)/DECTRIS PILATUS 6M
A=0.96863/channel-cut silicon monochromator, Si{111)
47.33 - 2.0 (2.05 - 2.0)**

14122

a=133.87 ¢=212.36; 90°

669964 (47385)

65113 (4527)

10.3 (10.5)

100.0 (100.0)

24.6 (2.5)

383

5.3 (91.3)

5.6 (100.6)

16.3 (23.15)(2.071 - 2.0)**
18.57 (27.81)
5187

4831

123

233

620

0.008

1.07

99

0

3.14

49.1

48.8

79.2

47.9

**Values in parentheses are for the highest resolution shell
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Online methods

Cloning, protein expression and purification

Molecular biology methods, DNA purification and analysis by electrophoresis were performed
as described previously.” For the expression of PlaF, P. aeruginosa PAO1 (wild-type) cells
transformed? with plasmid pBBR-pa2949,! here abbreviated as p-plaF, or pBBR1mcs-3 used
as empty vector were grown overnight at 37°C in lysogeny broth (LB) medium supplemented
with tetracycline (100 pg/ml).? The total membrane fraction of each strain was obtained by
ultracentrifugation and proteins were purified as described previously.? To reconstitute PlaF
in octyl B-D-glucopyranoside (OG) or n-dodecyl B-D-maltoside (DDM) micelles, protein eluted
from a Ni-NTA column was transferred into Tris-HCI buffer (100 mM, pH 8) supplemented with
30 mM or 0.22 mM detergent, respectively.

SDS-PAGE, zymography and immunodetection

The protein analysis by electrophoresis under denaturation conditions,? in-gel esterase
activity {(zymography) and immunodetection by Western blotting were performed as
described previously®. The protein concentration was determined by UV spectrometry using
a theoretical extinction coefficient of PlaFus of 22,920 M em™.3

Enzyme activity assays, inhibition and enzyme kinetic studies

Esterase activity assays with p-nitrophenyol fatty acid esters as substrates were performed in
96-well microplates as described previously." Phospholipid and lysophospholipid substrates
purchased from Avanti Polar Lipids (Alabaster, USA) were prepared for enzyme activity assays
(25 pL enzyme + 25 pl substrate) as described previously.” The amount of free fatty acids (FAs)
released by (phospho)lipases was determined using the NEFA-HR(2) kit (Wako Chemicals,
Richmond, USA).? PLA1 and PLA2 activities of PlaF were measured using fluorescent substrates
purchased from Thermo Fisher Scientific Inc. {(Waltham, Massachusetts, USA): PLA1-PE, [N-
({(6-(2,4-DNP)amino)hexanoyl)-1-(BODIPY®FL C5)-2-hexyl-sn-glycero-3-
phosphoethanolamine]; PLA2-PC, 1-O-(6-BODIPY®558/568-aminchexyl)-2-BODIPY®FL C5-Sn-
glycero-3-phosphocholine; and PLA2-PE, N-((6-(2,4-dinitrophenyl)amino)hexanoyl)-2-(4,4-
difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-
glycero-3-phosphoethanolamine triethylammonium salt as described by da Mata Madeira and
coworkers.® Measurements were performed using a plate reader in 96-well plates at 25°C by

combining 50 pL of the substrate with 50 pL PlaF (0.7 ug/mL), or control enzymes, the PLAL of
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Thermomyces lanuginosus (5 U/mL) and the PLA2 or Naja mocambique mocambique (0.7
U/mL).

Inhibition. The inhibition of PlaF by FAs was assayed by combining FA dissolved in DMSO (20
fold stock solution) with p-NPB substrate solution followed by the addition of PlaF sample (8
nmol) and spectrophotometric enzyme activity measurement using p-NPB substrate.” In
control experiments, all compounds except FA were combined to assess PlaF stability in
DMSO. Inhibition constants were calculated by fitting enzyme kinetic parameters obtained by
varying FA concentration (0, 0.5, 1.5, 2.5, 5 and 7.5 mM ) for different substrate concentrations
(0.05,0.1,0.2,0.3,0.5 and 1 mM).®

Subcellular localization

Membranes from P. geruginosg wild-type and overexpressing strain p-plaF were isolated as
described previously.! To differentiate integral from peripheral membrane proteins, total cell
membranes were incubated for 30 min at room temperature with three different reagents:
10 mM NazCO3 (pH = 11), 4 M urea (in 20 mM MES buffer pH = 6.5) and 2 % (w/v) Triton X-
100 (in 20 mM MES buffer pH = 6.5). After the incubation, the samples were centrifuged for
30 min at 180,000 g to separate integral proteins (pellet) from peripheral proteins (soluble
fraction).

The separation of the inner and outer membrane was performed with a discontinuous sucrose
gradient by ultracentrifugation at 180,000 g for 72 h and 4°C.° The sucrose gradient consists
of 1.5 ml fractions with 35, 42, 46, 50, 54, 58, 62 and 65 % (w/v) sucrose in 100 mM Tris-HCI
pH 7.4. Isolated membranes from P. aeruginosa wild-type were resuspended in buffer
containing 35 % sucrose and loaded on the top of the discontinuous sucrose gradient.
Fractions were collected from the bottom (pierced tube) and sucrose concentration was
determined with a refractometer (OPTEC, Optimal Technology, Baldock UK). To determine the
orientation of catalytic PlaF domain P. aeruginosa p-plaF cells (10 ml culture with optical
density (ODsgonm) 1 grown in LB medium at 37°C) were harvested by centrifugation (4,000 g,
4°C, 5 min) and suspended in 1 ml Tris-HCl buffer (50 mM, pH 7.5, 10 % sucrose {w/v)) followed
by shock freezing with liquid nitrogen.!® Cells were thawed to room temperature and
centrifuged (4,000 g, 4°C, 5 min) followed by incubation of the pellet for one hour on ice in
Tris-HCl buffer (30 mM, pH 8.1, sucrose 20 % (w/v) EDTA 10 mM). Trypsin (20 pL, 1 mg/ml)
was added to the suspension containing the cells with the permeabilized outer membrane and

incubated at room temperature up to 5 h. The proteolytic reaction was stopped with SDS-
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PAGE sample buffer and by incubation for 10 min at 99°C. Immunodetection of SecG and lipid
A was performed as described above for PlaF using the respective antisera at 1/5,000, 1/2,000
and 1/1,000 dilutions.

Cross-linking assays

In vitro cross-linking using the bifunctional cross-linking reagent dimethyl pimelimidate (DMP)
was performed as previously described™ with the following modifications. PlaF (10 pL, 21.5
M) purified with DDM was incubated with 5 pL freshly prepared DMP (150 mM in 100 mM
Tris-HCl pH 8.4) for up to 2 h. The cross-linking reaction was terminated with 5 pL stop solution
(50 mM Tris-HCl, 1M glycine, NaCl 150 mM, pH 8.3). For in vivo cross-linking, P. aeruginosa p-
plaF and EV strains were grown in LB medium at 37°C until ODsgonm = 1. Cells were harvested
by centrifugation (10 min, 4,000 g, 4°C), suspended in 1/20 volume of Tris-HCI (pH 8.3, 100
mM, NaCl 150 mM) and treated with the same volume of freshly prepared cross-linking
reagent DMP (0, 20, 30 and 50 mM in Tris-HCl buffer 100 mM, pH 8.4) for 2 h. The cross-linking
reaction was terminated with the same volume of stop solution (50 mM Tris-HCl, 1 M glycine,
NaCl 150 mM, pH 8.3).

Analysis of concentration-dependent dimerization

Purified PlaF (20 plL, 50-60 uM) was transferred from purification buffer into labeling buffer
(Na-PO4 20 mM, pH 8.3) supplemented with OG (30 mM) or DDM (0.22 mM) using PD10
columns (GE Healthcare, Solingen, Germany) according to the manufacturer’s protocol.
Labeling was performed by incubating PlaF with 15 plL dye (440 uM stock solution) for 2.5 h
using the NHS labeling Kit (NanoTemper, Munich, Germany). PlaF was again transferred into
a purification buffer using PD10 columns. Non-labeled PlaF was diluted with the same buffer
in 16 steps by combining the same volume of the protein and buffer yielding samples with
concentrations from 26.9 pM to 1.6 nM. Samples containing 100 nM labeled PlaF were
incubated for 16 h at room temperature in the dark and microscale thermophoresis (MST)
experiments were performed using the Monolith® NT.115 device (NanoTemper, Munich,
Germany) with the following set up: MST power, 60 %; excitation power 20 %; excitation type,
red; 25°C. Constants were calculated according to the four-parameter logistic, nonlinear
regression model using Origin Pro 2018 software.

The activity of PlaF purified with OG and used for MST analysis was assayed by combing 15 pL

of enzyme solution with 15 pL 4-methylumbelliferyl palmitate (4-MUP, 2 mM) dissolved in
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purification buffer containing 10 % (v/v) propan-2-ol. Fluorescence was measured during 10
min (5 seconds steps) using plate reader in black 96-well plates at 30°C.

Construction of a P. aeruginosa AplaF mutant

P. geruginosa PAQ1 (wild-type) cells were transformed with the pEMG-AplaF mutagenesis
vector and P. aeruginosa AplaF mutant strain was generated by homologous recombination.™
Drosophila melanogaster virulence model

P. geruginosa wild-type and a AploF strains were cultivated in LB medium at 37°C until they
reached the stationary phase (ODssonm = 3). Twenty flies per experiment were locally infected
by the pricking method with 100 bacteria and the live flies were counted throughout 45 h.13
The results are means of 3 and 4 experiments for each of the AplaF and the wild-type strain,
respectively.

Growth curves, biofilm and motility assays

The growth of P. aeruginosa wild-type and AplaF cultures in Erlenmeyer flasks {(agitation at
160 rpm) was monitored by measuring ODsgonm during 24 h. ODsgonm was converted to colony-
forming units (CFU) by multiplying with the factor 8x10®% experimentally determined for P.
aeruginosa wild-type strain used in our laboratory. The biofilm assay was performed as
described elsewhere'* by growing the P. geruginosa cultures (100 ul) for 48 h at 37°C in LB
medium in plastic 96-well microtiter-plates. Cells attached to the plastic surface after
removing the planktonic cells were stained with 0.1 % (w/v) crystal violet solution for 10 min,
solubilized with acetic acid (30 % v/v) and quantified spectrophotometrically. Swimming,
swarming and twitching motility assays were performed as described previously.”> The
swimming area on the LB agar plate was measured using the program ImageJ 1.51j8.16
Lipidomic analysis of glycerophospholipids extracted from cell membranes

The cells of P. aeruginosa wild-type and ApiaF cultures grown overnight in LB medium (15 ml)
at 37°C were harvested by centrifugation at 4,000 g and 4°C for 15 min and suspended in 2 ml
ddH,0 followed by boiling for 10 min to inactivate (phospho)lipases. Cells were harvested by
centrifugation (4,000 g, 4°C, 15 min) and total lipids were extracted from the cell pellet."”
Briefly, after boiling the water was removed by centrifugation (4,000 g, 4°C, 15 min). Lipids
were extracted with CHCl3 : CH30H =1 : 2 {v/v) and the organic phase collected. The extraction
was repeated with CHCl; : CH30H =2 : 1 (v/v) and the organic phases were combined. One
volume of CHCl3 and 0.75 volumes of an aqueous solution containing 1 M KCl and 0.2 M HzPQq

were added to the combined chloroform/methanol extracts. Samples were vortexed and
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centrifuged (2,000 g, 5 min). The organic phase was withdrawn and the solvent of the lipid
extract was evaporated under a stream of Nz. Total lipids were dissolved in CHClz : CH3OH =
2:1 (v/v). GPLs were quantified by Q-TOF mass spectrometry (Q-TOF 6530; Agilent
Technologies, Bdblingen, Germany) as described elsewhere.!” Statistical analysis of the GPL
amount was performed using the T-test and the Shapiro-Wilk method to determine significant
changes of normally distributed values obtained from four P. aeruginosa wild-type lipidome
and four AplaF samples.

Gas chromatography-mass spectrometric (GC-MS) analysis of FA extracted from PlaF

FAs were extracted from PlaF purified from 13 g P. aeruginosa p-plaF cells with OG using four
parts of organic solvent (CHClz : CH3OH = 2 : 1). Extraction was repeated three times, the
chloroform extracts were combined, chloroform was evaporated and FAs were dissolved in
200 pL chloroform. The chloroform extract was mixed with ten volumes of acetonitrile and
filtered through a 0.2 pm pore size filter. For GC-MS analysis, FA extracts and standards (C10-
, C11-, C14-, C15-, C16- and C18-fatty acid; C16-, C18- and C20-primary fatty alcohol) were
derivatized to their trimethylsilylester and trimethylsilylether, respectively. 900 pL of the
sample or standard solution (CHCls : acetonitrile = 1 : 5) was mixed with 100 pL N-methyl-N-
(trimethylsilyl) trifluoroacetamide and heated to 80°C for 1 h. The GC-MS system consisted of
a Trace GC Ultra gas chromatograph, TriPlus autosampler and an ITQ 900 mass spectrometer
(ThermoFisher Scientific, Waltham, MA, USA). Analytes were separated on a Zebron-5-HT
Inferno column (60 m x 0.25 mm i.d., 0.25 pm film thickness, Phenomenex, USA). Helium was
used as carrier gas at a constant gas flow of 1.0 ml/min. The oven temperature program
employed for analysis of silylated fatty acids and alcohols was as follows: 80°C; 5°C/min to
340°C, held for 5 min. The injector temperature was held at 290°C, and all injections (1 pL)
were made in the split mode (1:10). The mass spectrometer was used in the electron impact
(El, 70 eV) mode and scanned over the range m/z 25 - 450 with an acquisition rate of 3
microscans. The transfer line and ion source were both kept at 280°C. Data processing was
performed by use of the software XCalibur 2.0.7 (ThermoFisher Scientific). Fatty acids from
PlaF sample were identified by comparison of their retention times and mass spectra with
those of fatty acid standards.

Crystallization, data collection, structure determination and analysis

PlaF purified with OG was crystallized as described previously.® The X-ray diffraction data were

recorded at beamline ID29 of the European Synchrotron Radiation Facility (ESRF, Grenoble,
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France) and processed as described.® The structure was determined by molecular replacement
using the automated pipeline “MrBUMP” from the CCP4 package.'® In detail, a combination
of PHASER,'® REFMAC,?° BUCCANEER,?! and SHELXE?? resulted in an interpretable electron
density map to expand the placed model by molecular replacement using the model built with
HsaD from Mycobacterium tuberculosis (PDB code: 2VF2).23 Phase improvement was achieved
by running several cycles of automated model building (ARP/wARP, CCP4) and refinement
using the PHENIX?* package. The model was further corrected by manual rebuilding using the
program COOT.% Detailed statistics on data collection and refinement are provided in table 1.
None of the residues are in disallowed regions according to Ramachandran plots generated
with MolProbity (PHENIX).2® The secondary structure was defined according to Kabsch and
Sander.?” Coordinates and structure factors for PlaF have been deposited in the Protein Data
Bank under accession code 6I18W.

Identification of structural homologs of PlaF

PlaF structural homologs were defined as protein structures from a non-redundant subset of
PDB structures with less than 90 % sequence identity to each other (PDB90 database,
12.10.2019) with a Z-score higher than 2 according to the DALI server?®. Sequence alignment
(Table S6) based on structural superimpaosition of all 357 homologs (Table 57) of PlaFg (340
homologs (Table S8) of PlaF, were among PlaBs homologs) was used to identify proteins with
homology in TM-IJM helix of PlaF (residues 1-38). To evaluate homology, thirty-nine 3D
structures with partial conservation of TM-JM helix were superimposed onto the PlaF
structure (Fig. S3).

Molecular dynamics simulations of dimer and monomers

The crystal structure of the PlaF dimer was used as the starting point for building the systems
for MD simulations. Five missing C-terminal residues on both chains were added by using
MODELLER.?® The dimer was oriented into the membrane using the PPM server from the OPM
webpage.?® From the so oriented dimer structure, chain B was deleted to obtain a PlaFa
monomer in a dimer-oriented configuration; in the same way, chain A was deleted to keep
PlaFg. Additionally, the PlaFa and PlaFs monomers were oriented by themselves using the PPM
server, yielding tilted configurations (t-PlaFa and t-PlaFg). These five starting configurations,
di-PlaF, PlaFs, and PlaFg, t-PlaFs and t-PlaFg were embedded into a DOPE : DOPG =3 : 1
membrane with CHARMM-GUI v1.9, *' resembling the native inner membrane of Gram-

negative bacteria,?223 ensuring a distance of at least 15 A between the protein or membrane
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and the solvation box boundaries. KCl at a concentration of 0.15 M was included in the
solvation box to obtain a neutral system. The GPU particle mesh Ewald implementation from
the AMBER16 molecular simulation suite3%3 with the ff14SB%* and Lipid17%7-*%3° parameters
for the protein and the membrane lipids, respectively, were used; water molecules were
added using the TIP3P model“C, For each protein configuration, ten independent molecular
dynamics (MD) simulations of 2 ps length were performed. Covalent bonds to hydrogens were
constrained with the SHAKE algorithm?! in all simulations, allowing to use a time step of 2 fs.
Thermalization of simulation systems

Initially, systems were energy-minimized by three mixed steepest descent/conjugate gradient
calculations with a maximum of 20,000 steps each. First, the initial positions of the protein
and membrane were restrained, followed by a calculation with restraints on the protein atoms
only, and finally, a minimization without restraints. The temperature was maintained by using
a Langevin thermostat®?, with a friction coefficient of 1 ps™. The pressure, when required, was
maintained using a semi-isotropic Berendsen barostat®, coupling the membrane (x-y) plane.
The thermalization was started from the minimized structure, which was heated by gradually
increasing the temperature from 10 to 100 K for 5 ps under NVT conditions, and from 100 to
300 K for 115 ps under NPT conditions at 1 bar. The equilibration process was continued for 5
ns under NPT conditions, after which production runs were started using the same conditions.
Structural analysis of MD trajectories

All simulations showed stable protein structures (Figs. $12a and S12b) and membrane phases,
evidenced by electron density and order parameter calculations (Figs. S12d and S12e). The
area per lipid through all simulations calculated for the leaflet opposite to the one where PlaF
was embedded was 61.3 + 0.13 A% (mean + SEM), similar to values reported previously?. All
analyses were performed by using CPPTRAJ*. The distance between the centers of mass
(COM) of residues 25 to 38 Cq atoms of the chains in the dimer structure was evaluated; this
residue range corresponds to the solvent-accessible half of helix TM-JM (Figure 8a). The
distance between the COM of Cq atoms of the transmembrane portion (residues 1 to 25; the
first half of TM-JM helix) of each chain was also evaluated. For the monomer structures, the
angle with respect to the membrane normal was assessed. For this, the angle between the
membrane normal and the vector between the COM of C, atoms of residues 21 to 25 and
residues 35 to 38 was calculated.

