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ABSTRACT

Thermosensors detect temperature changes and trigger cellular responses crucial for survival at different temperatures. The
thermosensor DesK is a transmembrane (TM) histidine kinase which detects a decrease in temperature through its TM segments
(TMS). Here, we address a key issue: how a physical stimulus such as temperature can be converted into a cellular response. We
show that the thickness of Bacillus lipid membranes varies with temperature and that such variations can be detected by DesK
with great precision. On the basis of genetic studies and measurements of in vitro activity of a DesK construct with a single TMS
(minimal sensor DesK [MS-DesK]), reconstituted in liposomes, we propose an interplay mechanism directed by a conserved
dyad, phenylalanine 8-lysine 10. This dyad is critical to anchor the only transmembrane segment of the MS-DesK construct to
the extracellular water-lipid interphase and is required for the transmembrane segment of MS-DesK to function as a caliper for
precise measurement of membrane thickness. The data suggest that positively charged lysine 10, which is located in the hydro-
phobic core of the membrane but is close to the water-lipid interface, pulls the transmembrane region toward the water phase to
localize its charge at the interface. Nevertheless, the hydrophobic residue phenylalanine 8, located at the N-terminal extreme of
the TMS, has a strong tendency to remain in the lipid phase, impairing access of lysine 10 to the water phase. The outcome of this
interplay is a fine-tuned sensitivity to membrane thickness that elicits conformational changes that favor different signaling
states of the protein.

IMPORTANCE

The ability to sense and respond to extracellular signals is essential for cell survival. One example is the cellular response to tem-
perature variation. How do cells “sense” temperature changes? It has been proposed that the bacterial thermosensor DesK acts
as a molecular caliper measuring membrane thickness variations that would occur as a consequence of temperature changes and
activates a pathway to restore membrane fluidity at low temperature. Here, we demonstrated that membrane thickness varia-
tions do occur at physiological temperatures by directly measuring Bacillus lipid membrane thickness. We also dissected the
N-terminal sensing motif of MS-DesK at the molecular-biophysical level and found that the dyad phenylalanine-lysine at the
water-lipid phase is critical for achievement of a fine-tuned sensitivity to temperature.

The ability to sense and respond to subtle variations in environ-
mental temperature is critical for all kingdoms of life. Temper-

ature changes modify protein activity directly but also indirectly,
by modifying biophysical properties of membrane lipids, thereby
affecting the activity of membrane-embedded or membrane-as-
sociated proteins and threatening the viability of the cell (1–3).

DesK is a transmembrane (TM) histidine kinase which, to-
gether with its cognate response regulator, DesR, operates in Ba-
cillus subtilis to maintain membrane fluidity at low temperature.
Upon cooling, DesK phosphorylates the response regulator DesR,
which induces transcription of the fatty acid desaturase �5-Des,
which is encoded by the des gene (4, 5). This DesK-dependent
introduction of unsaturated fatty acids into the bacterial mem-
brane enhances survival at low temperatures (Fig. 1) (6–8).

Experimental evidence indicates that the transmembrane do-
main of the protein is in charge of sensing temperature variations,
because a truncated version of DesK that lacks the TM region is
insensitive to temperature (9, 10). In addition, previous studies
demonstrated that DesK can be activated at high temperatures if
the fluidity of the plasma membrane is decreased by restricting the
incorporation of low-melting-point anteiso fatty acids, giving

support to the idea that DesK directly responds to a physical prop-
erty of the plasma membrane rather than to temperature itself (7).
How could the activity of DesK be regulated by a physical envi-
ronmental cue such as temperature? The five-pass transmem-
brane domain from DesK could be simplified into a minimal sen-
sor containing a single membrane-spanning segment (minimal
sensor DesK [MS-DesK]). In this construct, the first 17 residues of
the N-terminal domain of TM1 are peptidically linked to the last
14 residues of the C-terminal domain of TM5. To complete the
sensor, the catalytic cytoplasmic region is fused to the artificial
transmembrane segments (TMS). MS-DesK retains, in vivo and in
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vitro, the complete sensing and transmission properties of the in-
tact DesK protein (Fig. 1) (10). Given its simplicity, it was named
minimal sensor DesK (MS-DesK). A multidisciplinary approach
applied to this construct has identified hydrophilic motifs at each
end of the MS-DesK TMS that are involved in thermosensing by
DesK. It has been proposed that a lysine residue (K10) located
near the N terminus of the TMS and a serine zipper located at the
C terminus of the TMS, which is connected to the linker region at
the intracellular membrane-water interface, act together as a mo-
lecular caliper to detect changes in membrane thickness that occur
as a consequence of temperature variations (Fig. 1) (10–12). It has
been reported that the thickness of lipid bilayers formed by pure
synthetic phospholipids increases when temperature decreases
(13, 14). Our hypothesis is that Bacillus membrane lipids behave
in a similar way such that the membrane thickens at low temper-
ature and K10 buries deeper into the hydrophobic core of the
membrane, an energetically unfavorable situation that results in a
kinase-activated state (10). This proposal is supported by several

