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Summary

The thermosensor histidine kinase DesK from Bacil-
lus subtilis senses changes in membrane fluidity ini-
tiating an adaptive response. Structural changes in
DesK have been implicated in transmembrane signal-
ing, but direct evidence is still lacking. On the basis of
structure-guided mutagenesis, we now propose a
mechanism of DesK-mediated signal sensing and
transduction. The data indicate that stabilization/
destabilization of a 2-helix coiled coil, which connects
the transmembrane sensory domain of DesK to its
cytosolic catalytic region, is crucial to control its sig-
naling state. Computational modeling and simula-
tions reveal couplings between protein, water and
membrane mechanics. We propose that membrane
thickening is the main driving force for signal sensing
and that it acts by inducing helix stretching and rota-
tion prompting an asymmetric kinase-competent
state. Overall, the known structural changes of the

sensor kinase, as well as further dynamic rearrange-
ments that we now predict, consistently link structure
determinants to activity modulation.

Introduction

Propagation of a signal through transmembrane segments
of sensor proteins is at the very basis of many complex
signaling processes. However, little is known about the
molecular nature of this important event. In this work we
present a model for transmembrane signaling of DesK, a
thermosensory protein from Bacillus subtilis activated by
cold temperatures. The thermosensor DesK, which consti-
tutes a canonical two-component system together with the
response regulator DesR, has been extensively studied
(Aguilar et al., 2001; Cybulski et al., 2002; Albanesi et al.,
2009; Trajtenberg et al., 2010; 2014; Martin and de
Mendoza, 2013, for a recent review, see de Mendoza,
2014).

Several biophysical evidences support the idea that
upon lowering the environmental temperature lipid bilayers
will become more ordered and as a consequence they will
become thicker (Leonenko et al., 2004; Pan et al., 2008;
Szekely et al., 2011; Jambeck and Lyubartsev, 2012).
Indeed, in vivo and in vitro experiments have suggested
that DesK senses the thickening of the membrane as the
temperature drops, resulting in a conformational change
that triggers its autokinase activity (Cybulski et al., 2010;
Martin and de Mendoza, 2013; Porrini et al., 2014). Sub-
sequently, phosphorylated DesK activates DesR, a tran-
scriptional activator of the des gene, coding for a Δ5-fatty
acid desaturase (Δ5-Des). Unsaturated fatty acids, prod-
ucts of Δ5-Des, eventually promote a more fluid membrane
that would switch DesK back from a kinase to a phos-
phatase state. Consequently phospho-DesR declines and
transcription of the des gene is terminated (Fig. S1)
(Aguilar et al., 2001; Albanesi et al., 2004; 2009).

DesK has an N-terminal domain composed of 5 trans-
membrane (TM) helices, with the last one extending into
the cytoplasmic side (Fig. 1A) (Cybulski et al., 2010).
DesK is devoid of any extracellular domains and its cyto-
solic portion (DesKC) displays the characteristic homodi-
meric structure observed in other proteins of the family.
Each DesKC monomer consists of an N-terminal antipar-
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allel 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) (Albanesi
et al., 2009). The helical hairpins of two monomers inter-
act with each other to form a central four-helix-bundle
(4-HB) domain, known as the DHp (Dimerization and His-
tidine phosphotransfer) 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 (Albanesi et al., 2009). 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
(Fig. S2) (Albanesi et al., 2009), characteristic of coiled
coil domains (Crick, 1953a).

Replacement of His188 by a valine in DesKC results in a
protein locked in the phosphatase state characterized by a
tight packing of the DHp and ABD domains and by the
formation of a parallel 2-helix coiled coil (2-HCC), as seen
in the corresponding X-ray structures (Albanesi et al.,
2009). This 2-HCC has been observed in many HKs,
typically preceding the 4-HB (Singh et al., 1998), and
corresponds more generally to the signaling helix, or
‘S-helix’, that connects helical sensor and effector domains
in a wide range of signaling proteins (Anantharaman et al.,
2006). This organization is indeed conserved in the phos-
phatase state of DesK, whose 2-HCC extends outward
from the 4-HB toward the TM domain (Albanesi et al.,
2009) ending right before the helical linker mentioned
above (Fig. 1B). In contrast, the conformation correspond-
ing to the kinase-competent state is less compact

(Fig. 1C). The helices protruding from the 4-HB toward the
TM domain are not packed in a coiled coil, and the ABD
domains are dissociated from the 4-HB (Fig. 1C). Exten-
sive structural characterization of the functional states of
DesK led to a mechanistic signal transmission hypothesis
(Albanesi et al., 2009) in which formation and disruption
of the 2-HCC is a key step for shifting the output
phosphatase/kinase ratio. Capable of transmitting the nec-
essary conformational changes, this 2-HCC switch could
modulate the exposure of the phosphorylatable histidine,
as well as the toggling of intramolecular rigid/free DHp-
ABD association.

Under such a mechanism, in the context of a fluid
membrane, the TM domain would stabilize the connecting
2-HCC and the catalytic core in a compact, rigid confor-
mation with the ABDs attached to the DHp domain. This
conformation inhibits the autokinase activity, and the DHp
surface is competent to interact with phospho-DesR.
Upon cold signal reception, the 2-HCC would be disrupted
and the ensuing structural reorganization would release
the ATP binding domains for histidine phosphorylation
resulting in a kinase-on state (Albanesi et al., 2009). Here
we report experiments demonstrating that mutations that
either stabilize or destabilize the 2-HCC displace the
conformational equilibrium of full-length DesK toward
constitutive phosphatase- or kinase-competent states
respectively. Computational approaches further explain
our experimental results and extend deeper insights into
the signaling mechanism itself, in terms of a rearrange-
ment of the TM helices triggered by a change in mem-
brane properties.

