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4.4: Physical Lipid Protein Interactions

Biological membranes play a prominent role in cell biology. The lipid-bilayer is composed of a large variety of lipid molecules that
naturally form physical barriers creating compartments needed for cell regulation [1]. The shape of biological membranes is
dictated by its lipid composition and a vast array of membrane-proteins inserted on it. The lipid environment and membrane-
proteins are subject to chemical and physical interactions. Chemical interactions include effects of residues between lipids and
proteins at the molecular level [3]. Physical interactions include mechanical stimuli between lipids and proteins.

In 1972, Singer and Nicolson proposed the fluid mosaic model which describes the lipids as a neutral environment to the activities
of proteins [1,2]. However, recent studies suggest that lipids are strongly coupled to membrane-proteins and at times the lipid
bilayer has the leading role determining the function of membrane-proteins [3, 8 ,10]. One specific case of study highlighting the
physical lipid-protein interactions concerns the mechanosensitive (MS) ion channels.

Mechanosensitive lon Channels

A membrane protein is considered mechanosensitive if its activity is controlled by membrane tension of approximately 20 nN/m.
Mechanical forces can stretch, compress and bend the lipid bilayer causing membrane tension [4,5]. MS ion channels then act like
mechanical force sensors transducing mechanical stimuli into important intracellular signals. In general, MS channels can be
divided into two groups: prokaryotic (bacterial and archaeal) and eukaryotic (fungal, plants and animal and human) [11]. In both of
these groups the function of MS channels is different. For example, in animals and human they are important in touch sensation,
balance and hearing. In bacteria, MS ion channels are associated with osmoregulation control] [7,8]. MS ion channels highlight the
physical lipid-protein interactions and its function depend upon mechanical membrane parameters such as tension and thickness
[5]. Tension and thickness due to lipids induced perturbations to the membrane shape and the free-energy cost of such perturbations
can be estimated quantitively by simple mathematical models.

Prokaryotic Mechanosensitive lon Channels

Based on the homology of their primary sequence, MS channels in prokaryotic cells MS channels are classified into two categories:
Large conductance MS channels (MscL) and small conductance MS channels (MscS). In principle MscL and MscS channels
undergo the same conformation from a closed state to an open state and its thermodynamics can be described by a two-state model
[9]. MS channels from MscL bacteria undergoes a large in-plane area expansion when it opens. In the case of MscL, pore gating
serves as a “pressure release valve” and the in-plane expansion produces a decrease in the free energy of the membrane-channel
system if the membrane is under tension and as a result it favors the open state [6,9]. To understand the free-energy change, the
tension here is analogous to a gravitational field that tends to lower the weights [6]. Figure 4.4.1A shows that when the channel is
closed, tension is small and the weights are not moving, if the weights are lowered this produces tension and channel will open
(Figure 4.4.1B).

Figure 4.4.1. A) the MS ion channel is closed. B) The MS ion channel is open. Illustration adapted from Y.R. Guo and R.
MacKinnon 10.7554/eLife.33660

The free energy difference of the open-close channel is given as follows:
AG=AG(y=0)—vAA (4.4.1)

where AG (y=0) is the change in free-energy at zero tension, y is the membrane tension and AA is the in-plane cross sectional area.

In MscL the in-plane area change AA has been calculated experimentally is approximately 20 nm?. Thus, the energy required to
fully open the MscL channel is about 20 kT. In addition, the experimental results from MscL in Escherichia coli not only show the
effects of tension but also show that lipid tail length, saturation and head group affect the channel gating properties [2,7]. The data
in Figure 4.4.2A shows the open probability as a function of pressure for MscL. Different traces correspond to different lengths in
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lipid tails. The tails have 16, 18 and 20 carbon atoms in their backbone [2,7]. Figure 4.4.2B shows how the thickness of the lipid
bilayer is affected by the length of lipid tails, this difference in thickness is often referred as a hydrophobic mistmatch.
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Figure 4.4.2. Data from patch-clamp showing how the open probability depends on the length of lipid tails PC15 (grey), PC18
(green) and PC20 (Blue). B) The diagram shows how different lipid tails imply different hydrophobic mismatch. Data and
illustrations adapted from E. Perozo et al,. Nat, Struct. Biol. 9:696, 2002
Techniques used to understand the mechanism for gating of MS ion channel in prokaryotic cells include disulfide trapping,
spectroscopic probing, mutagenesis screening and chemical modification [9]. In addition, patch clamp experiments have
demonstrated that bacteria MscL channels gates respond to an increase in trans bilayer pressure [7].

Eukaryotic Mechanosensitive lon Channels

In eukaryotic cells, there are four types of MS channels which include members of DEG/EnaC, 2P-type K, TRP and Piezo channel
families [11]. In particular, Piezo 1 ion channels similar to MscL and MscS channels to open only requires the effects of lipid
bilayer alone without the requirement of other cellular components [11].

Piezo 1 ion channels are sensitive to mechanical forces and transduce them into electrical signals in sensory neurons to achieve
control in touch sensation, balance and cardiovascular regulation. The essential biophysical characteristics of Piezo 1 ion channels
include control gating through mechanosensitive forces and cation selectivity [6]. It has been suggested that Piezo 1 channels sense
force directly through the lipid membrane in a similar way MS channel from MscL bacteria. However, Piezo 1 channels have
narrow pores in comparison to MscL. channels and the effects on the membrane are not directly associated with in-plane area
expansion, instead Piezo channels deform the membrane by producing local curvature (dome-shape) [6]. The expansion of the
membrane-channel system occurs when the dome shape becomes flatter thus, the free energy difference between open-close
channel is given as follows:

AG = (AGprot + AGbend) - 'YAAproj (4.4.2)

where AGot and AGye,q refer to free energy differences intrinsic to protein gating and membrane bending, y is the membrane
tension and A A,,,; the change in area of the dome that is projected onto the membrane plane (Figure 4.4.3B). Due to its complex
structure, the values of A have not been determine experimentally. For instance, if the Piezo 1 ion channel becomes completely
planar, the projected area AA,,,; is about 20 nm? [6].Then the energy required to open this channel is approximately 40 kT.
However, if Piezo 1 channels only flattens partially then the AA,,,; should be less than 120 nm? and the energy will be less than
40 kT. In addition, if AG > 20 kT will imply that Piezo 1 channels are more sensitive to tension than MscL.
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Figure 4.4.3. A) Theoretical activation curves (AGpq; + AGpend ) = 20 KT (red) and 40 kT (blue) and AAproj = 20 nm? or 60 nm? .
B) Projection area changing as the surface curvature of the channel and local membrane changes. Data adapted rom Y.R. Guo and
R. MacKinnon 10.7554/eLife.33660

Techniques used to study MS ion channels in eukaryotic cells include crystallography, cryo-EM, SDSL EPR, SDFL FRET
spectroscopy, path fluorometry, mass spectroscopy and computer modelling [11].

Summary

o In prokaryote and eukaryotic cells, MS channels senses stimuli from membrane tension. Specifically, MscL, MscS and Piezo 1
channel requires only the effect of the lipid bilayer without the requirement of other cellular components.

o In the case of MscL the open channel mechanosensitive is due to couple pore opening to in-plane area expansion. However, in
the Piezo channel, flattening of the channel and its nearby surrounding membrane causes membrane plane expansion by
transferring out-of-plane membrane area into the membrane plane.

o Simple mathematical models can be used to understand and get insights of how the perturbations to the membrane shape affect
the function of mechanosensitive ion channel.
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