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Heavy metal stress (HMS) is one of the most destructive abiotic stresses which seriously affects the growth and

development of plants. In general, three core signals are involved in plants’ responses to HMS; these are mitogen-

activated protein kinase (MAPK), calcium, and hormonal (abscisic acid) signals. In addition to these signal

components, other regulatory factors, such as microRNAs and membrane proteins, also play an important role in

regulating HMS responses in plants. 
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1. Introduction

Heavy metal stress (HMS) negatively affects plant growth and reproduction, and thus, it can cause the loss of

essential agronomic and other agroecological traits in plants . Consequently, the yield and quality of crops are

seriously affected, while food with excessive accumulation of heavy metals (HMs) is one of the major threats to

human health and natural ecosystems . Plants have specific mechanisms to cope with HMS, and they have

evolved a series of strategies such as ion sensing, signal transduction, and segregation detoxification to ensure

their optimum survival and reproduction under a certain level of HMS . Recently, some advances have been

made in the understanding of plant stress responses, especially downstream pathways, with the discovery of

several functional membrane protein gene clusters that play important roles in regulating intracellular metal

homeostasis . However, these complex network cascades need to be studied with respect to the metal

homeostasis regulation mechanisms in plants.

Recent studies have shown that the plant growth stage, from seedling to maturity, determines the formation of

metal homeostasis mechanisms and tolerance in plants. Of course, the HM contents in fruits during the

reproductive maturity stage of plants are significantly influenced by the metal homeostasis, though the systematic

accumulation pathways and functional cascade relationships of HMs across different plant growth stages are still

unclear . Therefore, it is of great significance to explore the homeostasis mechanisms of HMs in plant cells.

Currently, some studies have demonstrated that plants can regulate the balance of metal ions in the cell by

increasing the rate of synthesis of various proteins and/or compounds . This involves the molecular

response signals of plants to HMS along with the regulation and transcription of some membrane proteins. In the

plant cell, these metals cause the production of reactive oxygen species (ROS), which trigger the activation of

various signal transduction pathways . The key signal components involved in HMS are mitogen-activated
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protein kinase (MAPK), calcium, and hormonal signals. The MAPK signal has some important components and

types, such as the MAP kinase kinases (MAPKKs) and mitogen-activated protein kinase kinases (MAPKS) .

The calcium signaling pathway uses a variety of calcium-sensitive proteins for Ca , such as calmodulins (CaMs),

calmodulin-like proteins (CMLs), calcineurin-like proteins (CBLs), and calcium-dependent protein kinases (CDPKs).

They activate and route different signal pathways along the circuit . Regarding the role of hormone signal

transduction, abscisic acid (ABA) , jasmonic acid (JA) , and citric acid (CA)  play important roles in metal

tolerance in plants. In addition to the signal components, other regulatory factors, such as miRNAs and different

types of transmembrane transporters, also play important roles in regulating HMS in plants . Specific

membrane proteins can bind different types of metal ions as substrates , thus making them capable of ion

transport across the cell membrane, which is regulated by the interactions between membrane proteins, ions, and

lipid types and contents. Some lipids bind to specific sites on membrane channels, and thus regulate the transport

of metal ions inside and outside of the plant cell.

2. Interactions between Membrane Proteins and Lipids under
HMS

All membranes, which are mainly composed of lipids and proteins, are highly dynamic and experience a large

variety of interactions . The complexity of these interactions can lead to the diversification of the structures and

functions of the membrane proteins. Therefore, under HMS, the membrane proteins can promote intercellular

communication, thus leading to the regulation of intracellular and extracellular homeostasis along with the

detoxification of metal ions through energy transmission and signal transduction in plant cells. With the deepening

of liposomics and structural analysis of membrane proteins, the specific sites and functions of lipid-binding

membrane proteins can be visualized and studied. For example, applications of recent state-of-the-art analytical

approaches such as X-ray crystallography, nuclear magnetic resonance (NMR) , electron paramagnetic

resonance (EPR) , and native mass spectrometry (MS) combined with molecular dynamics (MDs)  have now

enabled us to further study the properties of lipids that maintain the structure and functions of the membrane

proteins. Thus, these approaches may provide new opportunities for an in-depth understanding of the processes

underlying the interactions between lipids and membrane proteins and their role in HMS tolerance in plants.