lines of genetic evidence. For example, a mutation that introduces
an extra lysine deeper inside the transmembrane domain (MS-
DesK variant L11K) results in constitutive activation of the des
gene regardless of temperature. This is probably because— even at
higher temperature, when the membrane is thinner—a lysine at
position 11 cannot hydrate at the water-lipid interphase and
therefore continues pulling the TMS outward. In contrast, if lysine
10 is replaced by leucine (K10L), a hydrophobic residue, des tran-
scriptional activity is null. A likely explanation is that this mutant
protein lacks the driving force that pulls the N terminus of the
TMS to the water phase. The replacement of lysine by leucine
elongates the hydrophobic stretch of the TMS, which can easily
match the increase in membrane thickness upon a temperature
downshift (10). These studies have suggested that regulation of
DesK is modulated by the position of K10 with respect to the
water-lipid interphase and that the activity therefore depends on
changes in membrane thickness. This straightforward hypothesis
requires the support of biochemical and biophysical experiments.

FIG 1 Cold detection in B. subtilis. (A) The histidine kinase DesK (five TM-spanning segments) and the synthetic MS-DesK protein localize at the lipid bilayer.
At low temperature (25°C), the level of order in the structures of the acyl chains of lipids increases, promoting a kinase-active state. DesK autophosphorylates and
transfers the phosphoryl group to Asp54 of the DesR dimeric response regulator (two gray circles), inducing a conformational change that results in exposure of
the helix-turn-helix (HTH)–DNA-binding domain. Two dimers of phosphorylated DesR bind two adjacent, nonidentical binding sites within the des promoter
(40), leading to recruitment of the RNA polymerase to activate expression of the desaturase gene. (B) At higher temperature (37°C), the disordered lipids favor
the phosphatase-active state of DesK, leading to dephosphorylation of phospho-DesR; thus, des transcription is turned off. The dyad Phe8-Lys10 and the serine
zipper are highlighted in the insets to show their locations at the water-lipid interphase. (C) Sequence of the functional synthetic TMS of minimal sensor DesK
and the nonfunctional TM1 and TM5. (D) DesK and MS kinase activities at 25°C and 37°C. MU, Miller units. (Adapted from reference 10 with permission of the
publisher.)
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In this study, small-angle X-ray scattering (SAXS) assays were per-
formed to measure variations in the membrane thickness of B.
subtilis lipid samples to test our hypothesis that the temperature-
dependent change in membrane thickness is sensed by the MS-
DesK. We also developed a reconstitution protocol to integrate
the MS-DesK construct, as well as several of its variants, into pro-
teoliposomes in order to characterize them biochemically. This
procedure enabled us to directly correlate the in vitro assays with
in vivo measurements, which utilize a reporter gene, the gene en-
coding �-galactosidase. The present work validates the use of in
vivo �-galactosidase assays as a simple and reliable method to
study the DesK signaling pathway. Mutational studies of the N
terminus of the TMS suggest that lysine 10 works together with
phenylalanine 8 to anchor the TMS at the external water-lipid
phase, which is key to achieving a fine-tuned sensitivity to mem-
brane thickness variations.

The molecular-caliper mechanism proposed here for DesK
thermosensing extends the conceptual framework suggesting that
ruler-like mechanisms control different processes in nature, such
as the length of very-long-chain fatty acids (VLCFAs) (15), the
needle length of type III secretion machines (16), and the length of
the bacteriophage lambda tail (17).

MATERIALS AND METHODS
Lipid purification and SAXS measurements. Bacillus subtilis wild-type
cells were grown at 37°C to an optical density (OD) of 0.8. Cells were
harvested and lipids were prepared following the method of Bligh and
Dyer (18). Lipids were hydrated in 10 mM HEPES–145 mM NaCl (pH 8).
The resulting suspensions of large multilamellar vesicles were disrupted
by 10 freeze-thaw cycles. For unilamellar liposome generation, lipid dis-
persions were extruded 20 times through a Whatman polycarbonate filter
(100-nm pore size) using a hand-held extrusion device (Avanti).

The SAXS assays were performed at the SAXS2 beamline at the Brazil-
ian Synchrotron Light Laboratory (LNLS) at Campinas, Brazil. Data were
collected by a MarCCD detector system and radially integrated using
FIT2D V 12.077 from Andy Hammersley at the European Synchrotron
Radiation Facility (ESRF). The data were fitted to the commonly used
three-layer model, in which the three layers represent (i) the end methyl
group of the acyl chains (low electron density), (ii) the central core of the
acyl chains (medium electron density), and (iii) the head groups (high
electron density). This method allows estimation of lengths perpendicular
to the membrane, electron density, and roughness for each slab (19, 20).
The roughness or smearing at each slab interface, thickness, and electron
density were fitted with starting values for diacylphosphyatidylglycerol
(19), which is the major lipid of the ensemble. Hydrophobic thickness was
calculated from the addition of the thicknesses from layers corresponding
to the methyl and core acyl-chain layers. The absence of diffraction peaks
in the raw SAXS data indicates that the membranes are unilamellar.

We found that the thermal-expansion coefficient—which measures
the fractional increment in thickness (�L/liter per Celsius degree) was 3.1
10�3 K�1, which is in the range of common values for lipid membranes
(13).