Potential of mean force calculations of dimer dissociation
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For calculating a configurational free energy profile (potential of mean force, PMF) of the
process of dimer dissociation, 36 intermediate states were generated by separating one chain
of the dimer along the membrane plane at 1 A steps, resulting in a minimum and maximum
distance between the chain centers of mass (COM) of 40.8 and 68 A, respectively. Each
intermediate state was embedded into a membrane of approximately 157 x 157 A2 by using
PACKMOL-Memgen,** and independent MD simulations of 300ns length each were
performed using the same conditions as in the unbiased simulations, resulting in a total
simulation time of 10.8 ps. Umbrella sampling simulations were performed by restraining the
initial distance between chains in every window with a harmonic potential, using a force
constant of 4 keal mol ™t A2% the distance between the COM of C, atoms of residues 25 to 38
of each monomer was used as a reaction coordinate. The values for the distances were
recorded every 2 ps and post-processed with the Weighted Histogram Analysis Method
implementation of A. Grossfield (WHAM 2.0.9),*% removing the first 100 ns as an
equilibration of the system. The kernel densities showed a median overlap of 8.2 % between
contiguous windows (Fig. S12f, upper panel), well suited for PMF calculations.®® The error was
estimated by separating the last 200 ns of data in four independent parts of 50 ns each and
then calculating the standard error of the mean of the independently determined energy
profiles.

Estimation of association free energy from PMF

The association free energy was estimated from the obtained PMF following the membrane
two-body derivation from Johnston et al. (2012)°° and our previous work’’. In details, the PMF
of dimer association is integrated along the reaction coordinate to calculate an association
constant (Ka), which is transformed to the mole fraction scale (Ky) taking into account the
number of lipids N per surface area A, and this value is used to calculate the difference in free

energy between dimer and monomers (AG), according to eqs. 1-3:

—w)

el ~p
K, = #fo re *sT dr K,=K,—=* AG = —RT In(K,) (egs. 1-3)

where r is the value of the reaction coordinate, w(r) is the PMF at value r, D is the maximum

distance at which the protein is still considered a dimer, kg is the Boltzmann constant, and T is

0
the temperature at which the simulations were performed. The factor % considers the
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restriction of the configurational space of the monomers upon dimer formation in terms of
the sampled angle between the two chainsin the dimeric state (eq. 4) and the accessible space

for the monomers, (2x)°.

[121] = [max(6,) — min(8,)] * [max(8,) — min(8,)] (eq. 4)

In eq. 4, the angle &, is defined as the angle formed between the vectors connecting the COM
of chain b with the COM of the chain o and with the COM of residues 25 to 38 of the latter
chain; 6, is defined analogously starting from the COM of chain a. A value for | |12]|| of 0.55
computed from eq. 4 indicates the fraction of the accessible space that the PlaF monomers

have in the dimeric state compared to when both chains rotate independently [(27)2].

Potential of mean force calculations of monomer tilting

The initial conformations used in every window for calculating the PMF of the monomer tilting
were obtained from a representative trajectory of an unbiased MD simulation where
spontaneous tilting occurred (first microsecond of MD simulations of replica 10, starting
configuration as in di-PlaF crystal structure). The distance d along the z-axis between the COM
of Cq atoms of residues 33 to 37 of the monomer with the COM formed by atom Ci5 of the
membrane phospholipids was used. d significantly correlates (R? = 0.997, p < 0.001) with the
angle formed by the second half of helix aJM1 of the monomer (residues 25 to 38) and the
normal vector of the membrane (Fig. $12g). Twenty-two conformations were extracted from
the representative trajectory, taking the respective snapshots where d and the angle showed
the least absolute deviation to the average value obtained by binning d in windows of 2 A
width and with an evenly distributed separation of 1A. The initial distance for every
configuration was restrained by a harmonic potential with a force constant of 4 keal mol? A2,
and sampling was performed for 300 ns per window. The data were obtained every 2 ps and
analyzed as described above, resulting in 8.6 % of median overlap between kernel densities of
contiguous windows (Fig. S1f, lower panel). The error was estimated in the same way as for
the dimerization.

Estimation of tilting free energy

For calculating the free energy difference between the obtained hasins, the PMF of monomer

tilting was integrated using eq. 5 and 6 >

35

146



Publication III: Structural and mechanistic insights into phospholipase A-mediated membrane phospholipid degradation related to
the bacterial virulence

Krilting =T wa AGtilting =—RTIn Ktilting (egs. 5,6)

where d is defined as above, w(d) is the value of the PMF at that distance, and B: and Bz
represent the basins for the tilted and split configurations, respectively. The integration limits
B1 and B included each basin portion below half of the value between the basin minimum
and the energy barrier separating the basins, respectively (Fig. 7e, yellow shaded regions).
PlaF dimer versus monomer proportion under in vivo conditions

Based on the association constant computed according to eq. 1, Kz = [D] / [M]? = 1.57x107 A2,
with [D] and [M] as area concentrations of dimer and monomer, respectively, the proportion
of PlaF dimer versus monomer in a live cell of P. aeruginosa can be computed. Experimentally,
from 1 L (ODsgonm ~ 1) of P. geruginosa p-plaF ~1 mg PlaF was purified® while from 15 mL of P.
geruginosa wild-type culture (ODsgonm ~ 5) ~3 mg of lipids were obtained (Table S4).
Considering the molecular weight of PlaF of 35.5 kDa and assuming 750 Da as the average
molecular weight of membrane GPL, this relates to a concentration under overexpressing
conditions of ~4.23 x 10" PlaF monomers per lipid. Under non-overexpressing conditions, the
concentration of PlaF monomers is estimated to be at least 100-1000 fold lower, i.e., 4.23 x
10°%- 4.23 x 10”7 PlaF monomers per lipid. Considering that the area per lipidin a PE: PG =3 :
1 membrane at 300 K is approximately 61 A2 (computed in this work and ref.?3), the total area

concentration of PlaF molecules then is

T = 2[D] + [M] = [6.93x107%6.93 x 1078 % (eq. 7).

Expressing the association constant in terms of the monomer concentration using eq. 1 yields

K, = —— & 2K M2+ [M]-T=0 (eq. 8),

and solving the quadratic equation then results in

36

147



Publication III: Structural and mechanistic insights into phospholipase A-mediated membrane phospholipid degradation related to
the bacterial virulence

[M] = =TT — 585 % 107%,3.87 x 107 5 (eq. 9)

and

D] = =¥ _ 538 x 10710, 1.78 x 10~8] 22k dimer

2 e (eq. 10),

These results show that in live cells the fraction of PlaF in the monomeric (dimeric) state is
between 49 and 85 % (51 and 15 %), where the PlaF monomer is considered to be in the “split”

configuration with respect to the membrane normal.

As the tilting of the PlaF monomer is energetically favorable compared to the “split”
configuration and, hence, depletes the concentration of “split” PlaF monomers, the dimeric
PlaF concentration will decrease (Figure 8a). To quantitatively consider the effect of the tilting,

we express the overall equilibrium constant for the processes shown in Figure 8a as

[p]

— -2
K= Kq Kiiiting = 57— {eq.11),
where
Kiitting = Mriugeal _ 3.35, equivalent to AGjjtpe = —0 72@ computed according to eq. 5
tilting ] -39, eq tilting . mol’ p g q. >.
Following the same procedure as before then yields
PlaF

[Myieeal = [6.8 X 1077,5.94 x 10‘3]_AZ

F dimer

[D] = [6.5 x 10711, 4.96 x 10~°] LR,

showing that in live cells the fraction of PlaF in the tilted monomeric (dimeric) state is between
86 and 98 % (14 and 2 %). A graphical representation of the percentage of protein as a tilted

monomer with respect to the protein concentration in the membrane is shown in figure 7f.
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Fig. $1: Generation of P. aeruginosa AplaF deletion mutant strain. a) Generation of the mutagenesis
vector pEMG-Aplaf and homologous recombinant with a chromosome of P. aeruginosa pao1.t
Upstream and downstream regions of piaF gene were amplified by standard PCR using Phusion DNA
polymerase, a genomic DNA of P.ageruginosa PAOl as a template, and primer pairs 5
ATATATGAATTCTCTGCTCGGCGCGAAACGCAGCGP-3'/5'-
ATATATACGCGTGGGTGTCCGAAGGCTTCAGGAAAAAAGGGGC-3° and 5-
ATATATACGCGTAAACGCGAACCGGCGCCTGGG-37/5-
CTGGATGAATTCTGGCCTGGACACCGACAAGGAAGTGATCAAGG-3', respectively. DNA  fragments
upstream and downstream of plaF gene were cloned into the pEMG vector by ligation of DNA
fragments hydrolyzed with EcoRl restriction endonuclease. The white arrow indicates the neomycin
phosphotransferase 1l gene (nptll) necessary for plasmid selection in the presence of kanamycin
antibiotic. DNA recognition sequence for I-Scel restriction endonuclease is indicated with the red
arrows. b) Verification of P. aeruginosa AplaF mutant strain by PCR. Standard PCR was performed
using Phusion DNA polymerase and the primers (5- AAGGTCGCCGCCAGGAATTTCCG-37/5-
CCGCCTGCGTGCCGACTACAAGG-3') that bind to the up- and downstream regions of ploF gene. As
PCR templates were used genomic DNA of P. geruginosa PAO1 (WT), pEMG-AplaF plasmid and DNA
obtained from the colony of P. aeruginosa AplaF scratched from the LB agar plate and suspended in
water. The expected sizes of DNA fragments were 1494 bp, 552 bp, and 552 bp for WT, AplaF, and

pEMG-AplaF, respectively. DNA products were analyzed by electrophoresis on agarose gel (1 % w/v)

2
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54
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57
58
59
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63

65

in the presence of ethidium bromide and visualized by UV light exposure. The sizes of standard DNA
fragments are indicated on the left. ¢} Phospholipase Al and esterase activity of P. aeruginosa dplaF
strain. P. aeruginosa PAO1 and AplaF strains were grown overnight in LB-medium at 37°C, and cells
were harvested by centrifugation. Cells were suspended in Tris-HC| buffer {100 mM, pH 8) to equal
cell count, and an enzyme activities of these samples were measured using standard esterase and
PLA1 assays with p-NPB and N-{{6-{2,4-DNP}amino}hexanoyl}-1-(BODIPY®FL C5}-2-hexyl-sn-glycero-3-
phosphoethanolamine as the substrate, respectively. The results are mean * standard deviations of
three biological replicates each measured three times. d) Sequence alignment of DNA products of P.
aeruginosa AplaF and the wild-type {(WT) strain obtained by PCR as described in Fig S1b. The start
and stop codons of plaF gene are indicated in red, identical nucleotides are indicated in grey, the
recognition site for Miful restriction endonuclease inserted on the chromosome using the
mutagenesis vector pEMG-AplaF in yellow. The company Eurofins Genomics (Ebersberg, Germany)

performed DNA sequencing.
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Fig. S2: The growth (a} twitching (b} and swarming (c) motilities of P. geruginosa PAO1 and
ApfaF do not differ. P. geruginosa strains (n = 3) were grown in LB medium in Erlenmeyer
flasks at 37 °C. Twitching and swarming motilities were monitored after 24 h of incubation at

37°C(n>6).
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72
73 Fig. $3: TM-JM helix of PlaF is not detected among PlaF structural homologs. Pairwise structural
74  alignment of PlaFy (colored orange) with 1cgz (a), lorw (b), 1yr2 (c), 1268 (d), 2bkl (e), 2ecf (f), 2bgc
75 (g), 2jbw (h), 2rog (i), 3mga (j), 3mun (k), 304 (I}, 4hai (m), 4n8e (n), 5alj (o), 518s (p), 5t88 (q), Syzm
76  (r), 6eop (s), 6hxa (t), 6igp (u). PlaF structural homologs (colored gray) containing conserved
77 sequence in TM-IM helix region of PlaF (yellow highlighted in table $6) and in catalytic domain as
78  identified by Dali server.
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a)

molecule A
molecule B

N-terminus
79

81  Fig. S4: a) Superposition of PlaF, (cyan) and PlaFg (orange). The arrow indicates the kink in
82 TM-JM helix. b} Crystal packing of PlaF showing a four-helix bundle formed by TM-JM
83  helices. For clarity, two dimers are shown in cyan and orange colors. The ligands present are
84  shown as filled circles and are colored by element (carbon yellow, oxygen red). The unit cell

85  (black square} and the a-b axes are labeled.
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M. tuberculosis HsaD

- P. geruginosa LipA Janthinobacterium sp. CarC
87  Fig. S5: The lid-like domains shown in brown vary considerably amang PlaF and hydrolytic

88  enzymes (hydrolase HsaD from Mycobacterium tuberculosis, PDB 1D 2VE2;2 lipase LipA from
88  P. geruginosa, PDB ID 1EX9;% and hydrolase CarC from Janthinobacterium sp. strain J3, PDB
90 ID 1J1l4) with structurally conserved a/B-hydrolase domains (light blue).
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a) b}
molA }‘.
’ 4

)
/

N

LID domain

91

92
93  Fig. S6: a) Ribban representation of the dimer structure colored according to B-factor. The

94  lid domain and the N-terminal helices show significantly higher B-factors (color spectrum
95  white - low B-factor, to red - high B-factor). The average B-factors of the aTM1 helix and the
96 lid domain in PlaF dimer are ~74 and ~55 A? respectively. b) Thermal ellipsoid
97  representation of the dimer scaled by the B factors combined with TLS (translation-libration-
98  screw-rotation model) displays comparatively higher B-factors in the lid domain in molecule
99 B and in the aTM1 helix in molecule A. The figure was prepared using CCP4mg 5,

100
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102  Fig. S7: Identification of fatty acid ligands co-purified with PlaF. Fatty acids were extracted

103  from purified PlaF samples with organic solvent followed by silylation and gas
104  chromatographic separation with mass spectrometric detection (GC-MS). GC
105 chromatograms of pure €10, €11, and C14 fatty acids as standards (a) were compared to
106  PlaF extracts (b). Mass spectrometric analysis of compounds with retention times
107  23.43/23.42 min and 29.95 min for fatty acid standards {c and e) and PlaF extracts (d and f}
108 revealed the presence of undecancic and myristic acid trimethylsilylesters, respectively. The
109  chemical structure of undecanoic and myristic acid trimethylsilylester and characteristic
110 1‘ragments6 (molecular weights in Da are indicated above) identified in mass spectra are

111 shown.
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112
113

114  Fig. 58: The superposition of the o/ hydrolase domains. Ribbon representations of PlaF
115 (blue), P. aeruginosa lipase LipA (PDB ID 1EX9; green), P. aeruginosa lipase LipA (PDB ID 5LIP;
116  coral) were included in the analysis using the secondary structure matching program’ with
117  residues from one protein chain in each case. For clarity, the structures of 1EX9 and S5LIP are
118  made transparent. The ligands are shown as filled spheres and colored as follows: oxygen
118 red; carbon of OG and MYR in PlaF in vyellow, carbon of OCP (Rc-(Rp,Sp)-1,2-
120  dioctylcarbamoylglycero-3-O-octylphosphonate) inhibitor in SLIP in orange and carbon of Re-
121 (Rp,Sp)-1,2-dioctylcarbamoyl-glycero-3-O-p-nitrophenyl octylphosphonate in 1EX9 in green.

122
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124  Fig. §9: Size exclusion chromatography of PlaF showed a monomer. PlaF (10 pl, 2 mg/ml)}
125  purified with OG and standard proteins, bovine serum albumin (BSA), equine myoglobin
126  (Myo), and bovine ribonuclease A (RNase A} were separately analyzed using Biosep-SEC-
127 52000 column. Proteins were detected by measuring absorbance at A = 280 nm, and values
128  were normalized to the maximal Agg,, of each protein.
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Fig. S10: In vivo crosslinking and in-gel activity of PlaF. a) The SDS-PAGE analysis of in vivo
cross-linking samples of P. aeruginosa strain carrying pBBR1mcs-3 (empty vector control, EV)
or p-plaF obtained in experiment shown in Fig. 5a. b) In-gel esterase activity of purified DMP
cross-linked PlaF samples obtained in the experiment shown in Fig. 5b. Esterase activity
monitored under UV light using the fluorescent substrate 4-methylumbelliferyl butyrate.

Molecular weights of protein standard (St) in kDa are indicated.

