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The lipid bilayer component of biologicalmembranes is important for the distribution, organization, and function
of bilayer spanning proteins. These physical barriers are subjected to bilayer perturbations. As a consequence,
nature has evolved proteins that are able to sense changes in the bilayer properties and transform these lipid-
mediated stimuli into intracellular signals. A structural feature that most signal-transducing membrane-
embedded proteins have in common is one or more α-helices that traverse the lipid bilayer. Because of the
interaction with the surrounding lipids, the organization of these transmembrane helices will be sensitive to
membrane properties, like hydrophobic thickness. The helices may adapt to the lipids in different ways, which
in turn can influence the structure and function of the intact membrane proteins. We review recent insights
into the molecular basis of thermosensing via changes in membrane thickness and consider examples in which
the hydrophobic matching can be demonstrated using reconstituted membrane systems.
This article is part of a Special Issue titled: The cellular lipid landscape, edited by Tim Levine and Anant K.Menon.
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1. Introduction

The function of the cell membrane as a barrier and a matrix for
biological activities relies on the properties imparted by lipids. Most
biological membranes contain a complex mixture of lipid molecules
that differ in their polar regions and fatty acid chainswith diverse struc-
tures of lipid molecules among different organisms. Furthermore, the
lipid composition of a membrane is not held constant, and, for instance,
in animals varies with diet and in bacteria with growth conditions such
as temperature.

Notably, although the structure and function of proteins are
conserved in different organisms, tissues and intracellular organelles,
the specific chemical structures of the lipid molecules in biological
membranes have not been conserved. What is indeed maintained is
an amphipathic structure capable of forming bilayers in water, with
some conserved features. One such feature, true for most if not all
membranes, is that the bilayer is fluid, a state achieved if the lipid
molecules predominantly contain unsaturated or branched fatty acyl
chains. A second conserved feature is the hydrophobic thickness of the
bilayer (the thickness of the fatty acyl chain region), which, although
not identical for all membranes, in physiological conditions does not
vary much from ~25 to 30 Å (1 Å = 0.1 nm).
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Much of the communication and exchange of material between the
inside and outside of the cell is mediated by transmembrane proteins
that enable a variety of biological phenomena, from small molecule
and ion transport to cell signaling. Membrane-spanning helices found
in thesemembrane proteins can be divided in two regions: a transmem-
brane (TM) segment mainly composed of hydrophobic amino acids,
which are energetically compatible with the hydrophobic environment
of themembrane bilayer core, and the residues flanking themembrane-
spanning segments that are located at the membrane–water interfacial
region. A still growing amount of evidence support the notion that the
interplay among membrane lipids and transmembrane segments is
crucial for the regulation of the activity of a diverse group of proteins.
Given the diversity of lipid composition in biological membranes, it is
not surprising that lipid regulation of membrane protein function has
been formulated with different descriptors: bilayer fluidity [1], bilayer
compression or bilayer protein hydrophobic mismatch [2], intrinsic
lipid curvature [3] or curvature frustration [4], bilayer deformation
energy [5], acyl chain packing [6], bilayer-free volume [7], lateral
pressure profile [8], lipid packing stress [9], or bilayer stiffness [10].

Of particular interest are the lipid-induced changes in physical
membrane properties such as fluidity and thickness where lipids can
either expand or compress around the hydrophobic surface of proteins
resulting in a hydrophobic mismatch. The energetic cost of exposing
hydrophobic groups to water is high, most probably implying that in
bilayers with a non-optimal thickness the activity of these proteins
could be altered by small changes in the structure or orientation of
their transmembrane segments seeking to match the new hydrophobic
thickness of the lipidic bilayer [4,11]. There are many possible ways of
relieving the energetic constraints imposed by a mismatch between
ssons learned from cold stress, Biochim. Biophys. Acta (2016), http://
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the hydrophobic length ofmembrane proteins and the bilayer thickness
(reviewed in [11–16]). In brief, when the protein is too large to match
the hydrophobic bilayer thickness, the protein might oligomerize or
aggregate in the membrane to minimize the exposed hydrophobic
area. Alternatively, TM helices could tilt to reduce their effective hydro-
phobic length, or they could adopt another conformation. Another pos-
sibility is that the helices adjust their hydrophobic length by changing
the orientation of hydrophilic side chains near the interface. When the
hydrophobic part of a TMprotein is too small tomatch the hydrophobic
bilayer thickness, again this might result in protein aggregation, or
changes in backbone conformation and/or side chain orientation.

Many experimental and theoretical studies have been performed to
gain insight into the consequences of hydrophobic mismatch, using
different systems varying from relative simple model membranes to
complex biomembranes (reviewed in [11–13,15,16]). From these
studies, it seems clear that many membrane proteins have an optimal
bilayer thickness for functioning and that the hydrophobic mismatch
can strongly affect protein and lipid organization, but that the precise
consequences depend on the individual properties of the proteins and
lipids.

