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Abstract

Cellular systems must deal with mechanical forces to satisfy their physiological functions. In this context, proteins with
mechanosensitive properties play a crucial role in sensing and responding to environmental changes. The discovery of
aquaporins (AQPs) marked a significant breakthrough in the study of water transport. Their transport capacity and regula-
tion features make them key players in cellular processes. To date, few AQPs have been reported to be mechanosensitive.
Like mechanosensitive ion channels, AQPs respond to tension changes in the same range. However, unlike ion channels,
the aquaporin’s transport rate decreases as tension increases, and the molecular features of the mechanism are unknown.
Nevertheless, some clues from mechanosensitive ion channels shed light on the AQP-membrane interaction. The GxxxG
motif may play a critical role in the water permeation process associated with structural features in AQPs. Consequently, a
possible gating mechanism triggered by membrane tension changes would involve a conformational change in the cytoplasmic
extreme of the single file region of the water pathway, where glycine and histidine residues from loop B play a key role. In
view of their transport capacity and their involvement in relevant processes related to mechanical forces, mechanosensitive
AQPs are a fundamental piece of the puzzle for understanding cellular responses.
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Introduction

The mechanome refers to the complete mechanical state
of a biological system, encompassing the distribution of
forces from tissues to cells to molecules, and how they
interact with ongoing biological processes. It plays a
critical role in various biological processes, such as tis-
sue development, wound healing, and disease (Kamm
and Mofrad, 2009). The mechanome is a complex and
interconnected system of essential components that work
together to enable biological systems to sense and respond
to mechanical stimuli. These components include extracel-
lular matrix (ECM) molecules (e.g., fibronectin), trans-
membrane proteins (e.g., integrins, cadherins), mechano-
sensitive ion channels (e.g., Piezo and TRP channels) and
water channels (e.g., orthodox aquaporins), cytoskeletal
proteins (e.g., actin filaments and microtubules), adaptor
and scaffolding proteins (e.g., zyxin, vinculin, and talin),
phosphatases and kinases (e.g., focal adhesion kinase,
FAK), nuclei, and the lipid bilayer (Janmey and McCull-
och, 2007; Jansen et al., 2017).

Cells possess a remarkable ability to respond to both
internally generated and externally applied forces, and to
sense and respond to changes in several surface param-
eters, including extracellular matrix (ECM) specificity,
nanoscale surface topographies, geometric confinement,
membrane curvature, and rigidity (Vogel and Sheetz,
2006). Physical signals can elicit a local response, directly
affecting adhesion sites, or a global response, activating
signaling pathways that regulate various cellular processes
such as proliferation, cell growth, differentiation, and
programmed cell death (Geiger et al., 2009). The cellular
response to mechanical stimuli is influenced by multiple
factors, including the nature of the mechanical signal,
duration, magnitude, and frequency.

The attribute of mechanosensation can be ascribed
to an old trait inherited from the evolution of the primal
organisms present on Earth (Booth et al., 2015). Primor-
dial living beings were subjected to potentially harmful
mechanical and osmotic stresses. It is hypothesized that
primitive life evolved in aqueous environments (Lazcano
et al., 1983), rendering osmotic pressure as one of the
main mechanical forces present when life consisted only of
unicellular systems. Thus, mechanotransduction functions
evolved to safeguard life against hazardous alterations in
the environment’s solute concentrations (Balleza, 2011).

The early presence of mechano-transductive features
in evolution resulted in the vast assortment of force-
gated proteins that we know today. These proteins are
expressed in various species, supporting a diverse array
of physiological functions, ranging from cell tone regula-
tion to hearing. Moreover, it has been suggested that all
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channel proteins have the potential to be mechanosensi-
tive (Schmidt et al., 2012), indicating that evolutionary
changes were directed towards suppressing this ancestral
trait rather than its selection (Booth et al., 2015).

Upon their discovery, aquaporins (AQPs) were declared
as the master water channels (Preston et al., 1992; Agre
et al., 1993), with a high-water transport capacity (up to 1
x 10° water molecules per second). However, this view of
AQPs exclusively as water channels is a limited perspec-
tive that fails to appreciate their full capabilities. AQPs
are ubiquitous and widely expressed in cells from all living
organisms, from bacteria and archaea to plants and ani-
mals. Interestingly, they are present where cell mechanics
is compromised, for example, in tissues subjected to shear
forces (blood vessels and airway conduits in animals), in
cells subjected to cyclic events (heart contraction and
relaxation), or even in cell migration and tumor develop-
ment (Verkman, 2011). In plant cells, AQPs are involved
in stomata regulation in leaves, as well as in other circa-
dian rhythm-associated processes (Sutka et al., 2017).

AQPs belong to the membrane intrinsic proteins (MIP)
family and have both highly conserved sequence and struc-
ture (Ozu et al., 2022). However, their transport function
is highly diversified (Soto et al., 2012; Perez Di Giorgio et
al., 2014). While some AQPs only transport water (the
so-called orthodox aquaporins), others can also transport
small solutes (such as urea, glycerol, ammonia, boric acid,
H,0,), metalloids (such as arsenite), gasses (such as CO,),
or even ions (in a non-selective manner) (Ozu et al., 2018).

Variations in AQPs’ function can be attributed to the sin-
gle file region of the channel contained in each monomer and
possibly the central pore formed by the four monomers in the
tetramer (Ozu et al., 2018). The functional diversity together
with results from knock-out experiments casts doubts on the
relevance of AQPs being only a main gateway to facilitate
water transport (Hill et al., 2004). The osmosensor hypoth-
esis was then proposed. According to this hypothesis, the
tetrameric structure of the AQP serves as a cooperative
membrane sensor, which responds to changes in osmolarity
by undergoing conformational changes and then transmit-
ting a signal to the cell interior (Hill et al., 2004). Evidence
in support of this hypothesis came from the discovery of
mechanosensitive AQPs (Hill and Shachar-Hill, 2015).

