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Membrane proteins are abundant

in nature and play a key role in
many essential life processes. They typi-
cally span the membrane with one or
more hydrophobic segments. Temporal
changes in properties of such trans-
membrane (TM) segments often are a
prerequisite for functional activity of
membrane proteins. However, very little
is known about the molecular nature
of this important step in signaling. In
a recent published work, we report the
finding that both the sensing and trans-
mission of DesK, a bacterial cold sen-
sor, which has five TM segments, can be
captured into a chimerical single mem-
brane-spanning minimal sensor. Thus,
the DesK system allows minimization
of a complex phenomenon to a perfect
functional system. This “minimalist”
approach helped to uncover the modus
operandis of a receptor for environmen-
tal cold, but also explores the use of a
novel approach to study how the TM
domains of a sensor protein transmit sig-
nals across membranes.

Genome sequencing data have revealed
that approximately one out of four pro-
teins encoded by DNA is a membrane
protein.! These proteins play essential
roles in many life processes, such as cell
growth and division, uptake of food,
communication between cells and sen-
sory perception. To understand the role of
membrane proteins in health and disease,
knowledge of the molecular mechanism
through which these proteins function
is needed. This requires not only struc-
tural information about the protein itself
but also information about how the lipid
environment affects its structure and
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organization. In spite of their obvious
importance, knowledge on the struc-
tural properties of membrane proteins is
still relatively sparse. Even less is known
about the dynamical processes that are
essential for functioning. Membrane pro-
teins come in a huge structural variety,
but they have one property in common:
they contain one or more hydrophobic
regions with which they span-the mem-
brane, most often as a single a-helix or
as a bundle of a-helices.? Many properties
of membrane proteins are determined by
interaction between these helices and the
surrounding- lipids, whereby the helices
can act as sensors of the lipid environ-
ment. The mechanism by which these
helices transmit signal across the mem-
brane has long been a subject of interest.
However, studying how transmembrane
(TM) domains transmit signals across
membranes is beset by unique challenges
(reviewed in ref. 1) and the most inter-
esting properties of TM helix interac-
tions may be the least amenable to study
by current techniques. For example, cells
receive signals from the outside world
by way of receptors that span the mem-
brane. Although some receptors transmit
the information across the membrane
by means of an ion channel that allows
ions into the cells, most receptors do not
transmit material across the membrane.
Rather, these receptors undergo confor-
mational changes induced by the ligand
or stimulus that interacts with the exter-
nal part of the receptor, and these con-
formational changes travel across the
membrane to the cytoplasmic portion of
the receptor. Very little is known about
the types of conformational changes used
by receptors to carry out TM signaling.*
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Full-length DeskK

MS-Desk

Figure 1. Engineering a minimal sensor. The complete DesK sensor domain includes five TM-
spanning segments that sense an increase in the order of membrane lipids promoting a kinase
dominant state of DesK (K), which autophosporylates and transfer the phosphate group to DesR.
Phospho-DesR activates expression of the des gene coding for a A5-desaturase. A truncated chi-
mera (MS-DesK), in which the N-terminal domain of TM1 is fused to the C-terminal domain of TM5
allows near-normal control of membrane-mediated DesK signaling state.

Recent discoveries on a regulation sys-
tem of membrane fluidity by the molecu-
lar thermosensor DesK in Bacillus subrilis
now open the way to elucidate in molecu-
lar detail how the TM segments of a sig-
naling protein act as sensor and how they
are able to transmit this information to the
cytoplasmic portion of the receptor. This
regulation system, which was studied by
our group for over a decade, consists of a
membrane-embedded cold-sensor, DesK,
which reacts to temperature changes by
regulating the expression of a fatty acid
desaturase, A5Des, that inserts into the
membrane and introduces unsaturated
bonds in the lipids, thereby regulating
membrane fluidity.’® Two recently key
discoveries that helped to the elucidation
of the pathway are (1) a crystallographic
study of the DesK catalytic core which has
revealed how the domains of this protein
can interact to assemble the three active
sites that determine its regulatory state,
providing an excellent baseline for under-
standing the mechanism by which DesK
function as a molecular switch that trans-
duce bilayer deformations into protein
motions’ and (2) the establishment that
DesK retains its functionality even when
reconstituted in pure vesicles and hence
that no other protein components are

