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Plant natriuretic peptides (PNPs) are hormones that have been extracted from many different species, with the

Arabidopsis thaliana PNP (AtPNP-A) being the most studied among them. AtPNP-A is a signaling molecule that consists

of 130 residues and is secreted into the apoplast, under conditions of biotic or abiotic stress. AtPNP-A has distant

sequence homology with human ANP, a protein that forms amyloid fibrils in vivo.
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1. Introduction

Amyloid fibrils are formed by proteins or peptides, that under certain conditions self-assemble into characteristic fibrillar

structures . These highly ordered structures are characterized by extreme stability, while conflicting evidence has

emerged about the ability of proteases to fragment them . Amyloid forming proteins do not share any similarity in

sequence or native structure, albeit amyloid fibrils are characterized by a common structure, known as “cross-β” structure.

In “cross-β” conformation, hydrogen-bonded β-strands are organized perpendicularly to the fibril axis shaping β-sheets,

which are, in turn, organized parallel to the main axis of the fibril . Amyloid fibrils can be characterized either as

pathological or functional; the deposition of amyloid fibrils is the main hallmark of a group of conformational disorders,

known as amyloidoses , while on the other hand, many organisms, ranging from bacteria to humans, exploit the

properties of amyloid fibrils to perform physiological functions .

In humans, the major hallmark of isolated atrial amyloidosis (IAA) is the formation of fibrillar deposits in the atria of the

aging heart. Their primary component is the atrial natriuretic peptide (ANP) , a small hormone that belongs to the family

of natriuretic peptides (NPs) and consists of 28 amino acid residues . Nevertheless, immunohistochemical studies have

shown that other NPs are also present on these deposits, such as brain NP (BNP)  and proANP   . ANP regulates

blood volume and pressure in the circulatory system, via binding to a cell surface receptor, namely the natriuretic peptide

receptor-A (NPR-A) . In 1991, Vesely and Giordano also discovered the existence of the NPs system in plants, after

using antibodies against human ANP (hANP) in plant tissue extracts . Studies supported this groundbreaking finding,

and further expanded on the role of plant natriuretic peptides (PNPs)  suggesting that they actively contribute

to protoplast cell volume regulation  and to the ion balance of plants . Impressively, PNPs act upon binding to

cell membrane receptors in the same fashion as hANP indicating that they activate similar signaling pathways .

One of the most studied members of the PNP family is the Arabidopsis thaliana PNP (AtPNP-A). AtPNP-A is a signaling

molecule that is secreted into the apoplast under conditions of biotic and abiotic stress in order to regulate cell response,

thus preserving plant homeostasis . The pre-processed sequence of AtPNP-A consists of 130 residues and

contains a 25-residue-long N-terminal signal peptide which is critical for its secretion into the apoplast . The AtPNP-

A sequence contains a 34 amino acid region (AtPNP-A ), which is pivotal for its biological activity  (Figure 1). This

peptide was also found to be conserved among all PNPs .
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Figure 1.  Amino acid sequence of the  Arabidopsis thaliana  plant natriuretic peptide (AtPNP-A). The pre-processed

sequence of AtPNP-A (UniProt AC: Q9ZV52) consists of 130 residues and contains a signal peptide in its N-terminal

(residues 1–25), responsible for its secretion. The active domain of the AtPNP-A molecule (AtPNP-A ) corresponds to

the 36–69 region (green box).