Fig. 1. DesK’s topology (A) DesK’s topology
as determined from known structures and
sequence-based predictions of secondary
structure and coiled coil formation. Structures
are available for DesKC constructs mimicking
(B) the phosphatase state (PDB ID 3EHJ) and
(C) the autokinase-competent state (3GIE).
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Results

Functional relevance of the parallel 2-helix coiled coil for
DesK signaling

The X-ray structure of DesKCH188V (PDB 3EHJ) shows a
2-HCC with clear electron density spanning residues 163
to 180, whereas the N-terminal residues 153 to 162 are
poorly defined. Coil prediction servers [COILS, PCOILS
(Lupas et al., 1991; Lupas, 1996)] consistently suggest
that the 2-HCC actually extends all the way from the DHp
domain through the entire linker region toward the
N-terminus up to the C-terminus of the fifth TM helix
(TM5). Secondary structure predictions further suggest
that the helical structure continues as such through the
membrane. If the coiled coil extends all along TM5, the
hydrophobic side-chains are predicted to point outward in
this TM segment, exposed to the hydrophobic membrane
milieu, whereas a few polar residues would make con-
tacts across the two helices (DesK’s sequence is shown
in Fig. S2 and sequence-based predictions for the first
120 residues of TM5-DesKC are summarized in Fig. S3).
Therefore, in the phosphatase state, the two helices pro-
truding from the DHp toward the membrane very likely
assemble into a 2-HCC all the way up to, and through the
membrane, as later modeled (see below).

To test the hypothesis that the 2-HCC organization is a
determinant of the phosphatase state that is loosened in
the autokinase-competent form and that this modulation is
a basis of the signal transduction mechanism, we built
and tested in vivo DesK structure-based mutants
designed to weaken or favor the formation of the 2-HCC.
In addition, we also analyzed a mutant aimed at disrupting
the interdomain DHp–ABD association, as a supplemen-
tal mechanism for shifting the conformational equilibrium
between phosphatase- and kinase-competent forms.
These mutations fall in three classes: (i) changes in the
2-HCC (Ala167Arg, Ile171Gly, Leu174Gly) where polar
and neutral residues are introduced at the ‘a’ and ‘d’
positions of the heptad repeats to disrupt the hydrophobic
interactions of the 2-HCC (mutant dubbed DesKDEST)
(Fig. S2); (ii) introduction of substitutions (Ser150Ile,
Ser153Leu, Arg157Ile, also predicted to occupy position
‘a’ and ‘d’ on the heptad repeats) to stabilize a 2-HCC
structure toward the N-terminal domain of DesK, precisely
where TM5 exits the inner leaflet of the membrane
(DesKSTA) (Fig. S2); and (iii) a third mutant (Phe346Ala,
Asn348Ser) named DesKDHp-ABD aimed at disrupting some
of the main interactions between the DHp and ABDs
domains in the phosphatase state (Fig. S2).

We engineered desK− cells of B. subtilis DAK3 and
AKP20 strains, suited to probe kinase and phosphatase
activity respectively (see Experimental procedures), to
express the DesK variants in response to an inducer
(Fig. S4). To monitor the signaling states of the point

mutants, we used a reporter assay that is sensitive to
changes of DesK activity in vivo (Aguilar et al., 1999;
2001; Cybulski et al., 2002; Porrini et al., 2014). To this
end, we assayed the levels of β-galactosidase activities
as encoded by a lacZ reporter gene fused to the desatu-
rase promoter, which is activated only when there is flux of
phosphate from DesK to DesR (Aguilar et al., 2001;
Cybulski et al., 2004). Figure 2 compares the kinase
activities for the mutant variants to wild-type (WT) activity
in DAK3, and Supplementary Fig. S5 records the phos-
phatase activities for these variants in AKP20. We found
that mutations expected to weaken the 2-HCC (DesKDEST)
or the DHp-ABD association (DesKDHp-ABD) exhibited both,
at 25°C and 37°C, β-galactosidase activity levels ∼12-fold
higher than the ones obtained with WT DesK at 25°C
(Fig. 2), implying a favored kinase state of the sensor
regardless of the temperature signal. As shown in Fig. S5,
these strains maintain a phosphatase-off state. In addi-
tion, we found that mutations contained in DesKSTA

produce a kinase-off state and a phosphatase-on state in
vivo (Fig. 2 and Fig. S5), as expected according to our
proposed model for the stabilization of the connecting
coiled coil. Altogether, the mutational studies provide
strong evidence in support of the role of 2-HCC as a
switch that transmits the temperature signal to the cata-
lytic domain. This analysis also demonstrates that the
contacts between the DHp and ABD domains are essen-
tial in controlling the activities of the sensor, in agreement

Fig. 2. In vivo kinase activity of DesK mutants. Strain DAK3
(desK::km Pxyl-desR amyE::Pdes-lacZ) was complemented in trans
with desKDEST (DEST), desKSTA (STA), desKDHp-ABD (DHp-ABD) or
wild type DesK (WT) under the control of the xylose inducible
promoter Pxyl, or transformed with the empty vector pHPKS (EV).
The strains were grown overnight in SMM-CAA in the absence of
xylose and then diluted in the same medium to a final DO525 = 0.12.
0.1% xylose was added and the cultures were grown at 37°C with
shaking. At DO525 = 0.3, each culture was divided in two and one
half was kept at 37°C, whereas the other was transferred to 25°C.
β-galactosidase specific activities were determined 4 hours after
transferring the cells to the indicated temperatures. Data are
represented as mean ± SD. MU, Miller units.
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with in vitro studies on the cytosolic domain of the histi-
dine kinase HK853 from Thermotoga maritima (Marina
et al., 2005).