The aim of this article is to provide a brief overview of how the TM
thickness of the membrane bilayer can influence the functioning of
some well-characterized membrane proteins. The scope of the article
is largely founded on the present knowledge and ideas about the basic
biochemical, structural, and biophysical principles governing the lipid-
mediated driving force for signal sensing and transduction of the
thermosensory protein DesK from Bacillus subtilis. For more detailed
information on structure and mechanics of the lipid bilayer, as well as
lipid interaction with other membrane proteins, the reader is directed
to several excellent reviews describing wide ranging lipid–protein
effects [4,11,16–20].

2. The importance of lipid–protein interactions inmechanosensitive
channels function

Mechanosensitive (MS) channels fulfill a major role in the responses
of living organisms to mechanical stimuli by catalyzing the transfer of
ions and other solutes across the membrane. These channels function
as mechano-electric switches in such diverse physiological processes
such as touch, hearing, proprioception, turgor control in plants, and os-
moregulation in bacteria [21]. Interestingly, the trigger for this response
appears to be a change in the physical properties of the bilayer [21–23].
Thus,MS channels are able to transduce deformations of the bilayer into
a sequence of structural rearrangements that lead to changes in the flux
through the channel. This mechanism of channel gating mediated by
membrane lipids is today referred to as the “force-from lipids paradigm”
or FFL principle [24]. The best studied MS channels are the Escherichia
coli mechanosensitive channel of large conductance (MscL) and
mechanosensitive channel of small conductance (MscS), which open
in response to increased turgor pressure and thereby save the cell
from rupture during osmotic shock [21,25,26].

The currently accepted oligomeric structure of MscL is that of a
homopentamer [21,27]. MscL monomer consists of two TM helices
TM1 and TM2, with N-terminal and C-terminal domains located at the
cytoplasmic side of the bacterial cell membrane and a periplasmic
loop [27]. The fact that MscL can be activated by pressure gradients
after reconstitution in defined lipid systems indicates that gating is
indeed triggered by tension transmitted through the bilayer [28].
The question of whether MS channels are activated by hydrophobic
mismatch or lateral pressure changes was addressed by using site-
directed spin labeling (SDSL), patch clamp, and a variety of lipid compo-
sitions to specifically alter lipid–protein interaction in reconstituted
MscL [28]. Focusing around the hydrophobic gate in TM1, hydrophobic
mismatch was evaluated by reconstituting spin-labeled channels
into vesicles formed by posphatidylcholines (PC) containing monoun-
saturated acyl chains between 10 and 22 carbons long, whereas the
Please cite this article as: E. Saita, et al., Sensing membrane thickness: Le
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lateral pressure profile was modified by the incorporation of the cone-
shaped lipid lysophosphatidylcholine (LPC) into the external leaflet
of the membrane [28]. Compared to the control conditions with
dioleoylphosphatidylcholine [di(C18:1)PC], where the channel is in
the closed conformation, incorporation of MscL into thinner bilayers
lowered the threshold of activation in patch clamp experiments [28].
These conditions produced relatively small structural changes as report-
ed by electron paramagnetic resonance (EPR) that might correspond to
a closed intermediate. Thus, hydrophobic mismatch alone, although
clearly affecting opening energetics, does not seem to provide the
primary triggering element in MscL gating [28]. By contrast, LPC
incorporation into channel containing liposomes was accompanied by
a large increment in probe mobility and a simultaneous decrease in
inter-subunit proximity. This would be expected if the channel adopts
its fully open conformation. In patch clamp experiments, LPC incorpora-
tion was accompanied by spontaneous single channel activity in the
absence of an external applied transbilayer pressure [28]. These exper-
iments provide good evidence pointing toward distortions in the lateral
pressure profile as the main physical parameter transduced by MscL
channels during gating. In summary, these experiments indicate that
(i) hydrophobic mismatch is one of the main determinants of the MS
channel conformation in the lipid bilayer, favoring opening of MscL in
thinner compared to thicker bilayers and (ii) bilayer curvature and/or
changes in transbilayer pressure profile are the second major global
factors regulating MscL channel structural conformation between the
closed and open states [29].

Unlike MscL, MscS channel activity is not affected significantly by
hydrophobic mismatch [30]. Because of their molecular structure [21],
lipid–protein interaction appears to be different for the two channels.
In the case of MscL pentamer, the reduction of the thickness of the TM
portion of the channel following the reduction of the lipid bilayer thick-
ness would be attained by a significant tilt of the TM1 and TM2 helices
resulting in the opening of the very large pore of 30 Å in diameter [21,
28]. In the case of the MscS heptamer, a lesser tilt of the TM1 and TM2
helices is required to accommodate the smaller MscS open channel of
14–16 Å [31]. This suggests that an overall smaller conformational
change is required for the closed-open transition in MscS compared
with MscL, resulting in MscS being much less sensitive to bilayer
thinning [21,30]. Thus, the molecular mechanism underlying the
mechanosensitivity of MscL and MscS differs for the two channels as
discussed in recent contributions [21,23,32].

Remarkably, recent biochemical and structural studies have
convincingly shown that the “force of lipids” model is also applicable
to mammalian activated ion channels [21,23]. For example, the
mechanosensitivity of the K2P-type channels TREK-1 and TRAAK was
shown to be mediated directly through the lipid bilayer in the absence
of other cellular components [23,33,34]. However, the molecular
mechanism of K2P channel gating and the influence of the lipid bilayer
remain unclear. Thus, understanding the molecular mechanism of
mechanotransduction not only requires a quantitative narrative of the
physical forces, but also a thorough investigation of lipid–protein
interaction.