12

163



Publication III: Structural and mechanistic insights into phospholipase A-mediated membrane phospholipid degradation related to
the bacterial virulence

Log. phase Stat. phase

O ] | -

o o 7] o o ] et

o (=} o (=] o (5] [}

[--] -] o0 -] -] o -

o o o o o O a

— - — - — - o

= > = x x =< 3

kDa n Q wu w o wun wn
o~ ~ i ~ - o~ i o~

170
130

100
70

55
40

35
25

15

138 L

139  Fig. S11: Detection of PlaF by western blotting with anti-PlaF antiserum. P. aeruginosa cells
140  were cultivated until logarithmic (ODsgonm 1) and stationary phase (ODssonm 3) cells were
141 harvested and lysed by SDS-PAGE sample buffer. Purified PlaF (2.5 pg) was used as a positive
142 contral.
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148  Figure $12: Structural variations, membrane parameters, and tests for PMF convergence. a) Root
149  mean square deviations during 10 independent, unbiased MD simulations of |} the di-PlaF, where
150  each chain was measured independently {(green, left and right), II} monomeric PlaF started in the
151  PlaF, configuration {beige}, and Ill} monomeric PlaF started in the tilted configuration {t-PlaF,, gray},
152 computed with respect to the respective initial structure. Most simulations reached a plateau at ~
153 4 A. b) Time course of the orientation of monomeric PlaF starting from the PlaF; (left) and t-PlaF,
154  (right) configurations. Six out of ten PlaFg replicas show tilting of the monomer in less than 2 us,
155  while all ten replicas that started in the t-PlaF: configuration stayed tilted, similar to simulations
156  started from PlaF, and t-PlaF,. c) Convergence of the PMFs for dimer separation {left) and
157  monomer tilting (right). The plots show PMFs computed every 25 ns of umbrella simulations for
158  each window; the first 100 ns of umbrella simulations were considered equilibration phase and
159  removed. d) Electron density profiles of membrane components averaged over 10 independent,
160  unbiased MD simulations of di-PlaF, PlaF, or t-PlaF, configurations for the phospholipid head
161  groups {PE and PG} and oleic acid tails {OL}). The obtained shapes correspond with those generally
162  found by experiment and MD simulations for biomembranes.®*" e) S, order parameter of the lipid
163 phase averaged over 10 independent, unbiased MD simulations of di-PlaF, PlaF, or t-PlaF,
164  configurations. The carbon atoms are numbered according to their position in the phospholipid tail.
165 A clear dipis seen at the unsaturated position of the oleic acid tail, and the overall shape resembles a
166  structured membrane bilayer, as previously described ®''. f) Distribution of reaction coordinate
167  values obtained by umbrella sampling of dimer separation (top) and monomer tilting (bottom).
168  The dashed lines represent the restrained distance used for each window. In both cases, a force
169  constant of 4 kcal mol™ A” was used, obtaining distributions with a median overlap of 8.2% and 8.6%,
170 respectively. For details, see the main text. g) Distance to membrane center versus tilting angle. The
171  scatter plot shows the distance of the COM of residues 33 to 37 to the membrane center versus the
172 tilting angle during the first microsecond of MD simulations of the tenth replica, starting from the
173 PlaF, configuration (R* = 0.997, p < 0.001). The red dots represent the structures used as starting
174  conformations for calculating the PMF of the tilting process.
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176  Supplementary tables
177

178  Table S1: All phospholipid species identified in P. geruginoso PAO1 and Apiof by Q-TOF

179 MS/MS.
180
181 = Excel file “Table S1 All phospholipid species”

182  *Phospholipid nomenclature XX:Y. XX, the sum of carbon atoms in fatty acids bound to

183  phospholipid; Y, the number of double bonds in fatty acids bound to phospholipid.
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Table S2: Phospholipid species significantly differentially abundant in P. aeruginosa wild-

type and ApiaF.
P. aeruginosa PAO1 P. aeruginosa ApiaF | Significance | Shapiro-Wilk
Phos pholipid* nmol/mg(PL) £ SD nmol/mg(PL)  SD t-test WT AplaF
accumulated in P.aeruginosa AplaF

PE 35:1 116.458 + 23.489 178.208 + 8.242 0.05 0.05 0.75
PG 35:1 30.600 £ 3.386 43.127 = 5.090 0.02 0.10 0.28
PE 36:2 40.806 £ 5577 53.303 = 2.930 0.02 0.26 0.42
PE 37:1 15.261 £ 2.491 21,991 = 2.436 0.02 0.35 0.25
PE 38:2 4.056 + 2.041 9.715 + 0.923 0.01 0.18 0.26
PE 350 10.212 £ 1.780 15,033 + 0.495 0.01 0.24 0.20
PE 38:8 4.263 + 1.129 7.386 £ 0.716 0.01 0.06 0.30
PG 38:2 1.244 + 0.444 3.974 + 0.407 0.00 0.43 0.19
PG 38:3 1.690 + 0.370 3.694 + 0.669 0.01 0.39 0.93
PC 351 2.028 + 0.206 3.600 £ 0.217 0.00 0.99 0.36
PG 37:1 1.069 + 0.311 1.927 + 0.317 0.02 0.95 0.49
PE 38:1 0.557 + 0.229 1129 + 0.255 0.03 0.46 0.68
PE 37:2 0.414 + 0.078 0.939 +£ 0.202 0.01 0.15 0.48
PC 35:2 0.630 + 0.101 0.961 + 0.092 0.01 0.77 0.88
PG 38:1 0.401 + 0.109 0.602 + 0.065 0.04 0.71 0.39
PC 37:2 0.219 + 0.019 0.374 + 0.085 0.05 0.83 0.94

depleted in P. aeruginosa AplaF

PE 383 0.090 = 0.027 0.175 £ 0.019 0.01 0.31 0.31
PC 29:2 0.025 + 0.008 0.010 + 0.004 0.05 0.58 052
PE 21:1 0.037 + 0.007 0.016 + 0.008 0.02 0.69 0.20
PC 32:4 0.032 + 0.008 0.010 + 0.003 0.01 0.73 0.86
PC 353 0.036 + 0.009 0.013 + 0.004 0.02 0.23 0.73
PE 25:2 0.042 = 0.014 0.017 + 0.005 0.05 0.51 022
PG 23:0 0.070 = 0.019 0.028 £ 0.013 0.03 0.57 0.26
PG 34:5 0.081 + 0.021 0.020 + 0.011 0.01 0.86 0.50

PA 30:1 0.107 + 0.028 0.031 + 0.001 0.02 0.06 -
PG 27:2 0.156 + 0.066 0.015 £ 0.004 0.03 0.93 027
PG 30:6 0.289 + 0.062 0.123 + 0.033 0.01 0.13 0.16
Pl 37:2 0.307 + 0.025 0.134 + 0.080 0.03 0.14 0.90
PA 28:1 0.291 + 0.105 0.095 + 0.008 0.05 0.53 0.63
PG 36:6 0.426 + 0.081 0.219 + 0.058 0.01 0.56 097
PE 30:1 0.801 + 0.134 0.434 + 0.086 0.01 0.27 0.87
PG 321 1.220 £ 0.341 0.588 + 0.091 0.04 0.99 0.75
PE 36:4 4591 = 0.689 2244 £ 0.384 0.00 0.79 0.42
PE 32:1 12519 £ 2.364 7.502 £ 1.200 0.03 0.57 0.99
PE 34:2 51.967 £ 4.764 38.784 + 6.733 0.04 0.25 0.15

*Phospholipid nomenclature

XX:Y; XX, the sum of carbon atoms in fatty acids bound to

phospholipid; Y, the number of double bonds in fatty acids bound to phospholipid.
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197

Table $3: Amount of GPL quantified by Q-TOF-MS/MS analysis.

GPLamount [nmol/mg(GPL)]

Total* Accumulated**
P. aeruginosa wild-type 959.7 + 37.6 229.9
P. aeruginosa OplaF 966.1 £ 95.3 345.9

* Molecular species listed in table S2.

** Molecular species listed in table S3.

Table S4: Properties of the cultures used for lipid extraction.

P. aeruginosa PA01 P. aeruginosa aplaF
Biclogical replicate 1 2 3 4 1 2 3 4
Optical density [ODsgon]  4.66 5.11 448 458 508 493 502 5.22
mglipid) 3.04 253 275 | 294 299 328  3.09 310
18

the bacterial virulence

Depleted**
731
50.4

Significance
t-test

0.08
0.07
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Table S5: List of interactions involving the ligand molecules.

Ligand  Interacting residue in PlaFA
Atom Distance / A Atom Residue #

Ligand

Interacting residue in PlaFB
Atorn  Distance / A Atom Residue #

MYR

c3'

caq'
o1
cs'
ce'
c1
cs'
cg'
05
c5
ce
06

11A
oDl

CcD1
ND2
02
02
02
oDl
oD1

IPA503

cD2
NE2

NH2
cD1
CE2
OE2
cD
c3
cD2
NH1

cs
cB
NH2
c4
C5
OE2
CG1
OE2
CG

ASN
HOH
BOG
HOH
BOG
BOG
HOH
HOH
ARG
ARG
LEU
ASN

IPA

IPA

IPA
ASN
ASN

ASN
HOH
SER
PHE
11A
11A
11A
HIS
HIS
HOH

ARG
LEU
PHE
GLU
GLU

IPA
LEU
ARG
HOH
11A
PRO
ARG
11A
11A
GLU
VAL
GLU
GLU

774
90
502
90
502
502
90
90
31
31
79
77

504
504
77
77

136
22
137
71
501
501
501
286
286
171

80
206
200

34

34

210
80
147

204
80
501
501
34
30
34
34
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200

201

202

203

204

205

206

207

208

209

210
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Table S6: Structure-based sequence alignment of PlaF with its structural homologs*
identified using DALI server."
*Yellow are highlighted homologs containing the sequence in TM-JM helix region of PlaF.

—> Excel file: Table S6 - PlaF sequence alignment

Table S7: PlaF-B structural homologs identified using DALI server.™”

- Excel file: Table S7 — PlaF-B structural homologs

Table $8: PlaF-A structural homologs identified using DALI server."”

- Excel file: Table S8 — PlaF-A structural homologs
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Table S9: List of interactions involving the dimer interface.

Source atoms Target atoms Distance (A)
Leu 5A CG val 9B CG2 3.95
Leu 5A CD1 val 9B CG2 4.49
Leu 8A CG val 9B CG1 3.87
Leu 8A CD2 val 9B CG1 3.89
val 9B  CG2 4.43
val 9A CA Ala 13B CB 4.42
val 9A C Ala 13B CB 4.45
val S9A O Ala 13B CA 3.97
Ala 13B CB 3.66
val SR CGl Leu 12B C 4.09
Leu 12B 4.10
Ala 13 N 3.94
Ala 13B CA 3.80
Ala 13B CB 4.38
Leu 12B CB 4.41
Ala 1B CB 4.17
Val 9A CG2 Val 9B O 3.88
Leu 12B CB 4.33
Val 9B CA 4.45
val 9B CG1 4.13
Leu 128 C 2la 13B CB 4.41
Leu 122 CB 2la 13B CB 3.76
Leu 122 CD1 2la 13B CB 4.48
Leu 10B CD2 3.62
val 9B CG1 3.84
Ala 132 N 2la 13B CB 4.17
Ala 13B O 4.44 *
Ala 132 CA Gly 17B  CA 4.43
Ala 13B C 4.46
Ala 13B O 3.72
Ala 138 C Phe 21B  CE2 4.714
Ala 132 O Phe 21B  CD2 3.84
Phe 21B  CE2 3.42
Phe 21B  CZ 4.45
Gly 178 CA 4.24
Ala 13A CB Ala 1B 4.38
Gly 17BN 3.86
Gly 178 CA 4.02
21
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Gly

Gly

Gly

Gly

val

val

Phe
Phe

Phe

14A
14R

147

147

17A

17A

178

178

18R

18R

21A
21A

21A

CR

CA

C

CG2

CEl
CZ

CEZ

13B
13B
16B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
21B
22B
22B
22B
25B
22B
22B
22B
21B
21B
22B

CB
CE2
CE2
CZ
CE2
CZ
CE2
CZ
CcD2
CE2
CG
CDh2
CD1
CE2
CZ
CE1l
CG
CcDh2
CD1
CE2
C2
CE1l
CD1
CE1l
CE2
CZ
CEl
CZ
CEl
CcG2
CR
CB
0oG1
CG2
CA
CB

L T A S T T S T T N e S e T T L T S TE R

.38
.51
.17
.27
.66
.06
.13
.29
.78
.63
.27
.07
.77
.54
.97
.52
.75
.96
.43
.45
.13
.19
.88
.86
.33
.25
.29
.78
.00
.15
.47
.38
.23
.42
.95
.69
.68
.28
.02
.93
.93

22
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Thr 25B CB 4.15
Thr 25B 0G1 3.03
Thr 25B CGz2 4.24
Val 22B CG2 3.75
Phe 21A  CD2 Phe 21B 4.22
Phe 21B 4.28
val 22B 4.36
Thr 25B CB 4.44
Thr 25B 0@G1 3.69
Thr 25B CG2 4.08
Val 22B  CG2 4.48
Phe 21B CB 3.90
Val 22A CG2 Thr 25B CGz2 3.87
FPhe 21B CD1 3.68
Phe 21B CE1 3.74
Thr 25A CB Thr 25B CB 4.46
Thr 25B 0G1 4.31
Thr 258 0OG1 Thr 25B CB 3.88
Thr 25B 0G1 4.16
Thr 25B CG2 4.43
Thr 25A CG2 Thr 25B CB 4.33
Thr 25B 0G1 3.78
Ser 297 O Val 33B CG2 3.97
Ser 29A CA Val 33B CG2 4.26
Ser 29A CB Val 33B CG2 4.27
Thr 32B CG2 3.75
Ser 29B CB 4.42
Thr 32B CB 4.13
Ser 290G Ser 28B CA 3.64
Ser 29B CB 3.15
Ser 29B 0OG 3.55
Ser 29B 4.29
Ser 29B O 4.09
Thr 32B CB 4.45
sSer 29A CA val 33B CG2 4.26
Ser 29A CB Val 33B CG2 4.25
Thr 32B CG2 3.77
Ser 28B CB 4.40
Thr 32B CB 4.13
Ser 29A 0OG Thr 32B CG2 3.52
Thr 32B CB 4.13
23
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214

Thr
Thr

Val
Val

Val

Leu
Leu

Leu

32A
32A

334
33A

33A

334
37A
37A
37A

CB
CG2

CcB
CGl

CcG2

CG
CD1
CcD2

Thr
Leu
Leu
Gly
Arg
Leu
Leu
Leu

Leu

33B
33B
33B
36B
36B
37B
36B
36B
33B
33B
37B
36B
36B
32B
33B
33B
33B
33B
33B
32B
37B
37B
36B
83B
37B
37B
37B
37B

CG2
CG1
CcGz
CA

=

a2 o a a
t

2 0 0

cDz2

CDz2

NH2
cDz2
o
Ca
c

L e T T T L T vt -

LSS

L e N VY s L - . T R =N

.16
.05
.93
.45
.58
.90
.66
.46
.18
.81
.35
.95
.32
.47
.37
.58
.29
.38
.27
.90
.16
.16
.97
.06
.13
.79
.26
.44

*The cut offvalue is 4.5 A (includes van der Waals interaction).

All contacts are part of the N-terminal TM-JM helix.

24
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Table S10: List of interactions” involving the catalytic triad residues $137, D258 and H286.

Source atoms

Target atoms

Distance (&)

Moncmer A

Ser 137A N

Ser 137A ©

conformation A

Ser 137 A 0OG

conformation B

Ser 137 A 0OG

Asp 2583 N
Asp 258A OD1

Asp 258A O0OD2

His 286A N

His 286A ND1

His 286A NE2

His 286A O

Monomer B

Ser 137B N

Ser 137B ©

Asn 136A
Ile 1602
Asp 161A
2la 1632
Gly 1392
Gly 1402

His 141A

His 286A
HOH 2298

MYR 500A
HCH 2298
Gly  255A
Leu 261A
Leu 261A
His 286A
Arg 259A
Val 260A
Trp 2544

Leu 261A
Asp 161A
His 286A
Val 199A
Asp 258A
Asp 258A
Ser 137A

Asn 1364

Asn 136B
Ile 160B
Asp 161B
Ala 163B

ND2

Z =2 =2 =2 0 O

NE2

ol

O O

ND1

NE1

oD2
ND1

oDl
oD2
oG

ND2

ND2

.39
.20
.04
.01
.17
.89

N ONDW W W W W

.97

.43
.52
.13
.25
.93
.12
.00
.75
.49
.08
.63
.72
.08
.12
.72
.04

W W DWW NN W W DWW DWW D W

.25

.35
.16
.05

w w w W

.02

25
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Gly 140B 2.89
His 141B 3.02
Gly 139B 3.19
conformation A
Ser 137B 0OG His 286B NE2 2.83
HOH 1718 O 2.62
conformation B
Ser 137B 0OG IPA 504B Cl<<« 3.25
HOH 1718 © 2.80
Asp 258B N Gly 256B O 3.08
Asp 258B OD1 Arg 259B N 2.97
Leu 261B N 2.94
Leu 261B O 3.29
Val 260B N 2.77
His 286B ND1 3.12
Asp 258B QD2 Trp 254B NE1 3.43
Asp 161B OD2 2.67
Leu 261B O 3.22
His 286B ND1 2.72
His 286B N Val 199B O 2.97
His 286B ND1 Asp 258B OD2 2.72
Asp 258B OD1 3.12
His 286B NE2 Ser 137B 0OG 2.83
His 286B O Asn 13¢B ND2 3.16
*The cut-off value for hydrogen bond selection used is < 3.5 A.

26
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Table S11: Residues lining the active site cavity and their interactions with ligands.

Residue Interacting ligand
L27 -
A28 -
V30 OG(A,B)
R31 11A
E34 OG(A,B)
G70 -
F71 MYR, IPA503
G72 -
A73 MYR
D74 -
D76 -
N77 MYR, 11A
W78 -
L79 MYR, 11A
R80 OG(A,B)
F81 -
N136 MYR, IPA503
S137* MYR, IPA503
M138 -
H141 -
AlB3 -
F174 -
L173 -
L184 -
V185 -
V186 -
F192 -
L195 -
L196 -
V199 -
F200 0G(A,B)
N203 0G(A)
P204 OG(A,B)
1206 OG(A,B)
1210 0G(B)

27
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218

214

MYR

R217

A218

$222

N225

F229

1232

V260

L261

H286*

MYR, IPA503

M289

MYR

V287

V290

*active site residues

28
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219

220

221

222

223

224

225

226
227

228

229

230

231

232

Table $12: Michaelis-Menten constants for inhibition of PlaF with decanoic acid (FA C10).

c{FA C10) [mM]

0.0
0.5
1.5
2.5
5.0
7.5

0.17+0.02
0.2310.03
0.2510.03
0.3410.04
0.4510.05

0.6610.04

Koo [mM]*

Vinax [U/mg]*

899.5137.2
916.0£39.4
830.91£40.0
717.8%35.1
512.2£26.6
390.8£13.7

* Results are mean £ 5.D. of three experiments each measured with three samples.

the bacterial virulence

Table $13: Average 2D-RMSDy a1om Of residues 25 to 315 of the structures sampled along MD

trajectories.