To date, few members of the aquaporin family have been
reported to be mechanosensitive (Ozu et al., 2018). To
understand how membrane tension modulates the AQPSs’
water transport capability, two factors must be considered.
The first is how mechanical forces are transduced from the
cell membrane to the protein. The second consists of the
molecular features that determine water transport, i.e., the
water-water and the water-protein interactions that drive the
concerted movement of water molecules in a single file.
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In the following sections, we delve into the mechanome
towards mechanosensitivity in aquaporins. First, some
examples of tissues and organs in which cell mechanics is
compromised and AQP members perform important physi-
ological functions are introduced. Then, the evidence that
demonstrates mechanosensation in AQPs is revisited. The
next section discusses three points that can contribute to con-
sider a mechanosensitive mechanism in AQPs: (i) key points
of mechanosensitivity in ion channels; (ii) the relationship
of AQPs with the lipidic environment; and (iii) the role of
GxxxG sequences in mechanotransduction and in the water
transport properties of AQPs. Afterwards, a possible mecha-
nism is discussed. Finally, those questions and issues that are
still open in the field are presented in a perspectives section.

AQPs in mechanical processes

Efficiently responding to mechanical forces is a fundamen-
tal requirement for living and to adapt to different environ-
ments. In vivo, cells are capable of detecting and respond-
ing to a wide range of physical and chemical signals that
interact and modulate cellular responses (Haselwandter and
Phillips, 2013). Therefore, cells can respond to externally
applied forces and sense features such as the topography,
rigidity, and geometric confinement of the underlying sub-
strate. Shear flow, tensile stretch, mechanical compression,
and hydrostatic pressure are among the most common types
of active mechanical stimuli (Wang J. et al., 2014a). Some
examples of these stimuli in animals, where some AQPs are
involved, are mentioned below.

Shear flow can induce various changes in protein expres-
sion, translocation, and degradation in live cells. Animal
aquaporins are expressed in many fluid-transporting tissues,

such as kidney tubules, and vascular and respiratory sys-
tems (Verkman, 2011), which are physiologically exposed to
shear stress due to fluid flow (Fig. 1a). For example, laminar
shear stress due to blood flow can upregulate the expression
of AQP1 in human umbilical vein endothelial cells, promot-
ing endothelial cell migration and wound repair (Mun et al.,
2013). Similarly, luminal fluid shear stress can trigger AQP2
translocation to the apical plasma membrane in collecting duct
cells, leading to actin cytoskeletal reorganization (Jang et al.,
2011). However, in human bronchial epithelial cells exposed
to luminal shear stress—generated by airflow—AQP5 abun-
dance decreases due to protein internalization and degradation
(Sidhaye et al., 2008).

Mechanical strain can have a profound impact on tis-
sues and organs, triggering significant changes in cellular
responses and tissue remodeling at both molecular and cel-
lular levels (Tamura et al., 2001; Zhou et al., 2005; Rich-
ard et al., 2007). Cells in mechanically active organs, such
as the heart and muscles, are stretched continuously dur-
ing daily activities. In addition, lung cells are constantly
subjected to stretching in regular cycles due to breathing
movements, and bladder cells are exposed to mechanical
stretching due to urine accumulation, although this occurs
in a non-cyclic manner. Recent research has shown that sus-
tained mechanical strain, which resembles the physiological
mechanical stimulus caused by milk accumulation during
lactation, can alter the focal adhesion dynamics in mammary
epithelial cells. Focal adhesions are dynamic structures that
not only provide a mechanical link between cytoskeleton
components and the ECM, via integrin membrane recep-
tors, but also exhibit mechanosensitive properties, acting as
signaling organelles in the cell mechanotransduction pro-
cess (Vogel and Sheetz, 2006). Mechanical strain stabilizes
the focal adhesions of mammary epithelial cells, enhancing

a Shear flow

i

Blood flow

Mechanical strain

-
Muscle active contraction

c Traction forces o

Cell migration

Fig.1 AQPs play important physiological functions in processes
where cell mechanics are compromised. a AQPs expressed in vascu-
lar endothelial cells are exposed to mechanical forces exerted by the
laminar shear stress due to blood flow. Arrows indicated by P and v
indicate blood pressure and velocity, respectively. Red blood cells are
represented by ovoidal forms. For simplicity, AQPs are represented
only in endothelial cells. b Muscle cells can exert active contrac-
tion, modifying the mechanical strain and the mechanical context

of membrane proteins such as AQPs. Sarcomeres are schematically
represented. ¢ Migrating cells generate traction forces, in a process
that impacts on focal adhesion (FA) dynamics and that is dependent
on the AQPs function. Microtubules, cortical cytoskeleton, and the
extracellular matrix (ECM) are schematically represented. Water flux
through AQPs is indicated by arrows. All drawings are original and
were created by the authors by using Inkscape 1.2.2 free software
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their persistence and preventing their disassembly (Sigaut
et al., 2018). Furthermore, at the molecular level, mechani-
cal strain alters the mechanoresponses of two focal adhesion
proteins, zyxin and vinculin, by increasing the molecular
tension across the vinculin molecule and slowing zyxin dis-
sociation dynamics from the adhesive site.

The trabecular meshwork of the mammalian eye is part of
a dynamic environment subjected to multiple forms of stress,
including mechanical strain. Previous studies have shown
that the AQP1 expression increases in trabecular meshwork
cells in response to sustained but not to cyclic mechanical
stretch (Baetz et al., 2009). Hence, AQP1 may play a protec-
tive role, by facilitating rapid changes in cell shape during
sustained mechanical strain to maintain trabecular meshwork
homeostasis.

In skeletal muscle (Fig. 1b), AQP4 can be regulated by
changes in muscle use by increasing its expression during
the transition from slow- to fast-twitch fibers (Frigeri et al.,
2001). During increased physical activity, i.e., increased
mechanical strain, AQP4 facilitates higher water fluxes
between muscle tissue and blood (Frigeri et al., 2001; Frigeri
et al., 2004).

In addition, it has been reported that mechanical forces
enhance the metastatic features of cancer cells. For instance,
mechanical compression of breast cancer cells activates the
mechanosensitive Piezol ion channels to mediate enhanced
cell invasion, which involves both cellular events and matrix
degradation (Luo et al., 2022). Also, shear stress regulates
prostate cancer metastasis through Piezol mediated signal-
ing (Kim et al., 2022).

Cells can not only detect and respond to external mechan-
ical forces but can also actively generate them through acto-
myosin contractility and actin branching, which are involved
in morphological changes, adhesion processes, and motil-
ity. For example, cells use generated traction forces to test
mechanical properties of the microenvironment, such as the
stiffness of the extracellular matrix. Cellular traction forces
are increased in cells cultivated at increasing substrate stiff-
ness (Califano and Reinhart-King, 2010; Han et al., 2012;
Scott et al., 2015; Sigaut et al., 2018). At a molecular level,
a correlation has been established between traction force
generation and the molecular dynamics of certain adhesive
proteins (Zhou et al., 2017; Sigaut et al., 2021). In particular,
in adhesion sites that generate greater forces, zyxin protein
is less likely to dissociate from the adhesion site (Sigaut
et al., 2021).