3. The importance of hydrophobic mismatch in the activity of the
Ca2+ ATPase

The importance of the various properties of the lipid bilayer has been
studied for a relatively small number of membrane proteins that can be
purified and reconstituted into bilayers of defined lipid composition.
One such protein is the P-type Ca2+ ATPase from skeletal muscle
sarcoplasmic reticulum (SR), which is an integral membrane protein
of relative molecular mass 110,000 that pumps Ca2+ against a concen-
tration gradient [35]. This protein was reconstituted into PCs in the
liquid crystalline phase [36–38]. Highest activity is seen with a fatty
acyl chain length of about C18, with lower activities in bilayers of lipids
with shorter or longer fatty acids. The mechanism by which membrane
ssons learned from cold stress, Biochim. Biophys. Acta (2016), http://
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thickness affects the activity of the Ca2+ ATPase is incompletely
understood but it seems clear that the reasons for activities being low
in short-chain lipids are different from the reasons for them being low
in long-chain lipids. For example, the low rate of ATP hydrolysis in
dimyristoleoylphosphatidylcholine [di(C14:1)PC] follows in a large
part from a low rate of the phosphorylation of the Ca2+ ATPase by
ATP [39]. In contrast, in dinervonylphosphatidylcholine [di(C24:1)PC],
the rate of phosphorylation is the same as in di(C18:1)PC (a control
membrane), and the low rate of ATP hydrolysis by the Ca2+ ATPase in
di(C24:1)PC follows from a low rate of the dephosphorylation of the
phosphorylated intermediate [39,40]. The possible explanation for the
observed effects of lipid chain length on Ca2+ ATPase function appears
to be that hydrophobic mismatch results in novel conformations
resulting in changes in the stoichiometry of the binding of Ca2+ to the
enzyme [36,41,for a review,see 35]. Interestingly, the Ca2+ binding
sites on the Ca2+ ATPase are located between the TM α-helices of the
protein [42], and it is possible that changes in the packaging of the
helices, caused by a change in bilayer thickness, lead to changes in the
Ca2+ binding sites.

The results with the Ca2+ ATPase show that the effects of lipid struc-
ture on a membrane protein are likely to be complex and unique for
each case. No simple model will describe adequately all the possible
effects. Rather, what is required is a detailed structural model for each
membrane protein, defining in molecular detail, how particular lipids
interactwith it andwhat effects these interactions have on the structure
and function of this particular membrane protein.

4. The importance of membrane thickness on DesK thermosensing

4.1. Temperature regulation of membrane thickness

How cells respond to changes in temperature is a fundamental issue
in biology [43–45]. Changes in ambient temperature affect nearly all
cellular and biochemical processes and drive adaptive responses to
maintain cellular homeostasis. For example, up- or downshifts in tem-
perature decrease or increase the packing (or the fluidity) of the acyl
chain of membrane lipids, respectively [46,47]. The fluidity of the lipid
bilayer is essential for the normal function of the cellular membrane,
which relies heavily upon dynamic interactions between its lipid and
protein components [48]. Membranes become less fluid when either
the temperature or the unsaturated lipid content decrease. To maintain
membrane fluidity within an optimal range for normal biological
activity, lipid desaturases in the cell convert saturated fatty acids into
unsaturated fatty acids to increase lipid desaturation and thus mem-
brane fluidity in response to temperature downshifts [17,43,49–51].
Unsaturated double bonds in lipids generate kinks into the otherwise
straightened acyl hydrocarbon chain and thereby increase membrane
fluidity. This fundamental process of maintaining membrane fluidity,
first identified in bacteria, is called homeoviscous adaptation (HVA)
[52]. Cold-induced HVA is a phenomenon common to most (if not all)
poikilothermic organisms [52–55], although its regulation mechanism
in eukaryotes remains largely unknown [56]. Several biophysical
evidences support the idea that upon lowering the environmental
temperature lipid bilayers will become more ordered and as a conse-
quence they will become thicker [57–60], directly linking variations in
membrane fluidity to changes in membrane thickness.

4.2. A sensor of membrane thickness in bacteria

In addition to altering protein conformation directly, temperature
changes can affect protein activity as a secondary consequence of
structural alterations in intimately associated molecules. In the case of
the bacterial cold sensor DesK, for example, temperature-dependent
changes in the lipid membrane appear to be the primary mediators of
the protein's thermal responsiveness (for a recent review, see [43]).
DesK is an integral membrane-associated histidine kinase, which is at
Please cite this article as: E. Saita, et al., Sensing membrane thickness: Le
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the top of the signaling cascade of a regulatory pathway that controls
the synthesis of unsaturated fatty acids in B. subtilis (Fig. 1). In vivo
and in vitro experiments have demonstrated that DesK acts as a kinase
at cold temperatures, autophosphorylating a conserved histidine
residue within its kinase domain [61,62]. The phosphoryl group is
then transferred to the receiver aspartic acid in the DNA-binding
response regulator DesR [62,63]. The phosphorylation of DesR triggers
the reorganization of its quaternary structure [63,64], a key event neces-
sary to activate the transcription of the des gene that encodes the acyl
lipid desaturase Δ5-Des [65]. Unsaturated fatty acids, the end products
of Δ5-Des activity, promote a more fluid membrane that appears to
switch DesK from the kinase to the phosphatase state [61]. Consequent-
ly, the concentration of phospho-DesR declines and transcription of des
is terminated [61–63].