[a]

di-Plaf,™  di-PlaFs™  PlaF,? t-PlaF, PlaFg)  t-PlaFg®
di-PlaF™ [ 3.42 + 0.59 | 3.96 + 0.69 | 3.63 + 0.58 | 3.60 + 0.61 | 3.94 +0.57 | 3.91 + 0.60
di-PlaFg”! 4,01+0.81 | 4.05+0.68 | 4.05+0.72 | 429+0.70 | 423+0.71
3.59+0.60 | 3.71£0.63 | 4.08 +0.58 | 4.02 + 0.64
3.58 +0.72 | 4.05+0.61 | 3.93 £ 0.65
4,17 +0.76 | 4.21 £ 0.62

3.99+0.80

1 RSMD values in A, mean * S.D., were computed in a pair-wise manner for respective

structures sampled every ns along the MD trajectories.

[b]

PlaF molecules in dimeric form starting from the crystal structure.

19 plaF, and PlaFg obtained from the dimeric form by removal of the opposite chain,

a PlaFa and PlaFg in the tilted monomeric form.
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234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265

266
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Iron is a key transition element in the biosphere and is crucial for living organisms, although its cellular excess can be deleterious.
Maintaining the balance of optimal iron availability in the model plant Arabidopsis (Arabidopsis thaliana) requires the precise
operation of iron import through the principal iron transporter IRON-REGULATED TRANSPORTERI (IRT1). Targeted
inhibition of IRT1 can prevent oxidative stress, thus promoting plant survival. Here, we report the identification of an IRT1
inhibitor, namely the C2 domain-containing peripheral membrane protein ENHANCED BENDINGI (EHBI). EHBI interacts
with the cytoplasmically exposed variable region of IRT1, and we demonstrate that this interaction is greatly promoted by the
presence of calcium. We found that EHBI binds lipids characteristic of the plasma membrane, and the interaction between EHB1
and plant membranes is calcium-dependent. Molecular simulations showed that EHB1 membrane binding is a two-step process
that precedes the interaction between EHB1 and IRT1. Genetic and physiological analyses indicated that EHBI acts as a negative
regulator of iron acquisition. The presence of EHBEI prevented the [RTI-mediated complementation of iron-deficient fet3fet4 yeast
(Saccharomyces cerevisiae). Our data suggest that EHBI acts as a direct inhibitor of IRTI-mediated iron import into the cell. These
findings represent a major step in understanding plant iron acquisition, a process that underlies the primary production of
bioavailable iron for land ecosystems.

Deprived of the ability to escape unfavorable condi- actively-solubilized iron is first reduced by the FERRIC

tions, plants have developed powerful mechanisms for
adapting to their environment (Haak et al., 2017). Nu-
trient availability in the seil can be a limiting factor for
plant growth and plants respond to variations in nutri-
ent concentrations by a variety of developmental and
physiological responses (Giehl and von Wirén, 2014;
Briat et al., 2015). Of particular importance is the acqui-
sition of iron, an element abundant in the soil but poorly
available to plants (Guerinot and Yi, 1994, Wedepohl,
1995). As a part of many key biological processes, iron
is indispensable for life; however, in high doses it can
cause deleterious effects and even death. Therefore, its
controlled acquisition from the soil is essential for the
plant. Arabidopsis (Arabidopsis thaliana) employs a
reduction-based iron acquisition strategy (Romheld and
Marschner, 1983; Brumbarova et al, 2015), in which

1564 Plant Physiology@’, July 2019, Vol. 150, }ép 1564-1581, Wwwg)lam
i 205
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REDUCTASE-OXIDASE?2 (FRO2; Robinson et al., 1999)
and subsequently imported from the apoplastic space
across the plasma membrane of the root epidermal cells
by the bivalent metal transporter IRON-REGULATED
TRANSPORTERI (IRT1; Eide et al., 1996; Vert et al.,
2002; Fourcroy et al., 2016).

The system is responsive to the amounts of available
iron and is transcriptionally induced upon iron limita-
tion (Brumbarova et al,, 2015). Genes encoding IRT1
proteins are present throughout land plants and green
algae, and show tight coregulation with the rest of the
organism’s iron acquisition and homeostasis machinery
(Hanikenne et al., 2005; Ivanov et al, 2012a; Urzica
et al., 2012; Ivanov and Bauer, 2017). In addition to
this, the Arabidopsis IRT1 protein was shown to un-
dergo posttranslational regulation involving covalent

hysiol.org © 2019 American Society of Plant Biologists. All Rights Reserved.
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modifications and regulated trafficking toward and
away from the plasma membrane (Barberonet al,, 2011,
2014; Shin et al., 2013; Ivanov et al., 2014; Dubeaux etal.,
2018). Under iron deficiency, plasma membrane-
localized IRT1 is modified by the E3 ubiquitin ligase
IRT1-DEGRADATION FACTORI1 (IDF1), which leads
to its clathrin-mediated endocytosis (Barberon et al.,
2011, 2014; Shin et al.,, 2013). IRT1 was shown to sense
the abundance of its noniron metal substrates zing,
manganese, and cobalt. When these are present in ex-
cess, IRT1 can bind them and recruit the CBL-INTER-
ACTING PROTEIN KINASE 23 (CIPK23), which
phosphorylates IRT1’s variable region. Phosphorylated
IRT1 is ubiquitinated by IDF1, internalized and de-
graded (Dubeaux et al., 2018). Internalized IRT1 can also
be recycled and resent back to the plasma membrane.
Two proteins, SORTING NEXIN1 (SNX1) and FYVE
DOMAIN PROTEIN REQUIRED FOR ENDOSOMAL
SORTING 1 (FREE1/FYVEL), have been implicated in
this process (Barberon et al., 2014; Ivanov et al., 2014). In
addition, FREE1/FYVE1 was shown to participate in the
maintenance of the polar localization of IRT1 to the
plasma membrane facing the rhizosphere (Barberon
et al, 2014). A tight multilevel control of IRT1 activity
counteracts uncontrolled iron acquisition that may oth-
erwise overload the cellular capacity to safely store iron
and result in extensive oxidative damage (Reyt et al.,
2015; Le et al., 2016). Therefore, mechanisms that pre-
vent the excessive entry of iron into the cell are essential
to the survival of plants.

Members of the C2-domain abscisic acidrelated
(CAR) protein family have recently emerged as key
regulators of plant stress responses. These proteins
share homology with the Arf GTPase activating protein
family but lack the N-terminal Zn-finger motif, char-
acteristic of the Arf GTPase activating protein family,
and only contain a C2 calcium- and lipid-binding do-
main (Knauer et al., 2011). A characteristic feature of
CAR proteins is a family-specific stretch of 48 amino
acids inserted into the C2 domain that connects the two
four-stranded beta sheets (Rodriguez et al., 2014). This
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EHB1 Inhibits TRT1-Based Fe Import

domain, referred to as the “CAR signature domain,”
was shown to be involved in the protein—protein in-
teraction between Arabidopsis CAR4, also named
“AtGAPL,” and the abscisic acid (ABA) receptors
PYRABACTIN RESISTANCE 1 (PYR1)-LIKE1 (PYL1)
and PYL6 (Rodriguez et al, 2014). Members of the
CAR family have been characterized in rice (Oryza
sativa) and Arabidopsis, and are involved in the re-
sponses to wounding, salinity, blue light and ABA, as
well as in the root gravitropic response (Cheung et al.,
2008, 2010, 2013; Knauer et al., 2011; Rodriguez et al,,
2014). The Arabidopsis CAR-family member EN-
HANCED BENDING1 (EHB1), alsc known as “CARS6,”
was identified in a yeast two-hybrid screen as an
interactor of the blue light response regulator
NONPHOTOTROPIC HYPOCOTYL3. Physiological
analysis revealed EHB1 as a negative regulator of blue
light responses and further showed its invelvement in
root gravitropic responses (Knauer et al, 2011;
Diummer et al., 2016).

Qur aim was to investigate the interactome of IRT1
for the identification of processes and molecular players
involved in the regulation of IRT1 function. Using a
yeast two-hybrid screen with IRT1’s cytoplasmically
exposed variable region, we identified EHB1 as an IRT1
protein interactor. EHB1 was able to bind a subset of
phosphatidylinositide lipids. The EHBI-IRT1 and
EHB1-lipid interactions were significantly promoted by
the presence of calcium. Molecular simulations sug-
gested that the membrane binding of EHB1 precedes
the interaction between EHB1 and IRT1. Physiological
analysis showed that EHB1 presence negatively affects
the import of apoplastic iron into the root and that
EHBI1 directly affects IRT1-dependent iron acquisition.
The data suggest a role of EHB1 in mediating calcium
signals for the inhibition of iron acquisition.

RESULTS
IRT1 Interacts with EHB1

To identify proteins involved in the regulation of iron
import from the rhizosphere, we locked for interactors
of IRT1. We used the cytoplasmically exposed variable
region of IRT1 (referred to as “IRTlvr,” residues
145-192), as it constitutes the key TRT1 scaffold for
regulatory and modification inputs. IRT1vr wasused as
bait in a yeast two-hybrid screen against an expression
library prepared from complementary DINA (cDNA) of
iron-deficient Arabidopsis roots. Among the colonies
growing on the selection medium, IRT1vr together with
the C2 domain-containing protein EHB1 were found in
34% of the cases. EHB1 is a part of a 10-member protein
family; however, none of the other members were
identified in the screen. UBIQUITIN 10, a previously
reported IRT1 interactor (Barberon et al., 2011), was
also identified in this screen. We could verify the in-
teraction in a targeted yeast two-hybrid assay using a
recloned full-length EHB1 (Fig. 1A). In this case, only
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the IRT1vr-EHB1 combination but none of the negative
control cotransformations produced colonies on the
triple selection medium, suggesting a specific interac-
tion between IRT1vr and EHB1. The known SNX1
homodimerization (Pourcher et al., 2010) was used as a
positive control (Fig. 1A). To verify the interaction
further, we used the two fragments, together with
several deletion versions, for an interaction test in plant
cells using bimolecular fluorescence complementation
(BiFC; Fig. 1, B and L; Grefen and Blatt, 2012). A posi-
tive BiFC signal indicated the IRT1vr-EHB1 interaction
in this system (Fig. 1, C-E). The CAR signature domain
was found to be the protein interaction interface for the
EHB1 homolog CAR4 interaction with PYR/PYL re-
ceptors (Rodriguez et al., 2014). EHB1 protein lacking
the CAR signature domain was not able to interact with
IRT1vr in transformed cells (Fig. 1, F=H). On the other
hand, the signature domain alone was sufficient for an
interaction with IRT1vr (Fig. 1, I-K), suggesting that
this domain mediates the interaction en the side of
EHB1. To delimit the protein interaction on the side of
IRT1vr, we created four different deletion constructs
of IRT1vr that contained or were devoid of the previ-
ously described regulatory resiclues for metal binding,
phosphorylation, and ubiquitination, taking into ac-
count the predicted secondary structure (Fig. 1L;
Ivanov and Bauer, 2017). EHB1 was able to bind three
IRT1vr fragments (Fig. 1, M-R and V-X) but not
IRT1vrA3 (Fig. 1, S-U), which lacks the predicted heli-
cal regions in proximity to transmembrane domains I
and IV (Ivanov and Bauer, 2017). These data show that
the interaction requires the part of IRT1vr flanking the
transmembrane regions and the CAR signature domain
of EHB1. The involvement of the EHHB1 CAR signature
domain in protein—protein interaction is thus consistent
with previous reports (Rodriguez et al., 2014).

IRT1 Interaction with EHB1 Is Calcium-Dependent

Because EHB1 was able to bind to the cytoplasmically
exposed variable region of IRT1, we tested its ability to
interact with the full-length IRT1 protein in plant cells.
For this, we expressed EHB1-HIA and IRT1-GFP fusions
and performed coimmunoprecipitation. The presence of
EHBI1-HA in the IRT1-GFP-containing sample was vis-
ible after anti-GFP immunoprecipitation (Fig. 2A), sug-
gesting that the full-length proteins can form a complex.
EHB1-HA was present as a double band, one at the ex-
pected size of 25 kD and another of ~35 kD, presumably
representing a modified form of the protein. As EHB1 is
a calcium-dependent protein due to the presence of a C2
domain, we hypothesized that calcium concentration
might influence EHB1’s capacity to bind IRT1. When the
coimmunoprecipitation procedure was performed in the
presence of 100-uM Ca?*, we observed a dramatic in-
crease of recovered EHB1-HA (Fig. 2B). The EHB1 pro-
tein lacking the CAR signature domain was not able to
interact with the full-length IRT1-GFP, irrespective of the
calcium availability (Fig. 2, C and D). This confirms the
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importance of the CAR signature domain for the for-
mation of the IRT1-EHB1 complex and shows that the
strength of the interaction is dependent on the local
calcium concentration.

EHB1 and IRT1 Colocalize at the Plasma Membrane

(2 domain proteins are described as peripheral
membrane proteins and previous studies have sug-
gested that CAR-family proteins localize partially at the
plasma membrane (Cheung et al., 2010; Demir et al,
2013; Rodriguez et al., 2014). We expected that as an
IRT1 interactor, EHB1 should also localize to the
membrane system of plant cells. An EHB1-GFP fusion
protein expressed in Nicotiana benthamiana epidermis
cells resulted in a broad localization pattern with sig-
nals visible also in the nucleus (Fig. 2, B-G). We per-
formed a control immunoblot, which revealed two
bands, one with the expected size of 57 kD and one at 67
kD (Fig. 2H), likely corresponding to a modified EHB1-
GFP form, as observed with EHB1-HA. No signal was
observed in the 27-kD region that would suggest the
existence of free GFP. We first investigated the coloc-
alization of free GFP and the plasma membrane marker
AHAL-mRFP (Caesar et al., 2011). Distinct, spatially-
separated signals were visible in cells coexpressing
the two proteins, suggesting that they differ in their
subcellular localization (Fig. 2, I-K). This was con-
firmed by intensity-based colocalization scatterplot
(Fig. 2L), and by plasmolyzing the cells in the presence
of mannitol. After plasmolysis, AHA1-mRFP was seen
in Hechtian strands, by which the plasma membrane
remains attached to the cell wall, whereas GFP was
absent from these structures (Fig. 2, M-O). Next, we
tested the EHB1-GFP plasma membrane localization. In
the cell periphery, it displayed a good colocalization
with the AHA1-mRFP marker. We could observe ad-
ditional EHB1-GFP intracellular signals, not visible for
AHA1-mRFP (Fig. 2, P-R). This demonstrates the par-
tial presence of EHB1 at the plasma membrane in plant
cells. Intensity-based colocalization scatterplot con-
firmed the observation (Fig. 25). Upon mannitol-
induced plasmolysis, we found both EHB1-GFP and
the AHAT-mRFP marker in Hechtian strands (Fig. 2,
T-V), confirming the presence of EHBI-GFP at the
plasma membrane. We then performed a colocalization
analysis between EHB1-GFP and IRT1-mCherry. Sig-
nals at the cell periphery showed a high degree of
colocalization (Fig. 2, W-7). Together, the data suggest
that EHB1 is partially localized at the plasma mem-
brane where it colocalizes with IRT1.