2.1. Membrane Proteins and Lipid Remodeling

HMS can cause the reorganization of plant endomembranes, wherein the redistribution of lipid-membrane protein

binding is closely related to the regulation of metal homeostasis to a large extent . Because of the position of

membrane proteins in lipid bilayers, the structures and functions of the membrane proteins may be related to their

positions in the lipids . Different types of membrane proteins play different roles and can regulate ion

homeostasis in different ways. Interestingly, membrane proteins can bind nonspecifically to a variety of lipids,

which are usually used as protein adsorption solvents (cyclic lipids), while other small amounts of lipids can

specifically bind to the membrane proteins as cofactors (non-cyclic lipids) to complete the process of remodeling

. Specific lipids are like buttons, while membrane proteins are like clothes, and thus these lipids precisely fix

membrane proteins in their correct place. Meanwhile, the solvent lipids, which are also known as cyclic lipids, can
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form stable annular lipid shells around the membrane proteins and can further immobilize the membrane protein

. Therefore, they can jointly define the position of the membrane protein and ensure the stability of the

membrane skeleton. In addition, these lipids can also interact with membrane proteins through configurational

changes to regulate the HMS tolerance in plants.

During endomembrane reorganization, a small number of lipid-membrane protein interactions have also been

reported in microorganisms (Figure 1), and their types are related to their structures and substrates. A common

feature is that their locations and functions depend on the complexity of the membrane environment. As a cofactor,

lipids (acyclic lipids) usually bind between the transmembrane helices of the membrane proteins, either within the

membrane proteins and/or at the multi-subunit protein interface (Figure 1A–D). However, under HMS, a large

number of metal ions are free, which may lead to the substitution and/or inactivation of these sites depending on

their charge intensity  and the head groups of these lipids . These conditions may trigger a series of

membrane protein stress responses and signals, which could lead to alterations in the transmembrane domain of

the membrane proteins .

Figure 1. Crystal structure analysis of lipid-membrane protein interactions. (A) Escherichia coli (E. coli) MsbA in

complex with LPS and inhibitor G907 (PDB ID: 4KSC) ; (B) Lipid II flippase MurJ, outward-facing conformation

in Thermosipho africanus (PDB ID: 6NC9) ; (C) Steady-state-SMX dark state structure of the bacteriorhodopsin

in Halobacterium salinarum (PDB ID: 6RQP) ; (D) Structure of the KcsA-G77A mutant or the 2,4-ion bound

configuration of a K(+) channel selectivity filter in Streptomyces lividans (PDB ID: 6NFU) . PDB, Protein Data
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Bank; MsbA, an essential ATP-binding cassette transporter in Gram-negative bacteria; LPS, lipopolysaccharide;

MurJ, the lipid II flippase in E. coli. The red arrows indicate the positions where lipids and membrane proteins

interact with each other.

According to the affinity between membrane proteins and lipids, the lipids that play a key role in intimal remodeling

can be divided into bulk, annular and non-annular lipids. Bulk lipids (without direct contact with membrane proteins)

expand rapidly in the bilayer. At the same time, annular lipids bind to the membrane proteins through

hydrophobicity to form stable complexes and manipulate the membrane proteins to function and allow material

exchange, which depends on the hydrophobicity of the membrane and the charge distribution of the lipid-

membrane protein binding surface. In particular, non-annular lipids have multiple functions in regulating the

membrane proteins because their different configurations can bind to membrane proteins to form very stable

structures. Studies have found that they remain bound together even after proteins are washed, purified, and/or

crystallized. This stable structure may play an important role in HMS in plants. For example, non-annular lipids act

as cofactors to block ion conduction and regulate the activity of membrane proteins.

2.2. Metal Coordination of Lipids with Membrane Proteins

In recent years, great progress has been made in the structural analysis of membrane proteins. However, the

interactions between lipid proteins and membrane proteins in complex cellular environments remain understudied.