The activation of DesK upon cooling appears to be intimately related
to changes in membrane structure. Among other effects, cooling causes
an increment in membrane thickness by decreasing disorder (see
Section 4.1). Indeed, several lines of evidence support the idea that
DesK senses the thickening of the membrane as the temperature
drops: (i) the protein exhibits increasing kinase activity when
reconstituted into vesicles of longer acyl chains [66], and (ii) DesK
kinase activity is stimulated in bacteria with a higher proportion of
long-chain fatty acids in their membranes, whereas an increment in
the amount of short-chain fatty acids stimulates its phosphatase activity
[67].

In summary, while the precise structural changes within DesK's TM
region remain fragmentary known (see Sections 4.3 and 4.4), themodel
depicted in Fig.1 not only provides a compelling scenario for how DesK
senses temperature but also links DesK activation to its homeostatic
function in maintaining membrane fluidity. In this scenario, as mem-
brane fluidity decreases, the membrane thickens, activating DesK and
inducing Δ5-Des. Δ5-Des activity then increases disorder, helping
restore appropriate fluidity and thickness. This in turn turns off DesK
kinase activity and turns on DesK phosphatase activity terminating
the response. Such a regulatory loop is well suited tomaintaining levels
of membrane fluidity within an optimal range.

4.3. Toward a signal sensing and transduction mechanism for DesK

4.3.1. The minimal sensor
A systematic deletion analysis of the TMsegments ofDesK suggested

that TM segment 1 (TM1) harbors a temperature-sensing motif, as the
sole deletion of TM1 produced a variant with constitutive autokinase
activity unresponsive to temperature shifts [68]. Further deletions of
TM2 to TM4 produced DesK variants also insensitive to temperature
variations but with diminished or minimum autokinase activity [68],
and deletion of the entire TM domain generated the soluble variant
DesKC, with exacerbated and constitutive autokinase activity in vivo
and in vitro [62,69]. These results suggested that TM1 senses the tem-
perature signal and transmits this information to TM5, which is directly
connected to the catalytic domain to control its output activity. On this
basis, a chimeric protein with a single spanning membrane segment,
consisting of the first 17 N-terminal amino acids of DesK fused to the
14 C-terminal amino acids of TM5, was created [68]. This chimeric
protein, dubbed minimal sensor (MS-DesK), worked almost as well as
full-length DesK activating or repressing expression of des gene upon
temperature shifts.

4.3.1.1. The sunken buoy motif. Genetic and biochemical experiments
obtained with MS-DesK suggested for the first time that DesK appears
to sense the thickening of the membrane as the temperature drops
[68]. This is thought to force a cluster of charged residues [named the
“sunken buoy” motif (SB)] into a more apolar environment resulting
in a conformational change that triggers the autokinase activity of
DesK [68]. The SB motif, the polar patch formed by Lys10 and Asn12
(Fig. 2A), is located in the extracellular water–lipid interface acting as
ssons learned from cold stress, Biochim. Biophys. Acta (2016), http://
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Fig. 1.Membrane fluidity optimization by the Des pathway of Bacillus subtilis. (A) An increment in the proportion of orderedmembrane lipids promotes a kinase-dominant state of DesK,
which autophosphorylates and transfers the phosphate group to DesR. Two DesR ~ P dimmers interact with the des promoter and the RNA polymerase, resulting in the transcriptional
activation of des. (B) Δ5-Des is synthesized and desaturates the acyl chains of membrane phospholipids increasing the fluidity of the membrane. The decrease in the order of
membrane lipids favors the phosphatase-dominant state of DesK, leading to DesR ~ P dephosphorylation and turning off the transcription of the des gene.