EHB1 Can Bind Phosphoinositides

To understand whether lipids are targeted by EHB1,
we expressed and purified recombinant StrepIl-tagged
EHBI in Escherichia coli (Supplemental Fig. 51) to use in
a lipid overlay assay. Probing a set of immobilized
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Figure 1. EHB1 interacts with the variable region of IRT1. A, Targeted yeast two-hybrid assay, showing the interaction between
BD-IRT1vr {IRT1 variable region) and AD-EHB1. Growth on triple selection medium (right} indicates protein—protein interaction.
B, Schematic representation of EHB1 protein and the two fragments used in the BiFC experiments testing interaction with IRT1vr,
The position of the CAR signature domain, as defined in Rodriguez et al. {2014), together with the amino acid numbers, are
indicated. Cto K, Targeted BiF C experimentfor verification of the interaction between EHB1 and its fragments (depicted in B) with
the IRT1vr. Signal in the YFP channel indicates a reconstitation of a functional YFP protein as a consequence of an interaction
Signal inthe RFP channel is used as a control, showing thatthe cell was transformed. Each of the shown protein combinations was
tested a minimum of three times yielding comparable results. Bars = 50 wm. L, Schematic representation of the IRTTvr and the
IRT1vr-derived fragments used in the BiFC experiments testing interaction with EHB1. The different predicted secondary struc-
tures within IRT1vr, as defined in Ivanov and Bauer (2017), are indicated. DR1 and DR2 indicate the predicted disordered regions.
The two Lys residues, known as ubiquitination targets, are labeled in red. The known potential phosphorylation targets directing
the interaction with IDF1 E3 ubiquitin-ligase are shown in blue. The His-rich region, characteristic for the variable region of the
ZIP-family transporters and involved in metal binding, is underlined. Numbers indicate the first and last amino acid of IRTTvr
within IRT1 protein. M to X, Targeted BiFC experiment for verification of the interaction between the IRT1vr and its fragments
(depicted in L) with EHB1. Signal inthe YFP channel indicates a reconstitution of a functional YFP protein as a consequence of an
interaction. Signal in the RFP channel is used as a control, showing that the cell was transformed. Each of the shown protein
combinations was tested a minimum of three times yielding comparable results. Bars = 50 um.
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Figure 2. Interaction and subcellular localization of full-length IRT1 and EHB1. A, EHB1-HA coimmunoprecipitates with IRT1-
GFP. IRT1-GFF, EHB1-HA or a combination of the two were expressed in N. benthamiana epidermis cells and used for anti-GFP
immunoprecipitation. The samples before {left, input) and after {right, IP: anti-GFP) the procedure were tested by immunoblot
analysis. Weak, yet specific, presence of EHB1-HA was found in the combined immuneprecipitated sample. Noatransformed
samples were used as controls. The experiment was performed three times yielding comparable results. Asterisk indicates
coimmunoprecipitated EHB1-HA. B, The same experiment as in (A} was performed in the presence of 106-uM Ca?*. A marked
increase of EHB1-HA signal in the combined sample could be chserved, in comparison to (A). The experiment was performed
three times yielding comparable results. Asterisks indicate coimmunoprecipitated EHB1-HA forms. C, EHB1Asig-HA fails to
coimmunoprecipitate with IRT1-GFP. IRT1-GFP, EHB1Asig-HA, or a combination of the two was expressed in N. benthamiana
epidermis cells and used for anti-GFP immunoprecipitation. The samples before (left, input) and after (right, IP: anti-GFP) the
procedure were tested by immunoblot. No EHB1-HA signals could be detected in the combined immuncprecipitated sample.
Nontransformed samples were used as controls. The experiment was performed three times yielding comparable results. D, The
same experiment as in () was performed in the presence of 100-pM Ca?*. No EHB1-HA signals could be detected in the
combined immunoprecipitated sample. The experiment was performed three times yielding comparable results. E to G, Local-
ization of EHB1-GFP in N. benthamiana epidermis cells. H, Anti-GFP immunoblot made on extracts either expressing or not
EHB1-GFP. No obvious degradation products or free GFP can be seen. The single asterisk indicates the EHB1-GFP band at the
predicted 57 kD and the double asterisk—an additicnal band at 67 kD. | to L, Colocalizaticn between free GFP and ARABI-
DOPSIS H*-ATPASE 1 (AHAT)-menomeric Red Fluorescent Protein {mRFP). L, Scatterplot of the signals in the GFP and mRFP
channels, showing the typical distribution of non-colocalizing signals. M—O, Colocalization between free GFP and AHAT-mRFP
in mannitol-plasmelyzed cells. Open arrowheads point toward Hechtian strands indicating the presence of AHAT-mRFP at the
plasma membrane. Free GFP could not be found in these structures. P-S, Colocalization between EHB1-GFPand AHA1-mRFP in
the region of the plasma membrane. S, Represents a scatterplot of the signals in the GFPand mRFP channels, showing the typical
distribution of colocalizing signals. T to V, Colocalization between EHB1-GFP and AHA1-mRFP in mannitol-plasmolyzed cells.
Solid arrowheads point toward Hechtian strands indicating the presence of AHA1-mRFPat the plasma membrane. EHB1-GFP was
also presentin these structures, indicating its localization at the plasma membrane. W-Z, Colocalization between EHB1-GFPand

Plant Physiol. Vol. 180, 2019
Downloaded from on January 9, 2020 - Published by www .plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.

187



Publication IV: Calcium-promoted interaction between the C2-domain protein EHB1 and metal transporter IRT1 inhibits
Arabidopsis iron acquisition

lipids on the Membrane Lipid Strip (Echelon) showed a
strong preference of the purified StrepII-EHB1 protein
for phosphatidylinositol (PtdIns) and phosphatidylin-
ositol 4-phosphate (PtdIns4P; Fig. 3A). The finding is
particularly intriguing because PtdInsdP is known to
accumulate in the plasma membrane of plant cells and
has emerged as a key target for the attachment of reg-
ulatory proteins (Simon et al., 2016). To verify the
finding in an actual membrane environment, we gen-
erated liposomes with phosphatidylcholine (PC) as the
base lipid. After an incubation with Strepll-EHB1, we
pelleted the liposomes by centrifugation. We then
monitored the presence of StrepIl-EHBI in the pellet
and the supernatant by protein immunoblot followed
by band intensity quantification (Fig. 3, B and C).
Strepll-EHB1 was copelleted with liposomes contain-
ing PC-PtdIns and PC-PtdIns4P mixture, indicating
that the protein was able to bind the liposome surface.
No signal could be detected in the pelleted fraction of
liposomes containing exclusively PC, showing that
StreplI-EHB1 bound specifically PtdIns and PtdIns4P
lipids. Nor was there signal in the pellet fraction in the
absence of liposomes, which demonstrates the absence
of protein aggregation (Fig. 3B). Interestingly, when the
experiment was performed in the presence of 100-uM
Ca?*, a relative enrichment of the membrane-bound
Strepll-EHB1 could be observed, especially in the case
of PtdIns-containing liposomes (Fig. 3, B and C). The
liposome binding activity of EHB1 was unchanged
when the signature domain was deleted (Supplemental
Fig. 52A). This shows that the signature domain does
not affect the membrane-binding capacity of EHB1, and
this finding is in agreement with the described structure
of the CAR proteins (Rodriguez et al., 2014). Taken to-
gether, EHB1 can bind PtdIns and PtdIns4P-containing
membranes and the binding is partially enhanced in the
presence of calcium.

EHB1 Membrane Association Is Calcium-Dependent

To further understand the significance of calcium
for EHB1 membrane association, we generated an
Arabidopsis line expressing an HA-EHB1 fusion
(Supplemental Figs. S3 and S4B). Using this, we per-
formed ultracentrifugation-based separation of root
membrane and soluble fractions (Fig. 3D; Supplemental
Fig. 52B). Plants were grown in the two-week growth
system under sufficient iron and iron-deficient conditions
to account for potential changes in membrane composi-
tion under these two growth regimes. In the absence of
added calcium, no significant presence of the HA-EHB1
protein could be observed in microsomal fractions. The
presence of 100-uM Ca?*, however, resulted ina marked
increase of membrane-bound HA-EHB1. The effect was
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observed and was comparable in both standard-grown
and iron-deficient plant samples (Fig. 3D; Supplemental
Fig. S52B). This shows that the presence of calcium is an
important prerequisite for EHB1 binding to plant mem-
branes. Stimulus-driven relocalization of CAR family
proteins to the plasma membrane has been cbserved in
the case of the rice OsGAP1 (Cheung et al., 2010). Our
data suggest that the process of EHB1 membrane asso-
ciation might be calcium-driven. At the same time the
data show that iron starvation likely does not dramati-
cally affect the availability of EHB1 binding sites in plant
membranes.

Molecular Dynamics Simulations Suggest a Two-Step
Binding Mode of EHBI at the Membrane

To obtain a model of the binding of EHB1 at the
plasma membrane at the atomistic level, a homology
model of EHB1 was generated based on the structures
of the homologous proteins CARL and CAR4. Molec-
ular dynamics (MD) simulations of EHB1 binding were
performed in an explicit solvent/membrane environ-
ment. The EHB1 model contained two calcium ions in
the calcium binding site, as indicated by structures of
CAR homologs (Diaz et al,, 2016). The membrane
bilayer was composed of a 4:4:1 ratio of 1,2-dioleoyl-sn-
glycero-3-phosphocholine:1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine:1,2-dioleoyl-sn-glycero-3-phospho-
glycerol (DOPC/DOPE/DOPG), resembling the compo-
sition of a plant plasma membrane (Furt et al., 2011). To
avoid any bias, in the starting configuration of the system,
EHB1 was placed ~25 A apart from the closest membrane
surface. During the MD simulations, EHB1 was then
allowed to diffuse freely. In all of the five independent
replica simulations performed, after ~1 us of simulation
time, EHB1 bound to the membrane via the calcium
binding site (Fig. 3, E and F; Supplemental Movie). Fur-
thermore, four out of five replicas showed a potassitm
ion in the close vicinity of the calcium binding site, similar
to the homolog Protein Kinase C-« (PKC-a; Fig. 3F;
Guerrero-Valero et al, 2009). Finally, EHB1 showed a
strong tendency to tilt and to engage in interactions with
the membrane with its sides, as demonstrated by a tilt
angle close to 90° with respect to the membrane normal. In
one replica, the protein interacted that way during almost
the complete simulation time (Fig. 3, G and H). Interest-
ingly, the interaction does not occur via a site described as
the polybasic patch in homologs (Li et al., 2006), but rather
through residues 51-62, 140-142, and 164-168. In the tilted
configuration, the CAR-signature domain and the poly-
basic patch remain close to the surface (Fig. 3H). We noted
that the compeosition of amino acids within the polybasic
patch, putatively interacting with phosphoinositides, dif-
fers between PKC-« and EHBI, as well as between EHB1

Figure 2. (Continued)

IRT1-mCherry in the region of the plasma membrane. Z, Scatterplot of the signals in the GFP and mCherry channels showing the
typical distribution of colocalizing signals. Bars = 20 wm; bars in insets = 5 um.
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Figure 3. EHB1 binds membranes. A, Lipid overlay assay using Strepll-EHB1. Black signal shows the zenes of the strip where Strepll-
EHB1 was retained after washing. The experiment was performed three times yielding comparable results. TAG, triacylglycerol;
DAG, diacylglycerol; PA, phosphatidic acid; PS, phosphatidyl-Ser; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; CL,
cardiolipin; CH, cholesterol; SPH, sphingomyelin; SM4, 3-c-sulfogalactosylceramide. B, Binding of Strepll-EHB1 to membrane
lipids. Liposomes containing PC were used as controls. After incubation with Strepll-EHB1, the liposemes were pelleted and the
membrane (m), and soluble {s) fractions analyzed by immunoblot. Presence of Strepll-EHB1 in the membrane fraction indicates
liposome binding. The experiment was performed three times yielding comparable results. MW, molecular weight. C, Quantification
of data presented in (B). Error bars representsp, n = 3. Letters above the bars indicate statistical ly significant difference (P < 0.05). D,
Extracts from HA-EHB1-expressing Arabidopsis plants were fractionated into microsomal (m) and soluble (s) fraction in either the
absence (—Ca?*) or presence {+Ca’*) of calcium. The composition of the fractions was analyzed using immunoblots. The soluble
enzyme UDP-Gle pyrophosphorylase (UGPase) and the plasma membrane H-ATPase (PM-ATFase) were used as markers. The
experiment was performed three times yielding comparable results. E-H, EHB1 membrane interactions through the calcium binding
site based on five independent MD simulations of 1-us length in the presence of a membrane bilayer with a 4:4:1 ratio of DOPC/
DOPE/DOPG. E, Distance between the calcium ions bound to the protein and the center of mass of the phosphorous atoms of the
phospholipids of the closest leaflet over the simulation time; in the starting configuration, EHB1 was placed ~25 A away from the
membrane surface. In all replicas, EHB1 binds to the membrane surface through the calcium binding site. F, Representative structure
showing an EHB1 configuration (green) bound to the membrane {gray carbon atoms) through the calcium binding site (Ca?*+: white
spheres). Anadditional potassium ion was found to bind to an extra calcium binding site (magenta). G, Tiltangle defined between the
vector formed by the center of mass of EHB 1 with the complexed calcium ions and the membrane normal over the simulation time. A
repeated, frequent, and, inone case, persistent tilting of EHB1 was observed in the replica simulations. H, Representative structure of
the “parallel” configuration of EHB1 atthe membrane. Residues that show direct interactions with the membrane are colored yellow;
residues that correspond to the described polybasic patch are colored magenta.
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and other CAR-family members (Supplemental Fig. 52,
C-F). In PKC-q, these amino acids can interact with all P
groups of PtdIns4,5P,, whereas this is not possible for
EHBL. Thus, the different amino acid composition in the
case of EHB1 might contribute to the observed changes in
lipid-binding specificity (Supplemental Fig. 52, C-F). To
conclude, under the chosen simulation conditions, EHB1
shows a clear trend to bind to the membrane via the cal-
cium binding site and then to tilt toward the membrane.

EHB1 Acts as a Negative Regulator of Iron Acquisition

CAR proteins that bind to signaling protein interme-
diates like the ABA receptor and NONPHOTOTROPIC
HYPOCOTYL3 affect the physiological responses to
ABA and blue light in a significant manner (Knauer
et al,, 2011; Rodriguez et al., 2014). Our next aim was
to understand whether the interaction between IRT1 and
EHBI also affects downstream physiological reactions,
in this case the plant capacity to acquire iron. To estimate
the role of EHBI in iron acquisition, we first analyzed
two mutants carrying EHBI loss-of-function alleles,
ehb1-1 and ehbl1-2, for which we confirmed the absence of
full-length EHBI transcript, and two HA-EHB1 over-
expressing lines (Supplemental Fig. 54). Control Col-0
wild-type, ehbl, and HA-EHB1 plants were grown in
the 2-week growth system. Under iron-deficient condi-
tions, wild-type as well as HA-EHBl-expressing plants
developed the characteristic iron-deficiency chlorosis,
whereas the effect was much less pronounced in the two
ehb1 lines (Fig. 4A). Leaf chlorosis is caused by a decrease

EHB1 Inhibits TRT1-Based Fe Import

in the chlorophyll content. Chlorophyll content in all
plant lines was lower under iron-deficient than that
under iron-sufficient conditions. However, in agreement
with the morphelogical observations, the chlorophyll
content was lowest in the HA-EHB1 lines, whereas it
was similar in eib] mutant lines under iron deficiency
compared with that in wild type grown with sufficient
iron. This shows that, compared to wild-type plants, ehb?
mutant plants are less sensitive whereas HA-EHB1 lines
are more sensitive to iron deficiency (Fig. 4B). As a key
readout for the efficiency of the reduction-based iron
acquisition system, we measured the activity of the
FRO2 protein, functioning as the principal root-surface
ferric reductase, the step before uptake of ferrous iron by
IRT1 (Fig. 4C). As expected, the activity was strongly
increased under iron deficiency in all tested genotypes.
The absence of EHB1, however, led to a significant in-
crease of FROZ2 activity under iron deficiency in com-
parison to that in the wild type. Conversely, HA-EHB1
lines showed a reduced activity under these conditions
compared to that in both wild-type and ehbl plants
(Fig. 4C). The result is consistent with the phenotypical
observations and shows that, in the absence of EHB1, the
iron acquisition system is more active. This suggests that
EHB1 might function as a negative regulator of iron ac-
quisition. We then examined the expression level of the
EHBT gene in response to iron availability (Fig. 4D). In
wild-type plants, we observed EHBI expression down-
regulation under iron deficiency compared to that under
iron-sufficient conditions. In ehb1 mutant plants, the
EHBI expression levels were very low, whereas in HA-
EHB1 overexpressing plants, the expression levels were

A 50 UM F B Chlorophyll content Figure 4. EHB1 inhibits Arabidopsis
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high and not affected by the iron status of the plant
(Fig. 4D; Supplemental Fig. $5). In IRT1 loss-of-function
plants, EHB1 expression levels were higher than that in
the wild type under the corresponding conditions
(Fig. 4D). This suggests that EHBI gene expression is
influenced not only by the iron status of the plant but it
also responds to the presence of IRT1. The observed
downregulation under iron deficiency is consistent with
its proposed role as a negative regulator.

We further investigated the role of EHBI in root re-
sponses to iron deficiency by evaluating the expres-
sion of key iron-deficiency marker genes (Fig. 5;
Supplemental Fig. S5). The FERRITIN1 (FER1) gene re-
sponds positively to the amounts of iron present in the
plant (Reyt et al., 2015) and it showed downregulation
under iron deficiency in wild-type plants. In ehb1 loss-of-
function plants, FERT expression under sufficient iron
supply was higher than that in the wild type, suggesting
that higher amounts of iron are present in the root in the
absence of EHBL. Consistently, the opposite effect, re-
duced FERI expression compared to that in wild-type
plants under sufficient iron, was observed in HA-EHB1
plants and irtl mutant plants, the latter lacking the iron
transporter (Fig. 5A). The expression of the FER-LIKE
IRON DEFICIENCY-INDUCED TRANSCRIPTION
FACTOR (FIT) gene was upregulated in response to iron
deficiency compared to that under iron-sufficient con-
ditions in wild-type, ehb1 mutants, and HA-EHB1 plants
(Fig. 5B; Supplemental Fig. 55). A marked upregulation
of FIT under bothiron conditions compared to that in the
wild type could be observed in IRT1 loss-of-function

plants (Fig. 5B). The FRO2 gene showed a stronger
upregulation under iron deficiency in ehbl mutant plants
and tendency for reduced upregulation in HA-EHB1
compared to that in the wild type (Fig. 5C; Supplemental
Fig. 55). This effect was consistent with the measured
ferric reductase activity in these plants. The FRO2 ex-
pression pattern in irtl mutants was similar to that in
ehb1-1 (Fig. 5C). Surprisingly, the induction of the IRT1
gene was less pronounced under iron deficiency in ehb1
mutant plants than that in the wild type (Fig. 5D;
Supplemental Fig. S5). The effect was consistent, as HA-
EHB1 plants showed increased IRT1 expression in the
absence of iron compared to that in the wild type
(Fig. 5D). FRO2 and IRT1 genes are both FIT transcrip-
tional targets, although their induction levels are not
strictly coupled and may vary significantly (Liberman
et al., 2015; Wang et al.,, 2018). In addition, the docu-
mented broad stress-responsiveness of IRT! (Brumbarova
et al., 2015), together with its expression and iron regu-
lation in the absence of FIT (Barberon et al., 2011), sug-
gests that additional transcriptional regulators may
modulate its transcript levels. To test whether this effect
somehow reflects the IRT1 protein abundance, we quan-
tified the amount of IRT1 in total protein extracts of EHB1
loss-of-function plants. Compared to that in the wild type,
roots of ehbl mutants were found to contain significantly
more IRT1 protein (Fig. 5, E and F). This suggests that the
absence of EHB1 leads to stabilization of IRT1 and the
observed reduced gene expression in ehbl might be a
compensatory mechanism for maintaining proper IRT1
levels.
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Figure 5. Regulation of iron homeostasis-related genes and proteins is affected by the absence of EHB1. A-D, Expression of genes
related to iron storage (FERT, A) and acquisition (FIT, FROZ2, and [RT1; B-D, respectively). Wild-type (Col-0) seedlings as well as
one ehb] mutant and one HA-EHB1-expressing line were grown in the 2-week growth system. nd, not detected. Error bars = sp.
Different letters above the bars indicate statistically significant difference (P < 0.05), n = 3. E, Anti-IRT1 immuncblet on extracts
of plants grown in the 2-week growth system. Detection of actin was used as a loading control. The experiment was performed
three times yielding comparable resclts. F, Quantification of the experiments presented in (E). Error bars = sp. Different letters
above the bars indicate statistically significant difference (P < 0.05), = 3.
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Presence of EHB1 Suppresses Iron Assimilation

Modulation of IRT1 activity was shown to affect the
extent at which iron, found in the root apoplast, is taken
up by the plant (Ivanov et al., 2014). Because EHB1 af-
fects IRT1 protein, we suspected that iron uptake is
modulated in ehbl mutants and that this can be visu-
alized at the level of apoplastic iron. We performed
Perls-3,3’-diaminobenzidine tetrahydrochloride stain-
ing to visualize the apoplastic iron. Roots of wild-type
plants, grown for 8 d under standard iron supply,
showed moderate staining at the base of the root (Fig. 6,
A and B), which decreased in the early differentiation
zone (Fig. 6, A and C). On the other hand, the roots of
the fit-3 mutant, which fails to express IRT1, showed
intensive iron staining (Fig. 6, M-0), as previously
described for IRT1 loss-of-function plants (Ivanov etal.,
2014). Roots of ekbl mutant plants showed strongly
decreased iron staining in comparison to that in the
wild-type (Fig. 6, D-I), whereas HA-EHB1 plants
showed enhanced staining in the early differentiation
zone, compared to that in the wild-type (Fig. 6, J-L).
These results are consistent with the observations on
the physiclogy of EHBI1 loss- and gain-of-function
plants, and show that EHB1 affects the import of apo-
plastic iron, a process mediated by IRT1.

