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1. Cell membrane architecture
Marvel and wonder about the universe and the life within is immemorial and may 
underlie our continuous quest of understanding the world around us. Contributions 
to our understanding of nature were made all throughout human history. The devel-
opment of mathematics, philosophy and astronomy dates back to the ancient civi-
lizations of Greece, Egypt, Mesopotamia, the Indus valley, China and the Mayans. 
During the European Renaissance, scientists gradually changed traditional methods 
and proclaim their faith in logic as a measure of all things [1-3]. The drive of artists 
and scientists alike to display matters as they are – contrary to adding to the teach-
ings of predecessors – lead them to observe carefully and experiment under con-
trolled conditions [1, 2]. To improve the quality of his paintings, Leonardo da Vinci 
systematically dissected dozens of corpses and made beautiful, realistic drawings with 
which he described the human anatomy in more detail than ever before [4]. Vesalius, 
a famous anatomist had artists to make visualizations of his dissections [3, 4]. In the 
17th century, the new opinions and methods of the Renaissance culminated in the 
scientific revolution and modern fact-finding, practice-oriented experimental science 
came into the world [1, 2]. New paradigms arose in physics and astronomy, and the 
invention of the microscope enabled the observation of cells. Cells were recognized 
as the basic units of all organisms and a theory emerged, consisting of three theo-
rems: 1) all living organisms are composed of one or more cells, 2) the cell is the basic 
unit of structure and organization in organisms and 3) all cells rise from pre-existing 
cells. In the 19th century this cell theory became generally accepted. However, an 
intriguing question remained: what is the nature of the cell membrane, the outer 
defining barrier of the cell, which allows for selective transport of substances into 
and out of the cell? It would take until the 20th century, to unravel both the chemical 
composition and the structure of the cell membrane. We now know that it is a sheet-
like structure consisting mainly of lipids and proteins. Some common membrane 
components and their properties, which are relevant for the research in this thesis 
will be discussed below.
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1.1 Lipids
Many properties of a biological membrane are defined by the lipids, biomolecules 
which are water-insoluble, but highly soluble in organic solvents. Lipids are amphi-
pathic molecules that contain both a hydrophobic tail and a hydrophilic head group. 
In aqueous solutions, hydrophobic moieties tend to cluster together, minimizing the 
disturbance of energetically favorable hydrogen bonds. This phenomenon is called 
the hydrophobic effect and it drives amphiphilic molecules to form structures such 
as micelles or bilayers. Most lipids in aqueous environment spontaneously form bi-
layers, i.e. two layers with the tails clustered together in a hydrophobic core, and the 
hydrophilic head groups facing the aqueous environment. In biological membranes 
the lipids are arranged in such bilayers, also referred to as lamellae, a concept first 
proposed by the Dutch scientists Gorter and Grendel [5].

Common lipids in biomembranes are glycerophospholipids, sphingophospho-
lipids, glycolipids and sterols. This thesis will mainly focus on glycerophospho lipids, 
which belong to the most common type of lipids in cell membranes. Glycerophospho-
lipids are composed of a glycerol backbone, with two esterified fatty acids attached, 
which form the hydrophobic tail of the lipid. Common structures are illustrated in 
Table 1. The hydrophilic head group consists of a phosphate moiety, often esterified 
to an alcohol. The phosphate of the head group is esterified to the C-3 hydroxyl 
group of the glycerol. The fatty acid chains differ in length, branching pattern and 
degree of saturation, giving rise to an enormous diversity in lipid species. The variety 
in alcohols attached to the head group, some of which can be glycosylated, further 
increases the complexity.

Lipid bilayers are highly impermeable to ions and most polar molecules, ex-
cept for water, which crosses the bilayer relatively easily. These characteristics qualify 
the lipid bilayer as an excellent barrier to separate the inside from the outside of cells. 
However, many substances need to enter and exit the cell in a controlled way. For 
these and other functions cells are dependent on different components of the mem-
brane: the membrane proteins.

1.2 Membrane proteins
Most of the dynamic processes which take place in biological membranes are carried 
out by membrane proteins. These associate with the membrane in various ways, 
classified as either integral or peripheral. Integral membrane proteins are embedded 
in the membrane, interacting extensively with the hydrophobic acyl chains of the li-
pids. Peripheral membrane proteins are more transiently associated to the membrane, 
mainly interacting with the lipid head groups by electrostatic and hydrogen-bond 
interactions. Integral membrane proteins either embed part of their structure in the 
membrane, or they protrude through the membrane with one or more α-helices 
or β-sheets. The membrane-spanning α-helix is the most common structural motif
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Table 1. Structure of common phospholipids at physiological conditions.

Basic phospholipid 
structure Substituent (X) Name

*— H                    hydrogen phosphatidic acid (PA)

         ethanolamine
phosphatidylethanolamine 
(PE)

       choline

phosphatidylcholine (PC)

               serine
phosphatidylserine (PS)

     glycerol
phosphatidylglycerol (PG)

phosphatidylglycerol

cardiolipin (CL)

     inositol
phosphatidylinositol (PI)

in membrane proteins. Helices are involved in the formation of channels and pumps 
that allow for selective transport over the membrane and are responsible for energy 
generation. Furthermore, in receptors and sensors, transmembrane helices are re-
sponsible for transporting information over the membrane, resulting in activation 
or de-activation of vital cellular processes. These processes depend on the intimate 
interplay between proteins and lipids [6-9]. Therefore, next to studies on membrane 
proteins, it is very important to investigate how they are affected by the lipid envi-
ronment.

1.3 Membrane fluidity
Cell membranes are highly dynamic structures. Figure 1 shows a cartoon representa-
tion of the fluid mosaic model, a simplified description of the organization and dy-
namics of the membrane [10]. In this model, the membrane is proposed to  behave as 
a two-dimensional fluid. Individual lipid and protein molecules can diffuse freely in 
a lateral fashion. On the other hand, the transverse diffusion, which is the transloca-
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tion of a molecule from one monolayer to the opposing monolayer in the membrane, 
also referred to as flip-flop, is a much slower process. The viscosity or fluidity of the 
membrane is a biologically important property. Membrane proteins require a fluid 
membrane to perform their functions correctly. In more rigid membranes, crucial 
functions such as transport and signal transduction are disturbed, ultimately result-
ing in cell death. Therefore membrane fluidity is carefully regulated in all organisms.

Figure 1. The fluid mosaic model describes the 
membrane as a two-dimensional liquid in which 
phospholipid and protein molecules diffuse easily. 
Adapted from [10].

Membrane fluidity depends largely on the packing of the lipid acyl chains. The fatty 
acids can exist either in a relatively disordered state, resulting in fluid membranes or 
in an ordered and tightly packed state, resulting in a more rigid and thicker phase, 
referred to as the gel phase. The water permeability is decreased in the gel phase and 
the membranes are less hydrated [11]. Figure 2 illustrates key properties of the fluid-
to-gel phase transition, which is temperature dependent and rather abrupt, demon-
strating cooperativity, when the temperature approaches the melting temperature 
(Tm). The Tm of a lipid bilayer depends on the length, the degree of unsaturation 
and the branching pattern of the fatty acids. Acyl chain packing is disrupted by 
branches and by cis double bonds, which introduce kinks, thereby decreasing Tm. In 
addition, longer acyl chains have stronger Van der Waals interactions between the 
chains, which increases Tm.

Figure 2. Membrane phase behavior is temperature 
dependent. At low temperatures, in the gel phase, 
the membrane lipids form a regular structure with 
ordered acyl chains. At high temperatures the acyl 
chains are disordered and the lipids are in the fluid 
phase. The melting of the chains or the fluid-to-gel 
phase transition of membrane lipids is a cooperative 
process and therefore rather abrupt.

Temperature 
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Tm 

Gel phase

Fluid phase
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In principle, membrane fluidity can also be regulated by sterols such as ch olesterol, 
which inserts in-between the fatty acid tails, changing the interactions between them. 
Thus cholesterol can moderate the membrane fluidity, making the gel phase less rigid, 
allowing for lateral diffusion in a so-called liquid-ordered state [12]. Membranes of 
warm-blooded animals commonly contain cholesterol and their stable body temper-
ature excludes major temperature fluctuations at the membrane level. However, the 
situation is very different for bacteria. With very few exceptions, bacteria are unable 
to synthesize sterols in their membranes [13] and they are poikilothermic organisms, 
which means that their membranes adopt the temperature of the surroundings, and 
hence are subject to large fluctuations in temperature. In order to tune their mem-
brane properties to the environmental temperature they need to react quickly. An 
important membrane fluidity regulation mechanism for bacteria is adaption of their 
lipid acyl chain composition. Since the regulation of membrane fluidity in bacteria is 
the main topic of this thesis, we will focus on bacterial membranes below.

2. Bacterial membranes
The function and architecture of the bacterial cell membrane are similar to its coun-
terpart in animal cells. However, unlike animal cell membranes, the bacterial cell 
membrane is not the only cell barrier. Bacteria possess more complex cell envelopes, 
consisting of multiple layers [14]. A major categorization, based on cell envelop 
 a  rchitecture, divides the bacteria in two classes: gram-positive and gram-negative 
bacteria. This division is based on staining of the peptidoglycan of the cell wall when 
it is the outer layer of the bacterium [15]. Gram-positive bacteria possess a thick cell 
wall, consisting of peptidoglycan and teichoic acids, but lack an outer membrane. 
The cell wall provides structural support and extra protection for the bacteria. In 
gram-negative bacteria, the cell wall is relatively thin, consisting of a few layers of 
peptidoglycan surrounded by the outer membrane, which forms an extra permeabil-
ity barrier and contains lipopolysaccharides that help bacteria adhere to host cells. 
Some species of both gram-positive and gram-negative bacteria possess an additional 
surface layer of proteins surrounding their cell wall, called the S-layer [16].

2.1 Lipid biosynthesis machinery
In bacteria, fatty acids are commonly synthesized by a highly conserved set of genes, 
together forming the type II fatty acid biosynthetic pathway [17]. The structures 
of fatty acids in bacteria are very diverse. Common modifications are illustrated in
 Table 2. The length of the fatty acids can vary from 12 up to 22 carbon atoms 
[18]. The biosynthesis of a new acyl chain is initiated by the enzyme FabH, which 
condenses an acyl-CoA with a malonyl moiety, effectively elongating the initial 
 acyl-CoA by two carbons. The FabH specificity for acetyl-CoA produces straight 
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chain fatty acids. However, FabH of gram-positive bacteria prefers larger branched 
substrates, resulting in iso- and anteiso-branched fatty acids [19, 20]. Gram-positive 
bacteria are able to produce these branched substrates from leucine, valine and iso-
leucine. After initiation, the fatty acid intermediate is transferred to the elongation 
module, which consists of four enzymes that work together to elongate the acyl 
chain. Each new round, another malonyl moiety is added to the growing acyl chain, 
effectively increasing it by two carbons. Finally, the fatty acids are transferred to 
glycerol-3-phosphate creating phosphatidic acid (PA). The competition between the 
elongation module and phospholipid acyltransferases for the fatty acid intermediates 
determines the final lengths of the fatty acids [21].

Table 2. Structure of common fatty acids in bacteria.

Fatty acid Structure

Palmitic acid (C16:0)

cis-Vaccenic acid 
(cis-11-C18:1)

Iso-C17:0

Anteiso-C17:0

Cyclopropane-C17:0

trans-Vaccenic acid 
(trans-C18:1)
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PA is the universal core structure of most bacterial membrane lipids. Various types 
of polar head groups can be attached to PA, adding considerably to the diversity of 
bacterial phospholipids. The balance of these head groups influences the charge of 
the membrane, which is crucial for many integral membrane proteins to adopt the 
correct topology [22, 23]. This is one of the main reasons why the synthesis of the 
different head groups is strictly regulated. The most common membrane lipids are 
acquired via the condensation of serine and glycerol, yielding  phosphatidylserine 
(PS) and phosphatidylglycerol (PG) respectively. The rapid decarboxylation of PS 
yields phosphatidylethanol (PE) and two PG molecules can be condensed to cardi-
olipin (Table 1). Most gram-positive bacteria have the ability to decrease the neg-
ative charge of the membrane by amino acylation of PG, mostly with alanine or 
lysine, which diminishes their vulnerability to cationic antimicrobial agents [24].  
Additionally, the glycolipids glucosyl- and diglucosyl-diacylglycerol are abundant 
in gram-positive bacteria [25]. These lipids are involved in maintaining the bilayer 
character of the membrane and function as membrane anchors for lipoteichoic acid 
constituents of the cell wall [26].