In the early 2000s, Ludidi et al. suggested that the hANP displays a distant sequence homology (ca. 30%) with the 34aa

active domain of AtPNP-A and presented their alignment, based on their sequence similarity . The two proteins have

a similar course of action after secretion, as they bind to membrane receptors and activate similar signaling pathways

involved in ion balance and water movement regulation . Additionally, it is known that all vertebrate NPs are

conserved and share a common structure of a 17aa ring formed by a disulfide bond, that has been proved to be essential

for their biological activity . Experiments that followed, showed that animal NPs can induce responses in plants similar

to PNPs and vice versa , while Gehring et al. provided evidence that the NPs must maintain their 17aa loop

structure in order to exhibit this biological activity in plants . Especially in the case of hANP and AtPNP-A, it has been

shown that they induce similar functional effects in plants, while AtPNP-A can affect cardiomyoblast cell lines, inducing

apoptosis similarly to hANP . When it comes to other PNPs, multiple alignments of all the recently available

PNPs from several plant species show relative conservation in the sequences that correspond to the 34aa domain of

AtPNP-A. It is noteworthy that all the PNP sequences include a pair of cysteine residues, a fact which indicates that the

loop ring structure is presumably present and essential for the biological activity of PNPs.

Taking into consideration the well-established amyloidogenicity of hANP , along with the functional similarity to its

plant homologue, we decided to investigate the aggregation properties of the homologous region that corresponds to the

biologically active and conserved functional domain of AtPNP-A . Using biophysical methods, we demonstrate that

this region (amino acid residues 36–69) of AtPNP-A self-assembles into fibrils with characteristic amyloid properties in

three different pH conditions. We also provide computational evidence for the potential implication of A.thaliana proteins—

associated with AtPNP-A—in amyloid fibril formation. Our data add to the heterogeneous list of proteins shown to form

amyloids in plants and is expected to promote other computational and experimental studies on plants in the field of

amyloid biology.

2. Implication of Different PH Values on AtPNP-A  Fibril Formation

The results suggest that plant amyloid fibrils have similar properties to the ones of mammalian origin, since in many cases

the fibrillar assemblies of mammalian proteins differ depending on the incubation conditions, such as precursor monomer

concentration  and pH . Specifically, when it comes to pH changes, a-helix to β-strand conversion occurs in a

variety of amyloid-forming proteins, such as Aβ peptide , β -microglobulin , and transthyretin . In most of these

cases, amyloid formation is enhanced at slightly acidic pH values, while in basic pH values, these proteins form

amorphous aggregates or a small amount of amyloids . However, this work shows that AtPNP-A  tends to form

more robust and well-defined amyloid fibrils at higher pH values, than those at lower pH values, highlighting a difference

between mammalian and plant proteins. AtPNP-A is a mobile molecule, mainly expressed under abiotic and biotic stress

conditions , which favor the increase of pH of the apoplastic space of cells, as well as that of xylem sap . These

facts may imply a functional role of AtPNP-A when in an amyloid state, under stress and increasing pH values.

PNPs have a significant biotechnological interest regarding the genetic improvement of plants towards drought stress

conditions and pathogen . The AtPNP-A  peptide constitutes the active domain throughout the PNP family

and is a target for the genetic modification of the plant. The amyloidogenic properties of this sequence should be taken

into consideration whenever we seek to overexpress this peptide .

3. Analysis of the AtPNP-A Network

Research interest has only recently started to focus on plant proteins with amyloidogenic properties. Computational

analysis predicted that the Arabidopsis thaliana proteome appears to be abundant in proteins with amyloidogenic regions

and a variety of different proteins were predicted as amyloidogenic candidates . In this study, we wanted to find out if

other proteins of Arabidopsis thaliana have been studied experimentally regarding their amyloidogenic properties, as well

as their association with AtPNP-A, in order to unravel the importance of its ability to form amyloid fibrils. For this reason,

we constructed the AtPNP-A network (Figure 2). From the 32 proteins of the network, only the pathogenesis-related

protein-1 (PR1) has been studied regarding its amyloidogenic properties, showing that plant proteins are understudied

regarding their amyloidogenic potential. Olrichs et al. tested the amyloidogenic potential of PR-1 under conditions which

promote the amyloid formation of its respective mammalian counterpart . As the authors point out, in the plant

extracellular environment, PR-1 interacts with a completely different range of biomolecules or pathogens, and thus it is
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expected to not form amyloid fibrils under mammalian micro-environmental conditions, even though it contains

“aggregation-prone” regions . Our study of AtPNP-A produced similar results, supporting the conclusions of their study.