Plasmid and strain constructions. The MS-desK gene and its variants
were PCR amplified from plasmid TM1/5-DesKCpHPKS (10). To purify
MS-DesK variants, mutations were introduced using the overlap PCR
method and amplicons cloned into the NdeI-SalI sites of expression vec-
tor pET22 (Novagen), which places the coding regions under the control
of the T7 promoter, including a His6 tag at the C terminus. The resulting
plasmids were used to transform BL21 cells for protein overexpression.
QuikChange mutagenesis (Stratagene) was performed using plasmid
pHPKS-MS (10) to introduce the mutations (single mutations K10E,
K10R, F8A, F8L, and F8W and double mutations K10L-F8A and F8A-
L11K). The resulting plasmids were used to transform CM21 B. subtilis

cells (4, 9). This strain lacks DesK and contains a transcriptional fusion
between the �-galactosidase reporter gene and the promoter of the des
gene that is upregulated by DesK-DesR at low temperature to allow mon-
itoring of DesK activity. To induce the expression of DesK variants, 0.1%
xylose was added to the growth medium.

All mutations were confirmed by DNA sequence analysis. Descrip-
tions of the oligonucleotides used for mutagenesis, strains, full sequences,
and detailed construction methods are available upon request.

Bacterial strains and growth conditions. For �-galactosidase mea-
surements, the B. subtilis JH642- CM21 cells complemented with plas-
mids encoding MS-DesK variants were grown at 25°C or 37°C, with 250-
rpm gyration in Spizizen salts supplemented with 0.1% glycerol, a 50
�g/ml concentration of tryptophan and a 50 �g/ml concentration of phe-
nylalanine, 0.05% Casamino Acids, and trace elements (21, 22). The re-
sults shown represent averages from three independent assays for �-ga-
lactosidase activity and correspond to 4 h after the shift from 37°C to 25°C.
Standard deviations were calculated from the results of at least three in-
dependent experiments performed in duplicate. They are represented by
error bars (see Fig. 5).

Protein overexpression and purification. Protein overexpression and
purification were performed following the Studier method for autoinduc-
tion of protein expression in the T7 system (23). The pelleted cells were
resuspended in TNP buffer (50 mM Tris [pH 8], 200 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride) supplemented with 20 mM imidazole and
a mixture of solubilizing detergents (Triton X-100 and Brij 58 [both at
0.5%]) in order to get mixed lipid-protein-detergent micelles. After a
treatment with lysozyme at 1 mg/ml, cells were disrupted by sonication
and then centrifuged at 37,000 � g for 15 min. MS-DesK was purified
from the supernatant by affinity chromatography using a Ni2�-nitri-
lotriacetic acid-agarose resin (Qiagen). The His6-tagged MS-DesK
eluted mainly at 500 mM imidazole and was dialyzed against a mixture
containing 50 mM Tris (pH 8), 200 mM NaCl, 10% glycerol, and 1 mM
dithiothreitol. The MS-DesK protein concentration was determined
by densitometry. The His6-tagged cytoplasmic domain of DesK (His6-
DesKC) and fusion protein DesR– glutathione S-transferase (DesR-
GST) were overexpressed in Escherichia coli and purified as previously
described (9).

Preparations of preformed liposomes and reconstitution of mem-
brane proteins. To obtain small unilamellar vesicles, 8-mg amounts of
lipids (E. coli polar lipids from Avanti) were hydrated and subjected to
vortex mixing in hydration buffer (20 mM Tris-HCl [pH 8], 250 mM
sucrose, 100 mM K2SO4). Unilamellar liposomes were prepared as de-
scribed above.

To disrupt the ordered structure of the liposomes, 0.24% Triton X-100
was added to the preformed liposomes and the mixture was incubated for
20 min with continuous stirring at 25°C. Purified MS-DesK was added to
the destabilized liposomes (80/1 [wt/wt] lipid-to-protein ratio) and incu-
bated with continuous stirring for 1 h at 4°C. The detergent was removed
by incubating the sample three times with SM2 Bio-Beads (Bio-Rad) us-
ing gentle agitation for 8 to 12 h at 4°C.

Proteoliposome purification step. To separate MS-DesK-containing
proteoliposomes from free liposomes, sucrose gradient ultracentrifuga-
tion was performed. The supernatant collected from the Bio-Beads treat-
ment (1 ml) was placed on the bottom of a step sucrose gradient (1.6, 1.2,
and 0.2 M sucrose) and centrifuged overnight at 30,000 rpm in a SW40
rotor at 4°C. After centrifugation, the proteoliposome band, which floated
on top of the gradient, was harvested, washed with 30 mM Tris–HCl (pH
8.0), and ultracentrifuged in a Ti90 rotor at 45,000 rpm for 1 h at 4°C.
Finally, proteoliposomes containing MS-DesK were resuspended in 200
�l of hydration buffer containing 10% glycerol–1 mM dithiothreitol
(DTT). The protein concentration was determined by the Lowry assay,
and the quality of the sample and efficiency of protein integration were
determined by SDS-PAGE followed by Western blotting using anti-His
antibodies (Qiagen) and anti-DesKC antibodies. The amount of protein
integrated into liposomes was determined by staining SDS-PAGE gels
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with Coomassie blue followed by densitometry. This quantification allows
loading equal amounts of proteins regardless of variations in the efficiency
of protein integration.