The cell membrane of Bacillus subtilis is the focus of this thesis. B. subtilis is 
a gram-positive, rod-shaped bacterium commonly found in the upper layers of the 
soil. Genetic modification of B. subtilis is straightforward, which is an important rea-
son why it is so well-studied and considered a model organism among  gram-positive 
bacteria. Furthermore, enzyme secretion in B. subtilis is very versatile, and it is there-
fore widely used by biotechnology companies to produce various enzymes on an 
industrial scale.

2.2 Membrane fluidity regulation
Many bacterial cells are continuously exposed to a changing environment. Not only 
temperature, but also osmolarity, salinity and pH have an effect on the physical 
properties of the cell membrane. Crucial for the survival of bacteria is their ability 
to control these membrane properties by actively remodeling the lipid composition 
of the cell membrane, a process termed membrane homeostasis. The fluidity of the 
membrane is an important regulated membrane property that is dependent on tem-
perature. 

B. subtilis maintains its membrane fluidity by a switch in fatty acid synthe-
sis from iso-branched fatty acids to anteiso-branched fatty acids [27]. This strategy 
provides an increase in fluidity over time, as it requires incorporation of de novo 
synthesized fatty acids. Additionally, B. subtilis possesses a Δ-5 desaturase that is able 
to incorporate double bonds in existing lipids. This desaturase is expressed under the 
control of the two-component system DesKR that immediately responds to a cold 
shock [28].
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3. Sensing and signaling by two component systems
Two-component systems are generally used by bacteria to respond to various envi-
ronmental stimuli. These systems play a role in fundamental processes such as chem-
otaxis and phototaxis. Furthermore, adaption to changes in osmolarity, pH and tem-
perature involve two-component systems [29]. Two-component systems convert a 
signal, which is sensed by a histidine kinase to a modification of a response factor 
by transfer of a phosphoryl group. The DesKR system in B. subtilis is an example of 
a two-component system. It is involved in membrane fluidity maintenance and its 
components and mode of action are described below.

3.1 Thermosensor DesK
The two-component system DesKR controls the expression of the B. subtilis de-
saturase (Des) [28]. The mode of action of the DesKR system is described in Fig-
ure 3. Low ambient temperatures are sensed within the membrane, by the thermo-
sensor DesK. This protein consists of a sensing domain of five transmembrane 
helices connected to an intracellular catalytic domain, containing a dimerization 
domain and an ATP-binding domain (ABD) [30]. DesK becomes kinase active by 
auto phosphorylation of a conserved histidine residue on a temperature drop [31]. 
The  phosphorylated DesK then immediately transfers the phosphoryl group to the 
 response regulator DesR. Phosphorylated DesR (DesR-P) forms tetramers that bind 
to the DNA, activating the transcription of the des gene [32, 33], whereupon Des 
is expressed. Des incorporates double bonds in existing membrane lipids, resulting 
in increased membrane fluidity [28]. Presumably, this increased fluidity is sensed by 
DesK and the kinase activity is switched off. Additionally, DesK gains phosphatase 
activity, removing the phosphoryl group from DesR-P. In conclusion, the DesKR 
mechanism is based on a switch between kinase and phosphatase activity that  appears 
to be regulated by ambient temperature via changes in membrane fluidity.

Figure 3. General mechanism of fluidity maintenance via DesK thermosensor. On a decrease 
in temperature, the intracellular domain of DesK acquires kinase activity and it phosphoryl-
ates DesR. Phosphorylated DesR binds to the promotor site of des, resulting in expression 
of a desaturase, which incorporates double bonds to increase the fluidity of the membrane.
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There is evidence that DesK is directly sensitive to the fluidity of the membrane, 
rather than sensing the temperature. When the supply of precursors for branched-
chain fatty acids is limited, which results in more ordered membranes with a higher 
transition temperature, DesK independently of temperature, becomes active [34, 
35]. Furthermore, DesK is sensitive to the incorporation of double bonds by Des, 
which results in switching to phosphatase activity, again independently of tempera-
ture [28]. 

Structural studies of the intracellular catalytic domain of DesK (DesKC) 
have given insight into the general architecture of DesK (Fig. 4) and the structural 
mechanism of autophosphorylation and phosphotransferase activity of DesK [30, 
36]. DesKC was crystallized in several states, as a dimer. It was found that a central 
four-helix bundle (4-HB) contains the conserved histidine residue that can be phos-
phorylated. The 4-HB is connected to the N-terminal membrane-embedded sensing 
domain with a two-helix coiled-coil. At the C-terminus, the 4-HB is connected to 
the ABD with a short flexible loop. Crystal structures showed three distinctly differ-
ent conformations, which were hypothesized to represent a phosphatase-competent 
state, a kinase-competent state and a phosphotransferase-competent state of DesKC, 
respectively (Fig. 5). The phosphatase-competent state has a stable coiled-coil and 
a compact structure of the 4-HB. The ABD is attached to the 4-HB with multi-
ple interactions. This compact, rigid conformation would on the one hand prohibit 
auto phosphorylation, which requires a flexible ABD, and on the other hand enable 
DesR-P binding for phosphatase activity. In the kinase-competent state the ABDs 
are released from the 4-HB and would be flexible to phosphorylate the conserved 
histidine residue. This phosphorylation would induce a different, asymmetric con-
formation, which is able to bind DesR and would therefore represent the phos-
photransferase-competent state. In this model, the two-helix coiled-coil transduces 
the signal from the membrane to rearrangements in the 4-HB. Helical coiled-coils 
are indeed commonly found to induce conformational changes via subtle reorien-
tation, resulting in a signaling event [37-40]. Nevertheless, no structural informa-
tion was obtained on the membrane embedded signaling domain of DesK. Thus, an 
 intriguing question remains: how does a drop in temperature result in the transmem-
brane helix rearrangements underlying the catalytic mechanism?

3.2 The minimal sensor DesK (MS-DesK)
In 2010, a simplified membrane-embedded signaling domain of DesK was discovered. 
A number of observations resulted in this intriguing discovery. It was demonstrated 
that deletion of the first transmembrane helix from the sensor caused permanent in-
activity, showing the importance of the first transmembrane helix. Furthermore, the 
fifth transmembrane was hypothesized to play a crucial role in signal transduction 
because it is directly connects to the two-helix coiled-coil. Therefore, a fusion pro-
tein was constructed, consisting of the N-terminal part of the first  transmembrane 
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Figure 4. General architecture of the DesK homodimer and MS-DesK. A) The DesK sensing 
domain consists of five transmembrane helices, connected to a 2-helix coiled-coil (2-HCC) 
via a charged linker region. The 2-HCC is connected to the core 4-helix bundle (4-HB), 
which contains the conserved phosphorylatable histidine residue and is also referred to as 
the Dimerization and Histidine phosphotransfer (DHp) domain. The 4-HB is connected 
to the ATP-binding domain (ABD) via a flexible linker. B) The combination of the first half 
of the first DesK transmembrane helix with the second half of the fifth helix, resulted in 
an active construct, called the minimal sensor DesK (MS-DesK). Two essential motives are 
 highlighted: the sunken-buoy (SB) motif (red) and the charged linker region (blue).
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helix and the C-terminal part of the fifth transmembrane helix, continuing into 
the intracellular domain as depicted in Figure 4B. Interestingly, this fusion protein 
showed temperature-dependent activity similar to the wildtype, so it was called min-
imal sensor DesK (MS-DesK) [41]. When reconstituted in protein-free lipid bilay-
ers, MS-DesK retained the kinase activity switch, showing that MS-DesK activity 
does not require other proteins. Furthermore, the sensing mechanism of MS-DesK 
was shown to be located in the membrane, because the activity of DesKC proved to 
be independent of temperature [41].

The rotational shift involves a clockwise rotation of approximately
60° around the helix axis of �1 residues 175–189 and a comparable
counterclockwise rotation of �2 residues 233–241. Such a ‘cog-
wheel’ rotation, required to generate or disrupt both the mem-
brane-connecting two-helix coiled-coil and the ABD-interacting
site in DesKCH188V (Fig. 5A), is fully consistent with conformational
signals propagated across helical coiled-coils involved in signal
transduction (25).

A crucial issue to validate our structural interpretation is to assess
whether the observed interhelical rotational rearrangements do
occur in solution during the catalytic cycle. Since the introduction
of point mutations or external probes to monitor these changes
might directly modify the 4-HB structure, we used a functional

approach based on a deletion mutant missing the ABDs. The
rationale behind this approach is that the DHp domain alone
retains a measurable phosphatase activity (21). Thus, a deletion
mutant of DesK including the TM and the DHp domains but not
the ABD (DesKDHp, residues 1–242) was produced and its phos-
phatase activity assayed in proteoliposomes at different tempera-
tures. As shown in Fig. 5B, this construct displayed a temperature-
regulated phosphatase profile comparable to that of full-length
DesK (Fig. 4B), clearly indicating that propagation of the cold signal
from the membrane triggers a conformational change in the DHp
domain itself.

Discussion
The conformational f lexibility of �-helical coiled-coils is a
well-documented phenomenon (26, 27), allowing for function-
ally relevant conformational heterogeneity and low intercon-
version energy barriers among alternate configurations. Our
structural data of DesKC now provide strong evidence that the
DHp domain is marginally stable and prone to rotational
rearrangements in the context of the full-length protein. Fur-
thermore, these structural changes have a direct effect on the
functional properties of DesK, since modifications of the DHp
molecular surface were shown to modulate both interdomain
interactions (DHp-ABD) as well as protein-protein association
(DesK-DesR) required for catalysis.

The crystal structures of DesKC reveal three distinct conforma-
tional states of the protein (Fig. 1 A–C and Table S2), characterized
by a highly dynamic nature of the ABDs. This flexibility (particu-
larly in DesKC�174, DesKC-P, and the phospho-mimic
DesKCH188E) hampers crystallization and might explain why these
states have not been previously observed in other HKs. While the
actual nature of the DesK signaling intermediates remains to be
elucidated, our structural and biochemical data indicate that the
observed conformations of DesKC exhibit distinctive properties
that can be respectively associated with the kinase-competent
(DesKC�174, E188b), phosphotransferase-competent (DesKC-P,
E188a), and phosphatase-competent (V188a, V188b) states of the
protein.

Based on these structural results and the observation that the
temperature signal regulates the autokinase and phosphatase ac-
tivities of DesK in opposite directions (Fig. 4), we can propose a
simple regulation model for DesK (Fig. 6). In a fluid membrane, the
TM domain would stabilize the connecting coiled-coil and the
catalytic core into a more compact conformation, as seen for
DesKCH188V, with the ABDs attached to the DHp domain (Fig. 6,
Left). This conformation inhibits autokinase activity and the DHp
surface is competent to interact with DesR (Fig. S6A), resulting in

Fig. 5. Interhelical rearrangements in the DHp domain modulate intradomain
and protein-protein interactions. (A) Cartoon representation of the helical rota-
tions taking place in the 4-HB. The DHp helices from one monomer of DesKCH188V

(carbon atoms in yellow) and DesKC�174 (C atoms in magenta) are superimposed.
Key residues in interdomain contacts are labeled and selected bond distances
marked. Black dotted arrows connect the same residue on both structures, red
dotted arrows highlight the cogwheel rotation and the green dotted arrows
indicate the tilt of the two-helix hairpin. (B) Phosphatase activity of DesKDHp

proteoliposomes assayed at 25 °C and 37 °C (see SI Text for details).

Fig. 6. Proposed model of catalysis regulation. The ob-
served structures of the DesKC homodimer (shown as sur-
face models with helix �1 highlighted) are ascribed to the
three functional states of the kinase: phosphatase-compe-
tent (DesK*), kinase-competent (DesK), and phosphotrans-
ferase-competent (DesK-P). The corresponding reactions (P,
K, PT) are indicated in the lower panel.

Albanesi et al. PNAS � September 22, 2009 � vol. 106 � no. 38 � 16189
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Figure 5. Model of DesK catalysis regulation. The crystal structures, ascribed to three func-
tional states of DesK: phosphatase-competent state (DesK*), kinase-competent state (DesK) 
and phosphotransferase-competent state (DesK-P). The corresponding reactions are indicated 
in the lower panel. Adapted from [30].