We evaluated how the observed alterations in iron
import affect the metal contents in the seeds of soil-
grown EHB1 loss- and gain-of-function plants. The
iron content in ehb1 mutant seeds showed only slight
but not statistically significant increase compared to
that in the wild type; however, the seeds of the HA-
EHB1 overexpressing line accumulated significantly
less iron. This is consistent with the negative effect of

Col-0

ehb1-1 ehbi-2 HA-EHB1

EHB1 Inhibits TRT1-Based Fe Import

EHB1 oniron uptake. In the case of ¢hb1, probably other
mechanisms interfered with the loading of the excess
iron. To test whether this effect is specific to iron, we
measured the content of manganese, which is imported
by a different high-affinity transporter but is also a
secondary substrate of IRT1 (Korshunova et al., 1999;
Vert et al, 2002). The levels o f manganese in ehbl
mutant seeds were fully comparable to that in wild-
type seeds, whereas HA-EHB1 plants showed slightly
elevated manganese content. The two elements are
known to be dependent on each other’s transport in
seeds (Chu etal., 2017), so the manganese accumulation
in HA-EHBI1 plants is potentially a secondary effect of
compromised iron loading in these seeds. Thus, EHB1
preferentially affects the acquisition of iron at the im-
port step, which in Arabidopsis is mediated by its in-
teraction partner IRTL.

EHB1 Directly and Negatively Affects IRT1-Mediated
Iron Import

To verify the direct connection between the negative
effect of EHB1 on iron import and the function of IRT1,
we reconstructed this binary system in a heterologous
environment. We expressed combinations of the two
proteins in yeast (Saccharomyces cerevisiae) cells. As a
model, we employed the fet3fet4 mutant yeast strain
(Eide et al., 1996). Due to the absence of a functional
multicopper oxidase FET3 and a bivalent iron trans-
porter FET4, this strain has a severely reduced capacity
of both bivalent and trivalent iron import, compared to
that of wild-type yeast (Fig. 7A). Despite that, fet3fetd
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o
o

Seed iron content

. v

in Arabidopsis depend on the presence of
EHB1. A-O, Roots of wild-type (Col-0)
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retains its ferric reductase activity and, due to the
presence of low-affinity iron-chelate transporters, is
capable of surviving under iron-replete conditions. We
performed a complementation test using the full-length
IRT1 in combination with HA-tagged EHB1 forms. The
expression of none of the proteins in the wild type af-
fected yeast growth on iron-depleted medium (Fig. 7B).
Unlike the wild-type control, the fet3fet4 strain was not
able to grow in the absence of iron (chelated by bath-
ophenanthrolinedisulfonic acid [BPDS]). However, the
expression of IRT1 alone was sufficient to rescue this
phenotype, as previously reported (Eide et al., 1996).
The addition of EHB1-HA to the system reverted al-
most entirely this IRT1-mediated complementation,
suggesting that EHB1 is sufficient to suppress IRT1
activity. To test this, we coexpressed IRT1 with the
interaction-deficient form of EHB1 lacking the CAR-
signature domain. This combination led to the com-
plementation of the iron-deficient phenotype, suggest-
ing full activity of IRT1 in the absence of IRT1-EHB1
interaction (Fig. 7B). Because the negative effect of
EHB1-HA could not be observed in the wild-type
strain, we can exclude the possibility that it may affect
other components of the iron acquisition system, such
as the ferric reductase, for example. Therefore we can

Figure 7. EHB1 inhibits IRT1-mediated iron A
transport. A, Schematic representation cf the iron
acquisition system inwild-type (WT) yeast and the
modified system in the fet3fet4 strain. FRET and 2,
Ferric Reductase 1 and 2; FET3 and 4, Ferrous
Transport 3 and 4; FTR1, Fe Transporter 1. B,
Growth of wild-type and fet3fetd yeast on media
with sufficient iron (control) and with iron-
depleted (BPDS) media. The fet3fet4 strain is not
capable of growing when iron is limiting and the
introduction of the Arabidopsis IRTT can rescue
this phenctype. In the presence of EHB1, IRT1
loses the capacity to rescue fet3fetd, whereas the
EHB1Asig form, incapable of interacting with
IRT1, has no effect on IRTT-mediated iron ac-
quisition. C, Hypothetical mechanism of the
EHBT-IRT1 interaction using information from
other C2 domain proteins, homology models for
EHB1 and IRT1, and results from our MD simu-
lations. Structures highlighted in red relate to
protein regions identified here as relevant for the
EHB1/IRT1 interaction. {1) An increase in the cy-
toselic calcium concentration leads to the occu-
paticn of the EHB1 calcium binding sites. This
increases EHB1s affinity for the plasma mem-
brane surface (2), which contains negatively

charged phospholipids. After binding in a “per- increase in -
poe PP 2 F ®cyloplas(r)nic [Ca®]

pendicular” configuration, EHB1 would tilt to fa-
vor a “parallel” interaction (3). This would bring k
the CAR signature domain in close proximity to

the IRT1vr (4), allowing the two to interact, that

way inhibiting iron uptake by a yet unknown

mechanism.

EHB1
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conclude that through its interaction with IRT1, which
is mediated by its CAR-signature domain, EFB1 acts as
a direct inhibitor of IRT1 function, leading to suppres-
sion of iron acquisition in Arabidopsis.

DISCUSSION

Although IRT1 is not the only transporter at the root
surface capable of importing iron (Cailliatte et al., 2010),
its controlled expression and subcellular localization in
the root hair cells of the early differentiation zone (Blum
etal.,, 2014; Marqueés-Bueno et al., 2016; Dubeaux et al.,
2018) make it the principal Strategy I iron importer and
therefore a critical gateway for bicavailable iron. The
capacity of iron to change oxidation states makes it a
valuable component of many biological processes.
However, its presence poses a challenge for the cell to
prevent the deleterious effects of oxidative damage. In
addition, IRT1 imports metals other than iron and the
possibility to inhibit its function is an important step in
preventing metal toxicity. Under iron deficiency, IRT1
substrates, such as zinc and manganese, might be
imported and overaccumulate in the plant over time.
Terminating this accumulation process might be the
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major reason for having an inhibitory protein, such as
EHBL, act in these conditions.

We have identified the small peripheral membrane
protein EHB1 as an interactor and negative regulator of
IRT1. EHBI belongs to the 10-member CAR protein
family, several members of which have a well-
documented involvement in the regulation of plant
responses to environmental stimuli (Knauer et al., 2011;
Cheung et al., 2013; Rodriguez et al., 2014).

We showed that EHB1 exists as both a soluble and
membrane-associated protein. EHB1 was found in the
nucleus, the cytoplasm, and at the plasma membrane.
Such localization is consistent with its influence on
the IRT1 transporter, and resembles the reported sub-
cellular localization of other CAR-family proteins
(Rodriguez et al., 2014). Of special interest was the
discovery that EHB1 shows a specific affinity toward
phosphoinositides, such as PtdIns4P, in both an
immobilized and membrane-integrated form. PtdIns4P
is a very low abundant lipid enriched at the plasma
membrane where it generates negative electrostatic
charge critical for the attachment of regulatory proteins,
such as PINOID and BRIl KINASE INHIBITOR1
(Simon et al., 2016). We show that calcium is a critical
factor in EHB1 membrane association. In the absence of
calcium, the protein was unable to associate with plant
microsomes. This phenomenon cannot be explained
by the EHB1 phosphoinositide binding alone. The
calcium-dependence of PtdIns4P and mainly PtdIns
binding by EHB1 observed in the liposome-binding
experiments was quantitative, rather than a complete
on-off situation as seen in the fractionation experiment.
This suggests that EHB1 targets additional membrane
lipids. Although the exact role of calcium in EHBL
membrane binding is not yet clear, the presence of ca-
nonical calcium-coordination sites in the EHB1 C2 do-
main suggests its involvement in the process. In
contrast to CAR1 and CAR4 proteins (Redriguez et al.,
2014), EHB1 could neither bind PC, as observed in lipid
strip experiments and liposome binding studies, nor
phosphatidyl-Ser (lipid strip experiment). At this point,
the data suggest a diversification of target lipids within
the family and argues in favor of a functional specifi-
cation of CAR family members.

Our experiments in yeast showed that EHBI affected
the capacity of IRT1 to complement the iron-deficient
fet3fetd strain. The control experiment in the wild-type
strain, where EHB1 did not affect the endogenous yeast
iron acquisition components, demonstrates that the
EHBI1 effect was due to its direct and specific inhibition
of IRT1. This conclusion is also supported by the fact
that Basic Local Alignment Search Tool searches
revealed no EHB1 homologs, as well as no CAR-family
proteins in Saccharomyces cerevisize. The experiment,
together with the EHB1-IRT1 interaction, shows that
the observed iron acquisition phenotypes in plants with
modified EHB1 presence are due to the changes in the
efficiency of IRT1 caused by the presence or absence of
EHB1. We cannot exclude that EHB1 affects also other
components of the Arabidopsis iron acquisition system.

Plant Physiol. Vol. 180, 2019
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We have observed consistent effects on the activity of
the root surface ferric reductase. It may be possible that
FRO2 and IRT1 form a protein complex for increased
iron import efficiency, similarly to the Fet3pFtrlp
complex in yeast. If so, the two proteins might influence
each other’s activity.

At present, the mechanism of EHBl-mediated IRT1
activity inhibition at the molecular level remains un-
clear. Because an experimental structure of the IRT1-
EHB1 complex remains to be determined, we employed
a comparative modeling combined with all-atom MD
simulations to suggest an EHB1 membrane binding
mode and propose an interaction mechanism between
EHB1 and IRT1 (Fig. 7C). It has been previously pro-
posed that the number of calcium ions bound to CAR
proteins varies with respect to the surrounding calcium
concentration (Diaz et al., 2016). An increase in calcium
concentration would therefore favor interactions with
negatively charged lipids in the plasma membrane, also
causing increased protein concentration close to the
membrane surface (Honigmann et al.,, 2013; Diaz et al.,
2016). Increased concentrations of cytoplasmic calcium
have been shown in iron-deficient roots (Tian et al,
2016); however, calcium signatures may vary in inten-
sity and duration (Steinhorst and Kudla, 2014). In a
recent study, we were able to show that a calcium-
decoding unit of CALCINEURIN B-LIKE PROTEIN1/
9-CIPK11 is needed to perceive elevated calcium con-
centrations at the plasma membrane and translate it
into a specific phosphorylation mark on the transcrip-
tion factor FIT, which is thus activated and upregulates
iron deficiency responses (Gratz et al., 2019). Another
CIPK-family member, CIPK23, was shown to specifi-
cally interact with and regulate IRT1 (Dubeaux et al.,
2018). Therefore, the EHB1 membrane association and
EHBI-IRT1 interaction might occur in response to
specific pulses of calcium waves that trigger the events
and disappear shortly after. Thus, EHB1 might repre-
sent a rapid and dynamic response mechanism for
switching off iron uptake under specific conditions.
This may be particularly important under sufficient
iron conditions, where the expression of IRT1 is tran-
siently triggered (Hong et al., 2013) and the possibility
should exist to quickly block iron import once sufficient
iron amounts have been acquired. Such EHB1 function
is well supported by the enhanced EHB1 gene expres-
sion under iron-sufficient conditions, the reduced
acquisition of apoplastic iron in roots of ehbl mutants,
and the reduced iren content in seeds of HA-
EHB1-expressing plants. Calcium is a second messen-
ger for a wide variety of environmental cues (Steinhorst
and Kudla, 2014). As iron acquisition is affected by the
availability of other metals in the soil (Leskovd et al.,
2017), it is possible that EHB1-mediated IRT1 inhibition
is not limited to iron-related signaling. It might occur
under other stimuli as well, and thus, it might con-
tribute to the global plant stress response modulation in
a constantly changing environment.

Our EHB1 structural model was complexed with two
calcium ions, reflecting a medium-to-high surrounding
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calcium concentration (Diaz et al., 2016). EHB1 bound
to a membrane with a typical composition of a plant
plasma membrane in all replicas of MD simulations;
initially, the binding occurred with an orientation
“perpendicular” (Honigmann et al., 2013) to the mem-
brane. Under our simulation conditions, the EHB1
concentration in the water phase is rather high (~1.5 mM),
which may explain why we observe binding to a
membrane that lacks phosphoinositides. At the same
time, the membrane does contain negatively charged
DOPG, and the binding is in line with the above sug-
gestion that EHBI targets additional membrane lipids.
The MD simulations revealed in all but one replica a
potassium ion bound in proximity to the calcium
binding sites, which could represent how an additional
calcium ion would bind under physiological condi-
tions. In the course of all replicas, EHB1 tended to tilt
and interact with the membrane through its positively
charged surface, thereby leading to a binding “parallel”
to the membrane. In one replica, the tilting persisted
throughout the simulation time, mainly through inter-
actions between residues 51-62, 140-142, and 164-168
with the membrane, whereas in the other replica, EHB1
frequently exchanged between “perpendicular” and
“parallel” configurations. On the one hand, the lack of
phosphoinositides in our model membrane may result
in the less stable “parallel” binding mode. On the other
hand, the “parallel” configuration may require further
interactions to become stable. We note in this context
that only in the “parallel” configuration the CAR sig-
nature domain, identified here to be responsible for the
interaction with IRT1, can be expected to come close to
the IRT1vr, as inferred from a structural model con-
taining both EHB1 and IRT1 at or in the membrane. For
the homologous proteins PKC-o¢ (Guerrero-Valero
et al., 2009) and synaptotagmin-1 (Honigmann et al.,
2013), it was shown that the “parallel” configuration
is mediated by interactions between PtdIns4,5P; in the
membrane and a polybasic patch on the protein. The
close plant hemologs CAR1 and CAR4 have significant
differences in the site of the patch that may be respon-
sible for a lack of specific binding to PtdIns4,5P, (Diaz
et al., 2016). Similarly, the lack of binding of EHB1 to
PtdIns4,5P, can, at least in part, be explained by the lack
of stabilizing interactions in the polybasic region, while
supporting the binding with PtdIns4P.

A plausible reason for the EHBl-mediated IRT1 in-
hibition may be the interaction with the IRT1 variable
region. This cytoplasmically exposed stretch contains
one of a total of three metal coordination sites in IRT1
(Eng et al., 1998; Rogers et al.,, 2000). The site may be-
come hidden and therefore nonfunctional due to the
proximity of EHB1. Additionally, two of the IRT1
transmembrane domains, IV and V, contain metal co-
ordination sites. EHB1 interaction might force a change
in their orientation, thus rendering them incapable of
transferring the iron across the membrane. A second
possibility for the inhibitory effect of EHIB1 is based on
the finding that CAR4 protein was shown to cause
liposome membrane tubulation in the presence of
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calcium in vitro (Diaz et al., 2016). It was thus proposed
that its physiclogical role would be to react to a calcium
signature and initiate membrane curvatures serving as
signaling platforms for downstream processes (Diaz
et al,, 2016). In the case of EHBI1, a calcium-dependent
tubulation of IRT1-containing membrane might pro-
mote the endocytosis of the iron transporter. This
would reduce the IRT1 protein available for iron
transport and therefore the iron transport efficiency.
The physiological data that we present in this article are
generally in agreement with such a mechanism. This
includes the observation of an increased IRT1 protein
abundance in the lines lacking EHB1. The two ehb1 lines
show enhanced iron import, suggesting higher abun-
dance and enhanced stability of active IRT1. These
two possible mechanisms of EHB1 function are not
mutually exclusive and might happen sequentially:
first EHBl-mediated IRT1 inactivation, followed by
endocytosis.

In summary, our data show that the peripheral
membrane protein EHB1 can interact with the iron
transporter IRT1. IRT1 is the primary importer of soil
iron. To prevent iron overaccumulation in the cell, the
otherwise soluble EHB1 protein is recruited to the
plasma membrane in a calcium-dependent manner. In
addition, calcium promotes the ETIB1-IRT1 interaction,
which results in the inhibition of transporter activity.
This represents a novel mechanism for dynamic reba-
lancing of metal acquisition required for the prevention
of metal toxicity.