The recent emergence of X-ray free-electron laser (XFEL) femtosecond crystallography offers an innovative

opportunity to explore the elusive membrane proteins and their complexes . When combined with other

techniques such as electron paramagnetic resonance (EPR), molecular dynamics (MDs), atomic force microscopy

(AFM) , and fluorescence resonance energy transfer (FRET) , the metal ions and lipids that interact directly

with membrane proteins, as well as the interaction sites, and even the covalent bond, can also be profiled and

studied. Advances in instrumentation and technology provide unprecedented opportunities to investigate the

synthesis of lipid-protein complexes. At present, the crystal structures of membrane protein complexes are mostly

reported with the non-cyclic lipids . It has been shown that lipids can protect membrane proteins by reducing

deuterium absorption, while the sites protected by the lipid-binding can be studied . Some membrane proteins

exhibit metal coordination activity only in the presence of specific types of lipids (Figure 2). These protein

complexes can be purified, and their crystal structures can be visualized mechanistically. Most of these lipids are

non-annular lipids. However, studies of these types of protein-lipid interactions in plants are highly limited. It is

anticipated that future research can rely on the existing advanced technology and jointly use it to analyze the

structure of protein complexes more widely, thus providing the possibility of understanding the action mechanisms

of the membrane lipids in complex cellular environments under HMS.
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Figure 2. Lipids regulate the coordination of metal ions with membrane proteins. PDB ID: 3IR5, X-ray diffraction,

2.30 Å. Crystal structure of NarGHI mutant NarG-H49C in Escherichia coli. Tightly bound lipids exist between the

transmembrane helices, while head groups bind in pockets composed of three subunits, and many positively

charged residues participate in the binding.

2.3. Special Ion Channels as Lipid Sensors

The ion channel is a kind of membrane protein that promotes the passage of various chemicals through

membranes. Channels open or close due to several factors, such as transmembrane potentials , compound

stimulation , and membrane contraction forces. Under the influence of these factors, the channel undergoes a

structural change from a closed to an open state, thus allowing the substrate to move along the electrochemical

gradient. Since the selective permeation of cell membrane to sodium, potassium and chloride ions was discovered,

the channels have been extensively studied. The ion channels of excitable cells respond to the synaptic stimuli and

transmit action potentials through the establishment of resting membrane potentials . In recent years,

researchers have carried out a significant amount of work on the structures and functions of the membrane

channels, particularly on using them as biosensors to monitor the development and applications of new molecules

to study their role and activities in different cellular functions . According to the methods of sensing
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external stimuli, ion channels are divided into three categories: (A) voltage-gated channels, (B) ligand-gated

channels and (C) mechanosensitive channels. They respond to lipids in different ways (Figure 3).

Figure 3. Different ion channel protein families have different lipid response patterns. (A) Voltage-gated channels

(voltage-gated channel) is a tetramer; (B) Mechanosensitive channels (mechanically sensitive channel) uses the

“crank slider” mechanism to convert increased double-layer tension into channel gating; (C) Ligand-gated channels

(ligand gated channel) affects the function of TM helical stacking to change the channel function.

The voltage-gated channels mediate the transmembrane movement of K , Na , Ca  and Cl  in response to

membrane potential changes . This channel contains four homologous domains; each domain consists of six

transmembrane helices (S1-S6). The S1-S4 is responsible for the induction of electrical signals, while the S5-S6 is

responsible for the hole formation . The ligand-gated channels, which are transmembrane proteins, are a

common part of eukaryotic signal cascades. Plant cyclic nucleotide-gated channel (CNGC) is a cationic channel

with a tetramer structure that allows the diffusion of univalent and divalent cations such as Ca  and K  . The

CNGC family contributes to the absorption and transport of HM ions in plants . Mechanosensitive channels,

which are usually multimers, are the umbrella term for pore proteins that mainly respond to the mechanical stimuli.
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With the stimulation of mechanical force, the transport of substances (mainly ions) across the membrane is

allowed, and the mechanical signals can be converted into electrical and/or chemical signals . Mechanosensitive

channels in plants may be activated by external mechanical stimuli such as touch, wind, salinity, and gravity .

Studies have shown that the homologue of bacterial mechanically-sensitive channels (MSCs) in plants can reduce

the intracellular osmotic pressure by releasing small permeable substances in a process controlled by the

membrane tension .

2.4. Role of Membrane Proteins in the Lipid Outflow

The plasma membrane is fundamental for cellular transport by using the lipid bilayer to form a tight barrier that

allows the selective exchange of substances between the cell and external environmental factors. Membrane lipids

modulate the functions of membrane transporters in two ways: one is to bind closely and specifically to the

transporters, while the other is to regulate the functions of the transporters through the diversified lipid bilayer 

.