It was hypothesized that MS-DesK senses membrane fluidity through changes in 
membrane thickness, because membrane thickness in the gel phase is significantly 
increased with respect to the fluid phase [42, 43]. Furthermore, membrane proteins 
have been shown to adapt to situations, where the hydrophobic length of the trans-
membrane segment does not match the hydrophobic thickness of the membrane. A 
positive mismatch situation arises when the hydrophobic length of the transmem-
brane segment exceeds the hydrophobic thickness of the membrane and vice versa 
in the negative mismatch situation. The adaptations to these mismatch situations 
could lead to structural rearrangements, resulting in a signaling event [44, 45]. In 
the thickness sensing hypothesis, a difference in the extent of mismatch would result 
in the switch from phosphatase to kinase activity of MS-DesK. Several observations 
supported this thickness sensing hypothesis of MS-DesK. Mismatch situations were 
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introduced by modifying either the protein or the lipids. In the protein, an essential 
lysine was identified at the N-terminal lipid-water interface. When this residue was 
moved one residue towards the C-terminus, effectively shortening the hydropho-
bic length of the transmembrane helix, creating negative mismatch, the sensor was 
active, independent of temperature. However, when the hydrophobic length of the 
transmembrane segment was lengthened by four valine residues, DesK remained 
inactive [41]. Furthermore both DesK and MS-DesK show increasing activity when 
reconstituted in membranes with increasing thickness [41, 46]. Additionally, in vivo 
experiments showed stimulated DesK activity with increased incorporation of long-
chain fatty acids and loss of activity when levels of short-chain fatty acids were in-
creased. [47]

3.3 Preliminary model of sensing and signaling of MS-DesK
Two motifs were discovered to be essential for the activity switch of MS-DesK (Fig. 
4B). The first motif, which stabilizes the transmembrane segment at the N-terminal 
lipid-water interface on the outside of the cell, consists of a conserved asparagine and 
the conserved lysine that was used for the mismatch experiments described above. 
Because it was reasoned that this motif could sink partially in the membrane, with 
the side chains snorkeling to the interface it was called the sunken buoy (SB) motif 
[41]. The second motif would stabilize the transmembrane segment at the inside 
of the cell consists of several conserved charged residues. This motif could also be 
involved in signaling by adapting different conformations and is called the linker 
region [48]. Both motifs could act together as a molecular gauge that is sensitive to 
the thickness of the membrane, generating a signal that is passed down to the intra-
cellular domain.

3.4 MS-DesK and model membrane systems
The essence of model membrane systems is reducing the complexity of the mem-
brane to allow systematic studies. The DesK system is ideally suited for studies in 
model membrane systems for several reasons. Firstly, the sensing and signaling mech-
anism is reduced to only one transmembrane helix. Secondly, both sensing and signal 
transduction take place inside the membrane and furthermore, specific membrane 
properties are sensed which can be systematically varied and so the contribution 
of each property can be explored. Protein-lipid interactions are of crucial impor-
tance because these interactions are directly responsible for the activity switch of 
MS-DesK. Physical properties and behavior of these model membrane systems can 
be studied with multiple biophysical and biochemical techniques, providing insight 
in the mechanism on a molecular level. An overview of suitable model membrane 
systems and biophysical and biochemical techniques will be given below, with an 
emphasis on the systems used in this study. 
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4. Studying membranes at a molecular level

4.1 Model systems
Tremendous variations exist in the composition of biological membranes and in 
addition they are very dynamic which allows them to mediate and modulate con-
formational changes, signaling, transport, and recognition. The investigation of such 
complex systems is therefore an enormous challenge. In order to increase the exper-
imental accessibility of biological membranes, it is necessary to reduce their com-
plexity, while retaining essential properties, such as the bilayer structure. This can be 
achieved by using various model membrane systems to investigate different aspects of 
the membrane. Not only the characterization of the membrane proteins is facilitated 
by such model systems, but they also allow systematic studies of the  protein-lipid in-
teractions under various controlled conditions. The model membrane systems used 
in this study are described below.

4.1.1 Vesicles
The characteristics of phospholipid membrane vesicles or liposomes have been exten-
sively studied [49-51] since they were first observed and investigated by Bangham 
and coworkers in the 1960s [52, 53]. Liposomes are versatile in composition, size 
and possibilities of embedding and encapsulating material, which enabled their use 
in applied research of drug delivery, cosmetics and food technology [54, 55]. Lipo-
somes are spherical particles consisting of one or more bilayers, generally composed 
of phospholipids enclosing a volume of aqueous medium. Liposomes used as analogs 
of biomembranes are commonly assembled by spontaneous self-organization from 
pure synthetic lipids or lipid extracts from the organism of interest.  Liposomes can 
be used to study lipid characteristics and behavior under various controlled condi-
tions, but model transmembrane peptides or entire proteins can also be embedded 
in the liposomes. Synthetic peptides corresponding to a single transmembrane seg-
ment are easily incorporated and make it possible to systematically vary the sequence 
and incorporate labels, which increases analytical possibilities [56]. These peptides 
can be chemically synthesized by solid-phase peptide synthesis. Furthermore model 
transmembrane peptides have been studied extensively, and their behavior is well 
 characterized [57-65]. Thus, these systems allow systematic investigation of how 
 lipids influence properties of protein transmembrane segments, such as that of DesK.
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4.1.2 Nanodiscs
Nanodiscs represent a recently developed type of model membrane systems. 
 Nanodiscs are self-assembled disc-like fragments of lipid bilayers with sizes in the 
order of 10 nm, stabilized in solution by a scaffold. Both specially engineered mem-
brane scaffolding proteins (MSPs) [66] and amphipathic styrene-maleic acid poly-
mers (SMA) [67] are used as scaffolds to yield stable nanodiscs. Due to their small 
size and high solubility in aqueous solution, these nanodiscs represent an attractive 
model system, allowing for analysis with a wide range of biophysical and biochem-
ical techniques [68, 69]. Furthermore bilayer organization is maintained within the 
nanodiscs [70, 71]. However, in contrast to nanodiscs with MSPs, the formation of 
nanodiscs with SMA, referred to as Styrene Maleic Acid Lipid Particles (SMALPs) 
does not require the use of detergents [69]. As shown in Figure 6, addition of SMA 
to synthetic or biological lipid membranes, or even whole cell lysates results in the 
spontaneous formation of the nanodiscs [72]. This allows the study of proteins in 
their native bilayer environment, where native protein-lipid and protein-protein 
 interactions are preserved. Therefore these native nanodiscs can be useful to study 
these interactions and thus, native oligomerization states of membrane proteins or 
model peptides thereof can be studied.

Figure 6. When styrene-maleic acid polymer (SMA) is added to membranes, nanodiscs are 
formed spontaneously.

4.1.3 In silico bilayers
In addition to an experimental approach, membranes can also be modeled compu-
tationally. Molecular modeling is especially interesting for biomembranes because 
they are not easily accessible experimentally. Computational modeling of cell mem-
branes ranges in complexity from full-atomistic to continuum descriptions and so 
the level of detail which is chosen depends on the system of study. Full-atomistic 
modeling provides a high level of detail and is now feasible for membranes [73-
76]. However, due to the enormous degree of freedom of the system the simulation 
is computationally very challenging. In full-atomistic descriptions compromises on 
system size, timescale and complexity are inevitable. Mesoscopic or coarse grained 
(CG) simulations provide less detail, but allow modeling of bigger membrane sys-
tems on a microsecond timescale, which is sufficient to investigate different types 
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of  protein-protein and protein-lipid interactions. In a CG model several atoms are 
united into one particle, while the interaction properties of the new particle are 
modeled as closely as possible to those of the original atoms it represents [77]. Thus, 
the degrees of freedom are reduced and larger simulation steps are possible, allowing 
for longer simulation times. These longer simulations however, are not necessarily 
more realistic, because they can get trapped in local energy minima. Therefore, oth-
er modeling approaches have been developed [78-80], in which a large number of 
simulations are performed. The results are analyzed by clustering of resembling end-
ing structures of the simulations. Thus, insight is provided in the relevance of each 
structure.  Docking Assay For Transmembrane components (DAFT), is a method 
based on multiple simulations, especially developed to identify preferred binding 
orientations within the membrane [81].

4.2 Analysis tools
Structural information on model membrane systems can be acquired by various bio-
physical and biochemical techniques. Below, the applications of the main techniques, 
used to investigate the molecular mode of action of MS-DesK are briefly described.
Circular dichroism (CD) is used in this study to determine the secondary struc-
ture of transmembrane peptides in model systems [82]. This technique is based on 
dissimilar absorption of right and left circularly polarized light. The absorption of 
light in the far-UV region by the backbone amide bonds of a peptide or protein is 
dependent on its secondary structure. Therefore each type of secondary structure 
yields a CD spectrum with a characteristic shape. Percentages of secondary  structural 
elements can be determined by deconvolution of these spectra [83]. Thus, subtle 
differences in folding of the MS-DesK transmembrane peptides can be detected and 
the dependence on various properties of the membrane and mutation of essential 
residues can be investigated.

Tryptophan fluorescence spectroscopy is used in this study to investigate the 
position of peptides within the membrane systems. Trp fluorescence spectroscopy 
is based on fluorescence properties of tryptophan. The emission maximum exhibits 
a significant blue shift on a decrease in polarity of its environment, thus provid-
ing information on the location of the tryptophan with respect to the membrane 
[84]. Therefore, a tryptophan residue was incorporated into the MS-DesK trans-
membrane peptides as a substitution of a phenylalanine residue at the intracellular 
membrane-water interface. This mutation has no effect on in vivo thermo-sensing 
behavior of MS-DesK [41] and allows the investigation of the relative position of the 
Trp residue and its dependence on various properties of the membrane and mutation 
of essential residues. 
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Furthermore, gas chromatography is used to analyze the fatty acid composition of 
the B. subtilis membrane lipids. Chromatography is a separation technique, based 
on different partitioning of the analytes between a stationary and a mobile phase. 
This results in different elution times for each compound. Gas chromato graphy uses 
an inert carrier gas as mobile phase and a porous column as a stationary phase. This 
technique is often used for fatty acids, which are analyzed in their methylated form 
[85]. The analysis of the polar head groups of the membrane lipids was performed 
with thin-layer chromatography. Separation is achieved with a carefully selected sol-
vent mixture as a mobile phase which is applied on a stationary phase, consisting of 
silica-gel, coated on a glass plate. This technique is routinely used for the analysis of 
lipids [86].

The melting trajectory of the B. subtilis membrane lipids was analyzed by dif-
ferential scanning calorimetry. This technique is based on the principle that energy 
is required for phase transitions. Therefore, the heat required to increase the tem-
perature of a sample and a reference is measured. The temperature range, in which 
the measured amounts of heat actually differ from each other, represents the melting 
trajectory of the sample [87].
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5. Scope of this thesis
DesK is a well-studied thermosensor, but its molecular mode of action has remained 
elusive. The aim of the research presented here is to elucidate the molecular mecha-
nism of sensing and signal transduction of DesK. To this end we aimed to investigate 
which properties of the membrane are sensed by studying the influence of the mem-
brane lipids on conformational properties and membrane localization of DesK. The 
minimal sensor DesK (MS-DesK) preserves the sensing and signaling mechanism in 
only one transmembrane segment [41]. Therefore MS-DesK is a convenient tool for 
the study in model membrane systems, in which it was observed to react to changes 
in thickness of the bilayer [41].

In chapter 2, the mode of action of DesK was studied by investigating func-
tional and non-functional transmembrane segments of MS-DesK in model mem-
brane systems. The molecular mechanism was examined as a reaction to changes 
in thickness of the bilayer with circular dichroism, tryptophan fluorescence and 
 molecular modeling. Together with in vivo functional studies with specific MS-DesK 
mutants, these experiments resulted in a molecular model of sensing and  signal 
transduction of DesK, involving a serine zipper dimerization motif. In chapter 3, 
this model was explored further with experiments in model membrane systems. It 
was shown that the MS-DesK transmembrane segment reacts similar to a lipid phase 
transition as to changes in thickness of the bilayer. Therefore, MS-DesK is likely to 
sense the physiologically relevant phase transition with a similar mechanism to the 
thickness sensitivity, which would imply that the thickness sensitivity is part of the 
mechanism of MS-DesK temperature sensing in vivo.

In chapter 4, the B. subtilis membrane lipids and their influence on the struc-
ture of MS-DesK were studied. The lipid composition was investigated and the results 
show temperature-dependent regulation of the lipid acyl chain composition. Both 
an iso-anteiso switching mechanism [88] and the activity of a desaturase [28] were 
observed. Next to the characterization, the extracted B. subtilis lipids were also used 
in model membrane studies with incorporated synthetic peptides of the transmem-
brane segment of MS-DesK. These systems were analyzed with circular dichroism 
and Trp fluorescence spectroscopy. The results show that no  temperature-dependent 
change in conformation of the MS-DesK transmembrane helix can be induced. 
These results indicate that the B. subtilis lipids may stabilize both the active and the 
inactive conformation, and that the energetic barrier for switching from one state to 
the other may be relatively high in these more native-like membrane systems.
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In chapter 5, we explored the use of a styrene-maleic acid polymer (SMA) to de-
termine the oligomerization state of MS-DesK. SMA solubilizes membranes into 
Styrene-Maleic Acid Lipid Particles (SMALPs) [69]. Two approaches with SMALPs 
were investigated in this study. The first approach is based on the biochemical charac-
terization of purified SMALPs with transmembrane peptides. The second approach 
uses chemical cross-linking of the peptides. The results show that both of these ap-
proaches are promising tools for the characterization of oligomerization states. How-
ever, these methods require further optimization.