Fig. 2. Proposed temperature sensingmechanisms for MS-DesK. (A) The “sunken buoy”model. At high temperatures, corresponding to the phosphatase-competent state, the polar patch
of residues (Gln9, Lys10, and Asn12) locates at thewater–lipid interface in a hydrated/stabilized state (left). When the temperature drops this polar patch gets buried into themembrane
suffering dehydration/destabilization, constituting the initial event for the conformational change to the autokinase-competent state (right). (B) The serine zippermodel. Under standard
conditions in a fluidmembrane, three serine residues (Ser23, Ser30, and Ser33) located at the C-terminus of the TM segment interactwith the hydrophilic interface (Left).With decreasing
temperature, themembrane thickens, and an extra helix turn folds inside themembrane, resulting in formation of a serine zippermotif (Right). This motif can form intrahelical hydrogen
bonds that shield the hydroxyl groups from the hydrophobic core of the membrane. The reorientation, necessary for this interaction, will lead to a change in the C-terminal catalytic
domain (DesKC) from the phosphatase to the kinase state. (C) The linker model. The connecting segment between the TM domain and the catalytic domain is able to adopt a dual
conformation: random coil and helix. The increment of the bilayer thickness prevents the interaction of the linker region (green) with the lipid bilayer and contributes to stabilize and
favor the helical continuity between the transmembrane segment and the intracellular domain. Reversible interaction of the linker with the lipid bilayer surface would allow DesK to
alternate between the kinase and phosphatase states. Figure adapted from references [70,71].
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a sensor of membrane thickness fluctuations in response to tempera-
ture shifts. The sensing capacity of this motif can potentially be related
to its hydration or dehydration degree, which is dictated by membrane
thickness: a thinner membrane will allow exposure of the SB motif to
the aqueous environment favoring its hydration while a thicker mem-
brane will bury it into the lipid acyl chains promoting its dehydration
[68]. According to this model, high temperatures (thinner membrane
scenario) promote hydration/stabilization of the SB motif favoring the
phosphatase conformation of MS-DesK, whereas lower temperatures
(thicker membrane scenario) promote dehydration/destabilization of
the SB motif, displacing the conformational equilibrium toward the
autokinase conformation of MS-DesK [68].

4.3.1.2. The linker motif. Another structural element described as
a possible regulator of the output activity of DesK is the linker region
(K152SRKERERLEEK163) connecting the TM and catalytic domains,
which is highly charged [70]. Based on biophysical and biochemical
studies with synthetic peptides, it was proposed that this linker region
is involved in electrostatic protein–lipid interactions that can modulate
the kinase/phosphatase activity ratio of the sensor [70]. Furthermore,
when mutant linker variants with net negative (A3: AEAEALEEK) or
positive (Q3: KQRQRLQEK) charge were introduced into MS-DesK or
full-length DesK in vivo, both proteins acquired high (A3) and low
(Q3) kinase activity, respectively [70]. On the basis of these results
and taking into account the differential helicity propensity of the WT,
Q3, and A3 synthetic peptides, it was suggested that DesK's linker has
the ability to adopt a dual conformation: helix and random coil. Based
on these data, a provocative model was proposed (Fig. 2C): in thinner
membranes, i.e., at higher temperatures, the interaction of the linker
with the lipid bilayer interface causes helix disruption and the random
coil conformation would be stabilized by electrostatic interactions,
favoring the phosphatase-competent conformation. Conversely, in
thicker membranes, i.e., at lower temperatures, the lipid bilayer tends
to bury not only the SB motif of the N-terminus described above,
but also the N-terminal part of the linker motif (proximal to the
membrane), imposing a stress along the whole transmembrane region,
forcing the linker to line up with the membrane normal and adopt
a more helical structure to protect the linker backbone from the
hydrophobic membrane core. This structural reorganization of the
linker was proposed as the basis of transmission and amplification of
the signal sensed by the TM domain to the catalytic domain of DesK
[70].

4.3.1.3. The serine zipper motif. More recently, biophysical studies on a
synthetic peptide corresponding to the TM segment of MS-DesK were
combined with mutagenesis and functional assays. These studies led
to the description of a third structural element that modulates DesK's
activities in which three serine residues (Ser23, Ser30, and Ser33)
have a relevant role. Here it was suggested that (i) the helicity of the
MS-DesK's TM segment is affected by the bilayer thickness, varying
from 55% in thinner membranes to 65% in thicker membranes (what
corresponds to approximately one helix turn), (ii) MS-DesK's TM
segment dimerizes and rotates in response to changes in membrane
thickness, and (iii) Ser23, Ser30, and Ser33 are located at the TM
segment dimerization surface in the conformation reached at low tem-
peratures while these serine residues rotate toward the lipids at high
temperatures [71]. On the other hand, a subsequent in vivomutagenesis
study showed that each of the single replacements Ser23Ala, Ser30Ala,
and Ser33Ala reduce the kinase activity of MS-DesK, while addition of
a fourth serine residue into the TM dimerization surface (Leu27Ser)
increases its autokinase activity [71]. Moreover, it was shown that at
low temperatures, the corresponding serine residues of two MS-DesK
monomers locate close enough to form inter-helical S-S covalent
bonds in B. subtilis membranes, as observed with single-point replace-
ments Ser23Cys, Ser30Cys, or Ser33Cys [71]. Based on the in vitro and
in vivo results, it was proposed that MS-DesK's TM segment acts as a
Please cite this article as: E. Saita, et al., Sensing membrane thickness: Le
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dimer at both high and low temperatures, switching between two dif-
ferent conformations according to the physical state of the lipid bilayer
(Fig. 2B). In response to a temperature decrease, the lipid acyl chains
will becomemore ordered, leading to an increment in bilayer thickness
and a decrease influidity andhydration. In this context,MS-DesKwould
react elongating its transmembrane helix in order to exclude the hydro-
philic residues from the apolar environment, resulting in the location of
the three serine residues (Ser23, Ser30, and Ser33) at the same face of
the TM helix. This “serine zipper” motif, situated at the C-terminal
region of the TM segment, would represent the lowest energy state of
the dimer at low temperatures, becoming the dominant dimerization
motif, and promoting a reorientation of the helices that result in a
switch in the activity of DesK and its activation as a kinase [71].