Cell migration is based on the precise spatiotemporal
coordination of different components of the mechanome,
including ECM, mechanoreceptors, and cytoskeleton
(Fig. 1¢). AQP1 localizes to the leading-edge during migra-
tion and is associated with the increased turnover of cell
membrane protrusions, as it facilitates water entry and
increases hydrostatic pressure causing membrane protrusion
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(Papadopoulos et al., 2008). Cells use integrin-mediated
adhesion sites to apply traction forces on the ECM to move
during cell migration. In fact, AQP2 interacts with integ-
rins to promote renal epithelial cell migration, contributing
to the structural and functional integrity of the mammalian
kidney. AQP2 expression modulates integrin trafficking and
internalization, facilitating its turnover at focal adhesions
(Chen et al., 2012). Furthermore, both focal-adhesion area
and lamellipodia volume are smaller in AQP2-expressing
cells than in cells without expression of AQP2 in the plasma
membrane, which is in agreement with an increase in cell
migration (Di Giusto et al., 2020). AQP1 plays a crucial
role during neural crest migration in chick embryos. Like
AQP2, AQP1 is involved in promoting integrin turnover
and in stabilizing neural crest cell filopodia. Therefore, its
overexpression increases neural crest cell speed and invasion
(McLennan et al., 2020).

These examples show that AQPs are involved in pro-
cesses where the mechanical state of the system is com-
promised. To date, the knowledge about the participation
of AQPs in these processes is limited to changes in expres-
sion levels or volume changes. However, AQPs are highly
regulated channels. One regulatory mechanism is based on
mechanosensitive properties. The next section presents the
evidence that demonstrates that some AQPs are mechano-
sensitive channels.

Mechanical regulation in AQPs

The function of AQPs as water channels is closely related
to cell volume changes. Several works in plants and ani-
mals evidenced relationships between transmembrane water
fluxes and cell volume or intracellular pressure (Alexandre
and Lassalles, 1991; Niemietz and Tyerman, 1997; Meinild
et al., 1998; Ohshima et al., 2001; Vandeleur et al., 2005;
Ozu et al., 2011). This leads to the suggestion of the exist-
ence of a mechanical regulation in AQPs, and some groups
reported calculations or simulation results with models that
considered a membrane tension effect on the water transport
capacity of AQPs from yeast (Soveral et al., 2008), plants
(Wan et al., 2004; Ye et al., 2004; Leitao et al., 2014), and
mammals (Soveral et al., 1997; Ozu et al., 2013). Then, other
studies tested the direct effect of membrane mechanics on
the water transport capacity of aquaporins from animals
and plants (Tong et al., 2012; Tong et al., 2016; Goldman
et al., 2017). To the best of our knowledge, few aquaporins
are known to be regulated by membrane tension. The list
includes yeast AQY 1 (Soveral et al., 2008; Fischer et al.,
2009), rat AQP4 (Tong et al., 2012), human AQP1 (Ozu
et al., 2013), and two tonoplast intrinsic proteins, VvTIP2;1
from gravepine (Leitdo et al., 2014) and BvTIP1;2 from red
beet (Goldman et al., 2017), while the plasma membrane
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intrinsic protein BvPIP2;1 does not respond to mechanical
stress (Goldman et al., 2017).

The most typical experiments to functionally characterize
AQPs are based on recordings of cell volume changes driven
by osmotic gradients (Alleva et al., 2009; Alleva et al., 2012;
Ozu et al., 2018). Usually, these experiments are performed
by testing only one gradient magnitude, and the result indi-
cates whether the AQP has a high or low water transport
capacity, characterized by the (surface-area normalized)
osmotic permeability coefficient (P). However, the func-
tion of the channel can be studied akin ion channels, i.e.,
by applying driving forces of different magnitude. By doing
this, the relationship between the water flux and the applied
osmotic gradient (J,-Aosm curve) is analogous to the cur-
rent-voltage relationship (/-V curve) typically employed in
ion channel studies (Ozu et al., 2011). For example, it is
accepted that the water transport through AQPs is bidirec-
tional and that most of the AQPs are constitutively open
(Meinild et al., 1998; Ozu et al., 2013). The J, -Aosm rela-
tionship shows this but also provides more information
about the function of the channel. Since the osmotic law
establishes the linear dependence of the water flux on the
applied osmotic gradient, then the experimental J,,-Aosm
curve is expected to be linear, with a positive slope, i.e., the
Pf. If this is the case, then, Pf determined with a low gradi-
ent must be equal to that determined with a larger gradient;
any non-linearity in the J, - Aosm relationship points towards
changes along the water permeation pathway as the osmotic
gradient increases.

The Xenopus oocyte is well-employed in the literature
as a system to study AQPs allowing the analysis of the J, -
Aosm relationship. The assumptions which this method
is based on are valid only in a short time interval at the
beginning of the osmotic response (Ozu et al., 2012; Ozu
et al., 2013). By simultaneous measurement of cell volume
and pressure, it was observed that both mechanical param-
eters, such as the elastic modulus or the membrane tension,
increase with higher gradients (Ozu et al., 2013; Gold-
man et al., 2017) (Fig. 2a). Under controlled experimental
conditions, and in the absence of other stimuli, non-linear
J,,~-Aosm relationships have demonstrated the mechani-
cal regulation of human AQP1 and BvTIP1;2 (Ozu et al.,
2013; Goldman et al., 2017). Additionally, the Pf—Aosm
curve revealed the cooperative nature of the mechanism in
human AQP1 (Ozu et al., 2013). These findings have been
similarly observed in vesicles from rabbit renal brush border
membranes, which also contain AQPs (Soveral et al., 1997),
and in VVTIP1;2 from grape vine expressed in yeast (Leitdo
et al., 2014). Furthermore, experimental Pf determinations
under different membrane tension conditions showed that
the sensitivities of AQP1 and BvTIP1;2 are around 3 mN
m~! (Ozu et al., 2013) and 10 mN m~! (Goldman et al.,
2017), respectively. These values are in the sensitivity range

observed for the well-known large and small conductance
mechanosensitive ion channels (MscL and MscS, respec-
tively). However, unlike MS ion channels, AQPs show a
decrease in their water transport capacity as membrane ten-
sion increases (Fig. 2b). This finding suggests that mem-
brane tension may trigger a conformational change in the
water pathway of these AQPs, leading to an open-closed
transition (Fig. 2¢).