The results of this thesis are discussed in relation to literature in chapter 6. 
Furthermore implications and perspectives for future research are described.
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Chapter 2

Abstract
DesK is a bacterial thermosensor protein involved in maintaining membrane fluidity 
in response to changes in environmental temperature. Most likely, the protein is ac-
tivated by changes in membrane thickness, but the molecular mechanism of sensing 
and signaling is still poorly understood. Here we aimed to elucidate the mode of 
 action of DesK by studying the so-called minimal sensor DesK (MS-DesK), in which 
sensing and signaling are captured in a single transmembrane segment. This simpli-
fied version of the sensor allows investigation of membrane  thickness-dependent 
protein-lipid interactions simply by using synthetic peptides, corresponding to the 
membrane-spanning parts of functional and non-functional mutants of MS-DesK 
incorporated in lipid bilayers with varying thickness. The lipid-dependent behavior 
of the peptides was investigated by circular dichroism, tryptophan fluorescence and 
molecular modeling. These experiments were complemented with in vivo functional 
studies on MS-DesK mutants. Based on the results we constructed a model that 
suggests a new mechanism for sensing in which the protein is present as a dimer 
and responds to an increase in bilayer thickness by membrane incorporation of a 
 C-terminal hydrophilic motif. This results in exposure of three serines on the same 
side of the transmembrane helices of MS-DesK, triggering a switching of the dimeri-
zation interface to allow the formation of a serine zipper. The final result is activation 
of the kinase state of MS-DesK.
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Introduction
All organisms have to be able to rapidly adapt to a vast variety of external stimuli 
to survive. In bacteria, two-component signal transduction systems are some of the 
most abundant mechanisms for sensing and adapting to changes in the extracellular 
environment. These systems mediate responses in chemotaxis and phototaxis, and 
regulate feedback to changes in osmolarity, redox state and temperature [1, 2]. How-
ever, despite the evident importance of two-component systems for bacterial sur-
vival, the molecular mechanisms of signal transduction via these systems has barely 
begun to be untangled.

The DesKR system is a two-component system first identified in the soil bac-
terium Bacillus subtilis [3]. Together with other regulatory systems, it is involved in 
maintaining membrane fluidity when the environmental temperature changes. The 
DesKR system works as follows. The actual thermosensor - i.e., the protein that 
senses the temperature change - is DesK. This protein consists of five transmembrane 
helices and an intracellular catalytic domain (DesKC) and is believed to function as 
a dimer [2, 4]. In response to decreased environmental temperature, DesKC phos-
phorylates the response regulator DesR, which in turn controls the expression levels 
of the effector enzyme, a desaturase. This desaturase is inserted into the membrane, 
where it can introduce double bonds into pre-existing lipids, allowing the recovery 
of membrane fluidity at this lower temperature [3]. 

In the present study we focused on the first step of the signaling pathway, 
examining how the sensor is able to sense and transmit a temperature-dependent 
signal. This challenge was recently simplified by the discovery that both the sensing 
and the signal transduction properties of the membrane-spanning part of DesK can 
be captured into a single transmembrane segment by fusing the N-terminal part of 
the first transmembrane segment to the C-terminal part of the fifth transmembrane 
segment [5]. The resulting protein is called the minimal sensor DesK (MS-DesK).

Importantly, MS-DesK shows a temperature-dependent switch in activity 
comparable to the full length DesK not only in vivo, but also when  reconstituted in 
protein-free lipid bilayers made from bacterial lipids [5]. Therefore, no other mem-
brane proteins are involved in sensing or signal transduction. Furthermore the activ-
ity of the catalytic domain DesKC itself, is not temperature-sensitive [5, 6], and thus 
it must be the transmembrane segment of MS-DesK that somehow reacts to changes 
in temperature, most likely by sensing corresponding changes in the physical prop-
erties of the lipids. 

Which properties of the membrane could be sensed by DesK and  MS-DesK? 
On a decrease in environmental temperature, membrane lipids become more 
 ordered, and consequently the membrane becomes thicker [7]. Some evidence sug-
gests that such changes in membrane thickness may be a key factor for regulation of 
DesK sensing and signaling. First, an MS-DesK length mutant (4V) containing 4 
extra valines in the C-terminal region of its transmembrane segment was found to 
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be inactive and to remain locked in the phosphatase state on a decrease in temper-
ature [5]. Second, reconstitution studies showed increasing activity of both DesK 
and MS-DesK with increasing acyl chain length of the lipids in which the protein 
is reconstituted [5, 8]. Third, increased incorporation of long-chain fatty acids into 
the membrane lipids was found to stimulate kinase activity of DesK in vivo, whereas 
increased levels of short-chain fatty acids result in loss of activity [9].

How can membrane thickness regulate activity of DesK? It has been shown 
that the N-terminus of MS-DesK at the exoplasmic side of the membrane contains 
a motif that may render the protein sensitive to membrane thickness and interfacial 
hydration. This motif contains two hydrophilic amino acids, K10 and N12, that are 
essential for activity [5] and that presumably are located within the transmembrane 
region just below the lipid-water interface. Because their side chains can snorkel to 
the hydrophilic membrane-water interface, these amino acids were proposed to act 
as a buoy, stabilizing the position of the transmembrane segment. For this reason, 
this has been called the sunken-buoy (SB) motif [5]. In addition to the SB-motif, a 
charged linker region at the intracellular membrane-water interface was found to be 
important for activity [10]. It has been proposed that both motifs act together as a 
molecular gauge that senses membrane thickness and thereby regulates the switching 
of activity of the intracellular catalytic domain of DesK [10]. The molecular details 
of the mode of action of this molecular gauge have remained elusive, however.

Because the activity of MS-DesK is most likely regulated by direct interac-
tions of its single transmembrane segment with surrounding lipids, as discussed 
above, this system is ideally suited for studies on relatively simple model membranes. 
In such model systems the biological complexity of the host membrane is reduced to 
 allow for systematic studies. Here, to gain insight into the molecular mode of action 
of the sensor, we studied the behavior of peptides mimicking the membrane-span-
ning parts of a functional mutant and a non-functional mutant of MS-DesK in syn-
thetic lipid bilayers by spectroscopic techniques and molecular modeling. Combined 
with in vivo functional studies on MS-DesK mutants and cross-linking experiments, 
our results lead to a new model of thermo-sensing in which changes in bilayer thick-
ness trigger a switch between distinct dimerization interfaces within the membrane, 
 resulting in activation of the sensor.
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Results
The MS-DesK transmembrane segment adopts a bilayer-thickness 
 dependent α-helical structure
To study how membrane thickness may modulate the behavior of MS-DesK, we 
incorporated peptides corresponding to a functional and a non-functional MS-DesK 
transmembrane segment (Table 1) into model membranes of phosphatidylcholine 
(PC) lipids. These synthetic lipids were chosen because they allow the investigation 
of changes in membrane thickness by systematically varying the lipid acyl chain 
length. Furthermore, MS-DesK is active when incorporated into PC lipids and 
shows higher activity with longer acyl chains [5].

Peptide Sequence

MS-TMS MIKNHFTFQK LNGITPYVIT LISAILLPWS IKSRKERERL EEK

4V-TMS MIKNHFTFQK LNGITPYVIT LISVVVVAIL LPWSIKSRKE RERLEEK

Table 1. Amino acid sequences of the peptides used in this study. The sequences of the synthetic 
peptides correspond to the transmembrane region of MS-DesK and the 4V extension (yellow) of MS-
DesK (MS-TMS and 4V-TMS, respectively) with the SB motif (red) and the C-terminal charged linker 
(blue). A Trp (green) was incorporated instead of a Phe to allow for fluorescence measurements.

First, we used circular dichroism (CD) to investigate whether bilayer thickness af-
fects secondary structure. Figure 1A shows the CD spectra of the transmembrane 
segment of MS-DesK (MS-TMS) in different bilayers. All spectra are characteristic 
for mainly α-helical structure; however, in thicker membranes, the negative peak at 
208 nm has higher intensity, and the intersection with the x-axis is shifted to slightly 
lower wavelengths. Deconvolution of the spectra shows that helicity increases from 
~55% in thin membranes to ~65% in thicker membranes (Table 2), which would 
correspond to approximately four amino acids and thus the folding of approximately 
one helix turn.

Figure 1. CD spectra of MS-TMS (A) and 4V-TMS (B) in lipid vesicles of 14:1-PC (red), 
16:1-PC (yellow), 18:1-PC (green), 20:1-PC (blue) and 22:1-PC (purple). The peptide/lipid 
ratio used was 1:50. and measurements were performed at 25 °C. The data are a representative 
set of two independent experiments.
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Figure 1B shows that the CD spectra of an elongated peptide  corresponding to an 
inactive minimal sensor (4V-TMS) also exhibit mostly α-helical character. However, 
in contrast to MS-TMS, here no change in helicity is observed on increasing bilayer 
thickness, and the number of residues present as α -helix in 4V-TMS (~24 amino 
acids) is similar to that in MS-TMS in thinner membranes (Table 2).  A  regular helix 
of this length would correspond to ~36 Ǻ, which in principle would suffice to span 
even membranes of 22:1-PC [11]. Why then are MS-TMS and 4V-TMS  behaving 
in such a dissimilar manner? An important difference between the two helices is 
their hydrophobicity. For 4V-TMS, a helix of 24 amino acids between residues 11 
and 35 will be hydrophobic and uncharged, whereas for MS-TMS, any helix with a 
length of 24 residues or more will contain at least one charged Lys residue and also 
will include more hydrophilic residues (Table 1). This will make it energetically less 
favorable for MS-TMS to incorporate in thicker membranes. Thus, MS-TMS will 
have to react to increases in bilayer thickness in a manner that possibly involves helix 
elongation and that allows for relief of the hydrophobic mismatch.

Lipids MS-TMS 4V-TMS

Fatty acid 
chain length

Hydrophobic 
thickness (Å)

α-helix 
(%)

α-helix, no. 
of residues

Sheet 
(%)

Random 
coil (%)

α-helix 
(%)

α-helix, no. 
of residues

Sheet 
(%)

Random 
coil (%)

14:1-PC 23 56±2 24±1 9±1 35±1 50±3 24±1 9±2 41±1

16:1-PC 26 55±3 24±1 9±1 36±3 52±3 24±1 8±2 40±1

18:1-PC 30 59±2 25±1 8±1 33±2 50±1 24±1 9±1 41±1

20:1-PC 33 63±1 27±1 6±2 31±1 52±2 24±1 10±2 38±1

22:1-PC 36 67±2 29±1 7±3 26±3 50±3 24±1 10±1 40±2

Table 2. Secondary structural elements in relation to membrane thickness of MS-TMS and 4V-TMS.
Percentages of secondary structural elements are averages with SDs of the three deconvolution programs 
of CD-Pro based on two independent experiments. The number of residues in the α-helix is calculated 
from the percentage and the total number of residues in the peptide. In the case of a regular α-helix, 
one residue corresponds to 1.5 Å α-helix length. The hydrophobic thicknesses are carbonyl-carbonyl 
distances derived from previous work [11].