Effect of temperature on DesKSTA activities

The in vivo studies clearly indicated that DesKDEST and
DesKDHp-ABD are locked in a kinase-dominant state, both at
37°C and 25°C. However, some questions remained con-
cerning the activity of DesKSTA at 25°C because (i) no
β-galactosidase activity was detected at low temperature
for this variant in the kinase assay in DAK3 and (ii) strain
AKP20 only allows to test for the phosphatase activity of
the proteins but not for regulation of this activity by tem-
perature. This is due to the high levels of Δ5-unsaturated
fatty acids synthesized by strain AKP20 (Altabe et al.,
2003) that are known to promote the phosphatase activity
of DesK (Aguilar et al., 2001). Therefore, to gain further
information on the influence of temperature on the activi-
ties of DesKSTA and provide a solid biochemical ground to
our mutational analysis, we studied the autokinase and
phosphatase activities of WT DesK and DesKSTA reconsti-
tuted into liposomes formed by Escherichia coli phospho-
lipids. These lipids undergo a reversible change of state
from a fluid to a non-fluid array of fatty acyl chains when the
temperature is decreased from 37°C to 25°C, instrumental
for this analysis (Martin et al., 2009). On the one hand, we
found that the autokinase activity of DesKSTA was much
lower than that of WT DesK, both at 37°C and 25°C (Fig. 3),
exhibiting at 25°C comparable levels of kinase activity to
WT DesK at 37°C. These data agree with the in vivo assays
indicating that DesKSTA is in a kinase-off state. On the other
hand, consistent with our proposition that DesKSTA is in a
phosphatase-on state, this protein was able to dephospho-
rylate phospho-DesR at higher rates than WT DesK, both
at 25°C and 37°C (Fig. 4), exhibiting at 25°C comparable

levels of phosphatase activity to WT DesK at 37°C. These
data, combined with the in vivo analysis, provide compel-
ling 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-
length DesK.

Driving force for stabilization and destabilization of the
2-helix coiled coil

To gain further mechanistic insights, we built in silico
atomistic models of WT DesK starting from its TM5 (TM5-
DesKC, shown in Fig. 5B) as well as of the two 2-HCC
variants (TM5-DesKCSTA and TM5-DesKCDEST, Fig. 5A and
C, respectively). The models were embedded in atomistic
membranes, surrounded with explicit water and relaxed
through ∼55 ns of molecular dynamics (MD) simulations.

By design, at the beginning of the calculations, the three
models shared exactly the same backbone conformation,
i.e. that of a perfect coiled coil (Fig. 5B). Upon equilibration
to 27°C (∼1 ns) Pro148 kinks in all three models due to
steric clashes between the bulky side-chains of Leu146
and Leu147, which interact among monomers. In both WT
TM5-DesKC and TM5-DesKCDEST, this slightly opens up
the coiled coil (insets in Fig. 5B and C) allowing a few water
molecules to interact with the polar residues of the
segment 146–157 containing Ser150, Ser153 and Arg157
(Fig. 5B and C). This hydrated status is maintained along
the 50 ns of both simulations. In contrast, no water mol-
ecules are seen to penetrate in the stabilized variant
TM5-DesKCSTA, during the 50 ns of simulation, consistent
with the engineered hydrophobic residues acting as a
greasy cap that stabilizes the coiled coil (Fig. 5A).

In TM5-DesKCDEST, substitutions Ala167Arg, Ile171Gly
and Leu174Gly further lead to increased hydration of the
segment 167–174, which is instead barely hydrated in WT
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Fig. 3. Autophosphorylation of WT DesK
and DesKSTA inserted into liposomes. Purified
WT DesK and DesKSTA reconstituted into
liposomes of E. coli polar lipids were
incubated with [32P-γ] ATP at 25°C (filled
symbols) or 37°C (open symbols) and
analyzed as described in Experimental
procedures. The total amount of WT DesK∼P
or DesKSTA∼P (AU) present in each well was
determined by densitometry and plotted as
AU/μg protein vs time. DesK (squares),
DesKSTA (triangles). Inset: Relative initial
velocity of autophosphorylation of WT DesK
(left) and DesKSTA (right) in liposomes at 25°C
(gray columns) and 37°C (black columns).
The initial velocity of WT DesK at 25°C was
considered as 100%. Data are represented as
mean ± SEM. Autoradiography films
representative of each phosphorylation assay
are shown in Fig. S8.
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TM5-DesKC and TM5-DesKCSTA (Fig. 5). These results
support our initial mutagenesis design and our hypothesis
that compacting forces stabilize the 2-HCC, further sug-
gesting that stabilization/destabilization of the 2-HCC is
linked to the hydration state of the region where the
protein inserts into the membrane (just C-terminal to
Pro148).

Modeling the 2-HCC in the context of a full minimalistic
working protein

The results presented here show that stabilization/
destabilization of DesK’s 2-HCC on its cytoplasmic side is
essential for cold sensing. However, linking this finding to
other available functional evidence to make further inter-
pretations and speculate about how 2-HCC rearrange-
ments could be triggered and transmitted by the TM region
is hampered by the lack of structures or models of full-
length DesK. Therefore, we focused on a minimalist
but fully functional DesK surrogate dubbed MS-DesK
(Cybulski et al., 2010) in which the first half of DesK’s first
TM helix is fused to the second half of DesK’s fifth TM helix
forming a long continuous helix plugged into the 4-HB.
Capitalizing on this simple single-membrane-pass helical
topology (Fig. S2), we proceeded to model MS-DesK in
silico. Specifically, and taking into account that DesK would
be activated by membrane thickening, we built models of
the minimal sensor in the phosphatase and autokinase-

competent states and relaxed them through ∼120 ns of MD
simulations (Fig. 6A) in DOPC (1,2-di-(9Z-octadecenoyl)-
sn-glycero-3-phosphocholine) and DEPC (1,2-dierucoyl-
sn-glycero-3-phosphocholine) membranes, the latter
being ∼4.5 Å thicker (Mathai et al., 2008; Xu et al., 2008;
Muhle-Goll et al., 2012). When modeling these structures,
we took into account that each helix of the 2-HCC extends
as a continuous element into the TM region according to
secondary structure predictions, interrupted only by Gly13
and Pro16, and that the two helices need to pair their polar
residues in the TM region so as to hide them from the
hydrophobic membrane portion (Deber and Ng, 2015;
Zhang et al., 2015).