To date, information on mechanical gating at a molecu-
lar level in AQPs has been provided only by a handful of
molecular dynamics (MD) simulations reports. The structure
of the yeast aquaporin AQY1, resolved at 1.1 5A, reveals
a closed state mediated by the bending of the N-terminal
segment towards the cytoplasmic entrance of the pore and
its stabilization by multiple H-bonds among Tyr residues,
water molecules, and Gly residues from loop B (Fischer
et al., 2009). Since the configuration of the N-terminal seg-
ment is similar to the one found in MscL from Mycobacte-
rium tuberculosis (Chang et al., 1998), the authors tested
the effect of membrane tension by simulating lateral pres-
sure increments or by bending the membrane towards the
intracellular side. The results showed that the water trans-
port rate of AQY1 increases as membrane tension decreases
(Fischer et al., 2009). Fitting simulations to AQP1 experi-
ments showed the same response after inducing the closure
of the channel, indicating that the membrane tension effect
is reversible (Ozu et al., 2013).

A recent report investigated the effects of shockwaves on
the function of AQP4. The simulations reveal that rotations
of Arg216 in the selectivity filter and H95 in the cytoplas-
mic end of the single file region trigger the closure of the
channel during membrane compression (Wei et al., 2022).
Intriguingly, the same study shows that the shock-induced
bubble collapse opens the channel, increasing the water per-
meability while decreasing the number of H-bonds between
key lining residues and water molecules.

Towards a possible membrane
tension-dependent mechanism

Mechanosensitive clues in ion channels

The structural determinants of mechanosensitivity have
not been studied in AQPs. On the contrary, much is known
about MS ion channels. This section provides a summary of
information regarding MS ion channels that may be useful
in considering the mechanosensitive mechanism in AQPs.
It is possible that the bacterial and archaeal MS channels
retain a great number of structural features from those primi-
tive mechano-electrical transducers (Pohorille and Deamer.,
2009). Since their discovery and cloning (Chang et al., 1998;
Bass et al., 2002), MscL and MscS have been the most studied
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Fig.2 Experimental evidence demonstrates mechanosensitivity in AQPs.
a Cell mechanics can be studied in Xenopus oocytes by the simultane-
ous measurement of pressure and volume during the osmotic response.
The pressure-volume relationship evidences that the volumetric elas-
tic module (E) rises as volume increases (Ozu et al., 2013). Dots rep-
resents the mean + sem registered in BvTIP1;2-expressing oocytes
during the osmotic response driven by a 100 mOsmol Kg,, ™' gradient.
Continuous line is illustrative, just to emphasize the nonlinearity of the
response. Similar results were reported in Goldman et al. (2017). b By
setting different membrane tension states at the beginning of the osmotic
response (driven by the same osmotic gradient) demonstrates that the
water permeability coefficient (Pf) decreases as the initial membrane ten-
sion increases. Dots represent independent experiments performed with
BvTIP1;2-expressing oocytes. The osmotic gradient was the same in

MS ion channels and are considered paradigmatic in the field.
Consequently and for historical reasons, researchers have
made useful comparisons and adapted multiple techniques
from those studies to understand the gating mechanism of
other mechanosensitive structures. Moreover, the simplicity of
these proteins compared to mammalian MS channels provides
an excellent system for understanding the basis of mecha-
notransduction mechanisms (Persat, 2017; Cox et al., 2018).

MscL and MscS refer to the large and small conduct-
ance mechanosensitive ion channels originally identified in
E. coli giant spheroplasts (Martinac et al., 1987; Blount and
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b 1 1 1 1

Membrane Tension at the beginning of the osmotic response

T (mN m'1)
0 20 40 60 80

all the experiments. Figure modified from Goldman et al. (2017) under
license permission from the publisher. The continuous line is illustrative,
just to emphasize the non-linear decreasing relationship. ¢ The lipid-pro-
tein interaction and the ordering of lipids around aquaporins were studied
by both experimental and simulation approaches. Reported data suggest
that there is not a fixed shell of lipids around AQPs. Instead, a dynamic
interchanging occurs between this annular shell and bulky lipids (Stans-
feld et al., 2013). This is represented by the lipid color gradient. The
membrane tension increment (arrows in lower panel) produces thinning
of the membrane. Therefore, hydrophobic regions of the protein tend to
be exposed to the aqueous solution. Then, as occurs in MS ion channels,
the hydrophobic mismatch is solved by a protein conformational change.
Both the protein and the membrane are schematic representations with
general purposes only

Iscla, 2020). Among all known mechanically gated channels,
MscL possesses the lowest tension sensitivity. For example,
its activation threshold is around 12 mN m™! (Nomura et al.,
2012), about one order of magnitude higher than the mam-
malian MS channel TRAAK, which is around 0.5 mN m™!
(Brohawn et al., 2014).

The MscL architecture is characterized by the forma-
tion of pentamers. Each monomer is composed of two
alpha helices (TM1 and TM2), the N-terminus that forms
an alpha-helix-structured segment (S1), and the C-terminus
that forms a cytoplasmic helix (CP) (Perozo et al., 2002).



Biophysical Reviews (2023) 15:497-513

503

The cylindrical pore is formed by the five subunits. Close
to the intracellular side, there is a sequence of hydropho-
bic residues that stabilizes the channel in its closed state
and is known as hydrophobic lock (Yoshimura et al., 1999,
Yoshimura et al., 2001, Birkner et al., 2012). The configura-
tion of the channel changes when it is subjected to a mechan-
ical stimulus (Yoshimura et al., 1999, Yoshimura et al.,
2001, Birkner et al., 2012). The channel activates with the
tension increase and in its full open conformation has a pore
diameter of 28-36 A (Wang Y. et al., 2014b), ten times wider
than the pores in AQPs. The gating mechanism is intimately
linked to lipid-protein interactions (Nomura et al., 2012).
The participation of two glycine residues (G22 and G26)
is crucial for the transition to the open state (Sawada and
Sokabe., 2015). Particularly, the polarity of G22 is essential
for hydrophobic interactions that maintain the closed state,
as well as is responsible for allowing the breaking of the lock
and the stabilization of the full open state when membrane
tension increases (Yoshimura et al., 1999; Shukarev et al.,
2001).