The MS-DesK transmembrane segment shows a bilayer-thickness 
dependent positioning in the membrane
Further insight into the interaction of MS-DesK with lipids was obtained by 
 fluorescence spectroscopy. In the peptides used in this study, a phenylalanine resi-
due near the C-terminal membrane-water interface was substituted for a tryptophan 
( Table 1). This allowed for further study of membrane-thickness dependent proper-
ties of the peptides by monitoring the Trp emission maximum, which depends on 
the polarity of the environment [12]. Mutagenesis and functional analysis showed 
that the corresponding MS-DesK mutant is active (Fig. S1).
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Trp fluorescence spectra of MS-TMS in model membranes (Fig. 2A) show 
emission maxima at a lower wavelength (near 345 nm) than for a soluble tryptophan 
(near 356 nm), consistent with a position of the peptide inside the membrane with 
its Trp residues close to the lipid-water interface [12]. However, careful analysis of 
the emission maxima of MS-TMS as function of bilayer thickness shows a complex 
behavior (Fig. 2C, blue line). The maximum shifts to slightly lower wavelength when 
the acyl chain length increases from C14 to C18, suggesting a more hydrophobic 
environment, but on a further increase in chain length from C18 to C22, the maxi-
mum shifts back to a somewhat higher wavelength. This behavior clearly differs from 
that of 4V-TMS (Fig. 2B and C, red line), which is more straightforward. In thinner 
membranes, the emission maximum of 4V-TMS is shifted to a higher wavelength, 
in line with positioning of Trp closer to the aqueous phase owing to the longer trans-
membrane segment of 4V-TMS. More importantly, the spectrum shows a blue shift 
of the emission maximum with increasing chain length, as expected for a Trp residue 
that simply becomes located in a more hydrophobic environment on thickening of 
the bilayer. Qualitatively comparable results for MS-TMS and 4V-TMS were ob-
tained with quenching experiments using the aqueous quencher acrylamide (Fig. S2, 
Table S1).

Figure 2. Comparison of MS-TMS and 4V-TMS emission spectra in lipid vesicles with 
 varying acyl chain length. (A and B) Emission spectra of soluble Trp (black), MS-TMS (A) 
and 4V-TMS (B) in lipid vesicles of 14:1-PC (red), 16:1-PC (orange), 18:1-PC (green), 
20:1-PC (cyan) and 22:1-PC (magenta). (C) Emission maxima for MS-TMS (blue squares) 
and 4V-TMS (red diamonds) as a function of acyl chain length. The peptide/lipid ratio used 
was 1:50 and measurements were performed at 25 °C. The error bars indicate the standard 
deviation for three independent experiments.
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How can we understand the complex behavior of MS-TMS? A tentative interpre-
tation is that two events are involved with opposite outcomes. The first event could 
be a localization of Trp deeper into the membrane on increasing bilayer thickness, 
leading to a more hydrophobic environment. This event would then be dominant 
from 14:1-PC to 18:1-PC, whereas in thicker membranes a second event would be-
come dominant, which places Trp in a more hydrophilic environment. What could 
this second event be? One possibility is that the elongation of the helix, as suggested 
by CD experiments, results in a change of the polarity of the environment of the 
tryptophan residue. Alternatively, it is possible that the increase in membrane thick-
ness, perhaps in combination with helix elongation, leads to additional events, such 
as dimerization of the peptide or reorientation of helices within a dimer, which then 
might result in a more hydrophilic environment of the Trp residue. This latter possi-
bility seems realistic, give that all histidine kinases of two-component systems stud-
ied to date have been seen to function as a dimer [2] and that the crystal structure 
of the intracellular domain of DesK was found to be a dimer in both its functional 
state and a non-functional state [4]. Taken together, these results raise the immediate 
question of whether MS-TMS indeed does prefer to form dimers and, if so, what the 
conformations of these dimers would be. We addressed these questions next.

Molecular dynamics simulations
To gain insight into the dimerization behavior of the transmembrane region of 
 MS-DesK, we carried out large-scale coarse-grained (CG) molecular dynamics 
(MD) simulations on the MS-TMS sequence. In the absence of structural data, 
we chose the CG approach because it enables efficient screening of a large number 
of different dimer conformations; however, the nature of the CG model does not 
support  changes in the secondary structure of the proteins, and thus it must be 
decided beforehand. As a first approximation, we modeled the MS-DesK sequence 
as a canonical α-helix for the transmembrane segment. Our goal here was not only 
to identify TMS dimer conformations, but also to establish shifts as a function of 
temperature. Specifically, we expected that the most populated dimer configuration 
at low temperature should become less populated at the higher temperature, and 
vice versa. With this goal in mind, we carried out MD simulations in a fully solvated 
18:1-PC lipid bilayer as a function of temperature. We selected this bilayer because 
it has been well characterized with CG-MD simulations [13], and because it allowed 
us to detect possible shifts in dimer populations simply by varying temperature, 
while keeping the composition constant.  

The data was collected at three different temperatures from 1000 simulations 
for each temperature, providing a large pool of potential dimer conformations. The 
results thus obtained were interpreted by applying cluster analysis without using any 
experimental input, to avoid bias. To gain insight into the shifts between different 
cluster populations, we performed cluster analysis using all dimers found across all 
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temperatures (Fig. S3). Overall, our cluster analysis suggests that MS-TMS behaves 
as a dimer, and that two distinct dimer conformations dominate at different temper-
atures. These two dimer conformations are shown in the corresponding lipid bilayer 
at 310K and 290K in Figure 3. The dominating dimer conformation found at 300K 
is similar to the conformation at 310K with an RMSD value of 0.28 nm between the 
central structures, and thus is not shown here. At high temperature, the residues S23 
and S30 are found facing the lipid environment. At low temperature, the op posite 
situation is found, with residues S23 and S30 facing toward the dimer interface 
(Fig. S4). In this case, S33 also faces the interface and may contribute to helix-helix 
interactions (Fig. S4, S5). The opposite is observed for W29. At high temperature, 
W29 is distributed around the dimer interface, whereas at low temperature it is ori-
ented toward the lipid-water interface in most of the cluster members.  Unfortunately, 
owing to the different setups and the fixed helix constraint, the MD simulations do 
not allow straightforward comparison with the fluorescence results on MS-TMS. 
Residue T20 does not appear to contribute to helix-helix interactions in either ori-
entation.

Figure 3. Interfaces formed by MS-DesK dimer as found in MD simulations at 310K (A) 
and at 290K (B). The central structures of the major clusters are shown as representative 
conformations for each temperature. The peptide backbone is shown in black and key amino 
acids are highlighted as spheres. The amino acid residues are color-coded as follows: W29 in 
orange; T20 in light blue; T15, S23, S30, S33, and N12 in magenta as the residues forming 
the signal dimer interface; and Q9 and K10 in red. The location of lipid PO4 groups is shown 
as a grey surface to indicate the position of the dimer in the bilayer. Water at the interface is 
shown in blue spheres.

Our simulations also suggest changes in dimer interface structure at the N-terminal 
end. Residues Q9 face the dimer interface at 310K, whereas N12 faces the dimer 
interface at 290K, suggesting opposite rotations. The position of K10 remains the 
same at both temperatures, always facing the lipids and located close to the lipid-wa-
ter interface, which supports its role as sunken buoy. 
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Thus, we can observe that at low temperature, MS-TMS is capable of forming an 
energetically favorable dimer interface defined by three serine residues located at the 
same face of the helix, which would form a serine zipper. Structural motifs formed 
by small residues such as serine have been previously suggested to promote strong 
and specific transmembrane helix-helix association [14]. In particular, the spatial 
arrangement of repeating serine residues recognized through analysis of interhelical 
H-bonds has been termed “serine zipper”, in analogy to the coiled-coil leucine zipper 
heptad motif [15]. The structural arrangement of three serine residues (S23, S30, 
S33) in MS-TMS dimer forms a similar serine zipper motif and could be capable of 
driving helix-helix associations at low temperature. Our results suggest a model of 
reorientation of the dimer as possible mechanism for activation of the thermosensor, 
which would be consistent with the fluorescence data.

Mutational studies confirm an essential zipper motif
To directly test the importance of the serine zipper dimerization motif for activation 
of MS-DesK in vivo, we introduced a series of point mutations that would either 
weaken or favor the putative dimerization interface. According to the MD model, 
mutations which eliminate serine residues at the C-terminus would destabilize the 
serine zipper dimerization motif and thereby weaken the driving force for rotation, 
resulting in stabilization of the phosphatase state. Indeed, we found that the muta-
tions S23A, S30A and S33A all result in decreased kinase activity at 25 °C, favoring 
the phosphatase state of the sensor regardless of the temperature signal (Fig. 4 and 
Fig. S6). In accordance with the molecular modeling data, T20A seems not to have 
an effect on MS-DesK signaling (Fig. 4).

Figure 4. Activity of MS-DesK variants with an altered hydrophilic motif at the C-terminus 
of the TM segment. B. subtilis desK- cells harboring each of the MS-DesK point mutants 
were grown at 37 °C to an OD of 0.3 at 525 nm and divided into two samples. One sample 
was transferred to 25 °C (grey) and the other was kept at 37 °C (black). Aliquots were taken 
every hour, and β-galactosidase activities were determined. The values are representative of 
three independent experiments and correspond to 4 h after the shift. 
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As an additional control we analyzed the effect of introducing an extra serine at 
position 27 of the postulated helix-helix interface. This would favor the kinase state 
owing to stabilization of the dimerization interface now constituted by four serines 
localized one turn apart in the helix: S23, S27, S30 and S33. We found that this 
construct indeed strongly stabilizes the kinase conformation (Fig. 4). We noted the 
same effects when these mutations were introduced in full-length DesK (Fig. S7), 
supporting the importance of a specific dimer interface for functional activity.

If a serine zipper connects the two helices at the C-terminus of the trans-
membrane segment at low temperature, then the helices should be close enough 
to allow capture by cysteine cross-linking. The presence of a cysteine residue in the 
dimerization interface can serve as a label to detect the proximity of the monomers 
by formation of a disulfide bond [16]. Cultures of B. subtilis strains carrying MS-
DesK or MS-DesK with the mutation S30C were incubated at 25 °C with diamide 
(a membrane-permeable oxidant). Western blot analyses were performed to analyze 
the presence of monomers and dimers. As shown in Figure 5, in MS-DesK S30C, 
cysteine residues are cross-linked leading mainly to dimer formation, whereas MS-
DesK without cysteine residues in the transmembrane region forms monomers. We 
obtained similar results when using variant MS-DesK S23C, S33C or L27C (Fig. 
S8). As a control, we introduced a cysteine at position 31 (I31C). In this mutant, 
cysteine is located on the other side of the helix, and the ratio dimer to monomer 
is decreased, as expected. Taken together, these results confirm that the interface 
delineated by the serine zipper motif at the C-terminus of the transmembrane seg-
ment is responsible for dimer stabilization, a requirement for stabilizing the kinase 
conformation.

Figure 5. Disulfide cross-linking of cysteine reporters. Cells expressing MS-DesK,    MS-DesK 
S30C or MS-DesK I31C were treated with diamide at 25 °C, and disulfide-cross-linked 
 molecules were analyzed by Western blot analysis, as detailed in Materials & Methods.
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Discussion
The model: a serine zipper as a kinase-regulatory motif
In this work, our specific aim was to decipher in molecular detail how the ther-
mosensor DesK reacts to temperature changes by alternating between two oppo-
site activities, kinase and phosphatase. By making use of a fully active but minimal 
 version of DesK with only one membrane-spanning segment, and using comple-
mentary approaches, we obtained a detailed picture that allows us to propose a novel 
mechanism for thermo-sensing as illustrated schematically in Figure 6.

Figure 6: Schematic representation of the mode of action of MS-DesK. Its transmembrane 
segment (MS-TMS) contains an N-terminal charged hydrophilic motif (K10, N12; red), 
the so-called sunken-buoy (SB) motif. The sidechains of these residues can snorkel to the 
hydrophilic membrane interface and limit the further downward vertical movement of the 
MS-TMS. The C-terminus of the transmembrane part contains a hydrophilic motif of three 
serine residues (S23, S30, S33; blue). Under standard conditions in a fluid membrane, these 
serines interact with the hydrophilic interface (left). With decreasing temperature, the mem-
brane thickens, and an extra turn of the helix folds inside the membrane, resulting in the for-
mation of a serine zipper motif (right). This motif can form intrahelical hydrogen bonds that 
shield the hydroxyl groups from the hydrophobic core of the membrane. The reorientation, 
necessary for this interaction, will lead to a change in the C-terminal domain (DesKC) from 
the phosphatase to the kinase state.

This model suggests that MS-DesK acts as a dimer both at high and low temper-
atures, but that it switches between two different conformations according to the 
physical state of the lipid bilayer. In response to decreasing temperature, the lipid 
acyl chains become more ordered, leading to an increase of bilayer thickness and 
decreases in fluidity and hydration [7]. MS-DesK reacts to these physical changes by 
elongation of its transmembrane helix, resulting in location of three serine residues 
(S23, S30 and S33) at the same face of the helix. This serine zipper motif, located at 
the C-terminal region of the transmembrane segment, now becomes the dominant 
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dimerization motif at low temperature, so that the helices will reorient to achieve 
the new lowest energy state of the dimer. In vivo, such a reorientation could be a 
mechanism by which a signal is transmitted to the cytoplasmic domain, resulting in 
a switch in the activity of DesK.