Modeling MS-DesK in the phosphatase state by extend-
ing the portion of 2-HCC observed in PDB ID 3EHJ with the
sequence of the minimal sensor and canonical coiled coil
parameters, as done for TM5-DesKC, was straightforward.
In a DOPC membrane, this relaxes into a stable 2-HCC
through the cytosolic and most of the TM region with a
slight hydration of the 146–157 segment, as described for
WT and destabilized TM5-DesKC. Gly13, one helix turn on
top of Pro16, acts as a hinge that allows the small
N-terminal helical segment to fully hydrate exposing the
internal polar residues to the solvent [Fig. 6A(i) and S6A,
C]. In contrast, in the thicker and less fluid membrane
composed of DEPC, no opening of the N-terminal region is
observed, and the 2-HCC remains paired also in the first
half of the transmembrane region [Fig. 6A(ii)].
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Fig. 4. Dephosphorylation of DesR∼P by WT DesK and DesKSTA. DesR∼P was purified as indicated in Experimental procedures and
incubated with proteoliposomes of WT DesK (squares) or DesKSTA (triangles) at 25°C (filled symbols) or 37°C (open symbols). Aliquots were
withdrawn at several times and analyzed by SDS-PAGE as described in Experimental procedures. The intensity of the bands corresponding to
DesR∼P at each time point were determined by densitometry and plotted as the % of remaining DesR∼P/μg protein vs. time, considering the
intensity of the band of DesR∼P at the initiation of the reaction (0 min) as 100% of DesR∼P. Inset: Relative initial velocity of phosphatase
activity of WT DesK (left) and DesKSTA (right) proteoliposomes at 25°C (gray columns) and 37°C (black columns). The initial velocity of WT
DesK at 37°C was considered as 100%. Data are represented as mean ± SEM. Autoradiography films representative of each
dephosphorylation assay are shown in Fig. S8.
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Fig. 5. Stability of wild type, stabilized and
destabilized variants of TM5-DesKC. Models
(A = DesKSTA, B = wild type, C = DesKDEST)
were built for the three variants embedded in
DOPC membranes in explicit water, and
simulated with molecular dynamics. On the
left side, final snapshots from the simulations
showing the backbone in cartoon
representation and selected residues
rendered as spheres, colored by amino acid
type as defined in the VMD program
(gray = hydrophobic, green = polar uncharged,
red = negatively charged and blue = positively
charged). The insets are ∼90° rotations
around the membrane normal. On the right
side, plots showing the time progression of
internal 2-HCC hydration quantified as the
fractional nanosecond occupancy of water
molecules contacting simultaneously both
helices of the 2-HCC.
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Modeling MS-DesK in the autokinase-competent state
was more complicated because the 2-HCC segment
resolved in the starting structure (PDB ID 3GIE) has many
non-canonical interactions due to helical displacements
and rotations relative to the phosphatase form, features
deemed functional within scissoring, rotation and tilting
mechanisms of DHp activation (Lemmin et al., 2013;
Molnar et al., 2014). Under the restraint that the polar
residues located in the very hydrophobic segment of the
helices (Thr140 and Ser143) should pair back in the trans-
membrane portion (Deber and Ng, 2015; Zhang et al.,
2015), the model ends up adopting stretched, nearly par-
allel TM helices, instead of a coiled coil arrangement
[Fig. 6A(iii), (iv) and S6B, D], like in two nearly full struc-
tures of histidine kinases in their kinase-competent forms
(Fig. S7) (Diensthuber et al., 2013; Wang et al., 2013).
Upon relaxation in either kind of membrane, this model
experiences asymmetric distortions and cracking of one
helix close to the 4-HB, which reflect a stressed, dynamic

conformation of the parallel coil in this activated state, as
very recently proposed for other histidine kinases (Dago
et al., 2012; Diensthuber et al., 2013; Wang et al., 2013;
Casino et al., 2014; Mechaly et al., 2014).

From the contacts observed across subunits for resi-
dues in the models of MS-DesK in the kinase and phos-
phatase states (Fig. 6A), we have sketched helical wheel
diagrams (Grigoryan and Keating, 2008) that summarize
key aspects and differences of the 2-HCC in its two states
(Fig. 6B). We have constructed these diagrams between
residue Phe149, which defines the end of the hydrophobic
portion of TM5 and residue Arg180 right at the entry of the
4-HB. In the phosphatase form, the phenylalanine is at
position ‘g’ of the coiled coil’s heptad pattern, just as
predicted from the sequence alone (Fig. S2). The first two
helical turns seen in these plots, which are right before
quitting the membrane, are stabilized by hydrogen bonds
between serine residues (S143, S150) across helices.
Next toward the C-terminus, in the inner polar region of the

Fig. 6. Models of MS-DesK in the phosphatase and kinase states, relaxed in two membranes of different thickness. Models were built from
the X-ray structures of DesKC in the phosphatase and autokinase-competent state (PDB ID 3EHJ and 3GIE, respectively) by extending their
helices towards their N-termini following the sequence of MS-DesK. Each model was relaxed through 120 ns of MD simulation in a DOPC or
DEPC 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 (Grigoryan and Keating, 2008) 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.

Signal sensing and transduction by DesK 7

© 2015 John Wiley & Sons Ltd, Molecular Microbiology



membrane and into the cytoplasm, the 2-HCC is stabilized
by internal hydrophobic contacts while all charged resi-
dues remain exposed to the solvent. In the kinase form,
instead, the roughly 90° rotation of each helix results in the
exposure of several hydrophobic residues and the burial of
large charged residues inside the coil, which is precisely
opposite to what one expects for proteins in solution,
implying a stressed conformation. The heptad repeat
pattern is displaced by one position, with Phe149 being
now at position ‘f’ which is roughly one quarter of a helix
turn, i.e. 90°.

We finally highlight that relaxation of the models embed-
ded in membranes shows that the highly charged segment
just C-terminal to the TM region (K152SRKERERLEEK163,
Fig. S2) remains in the four cases anchored to the cyto-
plasmic polar side of the membrane.