In MscS, each monomer possesses three transmembrane
segments that form a homoheptamer. Although the structure
of the E. coli MscS differs from that of MscL, both channels
share some functional similarities. The surface of the pore is
uniformly hydrophobic along its entire length, and the per-
meation pathway presents two constriction zones that form
an 8 A—length hydrophobic lock at the narrowest site of the
pore (Naismith and Booth., 2012). In MscS, a complex rela-
tionship between the channel and the lipidic environment is
observed. The MscS channels possess several types of lipid-
protein regions that can affect both gate and pore conforma-
tional states. Pore lipids, gatekeeper lipids, and pocket lipids
are essential in channel function (Reddy et al., 2019, Zhang
et al., 2021), of which gatekeeper lipids are critical elements
in tension sensitivity (Flegler et al., 2021). Both TM1 and
TM2 appear to be essential in the channel mechanosensitiv-
ity, especially near their ends (Malcolm et al., 2011). This
region has been coined as the tension sensor. In the closed
state, the membrane-exposed residues interact tightly with
the lipid tail groups. The aperture process of MscS channels
occurs by movements of the periplasmic region of the pore
(Vésquez et al., 2008). Two possible gating modes of MscS
channels can be proposed, involving the interactions of lipids
with two different channel regions exerting a release of the
pore from lipids, and the unblocking of the permeation path-
way (Rasmussen et al., 2019).

About the AQP-lipids interaction

Reports on both MscL and MscS channels provide evidence
of the interaction between transmembrane segments and the
membrane. While evidence of lipid-protein interaction in
different types of mechanosensitive channels suggests a

straightforward modulation of ion conductivity by diverse
mechanisms, such effects are not explicitly established in
water permeation by AQPs. To elucidate this point, it is
necessary to understand how aquaporins interact with the
membrane. This section summarizes this issue.

In a so-called “lipid moves first” model, it is assumed
that membrane tension creates a vacuum between protein
TM alpha helices and the surrounding lipid molecules. In
ion channels, such a vacuum would in turn pull it to its open
state (Pliotas et al., 2015). When the membrane is mechani-
cally stressed, the applied force causes thinning of the lipid
membrane (Rawicz et al., 2000), resulting in the exposure of
hydrophobic areas from protein TM segments to the aque-
ous solution (Lee, 2004). The mismatch between the lipid
bilayer and hydrophobic areas of TM helices is solved by the
protein conformational change, which minimizes the global
free energy and keeps the alpha helices embedded in the
lipid membrane (Yoshimura and Sokabe, 2010).

Furthermore, the lipid membrane is disordered at the
interface between TM segments and phospholipids (Rao
et al., 2017). This allows the channel, during the gating
mechanism induced by the hydrophobic mismatch, to stabi-
lize the neighboring lipids in their open state (Wiggins and
Phillips, 2005; Yoshimura and Sokabe, 2010).

Theoretically, if a membrane has a uniform lipidic com-
position, the mechanical tension should be distributed evenly
throughout the bilayer, without local variations in tension.
Nevertheless, a wide variety of lipids are present in biologi-
cal membranes. In fact, eukaryotic membranes can contain
over 1000 distinct lipid molecules (Sud et al., 2007). Fur-
thermore, biological membranes possess fatty acids of 14
to 24 carbons in length and an asymmetric lipid distribution
between both layers (van Meer et al., 2008). This produces
heterogeneity in the membrane composition, as well as dif-
ferent biophysical and mechanical properties. For example,
gramicidin A reconstituted in phosphatidylcholine (PC) with
a chain length of 18 carbon atoms (PC18-vesicles) behaves
as a stretch-inactivated channels, meanwhile the same pro-
tein reconstituted in PC20-vesicles behaves as a stretch-acti-
vated channel (Martinac and Hamill, 2002). This effect was
also observed in prokaryotic channels (Perozo et al., 2002;
Nomura et al., 2012).

In AQPs, the effects of lipid composition are still under
debate. For example, the addition of phosphatidylserine (PS),
phosphatidylcholine (PC), and cholesterol did not affect the
AQP1 water permeability (Zeidel et al., 1994). However, the
modification of the lipid composition reduced water transport
in AQP4 M1 and M23 isoforms (Tong et al., 2012).

Molecular dynamics simulations performed to analyze
the organization of lipids around 10 different transmem-
brane proteins indicate that the lipid shell is unique for each
protein, suggesting that different proteins impact on the
lipid organization in distinct ways, resulting in a specific
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“fingerprint” for each protein-lipid interaction (Corradi
et al., 2018). However, MD simulations performed on
40 AQP structures showed dynamical lipids relocaliza-
tion between annular shells and bulky lipids. Therefore, a
dynamic instead of a fixed annular shell of lipids was pro-
posed for AQPs (Stansfeld et al., 2013). This could explain
why the interaction of AQPO with the lipid membrane
resembles the interaction of the tension sensor described in
MscL and MscS channels (Malcolm et al., 2011).

The bilayer composition also influences the incorporation
or depletion of different lipid classes in the annular lipid
shell, as was observed in AQP1 (Corradi et al., 2018). In
addition, AQPO interacting with two different lipidic envi-
ronments also showed lipid positional rearrangements on the
annular shell, although no protein structural modifications
were observed (Hite et al., 2010).

An intimate crosstalk between annular lipids accommoda-
tion on specific protein sites depends on the degree of protein
mobility in the lipid membrane (Briones et al., 2017). Molecu-
lar dynamics approaches and crystallographic refinements
revealed how preferred positions of lipids surrounding AQPO
are established, indicating a priority on the local movements of
the protein but a secondary role of specific H-bond formation
(Aponte Santamaria et al., 2012).

Lipid shells are proposed to adapt its shape to the surface
protein irregularities, exerting interactions through the long
acyl chains instead of polar head groups (Aponte Santamaria
et al., 2012). However, the previously mentioned simulations
performed with 40 AQP structures showed two different pro-
tein regions with a crucial role in lipid interaction. These
locking regions occur in the intracellular and extracellular
sides of the protein, by contacting the head groups of the
lipid membrane, and were proposed to fix the protein to the
lipid membrane. These functional regions show no classical
conserved sequences, but a pattern of conservation on amino
acid composition with numerous basic (K or R) or aromatic
(W or Y) residues (Stansfeld et al., 2013). In line with this,
other MD simulations showed that when AQP4 is in a thin
membrane the extracellular region of the channel maintains
a more conserved structure than the cytoplasmic region, this
may be due to the asymmetric distribution of Try residues,
which usually locate at membrane-water interfaces and are
more abundant in the extracellular than in the intracellular
side of AQP4 (Tong et al., 2016).