Our model is fully consistent with the results reported herein, as well as 
with data in literature. The CD data suggest elongation of the transmembrane 
 helix in thicker membranes for MS-TMS. This elongation most likely occurs at the 
 C-terminus, because the N-terminal sunken-buoy (SB) motif can be pulled into 
the membrane with the lysine residue (K10) snorkeling towards the interface [5], 
but this same motif will prevent the N-terminal part from being pulled further 
into the membrane on further increases in bilayer thickness. On elongation of the 
C-terminal part of the helix, three hydrophilic serine residues (S23, S30 and S33) 
cluster  together on one side of this helix, thereby constituting a potential serine 
zipper dimerization motif [15, 17, 18]. These serines would be able to form inter-
helical H-bonds when located inside the membrane. Furthermore, dimerization of 
the transmembrane region of MS-DesK is consistent with the fluorescence data, and 
molecular dynamics simulation data confirm that MS-TMS is prone to form dimers 
inside the membrane, showing two dominant dimer interfaces. Moreover, the inter-
face that includes the serine zipper motif is formed at low temperature, indicating 
that the serine zipper is associated with the active MS-DesK. Finally, our mutational 
and cross-linking studies confirm that the transmembrane part of MS-DesK forms 
mainly dimers in its active form with the serine zipper at the interface. 

The model is also consistent with the data obtained for the 4V length mutant. 
The straightforward behavior of this mutant in model membranes may be related to 
its longer hydrophobic length, which takes away the driving force for reorientation 
of the helices upon increasing bilayer thickness. In addition, it should be noted that 
the 4V extension interrupts the serine zipper motif. Consequently, S23 is spatially 
separated from S30 and S33 and also is not located on the same face of the helix. This 
would inhibit formation of the active dimer conformation.

Finally, in our model studies, the length of the acyl chains of PC varied from 
14:1 to 22:1, corresponding to hydrophobic thicknesses of 23-36 Å [11]. This does 
not necessarily mean that such large differences in thickness are required for the 
actual temperature switch of DesK in vivo, however. Indeed, changes in membrane 
thickness as function of temperature are likely to be quite small, particularly when 
lipids remain in a fluid phase. However, it was recently suggested that the fluid-to-
gel phase transition may contribute to the switch in activity of DesK in vivo [19]. If 
the lipids approach their fluid-to-gel transition temperature on cooling, this could 
result in a greater increase in bilayer thickness. Thus, it is possible that other changes 
in membrane physical properties related to the phase transition might contribute to 
the activity switch of DesK. Nevertheless, regardless of whether exclusively thickness 
is sensed or is a combination of physical properties, our model remains valid: a mo-
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lecular gauge consisting of the sunken buoy motif on one side of the membrane, and 
the serine zipper motif on the other side, with the serine zipper acting as a reversible 
helix-helix association motif that is ultimately responsible for triggering the switch 
in DesK activity in response to temperature-induced changes in bilayer properties.

Perspective
It has been shown that serine zippers represent a structural motif that tightly con-
nects TM helices in several membrane proteins, including halorhodopsin, Ca-trans-
porting ATPase and cytochrome c oxidase [15]. Here we present data on the revers-
ible formation of an intramembrane serine zipper motif subjected to regulation by 
physical properties of membrane lipids. Based on the level of conservation between 
TCS [1], and on the notion that our general model of switching between two differ-
ent interfaces is consistent with other models for TCS [20, 21], we suggest that the 
reversible formation of a serine zipper represents a possibly more general mechanism 
by which membrane-embedded sensors may detect and transmit signals.
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Materials and methods

Materials
1,2-dimyristoleoyl-sn-glycero-3-phosphocholine [14:1 (Δ9-Cis) PC], 1,2-dipalmi-
toleoyl-sn-glycero-3-phosphocholine [16:1 (Δ9-Cis) PC], 1,2-dioleoyl-sn -glycero-3-
phosphocholine [18:1 (Δ9-Cis) PC], 1,2-dieicosenoyl-sn-glycero-3-phosphocholine 
[20:1 (Δ11-Cis) PC] and 1,2-dierucoyl-sn-glycero-3-phosphocholine [22:1 (Δ13-
Cis) PC] were obtained from Avanti Polar Lipids (Alabaster, AL). Routine quality 
controls of the lipid stocks by thin layer chromatography confirmed the purity of the 
lipids and the absence of degradation products. Synthetic peptides were obtained 
from Eurogentec (Seraing, Belgium) as > 95% pure peptides. Identity and purity 
were confirmed with mass spectrometry and analytical HPLC. Water was  deionized 
and purified with a Milli-Q gradient water purification system from Millipore Corp. 
(Billerica, MA). All chemicals used were analytical grade.

Sample preparation
Samples were prepared as previously described [22]. Briefly, peptides, dissolved in 
0.5 mL trifluoroethanol were added to 0.5 mL of the desired phospholipid disper-
sion. Excess water was added and subsequently the samples were lyophilized after 
rapid freezing in liquid nitrogen. Vesicles were prepared by rehydrating the dry film 
at room temperature in buffer [10 mM PIPES, 150 mM NaCl, 1 mM EDTA (pH 
7.4)] for the fluorescence experiments and [10 mM Phosphate (pH 7.4)] for circular 
dichroism (CD) measurements. After 10 freeze−thawing cycles, the vesicles were 
extruded 10 times through 0.2 μm filters (Avanti hand-held extrusion device). The 
final peptide concentration was 25 μM for fluorescence experiments and 15 μM for 
CD measurements, with a molar peptide/lipid ratio of 1:50 for all samples. Pep-
tide concentrations were quantified by the average absorbance of tryptophan at 280 
nm using a molar extinction coefficient of ε = 5600 [23]. Lipid concentrations were 
 determined by a phosphorus titration according to the method of Rouser [24].

Fluorescence measurements
Tryptophan fluorescence was measured on a Varian Cary Eclipse fluorescence spec-
trophotometer, using a 10 mm quartz cuvette, 5 mm excitation slit, 5.0 mm  emission 
slit, 0.5 nm resolution, 1 s averaging time, and a scan speed of 30 nm/min. Tem-
perature was controlled with a Peltier device at 25 °C. The tryptophan residues were 
excited at 295 nm, and the emission in the 300-500 nm region was recorded. The 
contribution of pure lipid samples was subtracted from the obtained signal. Because 
optical densities of the samples were below 0.05, correction for the inner filter effect 
was unnecessary [25]. The recorded spectra were fitted to a Log-normal distribution 
using SigmaPlot software as described in [12], normalized and smoothed using a 
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moving average filter with a window size of 5. Acrylamide quenching of tryptophan 
fluorescence was performed by adding acrylamide in aliquots from a 3 M stock solu-
tion to each sample up to a concentration of ~180 mM. The results were analyzed 
using Stern-Volmer plots [25].

Circular Dichroism
Measurements were carried out on a JASCO J-810 spectropolarimeter (Jasco Inc., 
Easton, MD), using a 1 mm path length quartz cuvette, 1 nm bandwidth, 0.2 nm 
resolution, 4 s response time, and a scan speed of 20 nm/min. Temperature was con-
trolled with a Peltier device at 25 °C. For each measurement 10 scans were recorded 
over a wavelength range of 200 – 270 nm. These spectra were averaged and normal-
ized to molar ellipticity per residue. The spectra were deconvoluted with CD-pro 
software [26].

Molecular modeling
We carried out large scale coarse-grained (CG) molecular dynamics (MD) simula-
tions on the MS-DesK sequence with the Martini 2.2 force field [27] and standard 
Martini settings in GROMACS 4.5.x [28]. Martini is a widely used CG force field 
[29] and this type of approach has been proven successful in modeling helix-helix 
interactions in membrane environments [21, 30-34]. Here, we used a recently de-
veloped high-throughput method called Docking Assay For Transmembrane com-
ponents (DAFT) [35] to screen MS-TMS dimers. For modeling, a sequence was 
used that corresponded to MS-TMS in Table 1, but in which the 6 C-terminal 
residues were left out to reduce the size of the system. Further details are provided in 
SI Materials & Methods.

Plasmid and strain constructions
The MS-DesK gene and its variants were PCR-amplified from plasmid TM1/5-
DesKC-pHPKS or from DesK-pHPKS for full-length DesK [5, 6]. Site-directed 
mutagenesis was performed to introduce the mutations (T20A, S23A, S30A and 
L27S for MS-DesK and T140A, S143A, S150A and L147S for full length DesK). 
The resulting plasmids were used to transform CM21 or AKP20 B. subtilis cells [3, 
6]. These strains are desK- and contain a transcriptional fusion between the reporter 
gene β-galactosidase and the promoter of the desaturase (gene upregulated by DesK-
DesR at low temperature), which allows monitoring 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.
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Bacterial strains and growth conditions
B. subtilis JH642 strains were grown at 37 °C or 25 °C, with 250 r.p.m. gyration 
in Spizizen salts supplemented with 0.1% glycerol, 50 μg/ml each tryptophan and 
phenylalanine, 0.05% cas amino acids and trace elements [36, 37]. β-galactosidase 
 activity was assayed in independent triplicates The results shown are the average 
of three independent experiments and correspond to 4 hours after the cold shock. 
For the disulfide cross-linking experiments a B. subtilis strain CM21 (desK) [6] 
 carrying plasmid pHPKS with MS-DesK cysteine variants was grown at 37 °C in 
SPI  medium supplemented with 0.8% xylose to induce MS-DesK expression. At 
 OD600 = 0.5, cells were shifted to 25 °C and treated with 1 mM diamide (Sigma) for 
30 minutes. Reactions were quenched by the addition of 10 mM N-ethylmaleimide 
(NEM). Cells were pelleted, and then lysed by lysozyme treatment and sonication. 
After ultracentrifugation, the membrane proteins were analyzed by non-reducing
SDS-PAGE and visualized by immunoblotting with the specific antiserum   anti -DesK.
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Supporting Information

SI Materials & Methods
The peptide was initially built atomistically as a canonical TM helix and then con-
verted to a coarse-grained (CG) representation without applying elastic network 
constraints. Two copies of the TM helix were placed in a simulation box at a distance 
of 6.5 nm from each other, roughly corresponding to five or six lipids apart, after 
which they were randomly rotated around their helical axes to generate different 
starting structures. Then, DOPC lipids with Martini 2.0 lipid parameters [1, 2] 
and Martini water were added using the INSANE procedure (http://cgmartini.nl/
cgmartini/index.php/tools2/proteins-and-bilayers, version June 12, 2014) and sub-
sequently energy-minimized for 500 steps. Each starting system was equilibrated for 
10 ps of NVT MD, using a 2 fs integration time step, followed by a production run 
with an NPT ensemble, using a 20 fs time step. Simulations were performed at three 
different temperatures: 310K, 300K and 290K. At each temperature, a total of 1000 
simulations from different starting structures (as described above) were carried out 
for a length of 1.5 μs each. The temperature was maintained at the reference value 
using the V-rescale [3] thermostat with a coupling constant of 1 ps. The pressure 
was coupled semi-isotropically to a reference value of 1 bar using the  Berendsen 
barostat [4] with a coupling constant of 3 ps and a compressibility of 3 x 10-4 bar-1. 
 Lennard-Jones and electrostatic interactions were shifted to zero in the range between 
0.9-1.2 nm and 0.0-1.2 nm, respectively. The relative dielectric constant  utilized for 
electrostatic interactions was 15. The neighbor list was updated every 10 steps, with 
the non-bonded cutoff set to 1.2 nm.

The final structures from each simulation in which a dimer was formed were 
analyzed based on clustering by rmsd using the Daura algorithm [5] and a cutoff of 
0.5 nm for the whole protein rmsd. This procedure identifies the most-populated 
dimer conformations at each temperature and their respective central structure with-
in each cluster. To gain additional insight into the shifts between different cluster 
populations, we also performed cluster analysis using all dimers found across all 
temperatures to identify the most populated clusters and the contributions from 
each temperature to these clusters. The cluster analysis was first carried out on the 
last frames collected from the simulations at all temperatures together. The results 
of this global cluster analysis are shown in Figure S3. The top ten clusters together 
(Fig. S3B) account for 75% of all the dimer conformation and were considered for 
further analysis of population shifts between the temperatures. 

To observe the shifts, we calculated the contributions from each temperature 
per cluster, as seen in Figure S3C. It can be seen that the main cluster (C1) contains 



53

2

DesK activation by serine zipper dimerization motif is modulated by bilayer thickness

the most significant contribution resulting from 310K, and that its population is 
decreasing by roughly 5% with decreasing temperature. This cluster also presents the 
highest population at 310K among the top-10 clusters at 18% and is considered to 
be the dominant conformation at this temperature. The opposite trend is observed 
for the second-largest cluster (C2) as its population increases by 4% with decreasing 
temperature. The C2 population size is 14% of the total at the 290K, and it also 
appears to be the predominant cluster at this temperature. Thus, the C1 and C2 clus-
ters not only represent the dominant structures at high and low temperatures, respec-
tively, but also demonstrate a conformational switch as a function of temperature.