Discussion

Our in vivo and biochemical experiments, structural
analyses and simulations, demonstrate that stabilization/
destabilization of a 2-HCC is directly involved in regulat-
ing DesK’s functional state. The portion of the 2-HCC
that connects the transmembrane region to the DHp
domain corresponds to the ‘signaling helix’, or ‘S-helix’,
a feature that is conserved between 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 (Anantharaman et al.,
2006; Moglich et al., 2009). The S-helix was proposed to
organize into coiled coils that work as a stability switch
that prevents constitutive activation of the catalytic
domains (Anantharaman et al., 2006). Our findings now
lend direct support to this role of the S-helix. Indeed, we
observed that the stabilization of the 2-HCC favors the
phosphatase state while preventing any autokinase
activity, whereas the opposite occurs upon 2-HCC
destabilization.

Additionally, our structural analyses and MS-DesK
models show that interconversion of DesK functional
states implies roughly 90° rotation of each helix of the
2-HCC (Fig. 6A and B), pointing to helical rotations as
modulators of the 2-HCC stabilization/destabilization.
Our simulations further suggest that the highly
charged segment just C-terminal to the TM region
(K152SRKERERLEEK163, Fig. S2) is strongly anchored 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 along the membrane
normal. A previous work suggested that this segment
undergoes a helix/random coil transition at the heart of the

sensing mechanism (Inda et al., 2014), a hypothesis that
goes against all evidence supporting the role of the S-helix
in histidine kinases. Our newly proposed mechanism does
not require a helix/random coil transition and is consistent
with the S-helix hypothesis. In summary, we favor a mecha-
nism based on transitions of the TM region between a
2-helix coiled coil in the phosphatase form and two parallel
helices in the kinase form, linked to internal helical
rotations.

Origin of the primary signal that promotes rotation of the
2-HCC helices

Available structural data have revealed several features of
the DHp domain rearrangements that control the output
catalytic behavior of several histidine kinases (Bhate
et al., 2015). However, it is still poorly understood how
input signals get transduced into these DHp rearrange-
ments, which might depend on the specific sensor
domains, the transmembrane region and the DHp family
(Finn et al., 2014). DesK represents an excellent model to
study signal generation and transduction given the
amount of structural and functional information available,
its lack of extracellular and HAMP domains, and the fact
that the last TM helix continues smoothly as an S-helix-
like element into the DHp domain.

According to our results and as discussed above, the
activation signal sensed by DesK must ultimately
promote rotation of the 2-HCC to destabilize it. In sensor
domains sensitive to different signals, particular triggers
would promote helical rotations at the 2-HCC. In the
case of DesK, experimental evidence suggests that
these triggers would be mechanical inputs from the
membrane. More precisely, in vivo and in vitro studies
suggested that the initial mechanical trigger for the acti-
vation of DesK and MS-DesK is a thickening of the
membrane, because (i) the proteins exhibit increasing
kinase activity when reconstituted into vesicles of longer
acyl chains (Cybulski et al., 2010; Martin and de
Mendoza, 2013) and (ii) DesK kinase activity is stimu-
lated 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 phos-
phatase activity (Porrini et al., 2014). As mentioned
above, the thickness difference of the lipid bilayers used
in previous in vitro experimental tests and in the simu-
lations presented here is ∼4.5 Å. This does not neces-
sarily 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 from our laboratory
suggests that in vivo DesK would be activated by the
fluid phase-to-gel transition, what could result in a
greater increase in bilayer thickness upon a temperature
downshift (Martin and de Mendoza, 2013).
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Our models allow us to propose that, from the protein
side, the initial signal is a stretching of the helices com-
bined with helix tilting, as required to maintain hydropho-
bic matching to the membrane. Such stretching and tilting
could be induced either directly by thickening of the mem-
brane and/or by other membrane properties that vary
together with thickness, such as fluidity/stiffness and
water permeability (Kucerka et al., 2005; Zhang and
Rock, 2008; Blicher et al., 2009; Lee, 2011). Membrane
thickness and fluidity are well-known to affect the orien-
tation and conformation of transmembrane proteins (Lee,
2003; 2004), whereas water permeability could be par-
ticularly important in the case of DesK given our experi-
mental and computational results mainly on the stabilized
DesK variant where hydration of the 2-HCC is precluded
(Fig. S6). We notice finally that it would be difficult to
disentangle either through experiments or simulations the
contributions from changes in the different membrane
properties.

A stretching of the 2-HCC in the TM region implies
unwinding of the canonical coiled coil, keeping the inter-
nal polar contacts between helices in the TM regions.
This results in helix tilting to achieve a lower helix-
crossing angle [∼25° in the phosphatase state against
∼5° in the kinase state according to the models, compa-
rable with a difference of 16° in another system
(Diensthuber et al., 2013)] and a rotation of the helices
around their main axes toward the cytosolic side that
must reach ∼90° by Phe149 according to the X-ray struc-
tures and models (Fig. 6B). We propose such rotation
arises as the conversion of the stress released upon
stretching of the coiled coil in its TM region into a torque
(Fig. 6C), although we cannot rule out other direct effects
from, for example, helix tilting.

Toward a full mechanism for cold sensing by DesK

The following mechanism emerges from the ideas devel-
oped above for signal sensing and transduction by DesK.
A temperature drop results in thickening of the membrane
and pairing of the 2-HCC in its outer side. As the mem-
brane thickens, the TM segment is stretched from its
ends. This 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 to the 2-HCC bringing large
charged residues to its interior, which forces its destabili-
zation and separation of its helices. The resulting helix
rotation and separation are transmitted to the DHp’s
4-HB, which now hides the residues that were generating
an extensive DHp–ABD interaction surface in the phos-
phatase form (Albanesi et al., 2009) thus releasing the
ABD domains and promoting the kinase state.