In vitro phosphorylation, phosphotransfer, and dephosphorylation
assays. These reactions were performed essentially as previously described
(24). Briefly, for the autokinase assay, proteoliposomes containing 0.3 mg
of MS-DesK protein were incubated at 25°C or 37°C with radioactive ATP
(50 mM Tris-HCl [pH 8], 200 mM NaCl, 1 mM dithiothreitol, 20% [vol/
vol] glycerol, 50 mM KCl, 1 mM MgCl2, 25 mM ATP, 0.25 mCi/ml [	-
32P]ATP); at different times, aliquots were removed and subjected to SDS-
PAGE on 12% polyacrylamide gels.

To purify phosphorylated GST-DesR (GST-DesR-P), GST-DesR was
bound to glutathione-agarose resin for 1 h at 4°C. Autophosphorylated
DesKC was added to the column containing GST-DesR to allow the phos-
phor transfer from DesKC-P to GST-DesR. The reaction was stopped by
the addition of 10 mM EDTA. The column was washed with reaction
buffer, and GST-DesR-P was eluted with glutathione. Purified GST-
DesR-P was immediately used for stability or phosphatase assays. For
evaluation of GST-DesR-P stability, aliquots were taken at various time
points, and the reaction was stopped with 5� SDS-PAGE loading buffer
containing 50 mM EDTA and subjected to SDS-PAGE on 12% polyacryl-
amide gels. To test phosphatase activity, GST-DesR-P was mixed with
proteoliposomes containing DesK variants. Samples were withdrawn at
various time points, and the reaction was stopped as described above. The
radioactivity of phosphorylated proteins in gels was visualized using a
Typhoon 9200 PhosphorImager screen (STORM840; GE Healthcare) and
quantified using ImageQuant software (version 5.2). The values obtained
were expressed as percentages of total GST-DesR protein. Coomassie blue
loading controls were run to confirm the amount of protein loaded in
each lane.

Protocol for ADP-Glo kinase assay. The kinase activity of each DesK
variant reconstituted in liposomes was measured using the ADP-Glo ki-
nase assay following the protocol described by the provider (Pro-
mega).The advantage of this method is that it allows performing precise
measurements in a very short time by quantifying the amount of ADP
produced during the kinase reaction. It requires only a small amount of
sample and can be performed at high substrate concentrations (up to 1
mM ATP) so that the maximum catalytic velocity can be measured. All
results shown are representative of at least three independent experi-
ments.

RESULTS
Determination of B. subtilis membrane thickness as a function
of temperature. In order to test whether variations in membrane
thickness occur in Bacillus lipid membranes when temperature
changes within the physiological range, we measured membrane
thickness in the range of 20 to 40°C, by using small-angle X-ray
scattering (SAXS). B. subtilis lipids were purified from cells grown
at 37°C, and unilamellar liposomes were prepared using the pro-
tocol described in Materials and Methods. The calculated SAXS
curves are similar because the structure of the bilayered mem-
brane is maintained at different temperatures. Nevertheless, the
widening of the curves and the consequent shift to higher q values
for q 
 �2 nm�1 indicates a thinning of the membrane upon
heating (19, 20). This analysis showed that when Bacillus mem-
branes are cooled from 37 to 25°C, the hydrophobic thickness
increases by 1 Å. This result supports our hypothesis that the
thickness of Bacillus membrane is modulated in a temperature-
dependent manner in the physiological range (Fig. 2).

Reconstitution of MS-DesK into liposomes and functional
characterization. To analyze the biochemical behavior of the sin-
gle TMS MS-DesK, it was first expressed as a His-tagged protein in
E. coli BL21 cells and purified in the presence of the detergent Brij

58. Upon solubilization in this detergent, the protein maintained
kinase activity, but the activity was temperature independent (Fig.
3A). Therefore, to study thermoregulation and to directly corre-
late the effect of point mutations with the activity of the protein,
we developed a method to reconstitute MS-DesK protein in lipid
bilayers (see Materials and Methods). To confirm that the protein
was inserted into liposomes and not simply associated with the
membrane, ultracentrifugation was performed in the presence of
0.5 M KCl. Figure 3B shows that MS-DesK was indeed integrated
into the phospholipid vesicles rather than simply associated with
the surface of the vesicles by electrostatic interaction, because a
high salt concentration did not dissociate the protein from the
liposomes (25, 26). MS-DesK kinase activity was assayed to
investigate whether MS-DesK embedded into a lipid bilayer
was able to efficiently sense and respond to a temperature
downshift. MS-DesK reconstituted in liposomes was incubated
in the presence of [	-32P]ATP at 25°C and 37°C, and the levels
of autophosphorylation were measured at different time
points. As shown in Fig. 3C and D, MS-DesK was highly phos-
phorylated at 25°C. However, when the autokinase activity was
assayed at 37°C, the rate of autophosphorylation was very low.
Taken together, these results indicate that the in vitro autoki-
nase activity of MS-DesK can be triggered by a decrease in
temperature and that MS-DesK must be associated with a lipid
bilayer for regulation of its activity.