MATERIALS AND METHODS
Yeast Transformation, Media, and Selection

The coding sequence of the IRT1 variable region {IRT1vr} was amplified by
PCR from cDNA obtained from iron-deficient wild-type {Col-0) roots using the
primers I1LB1 and I1LB2 (Supplemental Table 51), subcloned into pDONR207
(Life Technologies) and transferred into the final destination vector pGBKT7-
GW. This construct was then introduced into yeast (Saccharomyces cerevisine)
strain Y187 by the lithium acetate method (BD Biosciences). The resulting strain
was mated with AH109 strain (BD Biosciences) harboring a cDNA library made
from iron-deficient Arabidopsis (Arabidopsis thaliana) Toots in the pGADT7
vector (Lingam et al., 2011) and plated ona double-selective Synthetic Defined
(S5D) medium lacking Trp (selects for presence of pGBKT7-GW:IRT1vr) and Leu
(selects for presence of a library cDNA clone in pGADTY). Positive colonies
were resuspended in distilled water and spread onto selection plates containing
5D medium lacking Trp, Leu, and His, and supplemented with 4 mn of 3-
amino-1,2 4-triazole (selection for protein-protein interaction). The plates were
incubated for 10 d at 30°C and, starting from d 5, 43 newly-appeared colonies
were picked, and insertions were amplified by PCR from the library-containing
PGADTY vector using primers Yeast seqF and Yeast segR (Supplemental Table
S1). For targeted yeast two-hybrid screens, EHB1 coding sequence was am-
plified using primers EHBInterBl and EHB1B2, subcloned into pDONR207,
which was then used to create AD-EHB] fusion in pACT2-GW. Yeast strain
AH109 was cotransformed with AD- and BD fusion-expressing vector combi-
nations. Cultures from the resulting transformation events were spotted in 10-
fold dilutions onto SO medium-containing agar plates either Jacking Trp and
Leu or lacking Trp, Leu, and His, and supplemented with and 2.5 mm of 3-
amino-1,2 4-triazole. Cotransformation of SNX1 AD and BD fusions, assaying
for SNX1 homedimerization (Pourcher et al, 2010), was used as a positive
control. Cotransformations with the respective non-recombined pACT2-GW
and pGBKT7-GW were used as negative controls.

For complementation studies, the full-length IRT1 coding sequence was
amplified from cDNA cbtained from iron-deficient wild-type (Cel-0) roots
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using primers [1E1 and FLI1B2Stop (Supplemental Table $1). The fragment was
subcloned into pDONR207 and transferred to pAG426GPD-ccdB-eYFP vector
(Susan Lindquist, Addgene plasmid # 14228). EHBI coding sequence was
amplified from wild-type (Col-0) root cDNA using primers EHBIBL and
EHBlcterB2 (Supplemental Table S1) before subcloning into pDONR207 and
transferred to pAG425GPD-cedB-HA (Susan Lindquist, Addgene plasmid #
14250). Yeast strains INVScl (MATa kis3D1 lew? frp1-289 ura3-52 MAT his3D1
lew2 trp1-289 ura3-52, Thermo Fisher Scientific) and DEY1453 (MATa/MATa
ade?/+ canl/canl his3/his3 lewd /leu? trpl/trpl wa3/wra3 fet3-2:HIS3/fet3-
2:HIS3 fetd-1::L EU2/fetd-1:LEU2; Eide et al, 1996) were used as hosts. To
study the IRTl-mediated complementation of the DEY1453 iron-deficiency
phenotype, 10-fold dilution of yeast cultures harboring combinations of IRT1
and EHBI, together with control transformants, were plated on agar plates
containing yeast extract peptone dextrose medium either supplemented with
80 uM of BPDS (iron-deficient conditions) or not (control conditions). Yeast
growth was observed on d 3 after plating, Identical experiment in the INVScl
strain was used to exclude any potential adverse effects to yeast growth from
the expression of the constructs in the absence of the iron uptake-related
mutations.

BiFC and Protein Localization

The 2inl BiFC vector system was used to visualize protein—protein inter-
actions in transiently transformed (Nicotiana benthamiana) epidermis cells. Full-
length EFBI sequence was amplified from cDNA using primers EHB1B3 and
EHEB1cterB2. EHE1Asig was created in a two-step reaction, first the EHB1 coding
sequence fragments neighboring the CAR signature domain were amplified in
separate reactions using primers EHBIB3 and E1ASigl, and E1ASig2 and
EHBlcterB2. In a second step, EHBIAsig was amplified using primers EFHB1B3
and EHBleterB2, and the two fragments from the first step as a template. The
EHBI and EHB1Asig fragments were subcloned in pDONR221-B3B2 vector
(Life Technologies). Primers for the amplification of the IRT1vr deletions were
as follows: IRT1or, [1LatgB1 and [1LnsB4; [RTorAl, 11LatgBl and 2cternsB4;
IRT1orA2, 3cterBl and I[1LnsB4; IRT?ord3, 4cterBl and 4cternsB4. The
IRT1orAHis fragment was created in a two-step reaction as described for
EHBI1Asig. The first-step amplifications were made using the primer pairs
I1LatgB1 and 5AMI, and 5BM2 and I1L.nsB4. The second reaction was per-
formed with primers I1LatgB1 and I1LnsB4. All IRT1or fragments were
subcloned into pDONR221-P1P4 vector (Life Technologies). Combinations of
EHB1 and IRT1or fragments were inserted into vector pBiFCt-2in1-CC vector
(Grefen and Blatt, 2012) by recombination.

For investigating EHB1 localization, the fulllength EHBI sequence was
amplified from cDNA using primers EHB1B1 and EHBE1cterB2, subcloned into
PDONR207 (Life Technologies) and introduced by recombination to pMDC83
(Curtis and Grossniklaus, 2003). GFPé sequence was amplified from pMDC83
using primers G6B1 and G652, subcloned into pDONR207 (Life Technologies)
and introduced by recombination to pMDC7 (Curtis and Grossniklaus, 2003).
IRT1-mCherry fusion was expressed from the pJNCLIRTI vector (Ivanov etal.,
2014), and AHA1-mRFP was expressed from the pB7WG2AHAT vector
(Caesar et al, 2011).

Final vectors were introduced into N. benthamiana through a Rhizobitim
radiobacter-mediated transformation (Hotzer etal, 2012) and fluorescence was
investigated under a microscope. GFP expression was induced 24 h after in-
filtration by treating the leaf with 20 uM of B-estradiol (Sigma-Aldrich}) in di-
methyl sulfoxide with 0.1% (w/v) TWEEN 20 (Sigma-Aldrich).

All mentioned primers are listed in Supplemental Table S1.

Fluorescence and Confocal Micrescopy

For standard fluorescence imaging, Axiolmager 2 microscope (Zeiss)
equipped with the ApoTome.2 module was used. Images were taken with a Plan-
Apochromat 40> /1.4 Oil objective and recorded by an Axiocam 503 mono-
chromatic camera (Zeiss). Filter sets were as follows: GFP: Filter set 38 HE eGFP
shift free (E) [EX BEP 470/40, BS FT 495, EM BP 525/50]; YFP: Filter set 46 HE
YFP shift free (E) [EX BP 500/25, BS FT 515, EM BP 535/30]; mCherry: Filter set
43 HE Cy 3 shift free (E) [EX BP 550/25, BS FT 570, EM BP 605/70].

Confocal microscopy was performed on an LSM 780 {Zeiss). For GFP vi-
sualization, excitation at 488 nm and detection between 505 and 545 nm were
used. For mRFP/mCherry, excitation at 561 nimand detection from 575 0 615 nm
wereused. Pinholes for both channels were set to 1 Airy Unit resulting in optical
slices of 0.8 mm. mages were recorded in a 1,024-pixel format. Colocalization
analysis was performed on 8-bit grayscale image pairs, representing the GFP
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and mRFP/mCherry channels. Images were loaded in the software Image]
{http:/ /rsb.info.nih.gov /§j) and analyzed using the JACoP v2.0 plug-in {Bolte
and Cordeliéres, 2006). Threshold values were automatically adjusted by the
software.

Protein Expression and Purification

EHBI coding sequence was amplified from cDNA using primers E13pelFw
and El1XholRev containing Spel and Xhol restricion sites, respectively
(Supplemental Table 51). The fragment was digested by the two nucleases,
purified and inserted into the Spel and Xhol sites of the pET-Strepll vector
(Novagen). The resulting pET-StrepILEHBl vector was introduced into
BL21{DE3) cells (New England BioLabs), For Strepll-EHE] fusion protein ex-
pression, a culture with OD g, 0.6 was induced by 0.1 mum of isopropyl f-D-1-
thiogalactopyranoside. Cells were collected 3 h after the induction and lysed in
a buffer containing 100 mm of Tris-HCl at pH 8.0, 150 mu of NaCl, 5 mn of 1,4-
dithiothreitol, 0.35 mg/mL of lysozyme, 1 mn of Brij-35, and 1< CIP protease
inhibitor (Roche). After 30 min, 0.1% (w/v) of Triton X-100 was added and the
suspension was sonicated. Strepll-EHB1 was solubilized in the presence of
100 mm of Tris-HCl at pH 8.0, 150 mns of NaCl, 1 mu of Brij-35, and S m of Urea.
The unspecific biotin-binding sites were blocked by the addition of avidin to a
concentration of 100 pg /mL. The solution was then diluted 10-fold in 100 mn of
Tris-HCl at pH 8.0 and 1 mu of Brij-35 before the addition of Strep-Tactin Macro
Prep suspension {IBA Life Sciences). The beads were washed in 100 mn of Tris-
HCl at pH 8.0, 150 mn of NaCl, and 1 mn of Brij-35 and then eluted in the same
buffer in the presence of 2.5 mm of e-Desthiobiotin.

Protein Coimmunoprecipitation

N. benthamiana epidermis was transformed as above with combinations of
IRT1-GFP and EHB1-HA or EHB1Asig-HA expressing vectors. To create the
EHB1-HA expression cassette, the EHBI coding sequence was amplified from
cDNA using the EHBI1B1 and EHBlcterB2 primers (Supplemental Table 51)
introduced to pDONR207 and then transferred to pAULI vector (Lyska et al.,
2013). The same cloning strategy was used for the generation of the EHB1Asig-
HA cassette. One gram of plant material was ground under liquid nitrogen and
resuspended in immunoprecipitation (IP) buffer (50 mm of Tris HCl at pH 8.0,
150 mn of NaCl, T mm of EDTA, 1% [w/v] Triton-x-100, and 1x CIP protease
inhibitor; Roche). Where indicated, 100 mm of CaCl, was added to the IP buffer.
The cell debris was removed by centrifugation for 10 min (16,500g, 4°C). GFP-
Trap_A beads (ChromoTek) were washed twice in IP buffer and resuspended to
a final volume of 100 1L, The supematant was incubated with 25 uL of the
beads suspension at a revelving wheel for 3 h at 4°C. Beads were collected by
centrifugation and washed three times with 1-mL IP buffer each. Elution was
done using 50-pL SDG buffer (62 mm of Tris-HCl at pH 8.6, 2.5% [w/v] SDS, 2%
[w/v] 1,4-dithiothreitol, and 10% [v/v] glycerol) at room temperature. Samples
were taken from the original cleared extract (designated “input”) and after
elution (designated “IP”). The experiments were repeated twice, yielding
comparable resulis.

SDS-PAGE and Immunoblot

Protein electrophoresis and protein immuneblots were performed as de-
scribed in Ivanov et al. (2014). For electrophoresis, 4% to 20% 10-well Mini-
Protean stain-free gradient gels (Bio-Rad) were used. The antibody dilutions
were as follows: mouse anti-GFP (11814460001; Roche) 1:1,000, mouse anti-
actin (MabGPa; Sigma-Aldrich) 1:1,000, rabbit anti-[RT1 (AS11 1780; Agri-
sera) 1:5,000, rabbit anti-PM(H*)-ATPase (AS07 260; Agrisera) 1:1,000, rabbit
anti-UGPase (AS05 086; Agrisera) 1:1,000, rat monoclonal anti-HA horserad-
ish peroxidase conjugated (3F10; Roche) 1:5,000, goat anti-mouse IgG
horseradish peroxidase (W4011; Promega) 1:5,000, and goat anti-rabbit IgG
horseradish peroxidase (AS09 602; Agrisera) 1:5,000. Strepll-tag was detected
using Strep-Tactin horseradish peroxidase conjugate (IBA Life Sciences) at a
dilution of 1:1,000.

Lipid Overlay and Liposome Binding Assays

The Membrane Lipid Strip (Echelon) membrane was blocked for 3h with 3%
(w/v) fatty acid-free bovine serum albumin (Sigma-Aldrich) in Tris-buffered
saline with TWEEN 20 (20 m of Tris-HCl at pH 7.4, 180 v of NaCl, 0.1% [w/v]
Tween 20) buffer and then incubated overnight with the purified StreplI-EHBE1
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protein (2 jg/mL). The presence of immobilized Strepll-EHE1 was detected us-
ing Strep-Tactin horseradish peroxidase conjugate (IBA Life Sciences). Where
indicated, the Tris-buffered saline with TWEEN 20 buffer contained an additional
100 M of CaCl,.

For the liposome-binding assay, PC or a 75:25 (w/w) mixture of PC:PtdIns,
or PC:PtdIns4P (Sigma-Aldrich) was prepared. A 2% (w/v) lipid suspension
was prepared in a buffer containing 50-mn HEPES and 100 mu of NaCl at pH
6.8 by sonication and frozen. Upon defreezing, the suspension was additionally
sonicated and the resulting liposomes were extruded through a 0.2-um pore
size polycarbonate membrane using a Mini Extruder (Avanti Polar Lipids). The
liposomes were incubated with 5 g of purified StrepIl-EHBI for 30 min at 30°C
in the above HEPES-NaCl buffer. The suspension was then centrifuged at
100,000g for 30 min in a SW40Ti Swinging Rotor (Beckman). Supematant and
resuspended pellet were collected and analyzed for the presence of Strepll-
EHB1. Where indicated, the buffer contained an additional 100 pM of CaCl,.
The experiments were performed three times with new lipid membranes or
freshly prepared liposomes, yielding comparable resulis.

Isolation of Membrane Fractions

Roots of HA-EHBl-expressing Arabidopsis plants, grown in the 2-week
growth system, were used in the experiment. The separation of microsomal
and soluble fractions was performed as described in Alexandersson et al. (2008),
except that where indicated the buffer contained additional 100-M CaCl,.
Equal amounts of soluble and microsomal fraction were loaded for analysis.
The experiment was performed three independent times and yielded compa-
rable results.

Immunoblot Band Intensity Quantification

Densitometry analysis of immuneblot images was performed using the soft-
ware Image] (National Institutes of Health) as described in Ivanov et al. (2012b).

Homology Modeling and MD Simulations

EHB1 and IRT1 (UniProt accession IDs Q25764 and (38856, respectively)
were modeled with the software TopModel (Mulnaes and Gohlke, 2018) as
described in Mili¢ et al. (2018). EHB] was modeled based on structures with
PDB IDs4V29 and 5A52 (46.9% and 52.2% of sequence identity, respectively; in
both cases, chain “A” was used). For IRT1, anly PDB [ID 5TSA was identified as
a template (15.5% sequence identity; chain “A” was used), and the first 50
residues were omitted as no coverage for this portion was available.

MDD simulations were prepared to evaluate the binding mode of EHB1 with
respect to a membrane. The system was prepared with the tool Packmol-
Memgen (Case et al., 2018), placing the protein at ~25 A from the membrane
surface. The membrane composition was 4:4:1 DOPC/DOPE/DOPG, resem-
bling main components of a plant plasma membrane (Furt et al,, 2011). Two
calcium sites of EHB1 were occupied by using the coordinates found in the
crystal structure of PDB ID 4V29. The system charges were neutralized by
adding 0.15 s of K(l in the solvation box. The GPU implementation of the
program AMBER1S pmemd (Darden et al, 1993; Le Grand et al., 2013) with the
ff143B (Maier et al., 2015) and the software Lipid17 (Dickson et al., 2014; Skjevik
et al, 2014; Case et al, 2018) parameters for the protein and the membrane
lipids, respectively, were used. Water molecules were added using the TIP3P
model (Jorgensen et al., 1983). After thermalization to 300 K and density ad-
aptation, five independent MD simulations of 1-us length were performed in
the NPT ensemble. Covalent bonds to hydrogens were constrained with the
SHAKE algorithm (Ryckaert et al., 1977) in all simulations, allowing use of a
time step of 2 fs.

To obtain a representative depiction of IRT1 embedded in the membrane, the
homology model of IRT1 was treated with the same MD protocol as EHBI,
simulating five replicas for 500 ns. The structure considered is a representative
conformation of the biggest cluster identified by using the Density-based spatial
clustering of applications with noise (DBSCAN) algorithm writh an e-parameter
of 1 A across the last 200 ns of all replicas. All analyses were performed with the
software CPPTRAJ (Roe and Cheatham, 2013).

Plant Material

The Arabidopsis ehbl-1, ehbl-2 (Knauer et al, 2011), and irt?-1 (Vert et al.,
2002) rutants were previously described. Absence of a full-length transcript in
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ehib1-1 and ehbI-2 was verified by PCR on cDINA from the two mutants, as well
as on wild-type and HA-EHB1 cDNA. PCR was performed using primers
EHBIf and EHB1r (Supplemental Table 51). For the generation of the HA-EHB1
lines, full-length EHB1 fragment was amplified from cDNA using primers
EHBInterB1 and EHB1B2 (Supplemental Table 51), subcloned into pDONR207
vector (Life Technologies) and transferred to pAlligator-2 vector by recombi-
nation. The resulting vector was introduced into R. radiobacter C58C1
(pGV2260) strain. Transformation of Arabidopsis wild-type Col-0 ecotype was.
performed using the floral dip method (Clough and Bent, 1998). Homozygous
T4 plants were used in the study.