Structurally, clusters C1 and C2 show two distinct dimer interfaces based on 
the orientation of the key amino acid residues (Fig. S3D), whereas the rest of the 
clusters represent intermediate conformational states. The main difference, however, 
corresponds to the locations of the serine residues lining up the dimer interface at the 
low-temperature cluster C2. Figure S4 shows distribution of the serine side chains 
throughout both clusters C1 and C2, further confirming that S23 and S30 have a 
very clear preference to orient toward the dimer interface. In case of S33, the changes 
are more subtle, with no preferred orientation seen at the high temperature (C1 in 
Fig. S4C); however, the distance distribution between the S33 pair (Fig. S5) clearly 
shows that at the low-temperature cluster C2, the majority of cluster members are at 
closer distances, indicative of its location at the interface, similar to the other serine 
residues. These changes indicate that the dimer formation at the low temperature 
involves formation of the serine-interacting pairs.
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Figure S1. Activity of MS-DesK and the F29W mutant. B. subtilis strain desK- cells (CM21) allow meas-
urement of the kinase activity of DesK [1, 2]. In a desK-null background, the expression of a des-lacZ 
fusion is null regardless temperature. If  strain CM21 is complemented with DesK variants exhibiting 
kinase activity, then β-galactosidase activity increases at 25 °C, when DesK activates. CM21 cells were 
transformed with plasmids expressing MS-DesK or the MS-DesK F29W mutant under the control of the 
xylose-inducible Pxyl promoter. The two strains were grown at 37 °C to an OD of 0.3 at 525 nm and then 
divided into two samples. One sample was transferred to 25 °C (grey bars) and the other was kept at 37 °C 
(black bars). Aliquots were taken every hour and β-galactosidase activities were determined. The values are 
representative of three independent experiments and correspond to 4h after the shift.
[1] Albanesi D, Mansilla MC & de Mendoza D (2004) The membrane fluidity sensor DesK of bacillus subtilis controls the signal 

decay of its cognate response regulator. J Bacteriol 186(9): 2655-2663.
[2] Cybulski LE, Martin M, Mansilla MC, Fernandez A & de Mendoza D (2010) Membrane thickness cue for cold sensing in a 

bacterium. Curr Biol 20(17): 1539-1544.

Figure S2. Ster-Volmer plots. (A) Soluble Trp (magenta) and the peptides MS-TMS (black) and 4V-TMS 
(red) incorporated in lipid vesicles of 14:1-PC. (B) MS-TMS in vesicles with 14:1-PC (red, diamonds), 
16:1-PC (orange, squares), 18:1-PC (green, triangles), 20:1-PC (cyan, circles) and 22:1-PC ( magenta, 
stars). (C) 4V-TMS in vesicles with 14:1-PC (red, diamonds), 16:1-PC (orange, squares), 18:1-PC (green, 
triangles), 20:1-PC (cyan, circles) and 22:1-PC (magenta, stars). The peptide/lipid ratio used was 1:50 and 
measurements were performed at a temperature of 25 °C. All data are representative sets of two independ-
ent experiments. Compared with a soluble tryptophan, both MS-TMS and 4V TMS show significantly 
decreased quenching (A), consistent with incorporation into the membrane. However, the quenching 
behavior of MS-TMS clearly differs from that of 4V-TMS (compare B, C and Table S1). For 4V-TMS, 
quenching decreases in the longer lipids, consistent with a location deeper in the membrane, but for 
MS-TMS, quenching does not show a systematic dependence on fatty acid chain length, validating the 
differences in behavior observed by the Trp-fluorescence experiments. Unfortunately, the differences in the 
specific bimodal behavior seen for MS-TMS in the fluorescence maximum experiments are too small to be 
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reproduced with quenching experiments.

Figure S3. Cluster analysis. (A) Global cluster analysis of MS-TMS dimers for conformations 
from all the temperatures taken together. (B) Population sizes of the top-10 clusters from 
global cluster analysis. (C) Contributions from each temperature to the population size of 
the top-10 clusters of MS-TMS dimers. (D) Dimer conformations for the top-10 clusters of 
MS-TMS over all the temperatures clustered together. For each cluster, all the members were 
aligned to the corresponding central structure, shown as a backbone in black. Only specific 
amino acid residues of the central structures are shown for reference as VDW spheres. The 
amino acid residues shown here were selected to illustrate how the dimer interfaces change 
between different clusters. The residues are color-coded as follows: W29 in orange; N12, S23, 
and S30 in magenta; Q9, K10, and T20 in red. The T20 residue is located approximately in 
the middle of the helix. 
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Fig. S4. Distribution of serine side chains in clusters C1 and C2 in MS-TMS dimers. The bottom view from the C-terminal is shown. The residues corresponding
to the position in the central structures are shown in magenta for reference. Only the side chain positions of each serine residue are shown for all of the
members in the cluster. Side chains belonging to different helical chains are shown in the corresponding colors (chain A in cyan; chain B in blue).

Cybulski et al. www.pnas.org/cgi/content/short/1422446112 4 of 6

Figure S4. Distribution of serine side chains in clusters C1 and C2 in MS-TMS dimers. The 
bottom view from the C-terminus is shown. The residues corresponding to the position in the 
central structures are shown in magenta for reference. Only the side chain positions of each 
serine residue are shown for all the members in the cluster. Side chains belonging to different 
helical chains are shown in the corresponding colors (chain A in cyan; chain B in blue).
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Fig. S6: Distance distribution for Ser33-Ser33 pair measured between their centers of 
mass in clusters C1 and C2 from global cluster analysis. 

Figure S5. Distance distribution for Ser33-Ser33 pair measured between their centers of mass 
in clusters C1 and C2 from global cluster analysis.

Figure S6. In vivo phosphatase activity of MS-DesK variants. B. subtilis strain AKP20 allows 
measurement of phosphatase activity of DesK [1, 2]. It is based on overexpression of phos-
pho-DesR, in a desK-null background, leading to constitutive expression of a des-lacZ fusion 
at 37 °C. If  strain AKP20 is complemented with DesK variants exhibiting phosphatase ac-
tivity, then phospho-DesR is decreased, resulting in reduced β-galactosidase activity. AKP20 
cells were transformed with plasmids expressing MS-DesK or its point mutants (T20A, S23A, 
S30A, S33A) under the control of the xylose-inducible Pxyl promoter. β-galactosidase activity 
was measured in the reporter strain growing at 37 °C in the presence (gray bars) or in the 
absence (black bars) of xylose.

[1] Cybulski LE, Martin M, Mansilla MC, Fernandez A & de Mendoza D (2010) Membrane thickness cue for cold sensing 
in a bacterium. Curr Biol 20(17): 1539-1544.

[2] Aguilar PS, Hernandez-Arriaga AM, Cybulski LE, Erazo AC & de Mendoza D (2001) Molecular basis of thermosensing: 
A two-component signal transduction thermometer in bacillus subtilis. Embo J 20(7): 1681-1691.
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Figure S7. In vivo β-galactosidase activities of DesK variants. B. subtilis desK- cells harboring 
full-length DesK or its point mutants (S150A and L147S) were processed as in Figure S1.

Figure S8. Disulfide cross-linking of cysteine reporters. Cells expressing MS-DesK with the 
independent substitutions S33C, S30C, L27C or S23C were treated with diamide (A) or 
without diamide (B), and  analyzed by Western blot analysis, as detailed in Materials & 
Methods. In the presence of diamide, Cys-labelled MS-DesK molecules mainly form dimers, 
whereas in the absence of the oxidant, the construct mainly forms monomers. It is interesting 
to note that variant L27C, which is locked in the kinase state, can still form dimers in the 
absence of diamide, although only at low levels.

Lipid chain length MS-TMS 4V-TMS

14:1-PC 2.5 ± 0.1 2.7 ± 0.2

16:1-PC 2.6 ± 0.2 2.6 ± 0.3

18:1-PC 2.5 ± 0.1 2.6 ± 0.1

20:1-PC 2.6 ± 0.2 2.3 ± 0.1

22:1-PC 2.6 ± 0.1 2.1 ± 0.1

Table S1. Stern-Volmer constants (M-1) for MS-TMS and 4V-TMS peptides incorporated in 
PC lipid vesicles with different acyl chain length. The values are averages of two independent 
quenching experiments with errors.
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Abstract
The bacterial thermosensor DesK reacts to changes in ambient temperature, ulti-
mately resulting in membrane fluidity maintenance. The minimal sensor DesK (MS-
DesK) is an elegant model of DesK, preserving the sensing and signaling properties 
in only one transmembrane segment, allowing for studies in model membrane sys-
tems. Here we used a model of MS-DesK in synthetic lipid bilayers to investigate 
whether thickness and phase transition are sensed in a similar fashion, and how the 
sensing is influenced by the charge of the membrane lipids. To this end peptides 
corresponding to the transmembrane segment of MS-DesK and mutants studied in 
the previous chapter were incorporated in model systems with varying lipid com-
position. The influence of the lipid phase transition on the conformation of these 
peptides was investigated and the results were compared with the conformations in 
membranes with varying thickness. We found that changes in thickness and phase 
state induce a similar structural change in the transmembrane segment of MS-DesK. 
These structural changes were found to be independent of the charge of the mem-
brane lipids. Our findings resulted in a model in which sensing and signal transduc-
tion of MS-DesK can occur through both the thickness and the phase state of the 
membrane lipids.
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Introduction
The DesKR system is a two-component system in the soil bacterium Bacillus subtilis 
involved in maintaining membrane fluidity on a decrease in the environmental tem-
perature [1-4]. The membrane-embedded component of this system is the protein 
DesK, which acts as a thermosensor that is able to detect a temperature decrease 
through corresponding changes in biophysical properties of the lipid  environment. 
Here we focus on a simplified version of DesK, the so-called minimal sensor (MS-
DesK), in which the five original transmembrane helices are replaced by a single 
transmembrane segment. This simplification facilitates studies on how the lipid 
 environment allows for switching of the sensor from the off-state (phosphatase state) 
to the on-state (kinase state) on a temperature decrease. MS-DesK proved to be fully 
functional and the length and composition of its transmembrane segment was found 
to be crucial for the temperature dependence of sensing and signaling [4, 5].

What exactly is the membrane property that is detected by the thermosensor? 
Evidence exists that an increase in membrane thickness as a result of a tempera-
ture decrease is an important factor in DesK function [6]. This is supported by the 
 observation that the activity of MS-DesK can be regulated by altering the mem-
brane thickness without changing the temperature [4, 5, 7]. On the other hand, 
temperature-induced changes in membrane thickness are generally only substantial 
when accompanied by a change in phase state of the lipids, i.e. a change from a 
 liquid-crystalline phase to a gel phase. This raises the question whether a change in 
phase state may be the actual trigger for activation of DesK at lower temperature and 
hence whether changes in phase state may have similar effects on the structure of 
DesK as changes in thickness of fluid bilayers.

Previous studies showed that a further simplified system of a peptide cor-
responding to the transmembrane segment of MS-DesK incorporated into model 
membranes of synthetic lipids can provide useful information on the mode of action 
of MS-DesK [4]. Indeed, a model could be proposed for the molecular mode of 
 action of MS-DesK by using model membranes of lipids with varying acyl chain 
length and studying the behavior of the peptides with a combination of circular 
dichroism, tryptophan fluorescence spectroscopy and molecular dynamics simula-
tions [4]. In this model, thicker bilayers induce elongation of the C-terminal region, 
resulting in the formation of a more favorable dimerization motif, a serine zipper, 
which then induces the helices to reorient. In vivo such reorientation could result in 
a conformational change of the cytoplasmic domain, allowing it to switch from the 
phosphatase state to the kinase state at low temperature. This model was supported 
by mutational studies in which the serine zipper motif was either strengthened or 
weakened.
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Here we used model membrane systems to explore how the sensor reacts to its natu-
ral stimulus of temperature-dependent changes in lipid physical properties. By using 
CD and fluorescence on the MS-DesK transmembrane peptide in synthetic lipid 
bilayers we show that similar structural changes occur on inducing a lipid phase tran-
sition, as on varying lipid acyl chain length. Experiments using peptide analogs with 
either a strengthened or weakened serine zipper motif further indicate that these 
changes correspond to the kinase-on and kinase-off state of the protein [4]. Our 
findings thus suggest that in vivo the increase in thickness accompanying the phase 
change is the dominant feature causing the switch to kinase activity on a decrease in 
temperature. 
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Results & Discussion
The MS-DesK transmembrane segment conformation is sensitive to the 
lipid phase
Model membrane systems of synthetic lipids and peptides have been used successful-
ly as a tool to study the temperature sensing mechanism of DesK [4]. In these studies 
a peptide, corresponding to the transmembrane segment of MS-DesK (MS-TMS, 
Table 1) was incorporated into bilayers of lipids with varying acyl chain length. 
 Circular dichroism (CD) and fluorescence studies showed a conformational change 
of the peptide on increasing bilayer thickness that was associated to a switch in 
 activity of the protein in vivo [4]. Here we aimed to use a comparable approach to 
investigate whether a temperature-induced change in phase state of the lipids has 
similar effects as changing bilayer thickness.