We also analyzed whether MS-DesK reconstituted in lipo-
somes retained the antagonistic phosphatase activity of full-length
DesK (25). The purified response regulator DesR, tagged with
GST (DesR-GST), was therefore phosphorylated using DesKC-
His in a GST column. After elution of DesR-P-GST with glutathi-
one, its stability was checked for 30 min, and no loss of radioac-
tivity was observed (25).

Upon addition of MS-DesK incorporated into liposomes,
DesR-P was actively dephosphorylated (Fig. 3E). Thus, the MS-

FIG 2 Bacillus membranes are thicker at lower temperature. Bacillus cells were
grown at 37°C to an OD of 1, and lipids were extracted using the method of
Bligh and Dyer (18). Liposomes prepared with these lipids were used to deter-
mine the total hydrophobic thickness (inset) across the bilayer by modeling the
small-angle X-ray scattering raw data in the main graph as a function of tem-
perature. The subtle shift of the curves upon heating indicates the change of the
thickness of the membrane. The associated coefficient for thermal expansion
perpendicular to the membrane (��) was found to be �3.1 � 10�3 K�1, a
value expected for bilayer membranes (13). The negative sign reflects the thin-
ning of the membrane that occurs upon heating. Hydrophobic thickness
changes about 1 Å over the physiological range studied (25 to 37°C). a.u.,
arbitrary units.
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DesK proteoliposomes displayed both autokinase and DesR-P
phosphatase activities, a behavior already observed in the full-
length DesK protein (24).

The reconstitution method using detergent-destabilized lipo-
somes for MS-DesK, which we report here for the first time, thus
can be used to measure both kinase and phosphatase activities in
response to the natural stimulus.

The role of K10 in controlling the activity of MS-DesK in
vitro. The role of K10 in signaling has been demonstrated geneti-
cally by showing that substitutions at this residue modify the levels
of expression of the pdes-lacZ reporter gene (10). To confirm this
finding, and to directly correlate the effect of point mutations with
the activity of the protein, we analyzed the autokinase activity of
MS-DesK variants reconstituted in liposomes. We cloned, ex-
pressed, and reconstituted into liposomes the two MS-DesK vari-
ants described above: (i) MS-K10L, in which K10 was replaced by
Leu, and (ii) MS-L11K, which contains an extra lysine at the N
terminus of the MS-DesK TMS. These two variants were shown to
have decreased and increased kinase activity, respectively, in the in
vivo reporter assay (Fig. 4A and B) (10).

To compare the kinetics of these variants, and to determine
whether the widely used reporter system correlates with the in
vitro assays, the kinase activity of different proteoliposomes was

measured with the ADP-Glo kinase assay, an accurate lumines-
cent assay for the detection of ADP that allows rapid kinetic mea-
surements (Fig. 4C and D). Using this assay, we found that the in
vitro kinase activity of MS-K10L is greatly diminished compared
to that of MS-DesK, giving support to the idea that K10 is critical
for the kinase-active conformation of the protein. In contrast, the
kinase activity of MS-L11K was shown to be considerably higher
than that of MS-DesK, showing that another positively charged
residue in the hydrophobic region of the TMS strengthens the
driving force that favors kinase activity.

Because DesK can adopt two opposing activities (kinase and
phosphatase), we speculated that MS-DesK variants whose kinase
activity is reduced would have increased phosphatase activity.
To test this idea, the phosphatase activities of the MS-DesK
variants were compared by the use of the in vitro assay used
with MS-DesK. We found that the phosphatase activity of MS-
L11K was diminished, confirming that this variant is locked in
the kinase-dominant state, regardless of temperature. In con-
trast, mutant MS-K10L had higher phosphatase activity than
MS-DesK (Fig. 4E to G). The results of the in vitro experiments
thus lend support to our reporter system approach, confirming
that, in our system, �-galactosidase activities correlate well
with in vitro kinase activities.

FIG 3 MS-DesK reconstituted in liposomes displays autokinase and phosphatase activities. (A) The autokinase activity of detergent-dissolved MS-DesK is not
regulated by temperature. MS-DesK solubilized in 0.5% Brij 58 was incubated with [	-32P]ATP at either 25 or 37°C, and the autokinase activity was analyzed at
different interval points by SDS-PAGE followed by autoradiography. (B) DesK is integrated into liposomes. Proteoliposomes were purified by a sucrose gradient
centrifugation in the absence (–) or presence (�) of 0.5 M KCl and later analyzed by Western blotting using anti-His antibodies. (C) MS-DesK integrated into
liposomes was incubated with [	-32P]ATP at either 25 or 37°C, and the autokinase activity was measured by taking samples at different time points. The
autokinase activity of proteoliposomes is regulated by temperature, showing that MS-DesK must be integrated into a lipid bilayer to be thermoregulated. (D)
Quantification of the MS-DesK kinase activity shown in panel C by the use of Image Quant software (version 5.2). AU, arbitrary units. (E) MS-DesK phosphatase
activity. Proteoliposomes containing MS-DesKC were incubated at 37°C with purified DesR-P. The dephosphorylation reactions were analyzed by SDS-PAGE
followed by autoradiography. (F) The total amount of DesR-P (expressed in arbitrary units) present in each well was determined by densitometry as described
for panel D; the total labeling of DesR-P at the beginning of the reaction (0 min) was considered 100%. The graph shows the percentage of DesR-P protein (prot)
remaining as a function of time.
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Why is K10 critical for DesK activity? It has been previously
shown that the single substitution K10L, which replaces a posi-
tively charged residue that possesses snorkeling properties with a
typical hydrophobic amino acid, results in complete loss of kinase
activity (10). Which physicochemical property of lysine is respon-
sible for conferring the temperature-sensing ability? Can any
charged residue replace lysine at position 10? K10 was replaced by
glutamate, which is hydrophilic but with the opposite charge, or
by arginine, which is hydrophilic, keeps the positive charge, and
retains the snorkeling capability. MS-DesK mutants were cloned
in plasmid pHPKS and introduced into strain CM21 (lacking
DesK), which allowed measurement of the activation of DesK us-
ing the activity of the �-galactosidase reporter gene (Fig. 5) (9, 10).
MS-K10E showed diminished kinase activity (Fig. 5), whereas the
K10R replacement did not significantly affect activation of the
sensor (Fig. 5). This result suggests that the positive charge and
the snorkeling ability of the lateral chain of residue 10 play critical
roles in DesK sensing.