70

involved in either sensing or signaling.'
However, the mechanism that allows
DesK discriminating the lipid environ-
ment to promote membrane remodel-
ing upon-a drop in ambient temperature
remained elusive. In a recent report,"
we showed that deletion of the first TM
region (TM1) of the five-pass DesK poly-
topic protein abolished the ability of the
resultant protein to respond to a decrease
in ambient temperature and resulted in
a constitutively active protein, suggest-
ing that TM1 harbored a temperature-
sensing motif. This result suggested that
TM1 would detect a drop in temperature
and transmit this information to TMS5,
which is directly connected to the cata-
lytic core via a two-helix coiled coil, which
ultimately controls the signaling state of
DesK. Thus, we created a chimeric TM
region consisting of the first half of TM1
and the second half of TM5, which was
fused to the cytosolic domain of DesK
(DesKC).

Remarkably, even after completing
this exercise in molecular minimalism,
the shorter TM sensor, named minimal
sensor (MS), still activates effectively the
kinase activity of DesKC after a tempera-
ture downshift, even when reconstituted
in lipid vesicles, demonstrating that the

Communicative & Integrative Biology

MS domain plays a role equivalent to full-
length DesK (Fig. 1). The MS N-terminus
has an unusual motif of hydrophilic ami-
noacids near the lipid/water interface."
By mutating these hydrophilic residues to
hydrophobic amino acids the protein was
unable to stimulate the desaturase pro-
moter, which is activated only when there
is flux of phosphate from DesK to DesR
upon a temperature downshift, suggest-
ing that this motif has an important role
in membrane sensing’ A likely hypoth-
esis is that at low temperatures the mem-
brane becomes thicker due to an increase
in the lipid order, thereby trapping the
hydrophilic motif inside the hydropho-
bic membrane environment, and thereby,
due to the thermodynamic cost associated
with dehydrating polar groups, somehow
favoring the kinase activity of DesK. At
higher temperatures the membrane lipids
are more disordered and the membrane
becomes thinner, allowing the hydrophilic
motif to reach-the aqueous environment,
and resulting in phosphatase activity of
DesK. If this hypothesis is correct, an
increase in the length of the hydropho-
bic region of the TMS of MS-DesKC
should increase the possibility that the
hydrophilic motif becomes exposed to the
aqueous phase, regardless of the growth
temperature.

Indeed, introduction of 4 Val residues
in the hydrophobic region of MS-DesKC
was found to induce the protein to behave
as a constitutive phosphatase, support-
ing this hypothesis.” In complementary
biochemically studies, MS-DesKC was
reconstituted into membrane vesicles
made of phosphathidylcholines having
different fatty acyl chain lengths. These
experiments showed that a thicker bilayer
resulted in higher autokinase activity,
consistent with the hypothesis that the
hydrophilic motif is a membrane thick-
ness “ruler” device.!

Several studies of soluble
domains from receptors (and not the TMs
themselves) suggest that TM motion is
part of the mechanism for signal trans-
duction. Hulko et al.'? summarize four

recent

possible types of motion that have been
proposed for helices in the membrane:
translation, piston, rotation parallel to the
membrane (pivot) and rotation perpen-
dicular to the membrane. Such changes
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in the TM segments could bring about
conformational changes at the cytoplas-
mic side of the membrane, leading to a
response within the cell. Because most
structural methods are compromised if
there are multiple, dynamic conforma-
tions of the macromolecule of interest,
it is not surprising that such motions in
most membrane protein remain mysteri-
ous. Moreover, membranes are difficult to
study, and their influence in signaling is
still understood at the most rudimentary
level.

The availability of a simplified func-
tional signaling system, combined with
recent advances in the biophysics of mem-
branes, now allows us to elucidate the
molecular nature of the changes in proper-
ties of the TM segments underlying both
the sensing and the transmission mecha-
nism by using well-defined model mem-
branes of synthetic lipids and designed
variants_corresponding to TM segments
of functional and non-functional minimal
DesK sensors. Finally, these observations
may widen our notion of what cold sensors
are and how they sense temperature. With
the ever-increasing number of genomes
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available, the search for new types of
cold-sensors will benefit greatly from an
improved definition of what features to

look for.
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