Although themodels described above elegantly uncovered essential
regulatory regions of DesK, it is difficult to glimpse how the threemotifs
depicted in Fig.2 would act in concert to activate the autokinase activity
of the sensor. In other words, an integrated model should explain how
the SB motif buried into the anhydrous environment of the membrane
promotes a rotation of the serine zipper motif to in turn induce the
random coil to helix transition of the linker region. In order to solve
this puzzle, we resorted to the available structural information of the
cytoplasmic domain of DesKC in different functional states [69]. On
this basis, further in vivo and in vitro experiments were conducted
leading to a possible integrated mechanism for DesK functioning,
where a 2-helix coiled coil switch has a crucial role, that allows us to
reinterpret the experimental results sustaining the SB motif, the serine
zipper and the random coil/helix transition hypothesis (for details, see
below and [72]).

4.3.2. Structural snapshots along DesK sensing
The elucidation of a set of X-ray crystal structures of the catalytic

core of DesK (DesKC) in different functional sates has provided valuable
structural insight into the regulation of the catalytic activities of the
protein [69]. DesKC displays the characteristic homodimeric structure
observed in other proteins of the family. Each DesKC monomer consists
of an N-terminal antiparallel 2-helix hairpin (helices α1 and α2) that
includes the phosphorylatable histidine (His188), connected by a
short loop to a C-terminal ATP-binding domain (ABD) [69]. The helical
hairpins of two monomers interact with each other to form a central
four-helix-bundle (4-HB) domain, known as the dimerization and histi-
dine phosphotransfer (DHp) domain. In each monomer, the N-terminal
end of helix α1 extends beyond the 4-HB, connecting the catalytic core
with the TM sensor domain through a helical linker [69]. The amino acid
sequences of helices α1 and α2 follow a heptad repeat pattern
(with amino acids occupying positions a through g) with hydrophobic
residues at positions a and d [69], characteristic of coiled coil
domains [73]. Comparison of all DesKC structures identified three
distinct conformational states of the protein (phosphatase, kinase, and
phosphotranferase). Notably, DesKC structure in the phosphatase-
competent state (Fig. 3A) shows a more compact and rigid conforma-
tion than the corresponding autokinase-competent state (Fig. 3B).
This is due to extensive intramolecular interactions involving both a
tighter DHp–ABD interaction in each monomer and the formation of a
parallel 2-helix coiled coil (2-HCC), which continues the 4-HB toward
the TM domain that is absent in the autokinase-competent conforma-
tion. Secondary structure predictions suggest that the 2-HCC would
also extend all the way up to and through the membrane (Fig. 3C)
[72]. The 2-HCC has been observed in many HKs, typically preceding
the 4-HB [74], and corresponds more generally to the signaling helix,
or “S-helix”. The “S-helix” is a conserved feature that connects sensor
and effector domains across a wide range of signaling proteins as a
general signal transduction element of long persistence length that
can allow for the propagation of rotations and displacements over
long distances [75,76]. The S-helix was proposed to organize into coiled
coils that work as a stability switch that prevents constitutive activation
of the catalytic domains [75].
ssons learned from cold stress, Biochim. Biophys. Acta (2016), http://
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Fig. 3.DesK's topology. Crystal structures are available for DesKC constructsmimicking (A) the phosphatase state (PDB ID 3EHJ) and (B) the autokinase-competent state (3GIE). (C) DesK's
topology as determined from known structures and sequence-based predictions of secondary structure and coiled coil formation.
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4.3.3. A 2-helix coiled coil switch modulates DesK activities
Comparison of DesKC in the phosphatase and kinase conformations

(Fig. 3A, B) suggested that the contacts seen between the DHp and ABD
domains, as well as the parallel 2-HCC, support a labile association to be
released for autophosphorylation and maintained for the phosphatase
activity under control of the sensor domain [69]. Thus, the 2-helix coiled
coil (2-HCC)was proposed to constitute an essential structuralmotif for
DesK's phosphatase activity [69]. Its relevant role in the control of
DesK's activity was tested in vivo using structure-based mutants
designed toweaken or favor the formation of the 2-HCC [72]. The desta-
bilization of the 2-HCC produced a DesK variant (namedDesKDEST) with
constitutive and exacerbated autokinase activity at 25 °C or 37 °C,
in vivo. By contrast, the stabilization of the 2-HCC resulted in a variant
(named DesKSTA) with in vivo and in vitrominimum autokinase activity
at either low or high temperatures, but with phosphatase activity levels
at both temperatures comparable to WT DesK at 37 °C, meaning that
DesKSTA is in a kinase-off/phosphatase on state. These in vivo and
in vitro data provided compelling evidence supporting a model in
which a reversible formation of the membrane-connecting 2-HCC
regulates the balance of phosphatase and kinase activities of full-
lengthDesK [72].Moreover, in silico atomisticmodels andmolecular dy-
namics (MD) simulations ofWTDesK, starting from itsfifth TMsegment
(TM5-DesKC), as well as of the two 2-HCC variants (TM5-DesKCSTA and
TM5-DesKCDEST), embedded in atomistic membranes, suggested that
stabilization/destabilization of the 2-HCC is linked to the hydration
state of the region where the protein inserts into the membrane [72].