Molecular features of AQPs water transport

Aquaporins are highly symmetrical. Each monomer is ~
40 A across and ~ 60 A long (Sui et al., 2001) and has a
right-handed barrel structure (Cheng et al., 1997; Walz et al.,
1997). This causes the transmembrane segments (TM) to be
highly “twisted” (Fujiyoshi et al., 2002). In addition, each
transmembrane segment is constituted by a left-handed
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alpha helix. The special disposition in the tetramer left TM2
and TMS facing to the inner side of the tetramer, and TM3
and TMG6 facing to the outer side, while TM1 and TM4 have
an intermediate position (Heymann and Engel, 2000; de
Groot et al., 2000). In this scenario, the structure of each
monomer is stabilized by forces between highly conserved
glycine residues that form contact sites between transmem-
brane segments (G104 for TM1-TM3, G219 for TM4-TM6,
G57 and G173 for TM2-TM5, G82 for HB-TM6, and G198
for HE-TM3) (Murata et al., 2000; Fushiyoshi et al., 2002).
In addition, the tetrameric arrangement is supported by large
intermolecular forces between adjacent monomers. These
forces are developed by the contact of TM1 and TM2 from
one monomer with TM4 and TMS5 from the adjacent mono-
mer (Moller et al., 2003). Moreover, transmembrane seg-
ments are stabilized by the position of the two short alpha
helices of loop B and E through ion pairs and hydrogen
bonds. In human AQP1, H74 (loop B) forms an ion pair with
Glul7 from H1, A195 (HE) is connected by a salt bridge to
Glul42 (H4), and polar residues (Thr80, Gln101, S196) sta-
bilize these ion pairs (Murata et al., 2000). At the same time,
loops B and E are stabilized by highly conserved threonine
residues (Murata et al., 2000).

The shape of the water channel resembles an hourglass
model (Jung et al., 1994), allowing the passage of a single
file of water molecules along a region located in the center
of the membrane (Fig. 3a) (Murata et al., 2000; de Groot
& Grubmiiller, 2001). This region is ~ 30 A long and is
well-defined between the selectivity filter (SF, facing to the
extracellular side of the membrane and also known as the
ar/R filter) and the cytoplasmic extreme of the single file
region. In the middle, the NPA filter is located. This filter is
formed by the encounter of the two (signature motif) NPA
repetitions (asparagine, proline, alanine). These three sites
in the single file region are keys to enable and regulate the
water flux (for a detailed revision, see Ozu et al. (2022)).
While one wall of the water pathway is hydrophobic, the
lining residues in the opposite wall offer H-bond donors to
the water molecules. Thus, water molecules are confined,
forming a water wire in a narrow pore. Then, the water mol-
ecules pass from one side to the other by forming and break-
ing H-bonds with the protein and adjacent water molecules.
Therefore, water transport through AQPs is not a friction-
less process (Horner and Pohl, 2018) and is guaranteed by
the concerted movement of the molecules inside the single
file region. These general features are well-documented by
models derived from very high-resolution structural data and
MD simulations.

The NPA filter is involved in two important aspects of
water transport, which occur at the center of the membrane.
The first one is that protons passage is prevented (Zeidel et al.,
1992) by an electrostatic barrier that is maximal at this site (de
Groot et al., 2003) and arises from the distribution of charged
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Fig.3 The key of mechanosensitive AQPs could be in the cytoplas- »

mic extreme of the single file region of the water pathway. a Model
of the AQP4 monomer (PDB 3GD8) showing the water pathway in
blue. The key regions of the single file path are indicated on the right
(SF, selectivity filter; NPA, NPA filter; CE, cytoplasmic extreme of
the single file region). Transmembrane segments and loops are shown
in light and dark green, respectively. The channel (blue) allows the
passage of waters in single file between the SF and the CE. The SF
or Ar/R filter (His201 from TM5 and Arg216 from loop E, shown in
orange) restricts the transit to only two water molecules at a time by
a geometric hinderance and offers the possibility to form H-bonds
with the protein, ordering the water molecules. Both Asn97 from
loop B and Asn213 from loop E are shown in coral at the center of
the membrane. This is the NPA filter, where the passage of protons
is prevented and the water dipole moment reversal prompted. Both
Gly93 and Gly94 from the GxxxG motif of loop B (shown in yellow)
are located at the CE of the single file region (also called the cyto-
plasmic mouth) and contribute with H-bonds to the ordering of water
molecules. Next, His95 (shown in ochre) can occlude the pore by a
gating mechanism mediated by cytosolic acidification. Visualization
made by means of VMD (Humpbhrey et al., 1996). Far and near clip-
ping planes have been defined on behalf of clarity. b Logo of the loop
B sequence alignment from mechanosensitive aquaporins AQY1,
AQP1, AQP4, BvTIP1;2, and VvTIP2;1. Arbitrary positions 6, 7, and
8 show the key Gly and His residues that play a key role in order-
ing water molecules at the cytoplasmic extreme of the single file, just
before the NPA. The image was created with WebLogo (Schneider
and Stephens, 1990; Crooks et al., 2004)

and polar groups of the protein, essentially forming a positive
charge density (Chakrabarti et al., 2004). The second one is
that the water wire is interrupted at the NPA, and the water
molecules experience the reversal of the dipole moment; i.e.,
the water molecule suffers a 180° rotation during the passage
through the channel (Fig. 3a), thus impeding proton passage
via water hopping (de Groot and Grubmiiller, 2001).

About 4 to 8 A from the NPA towards the extracellular
side is the SF. The key residues are a highly conserved His
from TMS5 and a highly conserved Arg from loop E. The
mutation of one of these residues, or both at the same time,
changes the selectivity properties of the channel (Beitz et al.,
2006). Both residues provide water molecules the possibility
to form H-bonds with the protein. The structure resolution of
bovine AQP1 at 2.2 A resolution (Sui et al., 2001) and AQY1
from Pichia pastoris at 0.88 A resolution (Kosinska-Eriksson
et al., 2013) showed that four water positions exist in the SF.
However, water molecules can only move in pairs through
this region because of geometric conditioning. So, the spatial
disposition of His and Arg is crucial for the correct ordering
of water molecules in the extracellular extreme of the single
file region (Sui et al., 2001; Kosinska-Eriksson et al., 2013).