Besides the direct evidence from mutations that
stabilize/destabilize the 2-HCC as presented here, previ-
ous experimental results on other mutants support or can
be reinterpreted in terms of our proposed mechanism. The
opening/closing or hydration/dehydration of the N-terminal
external segment of MS-DesK has been independently
postulated from mutational evidence (Cybulski et al.,
2010), now explained by the models to be related to the
hinge at Gly13-Pro16. On the cytoplasmic side, charge-
neutralizing substitutions in the K155ERERLE segment
showed that removing the positive charges (Arg or Lys
replaced by Ala) enhances MS-DesK’s cold-sensing
capacity (i.e. favors the kinase state), whereas removing
the negative residues (Glu to Gln substitutions) abolishes it
(Inda et al., 2014). In the context of our models and mecha-
nism, when the negative residues are replaced by glu-
tamine, there would be a stabilization of the coiled coil, thus
decreasing kinase output, because repulsion of the gluta-
mates from both helices is removed and most importantly,
because several hydrogen bonds can be formed. Instead,
when the positive charges are replaced by alanine, the
region acquires a high net negative charge with no screen-
ing by positive charges and no stabilizing bonds, pushing
the helices apart and thus destabilizing the coiled coil into
the kinase state. Finally, single-point substitution of the
three Ser residues of the TM region by alanine (S143, S150
and S153, of which the last two are in the final helix turn
before leaving the membrane) have been reported to
decrease the kinase activity of MS-DesK (Cybulski et al.,
2015). This effect was originally interpreted in terms of a
‘serine zipper’ model. Our models are consistent with that
proposal, but so that the zip is mediated by 90° helical
rotations such that the serines are zipped together in the
phosphatase state and open (i.e. rotated away) in the
kinase state (Fig. 6B). In this scenario, the effect of substi-
tuting these serine residues, especially Ser150 and
Ser153, by alanine, is similar to that of our coiled-coil
stabilizing variant (i.e. stabilizing the 2-HCC and thus the
phosphatase form). Moreover, this mechanism explains
also why the reported serine-to-alanine replacements do
not fully impair the kinase activity as observed for DesKSTA:
single substitutions and the fact that alanine is less hydro-
phobic than leucine and isoleucine, result in less compac-
tion of the 2-HCC. Altogether, these observations agree
with the idea that a delicate balance must exist in the
surface of the transduction element, i.e. the 2-HCC, to
allow for the conformational transition to occur upon signal
detection (Anantharaman et al., 2006; Liu et al., 2014). A
too stable or a too weak coiled coil would lock the protein in
a permanent OFF or ON state, respectively, making it
insensitive to the signal, as observed with the DesKSTA and
DesKDEST variants.

In summary, we propose that membrane inputs
related to cold-induced thickening trade off with the pro-
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tein’s internal mechanics, particularly those about
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 phosphatase
state [Fig. 6A(i)] into the autokinase-competent state
[Fig. 6A(iv)]. Such mechanism explains several observa-
tions on DesK and MS-DesK and puts together essential
components of signal transduction by histidine kinases,
providing in turn new elements to address the funda-
mental problem of dynamic helix interactions in trans-
membrane signaling.

Experimental procedures

Plasmid and strain construction

Plasmids were constructed using standard methods and
amplified in E. coli DH5α and DH10β strains. In order to
construct a desK− mutant strain possessing an isotopic copy
of desR under the control of the xylose inducible promoter
Pxyl, we first cloned the kanamycin resistance casstette (km)
of pJM114 (Perego, 1993) into the EcoRI and HincII sites of
desK, which had been previously cloned into the pBluescript
vector (Strategene), obtaining plasmid pAGK382. In this con-
struct, the central 533 bp of desK are missing, and the km
cassette is flanked by its 5′ and 3′ ends. Then, we amplified
desK::km from pAGK382 by PCR using oligonucleotides
DesK-KpnI (5′-AAGTGAGGTACCATTATGATTAAAAATC-3′)
and DesKBS_DW (5′-ATAGGATCCGTCGACTATGTTTAT
TTTGAATTATTAGG-3′) and digested the product of the reac-
tion with KpnI and HincII. The fragment containing the 5′ end
of desK fused to km (5′desK-km) was purified and cloned into
pCM18 (pBluescrit/Pxyl-desR) (Mansilla, personal communi-
cation) digested with the same restriction enzymes,
just upstream of Pxyl-desR, obtaining plasmid pCMK382.
pCMK382 was then linearized with ScaI and transformed into
the B. subtilis strain AKP3 (JH642 amyE:: Pdes-lacZ cm)
(Aguilar et al., 2001). Transformants were selected in Luria–
Bertani (LB) (Sambrook et al., 1989) agar plates supple-
mented with chloramphenicol and kanamycin, 5 μg μl−1 each.
Transformants were genetically (PCR from genomic DNA)
and phenotypically (no expression of Pdes at low tempera-
ture) checked to confirm the deletion of desK. The resultant
strain was named DAK3 (JH642 amyE:: Pdes-lacZ cm
desK::km-PxyldesR).

To obtain desKDEST, desKSTA and desKDHp-ABD, we performed
site-directed mutagenesis onto WT desK (desKWT) using
mutagenic oligonucleotides and overlap-extension PCR (Ho
et al., 1989). The ORFs coding for desKWT, desKDEST, desKSTA

and desKDHp-ABD were finally amplified using oligonucleotides
DesK_UPS and DesK_DWBK (Albanesi et al., 2004) and
cloned into the SalI and KpnI sites of pGES40 (Albanesi et al.,
2004) downstream of the Pxyl promoter. Subsequently, the
resultant plasmids were digested with BamHI and the Pxyl-
desKWT, Pxyl-desKDEST, Pxyl-desKSTA and Pxyl-desKDHp-ABD

fragments were cloned into the replicative vector pHPKS
(Johansson and Hederstedt, 1999). Finally, pHPKS/Pxyl-
desKWT, pHPKS/Pxyl-desKDEST, pHPKS/Pxyl-desKSTA and
pHPKS/Pxyl-desKDHp-ABD were used to transform strains

DAK3 (desK::km-Pxyl-desR amyE::Pdes-lacZ) and AKP20
(desK::km-Pkm-desR amyE::Pdes-lacZ) (Aguilar et al.,
2001).