Members of the ABC family are involved in the transport and redistribution of various lipids and protein-lipid

complexes . The ABCs are mainly located in the plasma membrane, though some of them are also located in

the microregions of cellular fluids (cholesterol and sphingomatidylin). These are also reported in other cellular

organelles such as the Golgi apparatus and endoplasmic reticulum . In general, apolipoprotein and albumin

are receptors for most sphingolipids that are substrates for the ABC transporters in animals (Figure 4). Although

studies on this aspect in plants are limited, future studies are expected to fill the gap.
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Figure 4. Schematic diagram of the subcellular localization, known receptors, and transport directions of ABC

transporter proteins involved in lipid efflux in animals. Black arrows indicate the direction of transport across the

plasma membrane. Apo, apolipoprotein; PS, phosphatidylserine; PC, phosphatidylcholine; PE,

phosphatidylethanolamine; Chol, cholesterol; HDL, high density lipoproteins; LDL, low density lipoproteins; GluCer,

glucosylceramide; Cer, ceramide; SM, sphingomyelin; N-rentinyl phosphatidylethanolamine; LPA, lysophosphatidic

acid; S1P, sphingosine-1-phosphate; N- retinyl-PE.

2.5. Synergistic Participation in Specific Binding of Metal Ions

Plant membranes are mainly comprised of phospholipids and contain a bewildering array of complex components

such as sphingomyelins, sterols, carbohydrates linked by glycosylation, and membrane proteins . The

separation of cells from their external environment cannot be maintained solely by lipid barriers. In the case of

organisms and cells exposed to HMs, the membrane proteins actively adjust the different conditions on both sides

of the lipid barrier . Membrane proteins may cross the phospholipid bilayer and/or interact with the polar heads

of lipids, thus directly and indirectly affecting the structure of cell membranes and even the composition of

membranes . Notably, membrane proteins also need to allow controlled signals to occur through the

structural barriers of the cell membrane (Figure 5). The structures and functions of membrane proteins are

affected by the lipids, as well as the interactions between proteins and specific lipids .
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Figure 5. Proteins bind to lipids in different ways. (A) The peripheral protein binds to the hydrophobically anchored

PS suppository with lipid specificity. (B) The integrin receptors involved in signal perception and transmission

across cell membranes. (C) Proteins that induce vesicle fusion. (D) Integrins with local curvature induced by

hydrophobic mismatch. (E) The peripheral proteins are attached to the membrane lipids, and their globular

domains interact with the membrane interface regions without being embedded in the membrane. (F) The ion

channels interact with cholesterol to control ion transport across the membrane. (G) The phospholipid-scrambling

enzymes transport lipids through the membrane.

Plants are inevitably exposed to environmental stresses, such as metal contamination, while membrane proteins

can induce mechanisms underlying plant tolerance to different stresses . The plants’ interactions with HMs

produce several cellular, physiological, and biochemical responses. Of course, these reactions are influenced by a

complex transduction network of multiple signal components in plant cells, which eventually help plants counter

HMS by synthesizing metalloproteins .

3. Analysis of Membrane Protein-Metal Binding Domains and
Interaction Based on the Novel Metallomics Database

Trace metals are inorganic elements; all organisms need them for their growth, development, and other cellular

functions. Cells need metal ions as cofactors to assemble and activate metalloproteins. Most metals bind directly to

specific sites on membrane proteins, while a few metals must form metal-containing cofactors or complexes to

insert into the target protein . Metalloproteins are types of protein with large quantities and varieties in the

cellular proteome. They not only catalyze an array of important biochemical reactions but also demonstrate unique

structures and regulatory functions . It is speculated that about a third of proteins must bind with metals for their

biological functions, and almost half of the enzymes must be combined with one or more metal ions for their

functioning. The number of metalloproteins in the family depends on the number and types of metals they bind in

the cell. There are estimated to be hundreds of zinc-related protein families, while the nickel-dependent type

protein families number fewer than 10 . The existence of metalloproteins requires strict regulation of metal
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metabolism and homeostasis in order to maintain the appropriate metal concentrations in the cells while avoiding

toxic effects during transport, storage, detoxification, and excretion processes in cells .

In recent years, with the development of genome sequencing technology, the amount of genomic data has

increased exponentially, so there is an urgent need to develop bioinformatics algorithms to predict new

metalloproteins or even search for a whole set of metalloproteins. Many computational tools and methods have

been developed to predict metalloprotein genes and metal-binding sites, especially related to Zn and Fe .
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