Further mechanistic insights on DesK were obtained from in silico
models of the minimalist but fully functional DesK surrogate, MS-DesK
(see Section 4.3.1), in its phosphatase and autokinase-competent states
Please cite this article as: E. Saita, et al., Sensing membrane thickness: Le
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(Fig. 4A). On the basis that DesK would be activated by membrane
thickening, these models were built and relaxed through MD simula-
tions in di(C18:1)PC and dierucoylphosphatidylcholine [di(C22:1)PC]
membranes, the latter being ~4.5 Å thicker [77–79]. The phosphatase
model relaxed in di(C18:1)PC membranes shows that Gly13 acts as a
hinge that allows the small N-terminal helical segment to fully hydrate
exposing the internal polar residues to the solvent, while the rest of the
TM segment is organized into a 2-HCC. In contrast, in the thicker
and less fluid membrane composed of di(C22:1)PC, no opening of the
N-terminal region is observed and the 2-HCC remains paired also in
the first half of the transmembrane region. On the contrary, the initial
autokinase-competent model adopts stretched, nearly parallel TM
helices, instead of a coiled coil arrangement, as observed in two nearly
full structures of histidine kinases in their kinase-competent
forms [80,81]. Upon relaxation in either kind of membrane, this model
experiences asymmetric distortions and cracking of one helix close to
the 4-HB, which reflects a stressed, dynamic conformation of the
parallel coil in this activated state, as very recently proposed for other
histidine kinases [80–84].

Comparison of helical wheel diagrams of the two relaxed models
highlighted the rotation of about 90° of eachhelix in the autokinase con-
formationwith respect to the phosphatase conformation (Fig. 4B). Such
rotations provoke the exposure of several hydrophobic residues and the
burial of large charged residues inside the coil in the autokinase state,
which is precisely opposite to what is expected for proteins in solution,
implying a stressed conformation. These data indicate that interconver-
sion of DesK functional states implies the modulation of the 2-HCC sta-
bilization/destabilization by rotation of its helices roughly 90° (Fig. 4C).
The simulations further suggested that the highly charged segment just
ssons learned from cold stress, Biochim. Biophys. Acta (2016), http://
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Fig. 4.Models ofMS-DesK in the phosphatase and kinase states, relaxed in twomembranes of different thickness.Modelswere built from the X-ray structures of DesKC in the phosphatase
and autokinase-competent states (PDB ID 3EHJ and 3GIE, respectively) by extending their helices toward their N-termini following the sequence of MS-DesK. Each model was relaxed
through 120 ns of MD simulation in a di(C18:1)PC or di(C22:1)PC membrane as indicated, in explicit solvent. Heavy atoms from the KERER segment are rendered as blue, red, and
gray spheres (N, O, and C, respectively), while all heavy atoms of the two prolines of the TM region (Pro135 and 148) were rendered in orange. Panel (B) shows helical wheel
diagrams [87] between Phe149 and the entry to the 4-HB, with polar uncharged residues in green, negative residues in red, and positive residues in blue. Panel (C) sketches the idea
that unwinding of the 2-HCC results in rotation of the helices between the two Pro residues (in orange) as the membrane thickens, highlighting also that the KERER segment (red and
blue spheres) does not shift along the membrane normal when it changes thickness. Figure adapted from reference [72].
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C-terminal to the TM region (K152SRKERERLEEK163) is strongly an-
chored to the cytoplasmic polar side of the membrane. This anchor
could be important to limit movements of the TM and 2-HCC helices
when the membrane properties change, allowing them to rotate and
possibly hinge, tilt, and stretch, but preventing them from sliding
Fig. 5. The coiled coil switch mechanism of temperature sensing and transduction by DesK. Hig
characterized by the formation of a 2-HCC through the entire TM segments and its cytoplasmic e
corresponding to the characteristic structure of the phosphatase-competent state. Upon a tempe
of the 2-HCC and a gradual rotation of its helices up to approximately 90°, bringing large charg
transmitted to the 4-HB, which now hides the residues that were generating the extensive inter
Figure adapted from reference [72].
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along the membrane normal. The functioning of the linker as an anchor
does not require a helix/random coil transition, as previously suggested
in the linker model by Inda and coworkers [70], and is consistent with
all the evidence supporting the role of the S-helix in histidine kinases
[72,75].
h temperatures promote thin and fluid membranes allowing a relaxed structure of DesK,
xtensions toward the 4-HB, plus the tight interactions between theDHp and ABD domains,
rature drop themembrane thickens, stretching the TM segments, inducing the unwinding
ed residues to the interior of the 2-HCC and forcing its destabilization. These rotations are
action surface with the ABDs, inducing their release to reach the autokinase conformation.
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4.4. A possible sensing mechanism for DesK