Membrane preparation and western blot analysis

Strains DAK3 and AKP20 transformed with pHPKS/
Pxyl-desKWT, pHPKS/Pxyl-desKDEST, pHPKS/Pxyl-desKSTA,
pHPKS/Pxyl-desKDHp-ABD or the pHPKS empty vector were
grown overnight in LB medium supplemented with 1% glucose
and then diluted in LB medium to a final DO600 = 0.1. The
cultures were incubated at 37°C with shaking. At DO600 = 0.3,
each culture was divided in two and one half was supple-
mented with 0.8% xylose. Cells where harvested 4 hours later
and resuspended in lysis buffer (50 mM Tris-HCl pH 8,
300 mM NaCl, 1 mM DTT and 1 mM PMSF), incubated for 30
minutes at 37°C with 1 mM lysozyme, and disrupted by soni-
cation. Cell debris were separated by centrifugation at
12 000 g, the membrane fraction was purified by centrifuga-
tion at 2 00 000 g, and the pellet was resuspended in lysis
buffer supplemented with 20% glycerol. Membrane proteins
(100 μg) were analyzed by SDS-PAGE and subjected to
immunoblotting with specific antiserum anti-DesKC to detect
the expression of WT DesK and the mutant variants.

β-galactosidase activity assays

Strain DAK3 (desK::km-Pxyl-desR amyE::Pdes-lacZ) trans-
formed with pHPKS/Pxyl-desKWT, pHPKS/Pxyl-desKDEST,
pHPKS/Pxyl-desKSTA, pHPKS/Pxyl-desKDHp-ABD or the pHPKS
empty vector was grown overnight in Spizizen minimal salts
(Spizizen, 1958) supplemented with 0.5% glycerol, tryptophan
and phenylalanine (50 μg of each ml−1), trace elements
(Harwood and Cuttings, 1990), and 0.05% casein hydrolysate
(this medium was named SMM-CAA), in the absence of xylose
and then diluted in the same medium to a final DO525 = 0.12.
0.1% xylose was added and the cultures were grown at 37°C
with shaking. At DO525 = 0.3, each culture was divided in two
and one half was kept at 37°C while the other was transferred
to 25°C. β-galactosidase specific activities were determined 4
hours after transferring the cells to the indicated temperatures,
as previously described (Mansilla and de Mendoza, 1997),
and were expressed in Miller units (Miller, 1972). To assay the
phosphatase activity of DesK variants, we used strain AKP20
(desK::km-Pkm-desR amyE::Pdes-lacZ) that exhibits consti-
tutive expression of Pdes, and hence high β-galactosidase
activity levels, due to DesR overexpression from the strong
constitutive kanamycin promoter (Pkm) and its phosphoryla-
tion from small phosphor-donors or other kinases (Aguilar
et al., 2001). Expression in AKP20 of WT DesK or of a DesK
variant that exhibits DesR∼P phosphatase activity leads to a
decrease in the β-galactosidase activity levels (Aguilar et al.,
2001; Albanesi et al., 2004). AKP20 transformed with pHPKS/
Pxyl-desKWT, pHPKS/Pxyl-desKDEST, pHPKS/Pxyl-desKSTA,
pHPKS/Pxyl-desKDHp-ABD or the pHPKS empty vector was
grown overnight at 37°C in SMM-CAA. Cells were collected
and diluted in SMM-CAA to a final DO525 = 0.12 either in the
presence or in the absence of 0.1% xylose and grown at 37°C
with shaking. β-galactosidase activities were determined 4
hours after dilution, as previously described (Mansilla and de
Mendoza, 1997). The specific activities were expressed in
Miller units (Miller, 1972).
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Protein expression and purification

The open reading frames coding for WT DesK and DesKSTA

were cloned into the NdeI and SalI sites of the pET22b
expression vector (NOVAGEN), and the resulting plasmids
were transformed into E. coli BL21 (DE3) cells. Cells express-
ing the his-tagged recombinant proteins were grown in LB
broth at 37°C with agitation to an OD600 = 0.8. The cultures
were then shifted to 18–20°C, and protein expression
was induced by addition of 0.2 mM isopropyl-β-D-1-
thiogalactopyranoside (IPTG). After 18 hours, cells were har-
vested and resuspended in lysis buffer (50 mM Tris-HCl pH 8,
300 mM NaCl and 1 mM PMSF). Cells suspension was incu-
bated for 30 minutes at 37°C with 1 mM lysozyme, and dis-
rupted with an Emulsiflex™ C3 homogenizer (AVESTIN). Cell
debris were separated by centrifugation at 12 000 g for 20
minutes, and the supernatant was recovered. The membrane
fraction was purified by centrifugation at 200 000 g for 2 h, the
pellet was resuspended in lysis buffer supplemented with
1 mM DTT and 0.2% Brij58 and incubated overnight at 4°C,
with mild agitation, for membrane solubilization. Unsolubilized
membranes were separated by centrifugation at 200 000 g,
and the supernatant was diluted fourfold in lysis buffer supple-
mented with 1 mM DTT. Protein purification was performed
with standard Ni+2 affinity chromatography using Ni-NTA
agarose resin (Qiagen) and then dialyzed against an excess
volume of 50 mM Tris-HCl pH 8, 200 mM NaCl, 1 mM PMSF,
0.2% Brij58 and 10% glycerol at 4°C. To determine protein
concentration, purified samples were loaded into 12% polia-
crilamide gels together with BSA standards ranging in quanti-
ties of 0.1 μg to 2 μg. Gels were stained with Coomassie
brilliant blue and densitometry of bands was measured with
ImageJ software. BSA standards were used to build the cali-
bration curve and protein sample concentrations were calcu-
lated by interpolation.