What is the role of the hydrophobic F8 residue? Phenylala-

nine 8, located at the N-terminal end of the TMS, could also play
a role in the DesK sensing mechanism. Due to its location on top
of K10 (inset in Fig. 1A) and strong preference for the lipid phase,
F8 could serve as a lock by hampering neutralization of K10 by
decreasing its exposure to the aqueous phase. We thus constructed
mutant F8A and analyzed its sensing ability. MS-DesK F8A
showed very low kinase activity, suggesting that K10 can be neu-
tralized in the absence of phenylalanine 8, regardless of tempera-
ture, thereby losing the force that pulls K10 toward the water lipid
interface and therefore leads to a kinase-off state. To confirm this
hypothesis, we performed combinatorial mutagenesis of K10 and
F8. The double mutant F8A-K10L showed null kinase activity at
both temperatures, as expected, since both the pulling driving
force and the hydrophobic restoring force were eliminated, de-
stroying the whole thermosensing mechanism (Fig. 5). In con-
trast, double mutant F8A-L11K MS-DesK showed kinase-biased
activation (Fig. 5). A likely explanation is that this protein, which
has tandem lysine residues (K10 and K11), had duplicated the
pulling force. In addition, this double mutant has a shorter hydro-

FIG 4 Activity of MS-DesK mutants. (A) Sequences of the N terminus of MS-DesK variants, with point mutations that eliminate (K10L) or duplicate (L11K) the
positive charge. WT, wild type. (B) Cells expressing MS-DesK variants were grown at 37°C and transferred to 25°C at an OD at 525 nm (OD525) of 0.3.
�-Galactosidase activity was assayed every hour in independent triplicates. The data shown are expressed as averages of the results from three independent
experiments and correspond to 4 h after the cold shock; error bars represent the standard deviations for each experimental repetition (10). (C) Proteoliposomes
containing MS-DesK or its variants were incubated with [	-32P]ATP at 25°C, and the autokinase activity was determined using an ADP-Glo kinase assay. The
total amount of each MS-DesK variant was determined by densitometry; equal amounts of protein were used for each reaction. (D) The corresponding relative
initial velocities were calculated from the slopes of the curves shown in panel C and compared, considering MS-DesK as 100%. (E and F) The phosphatase activity
of MS-DesK variants was determined as described for Fig. 3E. (G) Relative initial velocities were calculated from the slope of the curves shown in panel F, taking
the activity of MS-DesK as 100%.
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phobic transmembrane segment due to the L11K replacement
while also losing the restoring force provided by F8. The outcome
is a strong pulling of the TMS toward the extracellular water-lipid
interface, regardless of temperature. To evaluate whether phenyl-
alanine at position 8 is essential or if another aromatic or hydro-
phobic residue suffices, phenylalanine 8 was replaced by either
leucine or tryptophan. The F8L replacement decreased the levels
of kinase activity at 25°C, but temperature regulation was main-
tained (Fig. 5). In contrast, the F8W replacement led to a fully
active kinase in a manner that was independent of temperature,
suggesting that tryptophan may also pull the TMS toward the
water-lipid phase because of its known strong preference for this
region (Fig. 5) (27).

DISCUSSION

In previous work, we demonstrated that the MS-DesK construct
and intact full-length DesK exhibit increased kinase activity when
reconstituted into vesicles containing longer acyl chains (10, 28).
Thus, we suggested that DesK is activated by an increase in mem-
brane thickness when the growth temperature drops (10). Here,
we confirmed this hypothesis by directly demonstrating that the
thickness of purified lipids from B. subtilis increases when the
temperature is decreased, as determined with SAXS analysis (Fig.
2). Considering that, in an alpha helical structure, each amino acid
contributes 1.5 Å to the length of the peptide backbone, the incre-
mental increase of 1.0 Å in thickness seen when the cells were
shifted to cold temperature is compatible with temperature-inde-
pendent activation of mutant L11K, in which lysine is introduced
one position deeper into the hydrophobic core. SAXS measure-
ments confirm our hypothesis and give support to the idea of a
molecular-caliper system that is very sensitive to small changes in
membrane thickness. In real membranes, in the presence of mem-