Below the NPA filter is the cytoplasmic extreme of the sin-
gle file region. Just before the first NPA is the GxxxG motif.
This tandem of GxxxG and NPA motifs in loop B is highly
conserved in the AQPs family (Murata et al., 2000; Sui et al.,
2001; Fujiyoshi et al., 2002; Ho et al., 2009; Kosinska-Eriksson
et al., 2013). Due to its key location, this GxxxG motif could
play a key role in the mechanosensitive response of AQPs.

d
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Intracellular

24

10D

YC >
D>
DL >
- -

The GxxxG motifs are commonly found in transmem-
brane helices and are believed to promote helix-helix inter-
actions within the membrane (Russ and Engelman, 2000).
Specifically, these motifs facilitate the oligomerization
of transmembrane proteins by stabilizing their structure
through hydrophobic interactions between glycine residues
of adjacent helices (Xiao et al., 2020; Mueller., et al., 2014).
Furthermore, they may also play a role in signal transduc-
tion events (Javadpour et al., 1999; Teese and Langosch,
2015). For example, G22 from E. coli MscL (Yoshimura
etal., 1999) and G104 or G108 from E. coli MscS (Edwards
et al., 2005) are crucial in the sensitivity to membrane ten-
sion changes for pore opening transitions. This motif was
termed “glycine zipper’—by the analogy with the known
leucine zipper motif (Kim et al., 2005). Glycine zippers
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were also detected in other non-related ion channels, such
as KscA from Streptomyces lividans, where the motif lies in
a pore lining highly hydrophobic region, crucial for the pore
formation (Shealy et al., 2003). Besides this, the G104 from
KscA was proposed to be crucial in the TM bending upon
channel gating (Cuello et al., 2010). Although KscA is not
a MS channel, the MS properties of voltage gated channels
are well-known (Morris, 2011).

Furthermore, the GxxxG motif is not always found in
transmembrane proteins that form helix dimers or oligomers.
In some cases, the motif may play a role in stabilizing the
transmembrane helix itself by limiting the conformational
flexibility of the glycine residues and preventing kinks or
bends in the helix (Hogel et al., 2018). In other cases, the
motif may be involved in mediating protein-lipid interac-
tions, such as the binding of cholesterol or other lipids to
transmembrane domains (Yano et al., 2022).

The role of the GxxxG motif in mechanosensitivity
(Balleza et al., 2014, Perozo et al., 2002) may be related
to its effects on membrane organization and protein-lipid
interactions (Yano et al., 2017). For example, this motif can
promote the formation of lipid rafts, specialized regions
of the membrane enriched in certain lipids and cholesterol
that serve as platforms for signaling and trafficking events
(Fernandez Muiioz et al., 2011; Lorent and Levental, 2015).
They are also thought to be important in mechanosensitivity
by modulating the mechanical properties of the membrane
(Nickels et al., 2019).

In AQPs, the GxxxG motifs are repeated several times. For
example, in AQP1, there are 5 GxxxG motifs; three in TM1,
TM4, and TM6; and other two in loops B and D. This distri-
bution is similar in other AQPs, but it is not conserved. The
mechanosensitive aquaporins AQP1 and BvTIP1;2 present a
similar amount and distribution of GxxxG motifs. Moreover,
BvPIP2;1, which is not mechanosensitive, presents a different
distribution of GxxxG motifs which is in agreement with our
working hypothesis (Goldman et al., 2017).

The GxxxG motif in loop B contributes one or two Gly
residues to the cytoplasmic extreme of the single file region
(Fig. 3b). These glycine residues, together with a highly con-
served His, are involved in H-bonds formed with the water
molecules passing through the channel (Ho et al., 2009;
Kosinska-Eriksson et al., 2013; Horner et al., 2015). This
conserved His, as well as other residues in this region, has
been suggested to play a key role in water transport.

In AQPO, His66 and Vall55 seem to act as a valve that
controls the passage of water molecules. According to MD
simulations, the carbonyl group of His66 forms an H-bond
to water and its side chain swings between the wall and
the lumen of the water pathway (Smolin et al., 2008). In
AQP4, the homolog His95 mediates the pH gating triggered
by intracellular acidification. In the closed state, the singly
protonated His95 swings towards the water pathway, while
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the double protonated H95 swings to the channel’s wall,
resulting in higher permeability values (Kaptan et al., 2015).
In addition, H95 and C178 were proposed to constitute a
cytoplasmic gate that together with the key residues of the
selectivity filter (His201 and Arg216) give rise to a four-state
gating mechanism mediated by electric fields (English and
Garate, 2016).

In human AQP10, the pH-dependent gating mechanism
relies heavily on the homolog H80, which acts as the pH
sensor and triggers the promotion of glycerol flux and the
shutting down of water flux upon acidification (Gotfryd
et al., 2018). The protonation of H80 induces a conforma-
tional change in loop B, resulting in a cytoplasmic pore that
is often water-depleted and hydrophobic (Truelsen et al.,
2022). This conformational change leads to a reorganiza-
tion of water molecules that could lower the energy barrier
for folding along multiple dihedral angles of loop B residues,
ultimately resulting in a glycerol permeable pore (Truelsen
et al., 2022). These results suggest that the loss of water
coordination plays a critical role in destabilizing the closed
conformation at low pH.

A possible mechanism for mechanical gating
in AQPs

Although there is a detailed description about the pas-
sage of water molecules through the single file region,
information about the molecular events involved in the
mechanical regulation of water transport through aqua-
porins is lacking. Nevertheless, a possible mechanism
for mechanical regulation would lie on the cytoplasmic
extreme of the single file (Ozu et al., 2018). Briefly, as
membrane tension increases, it is expected that membrane
thickness diminishes. In experiments with AQP4 recon-
stituted in vesicles, it was found that water permeability
decreases with decreasing lipid bilayer thickness (Tong
et al., 2016). The same study reported MD simulation
results that showed no significant structural changes in
the pore at the selectivity filter, the NPA filter, and the
extracellular entrance of the pore as membrane thickness
decreases. However, structural changes become apparent
at the cytoplasmic aperture of the water pathway. These
simulations revealed that lower membrane thickness pro-
duces a narrower and longer cytoplasmic extreme at the
single file region of the water pathway (Tong et al., 2016).
Other simulations demonstrated that shape modifications
at the entrance to a single file water pathway alter the
transport rate, highlighting the importance of the conical
shape of the AQPs channel at the extremes of the single
file region (Gravelle et al., 2013). Therefore, changes trig-
gered by increments in membrane tension could poten-
tially impact the optimal geometry for H-bond formation
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between water molecules and pore lining residues. Since
the water transport capacity of channels is dependent on
the number of H-bonds formed between water molecules
and pore lining residues (Horner et al., 2015), thickening
of the membrane could lead to lower permeability values,
in accordance with experimental observations (Soveral
et al., 2008; Tong et al., 2012; Ozu et al., 2013; Leitao
et al., 2014; Goldman et al., 2017).