Proteoliposomes preparation

Liposomes were prepared as described previously (Martin
et al., 2009; Martin and de Mendoza, 2013). Briefly, 8 mg of
E. coli polar lipids (Avanti Polar Lipids, USA) were resus-
pended in 300 μl chloroform : methanol mix (2:1) and dried in
a nitrogen atmosphere. Complete drying was achieved by
heating at 65°C under vacuum for 2 hours. Large multilamellar
vesicles (LMVs) were generated by solubilizing lipids in 1 ml of
hydration buffer (20 mM Tris HCl pH 8, 250 mM sucrose and
100 mM K2SO4) during 1 hour with agitation. Large unilamellar
vesicles (LUVs) were obtained by submitting LMVs to 10
freeze–thaw cycles and extrusion through a 0.2 μm filter on an
Avanti® miniextruder at 65°C, with over 20 passes. For protein
integration, preformed LUVs were incubated 30 minutes
with Triton X-100 0.24% at room temperature. Pre-purified
proteins in Brij58 micelles were added at a molar ratio 1:800
(protein : lipids) and incubated for 1 hour at 4°C. Detergent
removal was achieved by adsorption to polystyrene beads
BioBeads® SM2 during 3 days at 4°C. To separate proteoli-
posomes of free proteins, a sucrose gradient ultracentrifuga-
tion was performed as described previously (Martin et al.,
2009). Proteoliposome samples were analyzed by SDS-PAGE
and protein quantification was performed as described in the
protein expression and purification section. Finally, proteoli-
posomes were used for biochemical characterization.

Biochemical characterization

All phosphorylation assays were carried out in reaction buffer
(50 mM Tris-HCl, pH 8, 200 mM NaCl, 1 mM DTT, 20% glyc-
erol, 50 mM KCl and 1 mM MgCl2). For the autokinase activity
assays, each protein was incubated in reaction buffer supple-
mented with 25 μMATP and 0.25 μCi μl−1 [γ-32P]ATP (NEN Life
Science Products) at 25°C or 37°C. Different time-points
aliquots were received in 5× sample buffer and subjected to
SDS-PAGE on 12% polyacrylamide gels. To test phosphatase
activity, purified GST-DesR was phosphorylated with
DesKC-P in reaction buffer, as previously described (Albanesi
et al., 2004). GST-DesR∼P was then re-purified with standard
GST affinity chromatography and incubated with DesK or
DesKSTA at equimolar concentrations. Different time-points
aliquots were withdrawn and received in 5× sample buffer. The
reactions were analyzed by 12% SDS-PAGE. In all cases, the
gels were dried and exposed for autoradiography. Bands
corresponding to phosphorylated proteins were quantified by
densitometry using the ImageJ software (National Institutes of
Health. Whasington DC. U.S.A.). As the amount of protein
integrated into the liposomes varies among different prepara-
tions, for comparative purposes, the activities were expressed
as arbitrary units of phosphorylated protein per μg of WT DesK
or DesKSTA used, as indicated in the Figures corresponding to
each assay.

Computational modeling and simulations

Systems were built by combining manual and scripting
operations in PyMOL, VMD and NAMD, based on X-ray
structures of DesKC H188V in PDB ID 3EHJ and H188E in
3GIE and considering the sequence-based topology predic-
tions. Amino acids were added toward the N-terminus of
each helix in each model following the corresponding amino
acid sequence and considering the geometry predicted by
the Coiled-coil Crick Parameterization tool (Crick, 1953b;
Grigoryan and Degrado, 2011). Every turn of both helices,
the growing segments were brought together through
restrained minimization steps employing AMBER99SB
(Hornak et al., 2006) descriptions of the protein in implicit
solvent. The final models were minimized in implicit solvent
with secondary structure restraints. Next, by employing the
CHARMM-GUI (Jo et al., 2007; 2008) server, each of the
three protein models was embedded in a DOPC or DEPC
membrane as predicted by OPM (Lomize et al., 2006a,b)
and hydrated with explicit water plus K+ and Cl− ions to
0.15 M concentration. Also inside CHARMM-GUI, the result-
ing systems were parameterized using CHARMM27 param-
eters for the protein, CHARMM36 parameters for lipids and
a TIP3P (Jorgensen et al., 1983) model for water. The pro-
tocol provided by the CHARMM-GUI server was used in the
NAMD program to equilibrate the systems up to 303.15 K
and 1 atm. Production simulations were then carried out
with NAMD too, using 2 fs time steps for integration and a
cut-off at 12 Å for non-bonded interactions with a switching
function from 10 to 12 Å and particle-mesh Ewald treatment
of electrostatics with a grid spacing of 1 Å.

For modeling MS-DesK in the phosphatase form, the
2-HCC observed for DesKC in PDB ID 3EHJ was extended
following the sequence of the minimal sensor and canonical
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coiled coil parameters, as done for TM5-DesKC. This model
relaxes in DOPC and DEPC membranes as described under
Results.

Upon modeling MS-DesK in the kinase state, we first point
out that the starting structure (DesKC in the autokinase-
competent state, PDB ID 3GIE) reveals no canonical 2-HCC
extending toward the membrane. Indeed, if its 4-HB is aligned
to that of the phosphatase form, the helices are found to
diverge toward the N-terminal side of the phosphorylatable
His188 drifting away from each other (Fig. S9) (Albanesi et al.,
2009). This separation is accompanied by their gradual rota-
tion around their own axes relative to the structure of the
phosphatase form, such that the first residues resolved in the
X-ray structures (around residue 156–165 of MS-DesK’s
sequence in Fig. S10) are rotated by 70–90° in the kinase form
relative to the phosphatase form (this is evidenced in Fig. S10
by rendering as sticks the charged residues of that segment,
which are well exposed in the phosphatase form but brought
together in the kinase form) (Albanesi et al., 2009). These
motions are consistent with current proposals explaining how
scissoring and helix tilting are coupled with rotational shifts
during HK sensing (Lemmin et al., 2013; Molnar et al., 2014).
By comparing the two DesKC structures, the helical rotations
bring the side-chains of polar and charged residues into the
interior of the coiled coil in the kinase form, opening it up by
separating both helices (Fig. 6A, Figs S6 and S10) (Albanesi
et al., 2009). However, the two helices should pair back in the
transmembrane portion so as to ‘zip’ their polar residues by
contacting each other and hide them from the hydrophobic
membrane portion, a key point stemming intuitively from phys-
icochemical principles but supported by a recent large-scale
analysis of soluble and transmembrane helix–helix interac-
tions (Deber and Ng, 2015; Zhang et al., 2015). Such a model
turns out to require stretched, nearly parallel helices, instead
of a coiled coil arrangement (Fig. S6B and D), and experi-
ences asymmetric distortions during relaxation, all of these
observations better described under Results.
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