The results and concepts presented in recent work [72] and
discussed above provide a tempting framework to suggest the following
model for DesK sensing (Fig.5). A temperature drop results in thicken-
ing of the membrane. As the membrane thickens, the 2-HCC pairs in
its outer side, the TM segments are stretched from their ends and the
helices tilt, as required to maintain hydrophobic matching to the
membrane. Stretching induces unwinding of the 2-HCC and a gradual
rotation of its helices increasing downstream toward the cytoplasmic
side, reaching 90° by the KERER segment where the 2-HCC exits the
TM region. The 90° rotation is transmitted through the 2-HCC bringing
large charged residues to its interior, which forces its destabilization
and the separation of its helices. The resulting helix rotation and separa-
tion are transmitted to the 4-HB domain, which now hides the residues
that were generating an extensive interaction surface with the ABDs in
the phosphatase form [69], thus releasing the ABD domains and
promoting the autokinase-competent state. Previous results sustaining
the SB motif, the serine zipper and the random coil/helix transition
models could be reinterpreted in terms of this newly proposed
mechanism, giving to it further experimental support [73]. Briefly, the
opening/closing or hydration/dehydration of the N-terminal external
segment of MS-DesK has been independently postulated from
mutational evidence that led to the SB hypothesis [68], now explained
to be related to the hinge at Gly13 by our new proposal [72]. Moreover,
the effect on DesK kinase activity of both the substitutions on the linker
K155ERERLE segment on the cytoplasmic side [70] and the single-point
substitution on the serine zipper of the TM region [71] can be related
to the stabilization/destabilization of the 2-HCC, which has a profound
impact on the output activity of the sensor, as shown by Saita and
coworkers [72]. Altogether, these observations agree with the idea
that a delicate balance must exist in the surface of a transduction
element, i.e., the 2-HCC, to allow for the conformational transition to
occur upon signal detection [75,85]. A too stable or a too weak coiled
coil would lock the protein in a permanentOFF or ON state, respectively,
making it insensitive to the signal. Thus, the control of DesK function,
and possibly of many integral membrane proteins, by the lipid bilayer
becomes primarily a question of energetics of changes in the equilibri-
um distribution among different conformations.

It is worth noting that the thickness difference of the lipid bilayers
used in the simulationmodeling [77–79] shown in Fig. 4 and in previous
in vitro experimental studies [66,68] is ~4.5 Å. This does not necessarily
mean that a change of this magnitude could take place in a bacterial
membrane when it transitions from 37 °C to 25 °C. However, recent
work suggested that the fluid phase-to gel phase transition may
contribute to the switch in activity of DesK in vivo [66,86]. If the lipids
approach their fluid to gel phase transition on cooling, this could result
in a greater increment in bilayer thickness [86]. Thus, it is possible that
other changes in membrane physical properties related to the phase
transition may contribute to the activity switch of DesK.

In summary, the mechanism proposed by Saita et al. [72] suggests
that membrane inputs related to cold-induced thickening trade
off with the protein's internal mechanics, particularly those concerning
2-HCC stability and its helical rotations. Upon a drop in temperature,
the membrane becomes thicker and more structured, imposing on the
2-HCC a stress that results in its conversion from the relaxed phospha-
tase state (Fig. 5A) into the autokinase-competent state (Fig. 5B). Such
mechanism explains several observations on DesK and MS-DesK and
puts together essential components of signal transduction by histidine
kinases, providing in turn new elements to address the fundamental
problem of dynamic helix interactions in transmembrane signaling.

5. Conclusions/future directions

An increased amount of evidence highlights the fact that TM seg-
ments of proteins can adapt in different ways to the lipid environment
Please cite this article as: E. Saita, et al., Sensing membrane thickness: Le
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into which they are embedded. It is also clear that even a minor change
in, for example, the orientation of the TM segments in the lipid bilayer or
their mode of association can have important structural and functional
consequences for the intactmembrane protein. Howexactly a particular
TM segment responds to the surrounding lipidswill depend not only on
its amino acid composition and the nature of the lipids it is in contact
with but also on its interaction with other TM helices. Bearing in mind
the complex lipid composition and organization of biological mem-
branes and the highly varied amino acid composition found in natural
proteins, we conclude that a complete understanding of lipid–protein
interactions is still far from being accomplished.

The key challenges to establishing the molecular mechanisms of
regulation by membrane thickness of MscL, Ca2+ ATPase, and DesK
consist in revealing how these proteins, with different TMarchitectures,
are able to efficiently transduce hydrophobic mismatch into protein
conformational changes. Although an experimentally based signal
sensing mechanism for DesK, provoked by membrane thickness as a
driving force, is not yet fully established, dynamic rearrangements
supported by structure-guidedmutagenesis and predicted by computa-
tionalmodeling and simulation have provided an exciting framework to
formulate a speculative model for DesK thermosensing. It should be
noted, however, that most of the information about how DesK TM seg-
ments sense the lipid environment comes from studies of the chimerical
single-membrane-spanning MS-DesK. Nevertheless, it is clear that the
situation is much more complex for the full-length DesK protein,
where interactions between TM segments also play an important role.
It can be expected that spectroscopic methods such as EPR and solid-
state NMR will be important tools in investigating how DesK is affected
by the lipid environment. However, despite recent developments, such
experiments are still far from trivial, and understanding in detail how
larger proteins are influenced by the lipid environment via their TM
segments still remains an important future challenge.
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