Figure 2. The interaction network of AtPNP-A. Interaction data for the creation of this network were gathered from the

publicly available database STRING . The network was visualized using Cytoscape 3.7.2 , a freely available platform

for biological network visualization and analysis. The network consists of 32 nodes and 85 edges. Proteins are depicted

as nodes and interactions as edges. Three of the proteins of the network (red circles) are associated with amyloid-forming

proteins. Green-colored nodes are proteins that functional enrichment analysis indicated their association with defense

responses. Black-colored edges are the interactions of AtPNP-A and grey-colored edges are the interactions of the

AtPNP-A first neighbors.

Another interesting observation that emerged from the study of the AtPNP-A network, is that most of the proteins in this

network have been associated with functions related to defense responses (Figure 2—green spheres). Computational

analysis showed that proteins with predicted “aggregation-prone” regions participate in defense responses, in the majority

of plant species, implying that amyloid formation has a part in their function . In fact, several plant defense proteins

have been shown to have amyloid-like properties in vivo and in vitro. Vicilin, a seed storage protein, has been

demonstrated to form amyloid fibrils both in vivo and in vitro. In particular, Antonets et al. showed that vicilin amyloids are

present in pea seeds and its amyloid accumulation increased during seed maturation. Additionally, vicilin amyloids are

toxic for fungi and bacteria, suggesting a functional dualism, being both a storage and a pathogen-defense protein .

Interestingly, vicilin consists of two β-barrel domains, cupin-1.1 and cupin-1.2, which also form amyloid fibrils in vitro. A

homology model illustrating the native fold of AtPNP-A, as well as the model of the native state of  Xanthomonas
axonopodis  PNP-like molecule, revealed that it may adopt a double-psi β-barrel structure, which is comprised of 6 β-

strands, 2 α-helices, and 2 protruding psi loops . According to this model, the active domain of AtPNP-A consists of two

β-strands connected via an α-helix, which is in agreement with the results of the secondary structure prediction tool

PORTER . Moreover, taking a closer look at the secondary structure prediction of SECSTR , AtPNP-A has regions

with a propensity to form both α-helices and β-strands. Such sequences are characterized as “chameleon” sequences

and, intrinsically, tend to alter their conformation depending on the environment . Further studies regarding the native

structure of AtPNP-A are needed to gain insight into its different roles and in order to unravel whether its β-barrel structure

plays a role to the formation of amyloid.

RsAFP-19, a segment of the Raphanus sativus antifungal protein 1 and 2 , Cn-AMP2 of Cocos nucifera  , and pro-

hevein from Hevea brasiliensis  , all have antimicrobial or antifungal properties while being amyloidogenic. Regarding

the AtPNP-A network proteins, defensin-like protein 16 (Figure 2—PDF1.2) has high sequence similarity with

the  Raphanus sativus antifungal protein 1 (96%) and 2 (90%), suggesting that PDF1.2 likely possesses the same

amyloidogenic properties as these proteins. Additionally, hevein-like pre-pro-protein (Figure 2—PR4), which is also found

in the AtPNP-A network, has approximately 50% identity with pro-hevein. Therefore, it is possible that the respective A.
thaliana defense proteins also form amyloid fibrils, a property which may be related to their function.

Specifically, it is believed that AtPNP-A is implicated in defense mechanisms as well. It has been shown that the

transcriptional activation of AtPNP-A is triggered after a pathogen invasion, such as  Agrobacterium tumefaciens  .

Moreover, AtPNP-A is co-expressed with the Systemic Acquired Resistance marker genes—genes associated with

defense against pathogens—and triggers the expression of many other genes important for plant defense . These

observations led Meier et al. to suggest the classification of AtPNP-A as a PR protein . Consequently, the
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amyloidogenic properties of AtPNP-A may play a central role in the critical defense response mechanism of the plant,

which remains to be uncovered.
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