brane-spanning proteins, the extent of the thickness variation may
change. Nevertheless, our results allow us to propose that temper-
ature variations, which constitute the physical signal, are sensed
through subtle modifications of lipid properties that result in vari-
ations in membrane thickness. We propose that conversion of a
physical stimulus into a hydrophobic mismatch represents the
basis of DesK thermosensing. It is tempting to speculate that tem-
perature-associated changes in bilayer thickness drive conforma-
tional changes by subtly altering the relative free energies of each
signaling state to overcome the barrier in free energy between the
conformations of the kinase-active and phosphatase-active forms
of DesK. Conversion of physical stimulus into an intracellular
chemical response has been a matter of intense interest for a long
time. However, for most systems, the molecular mechanisms of
signal transduction across the membrane have not been eluci-
dated. Historically, most studies of two-component systems have
been based on the output of transcriptional reporters. However,
transcription measurements may not precisely report the actual
activation/inactivation of the kinase, the first component of the
signaling cascade, and may be obscured by downstream factors,
such as saturated binding of response regulators to promoters.
Thus, direct measurement of in vitro kinase activity is required
when the focus of a study is signal recognition, and it is a necessary
method for validation of reporter assays to avoid potential misin-
terpretations. Until now, the attempts to study DesK signal trans-
duction in vitro have been hampered by the difficulties common
to most studies of integral membrane proteins involving overex-
pression, solubilization, and integration of the protein into lipo-
somes in a functional form. Although an in vitro strategy for lipo-
some-assisted cell-free synthesis of full-length DesK has been
published (25), this technique has the substantial drawback of
high cost. The reconstitution technique used in this work (Fig. 3)
is based on conventional purification of His-tagged proteins from
bacterial extracts and reconstitution in detergent-destabilized li-
posomes. The proteoliposomes produced with this technique are
pure and functionally active and show high levels of protein inte-
gration (60% efficiency). This simple and inexpensive method for
reconstitution of the MS-DesK transmembrane sensor opened the
way for the first time for determination, in molecular detail, of
how the TM segments of a signaling protein act as sensors and how
they are able to transmit information to the cytoplasmic portion
of the receptor. The finding that MS-DesK retains its function
when reconstituted into pure vesicles reveals that no other protein
components other than a single TMS are involved in either sens-
ing or signaling. We are aware that the signaling process could be
more complex in full-length DesK, which has 5 TMS. However,
our minimalistic approach affords a model system by which to
understand the biophysical basis of thermosensing that can also be
of interest in bioengineering. The dyad F8-K10 is key to the ther-
mosensing mechanism. The physicochemical properties of lysine
and the position of K10 inside the hydrophobic core of the mem-
brane, yet close to the water-lipid interface, make the TMS sensi-
tive to variations in membrane thickness. K10 provides the driving
force for the conformational changes that occur when tempera-
ture decreases because lysine is hydrophilic and pulls toward the
water phase. Both its positive charge and its snorkeling properties
contribute to the function of K10. Its dyad partner, phenylala-
nine 8, is a large hydrophobic residue that localizes within the
lipid phase but is closer to the water phase than lysine 10 and
therefore functions as a “greasy cap” (Fig. 1A). We propose that

FIG 5 The dyad F8-K10 is critical for determining the signaling state of MS-
DesK. Different MS-DesK variants with mutations in the dyad F8-K10 were
analyzed for in vivo activity. The conservative replacement K10R does not
eliminate thermoregulation of MS-DesK activity; however, the replacement of
K10L and K10E abolished high kinase activity at low temperatures, suggesting
that a positive charge is required at position 10. The conservative replacement
F8L also maintains regulation, as expected, because leucine and phenylalanine
have the same hydrophobic profile. F8A behaves much like K10E, probably
because of the loss of hydrophobicity at residue 8. F8W is constitutively active
due to the strong preference of Trp for the water-lipid interphase. The double
mutant F8A-K10L lacks kinase activity, since both components of the thermo-
sensitive dyad are eliminated. The double mutant F8A-L11K is also constitu-
tively active; since the presence of an extra lysine residue located deeper (1.5 Å)
inside the membrane exerts an outward pull on the TMS even at higher tem-
peratures, when the membrane is thinner. �-Galactosidase activity was deter-
mined as described for Fig. 4B.
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the interplay of these two residues imposes a positioning of the
helix such that phenylalanine is buried in the hydrophobic core
and the epsilon amino group of K10 can reach the aqueous/
lipid interface. If a nonconservative replacement is made at
either of the two residues of the dyad, the ability to respond to
changes in temperature is lost. That K10E lacks kinase activity
(Fig. 5) is probably a consequence of the fact the negatively
charged side-chain carboxyl of the glutamyl residue is repelled
by the phosphate groups of lipids. However, because the pro-
ton concentration is higher at the interface of negatively
charged membranes (29), it is possible that a glutamyl residue
gets protonated—and a neutralized glutamate simply does not
pull. The K10R replacement (Fig. 5) results in a partially active
enzyme. It has been demonstrated that the guanidinium group
of arginine and the ammonium group of lysine both interact
strongly with phosphate head groups (30). The efficacy of ar-
ginine at position 10 supports the idea that the driving force of
basic residues being pulled to the lipid-water interface, where
the negatively charged phosphate groups are located, is critical
for activation of DesK. The fact that the K10R replacement
leads to slightly lower DesK activity could be because the ener-
getic cost required to bury arginine in the lipid phase, which
has a diffuse positive charge on the guanidinium group, is less
than the cost of burying the more focused charge in an amino
group of lysine (31), such that arginine may not pull the TMS
helix of MS-DesK outward as strongly as lysine does.