Perspectives

To date, only a handful of studies have reported mecha-
nosensitivity in aquaporins. Few members from yeast,
plant, and animals were proved to be mechanosensitive
(AQY1, AQPI1, AQP4, VvTIP2;1, BvTIP1;2), and only
one (BvPIP2;1) was reported as a not mechanosensitive
aquaporin (Soveral et al., 2008; Fischer et al., 2009; Tong
et al., 2012; Ozu et al., 2013; Leitdo et al., 2014; Goldman
et al., 2017). This latter is a PIP-type member, evolutionarily
related to AQP1 and AQP4 from animals (Soto et al., 2012).
However, BvPIP2;1 is a PIP2-type aquaporin that does not
show the typical behavior of PIP2 members (Bellati et al.,
2010; Jozetkowicz et al., 2013). So, it is not discarded that
other PIP2 members might also be mechanosensitive.

The sensitivity of AQPs towards membrane tension
changes is in the range of 3 to 10 mN m~", like that of MscL
and MscS. In spite of that, unlike MS ion channels, the trans-
port rate of AQPs diminishes with membrane tension incre-
ments. Although it seems to be a rule that mechanosensitive
aquaporins partially close with an increase in membrane ten-
sion, further studies are required to fully understand these
processes and address unresolved questions.

To date, there is no information about the molecular
features of the gating mechanism triggered by membrane
tension. Nonetheless, knowledge about the structure and
function of aquaporins allows us to hypothesize that a con-
formational change occurs in the cytoplasmic extreme of
the single file region of the water pathway. One possibility
is that this region changes its shape, in a similar way to
the one proposed for AQP4 when the membrane thickness
diminishes (Tong et al., 2016). Another possibility is that
the functional group of a single amino acid would suffer
a torsional movement occluding the channel, in a similar
way to that described for H95 of human AQP4 under cyto-
plasmic acidification (Kaptan et al., 2015). Between those,
several options are possible, including a combination of
both. It is important to emphasize, that given the dimen-
sions of both the transported species and the single file
nature of the permeation process, small changes, of a cou-
ple of angstroms, can lead to macroscopic repercussions.
Consequently, models that combine carefully designed

experiments and molecular resolution simulations are
required to fully understand this phenomenon.

The study of mechanosensitive AQPs is more than
the study of the gating mechanism and its physiological
implications. It points to the study of how water molecules
pass through the water pathway, and this is more than the
study of the single file or the water dipole orientation.
Another channel in which water is structurally confined in
a single file in the permeation pathway is the Hvl proton
channel. Hv1 is present as a homodimer, but, like AQPs,
each subunit can function independently (Tombola et al.,
2008; Koch et al., 2008). Hv1 is a well-known voltage-
dependent channel (Tombola et al., 2010; Gonzalez et al.,
2013; Carmona et al., 2018). Its activation is also depend-
ent on pH, and the increase in water permeation events
may be involved in a mechanism that would facilitate the
movement of protons in the active state (Carmona et al.,
2021). In addition, like many gating mechanisms in AQPs,
the Hvl voltage dependance is cooperative (Gonzalez
et al., 2010; Tombola et al., 2010; Fujiwara et al., 2012).
Recently Hvl was reported to be mechanosensitive, and
like MS ion channels, it activates by increasing membrane
stretch (Pathak et al., 2016). According to experimental
and simulation evidence, the passage of protons through
the permeation pathway of Hvl seems not to occur by
protons jumping along the water wire. Instead, the water
wire seems to be interrupted and proton permeation be
mediated by H-bonds with key residues at a particular site
of the permeation pathway (Boytsov et al., 2023). This
evidence constitutes Hvl in an ideal partner of AQPs in
the study of permeation processes in single file water-
confined channels.

All the available information regarding mechanosensitivity
in AQPs has been obtained by studying homotetramers. How-
ever, it is well-documented that the regulation of membrane
water permeability in plants can be achieved by modulating the
expression of heterotetramers (Yaneff et al., 2015). Type 1 and
2 subunits from the PIP subfamily can combine to form het-
erotetramers with different stoichiometry. This has two conse-
quences: (i) the water permeability can be tuned in a wide range
(Bellati et al., 2010) and (ii) the cooperative pH-regulation is
modified, with homo- and heterotetramers showing different
sensitivity (Yaneff et al., 2014). Therefore, PIP1-PIP2 hetero-
tetramers are a good system to study the cooperative clues of
mechanosensitivity in AQPs.

Regarding the relevance of mechanosensitive aquaporins
in physiology, there are several processes in which aqua-
porins are important players and cell mechanics is compro-
mised. Since the mechanical regulation of AQPs is reversible
(Ozu et al., 2013), it raises the question of how the function
of these channels can affect cellular systems in which the
mechanical membrane properties undergo cyclic changes.
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In summary, cells have developed different strategies to
respond to mechanical stimuli, and there are various non-
conserved proteins that are mechanosensitive. The literature
provides extremely useful information on the structure-func-
tion relationship of some of these proteins. The discovery
of mechanosensitive aquaporins expands the panorama, not
only in terms of the cell’s ability to respond with an addi-
tional element of mechanical modulation, but also to iden-
tify the structural characteristics that confer this property to
water channels, and the true impact of the lipid environment.
Given the high-water transport capacity of orthodox AQPs
and the fundamental role of osmosis in cellular metabolism,
there is no doubt that a new fundamental piece is introduced
into the game for understanding cellular responses. The fact
that aquaporins are so ancestral and ubiquitous and that
mechanosensitivity has been reported in yeast, plant, and
animal, AQPs allow complementary approaches to identify
the most conserved mechanisms that have diversified.
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