Plant Growth Conditions

Arabidopsis plants were surface-sterilized and grown upright on agar plates
containing Hoagland medium as in Brumbarova and Ivanov (2016). The me-
dium either contained 50-pM FeNaEDTA (50-M Fe, suffidient iron condition)
or FeNaEDTA was omitted (0-nM Fe, iron-deficient conditions). Plants were
either grown directly on 50-1:M Fe or 0-12M Fe plates for 8 d (referred to as “8-d
growth system”), or were grown on 50-1.M Fe plates for 14 d and then separated
to either 50-:M Fe or 0-:M Fe plates for three additional days (referred to as
“2-week growth system”).

For localization and interaction analysis in leaf epidermis, N. benthamiana
plants were germinated on soil and grown for 3 weeks in a greenhouse. When
needed, artificial light was used to ensure a 16-h day and 8-h night cycle.

Histochemical Detection of Iron

The visualization of iron in roots of plants, grown in the 8-d growth system,
was performed using the Perls-3,3’-diaminobenzidine tetrahydrochloride
method, as described in Brumbarova and Ivanov (2014). The stained roots were
imaged on Axiolmager M2 microscope (Zeiss) at 20 magnification using the
“Tiles” module and the “stitching” function of the software ZEN 2 (Zeiss) to
assemble the collected images. The experiment was performed on three inde-
pendently grown batches of plants, yielding comparable results.

Chlorophyll Content Measurement

Leaves were collected from plants grown in the 2-week growth system.
Chlorophyll content was analyzed as described in Ivanov et al. (2014). The
experiment was performed on five independently grown sets of plants.

Measurement of Ferric Reductase Activity

Plants were grown in the 2-weeck growth system. The activity of the root
surface ferric reductase was measured spectrophotometrically as described in
Le et al. (2016). The experiment was performed on five independently grown
sets of plants.

Measurement of Root Length

Root length was measured from frontal images of plant roots using the
IMicroVision software (http:/ /www jmicrovision.com) as described in Fvanov
et al. (2014). A minimum of 25 plants were measured per genotype per condi-
tion. The whole experiment was performed on five independently grown sets of
plants.

Gene Expression Analysis by Reverse-Transcription
Quantitative PCR

Total RNA was prepared from Arabidopsis plants grown in the 2-week
growth system using the RNeasy Plant Mini Kit (Qiagen). Oligo dT primer
and RevertAid first-strand cDINA synthesis kit (Thermo Fisher Scientific) were
used for cDNA preparation. Reactions were prepared with DyNAmo Color-
Flash SYBR Green gPCR Kit (Thermo Fisher Scientific) and were carried outina
€100 Touch PCR Cycler equipped with the CEX96 Real-Time System (Bio-Rad).
Data were analyzed with the software CFX Manager (Bio-Rad). Reactions using
mass standard dilution series for each gene were used to generate standard
curves, based on which the quantification of the samples was done. Samples.
were normalized to the expression of EF1Ba. Amplification of the unspliced
form of EF1Bc was used to control for genomic DNA contamination. The
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experiment was performed on three independently grown sets of plants with
each cDNA sample analyzed in two replicates to control for technical varia-
tions. Primer sequences for all analyzed genes are available in Supplemental
Table 51.

Fe and Mn Content Measurement

Seed samples of soil-grown plants were ground and melted at high tem-
perature in a solution of 65% (v/v) HNC3:30% (v/v) Hz0, — 5:2. The cooled
solutions were measured with inductively coupled plasma optical emission
spectrometry {conical atomizer; 0.61 1/min argon flow; pressure: 2.41 bar, Ul-
tima 2; HORIBA Jobin Yven). The wavelengths used were as follows: Fe —
259.940 nm; Mn — 257610 nm. Three independent batches of seeds were
measured.

Statistical Analysis

For statistical analysis, data were analyzed using one-way ANOVA followed
by Fisher’s least significant difference post hoc test in the software SPSS Sta-
tistics (IBM). The obtained F values were used for identifying statistically sig-
nificant differences between groups (F < 0.05).

Accession Numbers

CAR1, At5537740; CARL, At3g17980; EF1Bay, At5g19510; EHBI, At1g70800;
FER, A5g01600; FIT, At2g28160; FRO2, Atlg01580; IRT1, Atdgl9690; SNX1,
A15506140; PKC-cr, GC17P066302.

Data Availability

Data supporting the findings of this study are available within the article and
its Supplemental Data, and from the corresponding author on request.

Supplemental Data

The following supplemental information is available.

Supplemental Figure S1. Heterologous expression and purification of
Strepll-EHE] and Strepll-EHEB14sig in E. coli.

Supplemental Figure S2. Binding of Strepll-EHB1Asig to membrane
lipids.

Supplemental Figure S3. Generation of HA-EHBI1-expressing Arabidopsis
plants.

Supplemental Figure S4. The ekb? T-DNA insertion mutants used in
this study.

Supplemental Figure S5. Gene expression analysis in the ehb1-2 mutant.

Supplemental Table 51. Primers used in this study.

Supplemental Movie. MD simulation of EHBE1 membrane binding.
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total extract after purification

35kDa =
S e = Strepll-EHB

— == = Strepll-EHB1Asig

immunoblot: Strep-Tactin

35kl:)a-II | I

Coomassie

= Strepll-EHB1

= Strepll-EHB1Asig

Supplemental Figure S1. Heterologous expression and purification of Strepll-EHB1 and Strepll-

EHBIlAsig in E. coli.

Total bacterial extracts and affinity purified Strepll-EHB1, and Strepll-EHB1Asig were analyzed

by immunoblot with Strep-Tactin. Coomassie-stained gels are shown as controls. The positions of

StrepII-EHB1 and StreplI-EHB1Asig are indicated.

Arabidopsis iron acquisition
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Normalized EHB1 abundance

F
PKC-a 192...SDPY¥VELKLIPDPK----- NESKQKTKT IRSTLNPQWNESFTFKLKPSDKDRRLSVEIWDWD . . . 248
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CAR4  38...SDPYVVVEMGK---------- QKLKTRVINKDVNPEWNEDLTLSVTDSNLTVLLTV--YDHD. . . 87

Supplemental Figure S2. Binding of StreplI-EHB1Asig to membrane lipids.

(A) Liposomes containing PC were used as controls. Following incubation with Strepll-
EHBI1Asig, the liposomes were pelleted and the membrane (m), and soluble (s) fractions analyzed
by immunoblot. Presence of Strepll-EHB1Asig in the membrane fraction indicates membrane
binding. The experiment was performed three times yielding comparable results.

(B) Quantification of HA-EHBI presence in microsomal fractions prepared from Arabidopsis
roots. Percentages of signal in the microsome fraction were calculated for HA-EHBI1 and UGPase.

The HA-EHBI1 signal was then normalized to UGPase. The data represents three independent
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experiments. Error bars indicate standard deviation. Letters indicate statistically significant
differences (P<0.05).

(O) to (F) Mutations in the polybasic patch can explain the lack of binding of EHB1 to PtdIns4,5P
(C) C2 domain protein PKC-a (PDB ID 3GPE) preferably binds to PtdIns4,5P2 (blue carbon
atoms) through its polybasic binding site (marine carbon atoms), which contains Tyr and Lys to
interact with the phosphate at O5.

(D) In contrast, EHB1 has a Phe and Val at this site (magenta carbon atoms), which may explain
the lack of EHBI binding to PtdIns4,5P2 in the strip analysis (Figure 3A).

(E) This site could bind PtdIns4P, as for this lipid no stabilization of the negative charge of the
phosphate at O3 is required. The PtdIns4,5P2- and PtdIns4P-bound structures were modeled based
on PDB ID 3GPE.

(F) Alignment of the polybasic region of PKC-a, CAR1, CAR4 and EHBI1. The amino acids
described in (C)-(E) are highlighted in red.
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Supplemental Figure S3. Generation of HA-EHB1-expressing Arabidopsis plants.

(A) Schematic representation of the expression cassette used for generating the HA-EHBI lines.
The size bar represents 100 base pairs.

(B) Presence of the HA-EHBI protein was verified by immunoblot. HA-positive band at an
estimated size of 35 kDa was present in protein extracts form transgenic plants but absent in wild

type extracts.
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SALK_134720.56.00.x SAIL 385_C07
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<
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EHB11

89 EHBI1r
90
91
92
93
94

96

97  Supplemental Figure S4. The ehb! T-DNA insertion mutants used in this study.

98  (A) Schematic representation of the £//B1 gene and the two alleles used 1n the study. The primers

99  used for genotyping the two alleles are indicated.
100 (B) Detection of full-length EAB1 transcript. cDNA from wild-type, EHBI-overexpressing and
101 two independent homozygous T-DNA insertion plants was tested using primers EHB1f and
102 EHBIr, to amplify the full-length coding KHBI sequence. The expected product size was 525 base
103 pairs. As expected, the HA-EHBI1 line contained large amounts of EHBI1 transcript, while
104 amplification was not possible in the two ehbl mutant alleles.

105 Primer sequences are provided in Supplemental Table S1.
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125  Supplemental Figure S5. Gene expression analysis in the e/bI-2 mutant.

126 The expression of KHB1L, FIT, FRO2 and IRT'] was analyzed in Col-0 and ehbI-2 plants grown
127  under sufficient (S0uM Fe) and iron-deficient (OuM Fe) in the two-week growth system. Error
128  bars indicate standard deviation. Letters indicate statistically significant differences (P<0.05).
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Supplemental Table S1. Primers used in this study.

An alphabetically-ordered list of primers appearing in the Materials and Methods section.

Primer

TGAGTCCACTACCACCTGGAT

EHBT1 (for C-terminal fusions)

name Primer sequence Purpose Origin
2cternsB4 GGGGACAACTTTGTATAGAAAAGTTGGGT GATEWAY ™-compatible cloning of this study
GGGGGCCGTGACCATGACCATG [RT1vrA1 (for pBiFC-2in1-CC)
3cterB1 GGGGACAAGTTTGTACAAAAAAGCAGGCT GATEWAY ™_compatible cloning of this study
ATGCCCCATGGTCATGGTCATGGT IRT{wA2 (for pBiFC-2in1-CC)
3cternsB4 GGGGACAACTTTGTATAGAAAAGTTGGGT GATEWAY ™-compatible cloning of this study
GTCGGTATCGCAAGAGCTGTG IRT1vrA2 (for pBiFC-2in1-CC)
4cterB1 GGGGACAAGTTTGTACAAAAAAGCAGGCT GATEWAY ™-compatible cloning of this study
ATGCCCCATGGTCATGGTCATGGT /RT{wA3 (for pBiFC-2in1-CC)
4cternsB4 GGGGACAACTTTGTATAGAAAAGTTGGGT GATEWAY ™-compatible cloning of this study
GCGAATCATCTTCTTTTATTGG IRT1vrA3 (for pBiFC-2in1-CC)
5AM1 AAGGTAACATCATTTGCGGGGGGCAT Generation of the IRTTwAHIs this study
GATACCAACTGCGT fragment
5BM2 ACGCAGTTGGTATCATGCCCCCCGCAA Generation of the {RTTwAHis this study
ATGATGTTACCTT fragment
BHLH39rt1 GACGGTTTCTCGAAGCTTG BHLHO39 RT-PCR \Wang et al., 2007
BHLH3grt2 GGTGGCTGCTTAACGTAACAT BHLHO39 RT-PCR \Wang et al., 2007
E1deltaSig1 AGATGGGAGATGCGCAGATAGGCAAGATC generation of the EHB1Asig clone this study
GTTCAGGACAT
EldeltaSig2 ATGTCCTGAACGATCTTGCCTATCTGCGCA generation of the EHB1Asig clone this study
TCTCCCATCT
E1SpelFw TTTTACTAGTATGGAGAAAACAGAGG Cloning of EHB1 for the generation this study
AAGAG of the pET-Strepll EHB1 vector
E1XholRev TTTTCTCGAGTCAGAGTCCACTACCAC Cloning of EHB1T for the generation this study
CTG of the pET-Strepll EHB1 vector
EFc1 ACTTGTACCAGTTGGTTATGGG EF1Ba RT-PCR \Wang et al., 2007
EFc2 CTGGATGTACTCGTTGTTAGGC EF1Ba RT-PCR \Wang et al. 2007
EFg1 TCCGAACAATACCAGAACTACG EF1Balpha (genomic) RT-PCR \Wang et al. 2007
EFg2 CCGGGACATATGGAGGTAAG EF1Balpha (genomic) RT-PCR \Wang et al. 2007
EHB1B1 GGGGACAAGTTTGTACAAAAAAGCAGGCT GATEWAY ™-compatible cloning of this study
ATGGAGAAAACAGAGGAAGAG EFHB1
EHB1B2 GGGGACCACTTTGTACAAGAAAGCTGGGT GATEWAY ™-compatible cloning of this study
TCAGAGTCCACTACCACCTGGAT EHB1
EHB1B3 GGGGACAACTTTGTATAATAAAGTTGATGG GATEWAY ™-compatible cloning of this study
AGAAAACAGAGGAAGAG EHBT and EHB1Asig (for pBiFC-
2in1-CC)
EHB1cterB2 | GGGGACCACTTTGTACAAGAAAGCTGGGT GATEWAY ™-compatible cloning of this study
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EHB1f ATGGAGAAAACAGAGGAAGA genotyping this study
EHB1nterB1 GGGGACAAGTTTGTACAAAAAAGCAGGCT GATEWAY ™-compatible cloning of this study
TTATGGAGAAAACAGAGGAAGAG EHB1 (for N-terminal fusions)

EHB1r TCAGAGTCCACTACCACCTG genotyping this study
EHB1rt1 GCTTGTCTGAAGATAGCATA EHB1 RT-PCR this study
EHB1rt2 CGCATTCGACATTCTTCAACAG EHB1 RT-PCR this study
FER1_3' GAAAGGCTGGAACACGACTC FER1 RT-PCR Klatte et al., 2009
FER1_S&' ACGCACTCTCGTCTTTCACC FER1 RT-PCR Klatte et al., 2009

FITrt1 GGAGAAGGTGTTGCTCCATC FITRT-PCR Wang et al. 2007

FITrt2 TCCGGAGAAGGAGAGCTTAG FITRT-PCR Wang et al. 2007

FLI1B2Stop GGGGACCACTTTGTACAAGAAAGCTG Amplification of /RT coding this study
GGTTTAAGCCCATTTGGCGATAATCG sequence. Reverse primer. Includes
the native stop codon
FRO2rt1 CTTGGTCATCTCCGTGAGC FRO2 RT-PCR \Wang et al. 2007
FRO2rt2 AAGATGTTGGAGATGGACGG FRO2 RT-PCR \Wang et al. 2007
GB6B1 GGGGACAAGTTTGTACAAAAAAGCAG GATEWAY ™-compatible cloning of this study
GCTATGAGTAAAGGAGAAGAACT GFP6
G6B2 GGGGACCACTTTGTACAAGAAAGCTG GATEWAY ™-compatible cloning of this study
GGTTTAGTGGTGGTGGTGGTGGT GFP6
1HB1 GGGGACAAGTTTGTACAAAAAAGCAG Amplification of /RT coding Ivanov et al., 2014
GCTTTATGGCTTCAAATTCAGCACTT sequence. Forward primer.
I1LatgB1 GGGGACAAGTTTGTACAAAAAAGCAGGCT GATEWAY ™-compatible cloning of this study
ATGTCCATGGCCACGAGCCTATA IRT1vr, IRTTwrAT and IRTTwAHis
(for pBiFC-2in1-CC)
11LB1 GGGGACAAGTTTGTACAAAAAAGCAGGCT GATEWAY ™-compatible cloning of this study
TTTCCATGGCCACGAGCCTATA IRT1wr (for N-terminal fusions)
11LB2 GGGGACCACTTTGTACAAGAAAGCTGGGT GATEWAY ™-compatible cloning of this study
TTATCGGTATCGCAAGAGCTGTG IRT1vr (with an artificial stop codon)
11LnsB4 GGGGACAACTTTGTATAGAAAAGTTGGGT GATEWAY ™-compatible cloning of this study
GTCGGTATCGCAAGAGCTGTG IRT1vr, IRTTwA2 and IRTTwAHis
(for pBiFC-2in1-CC)

IRT1rt1 AAGCTTTGATCACGGTTGG IRT1 RT-PCR \Wang et al., 2007

IRT1rt2 TTAGGTCCCATGAACTCCG IRT1 RT-PCR \Wang et al., 2007
LB2SAIL GCTTCCTATTATATCTTCCCAAATTACCAAT genotyping of the ehb1-2 allele http://signal.salk.edu/t

ACA dnaprimers.2.html
LB2SALK ACCGAGCTCGAATTTCCCCG genotyping of the ehb1-1 allele Jaillais et al., 2006
Yeast_seqF AATACCACTACAATGGAT Amplification and sequencing of this study
fragments from the pGADT7 vector
Yeast_seqR GAGATGGTGCACGATGCAC Amplification and sequencing of this study

fragments from the pGADT? vector
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Publication IV: Calcium-promoted interaction between the C2-domain protein EHB1 and metal transporter IRT1 inhibits
Arabidopsis iron acquisition

153 Supplemental Movie Legend
154
155  Supplemental Movie S1. Molecular dynamics simulation of EHB1 membrane binding.

156  EHBI protein starts in an unbound state and freely diffuses to the membrane, attracted by the
157  positive charges in the calcium binding site (white spheres) and the positively charged residues on
158  the protein surface. Once bound, the protein stays either in a perpendicular orientation by the
159  interacting calcium ions, or rests on its side, interacting through the polybasic patch (magenta
160 sticks). It is expected that the latter orientation is stabilized by interactions with PtdIns4P present
161  inthe plant plasma membrane. The movie shows the yellow trajectory depicted in Figures 3E and
162 3G. The simulation time is 1 ps.
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