The F8A variant does not respond to temperature (Fig. 5).
Alanine has a small hydrophobic side chain, and therefore its
hydrophobicity is very low and is comparable to those of histi-
dine and serine in the experimentally determined Wimley-
White scale—a free-energy scale for measuring amino acid par-
titioning at the interphases of lipid bilayers (32). The F8A
replacement results in a loss of the greasy cap and may allow
hydration of lysine 10. In this variant, the pull of F8 toward the
hydrophobic core is lost, which may result in a change of po-
sition or tilt of the TMS.

The F8L variant responds to temperature (Fig. 5). This result is
expected because leucine and phenylalanine are hydrophobic and
localize at closely spaced positions in the Wimley-White scale. The
replacement F8L lowers the activity, probably because leucine is
less hydrophobic than phenylalanine (32). In contrast, a trypto-
phan at position 8 (F8W) strongly activates the kinase conforma-
tion of DesK at both temperatures. This effect can be explained
by considering that tryptophan has the highest energy in the
Wimley-White hydrophobicity scale because of its strong pref-
erence for the aqueous/lipid interface. The tryptophan side
chain localizes at the interface because of the amphipathic
character of the indole group, which directs its polar nitrogen
toward the interphase to hydrogen bond with carbonyl groups
of the ester linkages of the fatty acid chains of the phospholip-
ids whereas the aromatic ring of indole embeds in the mem-
brane core (33). This interplay results in robust localization of
Trp at the water-lipid interface, as has been determined by
nuclear magnetic resonance (NMR) measurements (27). In
contrast, the Phe side chain can enter deeper into the hydro-
phobic core of the membrane because it is apolar. This explains
why the presence of Trp at position 8 in MS-DesK results in a
strong pulling of the TMS helix upward, which triggers the
activation of DesK at all temperatures.

The analysis confirms that phenylalanine works as a greasy

cap, hampering hydration of lysine 10. The hierarchy of hydro-
phobicity of the amino acids employed in this study is
alanine
leucine
phenylalanine
tryptophan in the Wimley-
White scale, suggesting that the higher the hydrophobicity of
the residue at position 8 is, the higher the activity of MS-DesK.

Interestingly, similarly to the DesK mechanism, the piston-like
movement involved in activation of the aspartate chemoreceptor
has been shown to be susceptible to the position of transmem-
brane residues, such as phenylalanine, tryptophan, and arginine,
located at the water-lipid interphase. Substitutions that result in
pulling the TMS toward the periplasm activate the receptor, while
substitutions that pull the TMS toward the cytoplasm inactivate it
(34, 35).

We propose the following model for MS-DesK thermosens-
ing. At high temperature, the membrane is thin and hydrated
(36). The epsilon amino group of K10 reaches the aqueous
phase, and F8 is buried in the hydrophobic core of the mem-
brane. The TMS would adopt a more “relaxed,” tilted confor-
mation which would correspond to the phosphatase state. At
low temperature, the membrane thickens, and K10 would be
located in a more hydrophobic environment. This is energeti-
cally expensive, but because F8 hampers hydration of K10, the
lateral chain of K10 can snorkel to the hydrophilic aqueous
phase, pulling the whole transmembrane helix outward. Serine
residues located at the C terminus of the TMS penetrate deeper
into the hydrophobic core of the membrane, which results in
dehydration and repositioning of these residues to establish
H-bonds with homologous serine residues on the other mono-
mer (12). The pulling force of K10 triggered by the thickening
of the membrane at low temperatures promotes the incorpo-
ration of an extra helical turn at the C terminus of the TMS
(11). We propose that this reorganization involves a rotation of
both the TMS and the contiguous cytoplasmic coiled-coil,
which in turn results in a kinase-competent state (36). Our
model fits well with the conformational changes proposed by
Saita et al. (37), who suggested that interconversion of DesK
between its two functional states implies a rotation of the TMS
and the contiguous cytoplasmic coiled-coil, although their
model invokes a different a different dimer interface. Similar
rearrangements in response to changes in membrane thickness
were found for the M13 coat protein: upon decreasing the
membrane thickness, the only TMS of the protein increases its
tilt angle and rotates to optimize hydrophobic interactions of
phenylalanine residues and electrostatic interactions of lysine
residues (38, 39). In summary, our results suggest that dyads of
charged and aromatic residues, which are widespread at the
water-lipid interfaces of TM �-helices of transmembrane ki-
nases, receptors, channels, and transporters, can play impor-
tant roles in modulating transitions among signaling and con-
formational states.
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