Peptide Sequence

Kinase state a)

25 °C 37 °C

MS-TMS wt MIKNHFTFQK LNGITPYVIT LISAILLPWS IKSRKERERL EEK On Off

L27S-TMS MIKNHFTFQK LNGITPYVIT LISAILSPWS IKSRKERERL EEK On On

ΔSerZip-TMS MIKNHFTFQK LNGITPYVIA LIAAILLPWA IKSRKERERL EEK Off Off

ΔP-TMS MIKNHFTFQK LNGITAYVIT LISAILLAWS IKSRKERERL EEK Off Off

Table 1. Sequences of the synthetic peptides corresponding to the transmembrane region of MS-DesK 
(MS-TMS) and mutants of MS-DesK. The sunken-buoy motif is marked orange and the C-terminal 
charged linker colored blue. Mutations are shown in red, underlined. L27S-TMS has a strengthened 
serine zipper. ΔSerZip-TMS is unable to form the serine zipper because of the T20A, S23A and S30A 
mutations. ΔP-TMS has an altered backbone structure because of two proline mutations (P16A and 
P27A). A Trp (green) was incorporated instead of a Phe to allow for fluorescence measurements. As 
shown previously [4], CD spectra of MS-TMS in bilayers of unsaturated lipids have two minima at 
around 222 nm and 208 nm (Fig.1A), indicative for a mainly α-helical character of the peptide. Howev-
er, the shape of the spectra is clearly dependent on bilayer thickness, with a decrease in ellipticity ratio of 
the minima (222/208 nm) in thicker bilayers, as quantified in Fig. 1B. This decrease has been correlated 
with a lengthening of the α-helix [4] (see also the fits in Table S1), and with a switch in activity from 
off-state in the thinner bilayers to on-state in the thicker ones.
a) Expected state of the corresponding protein based on mutation studies.

To compare this behavior with the effect of a temperature-induced change in phase 
state of the lipids, we selected dipalmitoylphosphatidylcholine (16:0-PC) lipids as 
model systems because the gel to liquid-crystalline phase transition (Tm) occurs at 
an experimentally convenient temperature of 41 °C [8] and because the change in 
thickness on the phase transition approaches the thickness range of unsaturated PC 
lipids where the switch behavior of MS-TMS was observed (Table 2). As in unsatu-
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rated lipids, the spectra show mainly α-helical character (Figure 1C, Table S1), but 
with a decrease in ellipticity ratio when the temperature drops from around Tm to 
lower temperatures (Fig. 1G blue diamonds), indicating an elongation of the α-helix 
when the gel-phase character of the membrane increases. The temperature-depend-
ent effect of MS-TMS is absent in dioleoylphosphatidylcholine (18:1-PC), which 
has a Tm at -17 °C [10], demonstrating that the temperature change itself has no 
effect on the structure of the peptide (Fig. 1D, Fig. 1G red triangles). Experiments 
on MS-TMS in dimyristoylphosphatidylcholine (14:0-PC)  show a similar change 
in structure as for 16:0-PC, but now around the Tm of 23 °C (Fig. 1E, Fig. 1G green 
diamonds), confirming that a phase transition is indeed responsible for the observed 
structural changes.

Acyl chain 
composition

Transition 
temperature (°C)

Hydrophobic thickness (Å) a)

Fluid phase Gel phase

di-14:1 23.4

di-16:1 -36 26.2

di-18:1 -17 29.6

di-20:1 -4 32.5

di-22:1 13 36.3

di-14:0 24 25.4 30.3

di-16:0 41 28.5 34.4

Table 2. Phosphatidylglycerol transition temperatures and hydrophobic thicknesses as 
 function of acyl chain composition. Hydrophobic thicknesses are defined as  carbonyl-carbonyl 
distance, derived from Marsh [9].
a) Hydrophobic thicknesses at 30 °C, except for the gel phase of di-14:0-PC (10 °C) and the fluid phase 

of di-16:0-PC (50 °C)

Because negatively charged lipids could influence the activation mechanism of 
 MS-DesK [11], we also studied the conformational behavior of MS-TMS in the 
anionic lipids dipalmitoylphosphatidylglycerol (16:0-PG) and dioleoylphosphati-
dylglycerol (18:1-PG), which have similar phase transition temperatures as the 
 corresponding PC lipids [12]. The spectra showed a similar trend for MS-TMS in 
PG lipids (Fig. 1F, 1H), suggesting that the switch is not affected by the charge of 
the lipid head groups.
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Figure 1. Structural behavior of MS-TMS characterized by CD in various model membrane systems. 
A) CD spectra of MS-TMS in lipid vesicles of 14:1-PC (red), 16:1-PC (yellow), 18:1-PC (green), 
20:1-PC (blue) and 22:1-PC (purple) and B) the ellipticity ratios depending on acyl chain length. C) 
CD spectra of MS-TMS in model membrane systems with 18:0-PC, 18:1-PC (D), 14:0-PC (E) and 
18:1-PG (F). G) The ellipticity ratios of model membrane systems with PC and PG (H). The peptide 
lipid ratio used was 1:50. All emission spectra are a representative set of two independent experiments 
except for the temperature-dependent PC experiments.
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Next, Trp-fluorescence experiments were performed to obtain complimentary data 
on the conformational change of MS-TMS. Previously, fluorescence spectra of MS-
TMS in model membranes of varying thickness demonstrated a complex, non-linear 
behavior of the emission maxima (Fig. 2A, B), with an initial decrease in wavelength 
of the emission maximum on increasing bilayer thickness from  14:1-PC to 18:1-PC 
and a small increase of the wavelength on further increasing bilayer thickness from 
18:1-PC to 20:1-PC. This behavior was thought to reflect the  re-orientation between 
the two dimerization interfaces of MS-TMS [4] during transition from the off-state 
to the on-state on increasing bilayer thickness. 

When the fluorescence spectra are measured in 16:0-PC as function of tem-
perature (Fig. 2C), a different behavior is observed. A relatively large change in wave-
length of the emission maximum occurs when going through the phase transition 
temperature (Fig. 2G blue diamonds). A similar behavior is observed around Tm for 
14:0-PC (Fig. 2E, 2G green diamonds), and to a lesser extent for 16:0-PG (Fig. 2F, 
Fig 2H blue diamonds). No such transition is observed for the unsaturated lipids as 
function of temperature, demonstrating that this behavior is indeed connected to the 
phase transition. Nevertheless, the results are much less straightforward than the CD 
measurements. Most importantly, the fluorescence signal is highly sensitive to inter-
facial hydration, and hence will be dominated by the fluid-to-gel phase transition. 
This makes it very difficult to visualize subtle biphasic behavior owing to helix reori-
entation, if present. Second, some of the spectra show broadening, e.g. in  16:0-PC, 
which may suggest the presence of different environments for the Trp residue. Taken 
together, these results show that Trp-fluorescence is less valuable for the study of 
 MS-DesK in lipid phase dependent experiments and therefore in the remainder of 
this study we will focus mainly on CD analysis for these experiments.
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Figure 2: Structural behavior of MS-TMS characterized by Trp-fluorescence in various model 
membrane systems. A) Emission spectra of MS-TMS in lipid vesicles of 14:1-PC (red), 16:1-PC 
(yellow), 18:1-PC (green), 20:1-PC (blue) and 22:1-PC (purple) and B) the emission maxima 
depending on acyl chain length. C) Emission spectra of MS-TMS in model membrane systems with 
16:0-PC, 18:1-PC (D), 14:0-PC (E) and 16:0-PG (F). G) The ellipticity ratios of model membrane 
systems with PC and PG (H). The peptide lipid ratio used was 1:50. All emission spectra are a 
representative set of two independent experiments. 
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Figure 2. Structural behavior of MS-TMS characterized by Trp-fluorescence in various model mem-
brane systems. A) Emission spectra of MS-TMS in lipid vesicles of 14:1-PC (red), 16:1-PC (yellow), 
18:1-PC (green), 20:1-PC (blue) and 22:1-PC (purple) and B) the emission maxima depending on acyl 
chain length. C) Emission spectra of MS-TMS in model membrane systems with 16:0-PC,  18:1-PC 
(D), 14:0-PC (E) and 16:0-PG (F). G) The ellipticity ratios of model membrane systems with PC 
and PG (H). The peptide lipid ratio used was 1:50. All emission spectra are a representative set of two 
independent experiments.
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The conformational behavior of MS-DesK transmembrane segments 
with strengthened or weakened serine zippers reflects the in vivo kinase 
activity of the corresponding proteins
The results so far using CD on model membrane systems suggest that changes in 
conformation of the MS-DesK transmembrane segment as function of bilayer thick-
ness are similar to changes resulting from a temperature-induced phase change of 
the lipids. To further investigate whether this conformational behavior is related to 
functional properties, we next made use of peptides corresponding to functional 
and non-functional mutants of DesK. The serine zipper of MS-DesK is an excellent 
target for such mutations, because mutants with strengthened or weakened serine 
zipper motifs showed permanent kinase-on and kinase-off activity respectively [4]. 
The amino acid sequences of the peptides are shown in Table 1. In L27S-TMS the 
zipper is strengthened by an extra serine residue at the zipper interface and the cor-
responding MS-DesK mutant is active at all temperatures. In ΔSerZip-TMS the 
zipper motif is completely removed by replacing all three serines by alanines. Note 
that in MS-DesK replacement of only one serine is already sufficient to cause inac-
tivity at all temperatures [4]. Finally, in ΔP-TMS the serine zipper is disrupted in an 
indirect way by mutating the two proline residues to alanines. In the corresponding 
MS-DesK it was observed that replacement of only one of either proline is sufficient 
to cause inactivity at all temperatures (Cybulski, unpublished). It seems most likely 
that these prolines disrupt the backbone structure in a way that allows for favorable 
positioning of the dimer interface in its active state.

The peptides were first incorporated into model membranes of unsaturated 
phosphatidylcholine (PC) lipids with varying acyl chain length. The CD spectra in 
Figure 3A-C show that all peptides exhibit mainly α-helical character, albeit with 
striking differences in their behavior. Importantly, for all three mutants the CD spec-
tra appear to be independent of acyl chain length (Fig. 3A-C). However, the ellip-
ticity ratios of L27S-TMS are similar to those for MS-TMS in thicker membranes 
(Fig. 3D), while ΔSerZip-TMS and ΔP-TMS show ellipticity ratios, which resemble 
those of MS-TMS in thinner membranes (Fig. 3E, F). Deconvolution of the CD 
spectra (Table S1) indicates that the helix of L27S-TMS is somewhat elongated in 
all bilayers, while both ΔSerZip-TMS and ΔP-TMS contain shorter α-helices. Thus, 
these results suggest that the two different states previously proposed for MS-DesK 
[4] in thick and in thin bilayers are similar to the states of the corresponding active 
and inactive mutants. 
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Figure 3. Behavior of mutants with strengthened or weakened serine zipper motif in model mem-
brane systems with varying bilayer thickness. CD spectra of A)  L27S-TMS, B) ΔSerZip-TMS and C) 
 ΔP-TMS  in lipid vesicles of 14:1-PC (red), 16:1 PC (yellow), 18:1-PC (green), 20:1-PC (blue) and 
22:1-PC (purple). D) Bilayer thickness dependent change in ellipticity ratio for L27S-TMS (green 
triangles), ΔSerZip-TMS (E, red triangles) and ΔP-TMS (F, orange triangles) as compared to MS-TMS 
(D-F, blue diamonds). The CD spectra are a representative set of two independent experiments and 
the ellipticity ratios are averages of two independent experiments with errors. The linear trendline for 
 MS-TMS is shown to guide the eye. The transparent areas with solid borders indicate the minimum 
and maximum value for the mutants for straightforward comparison with MS-TMS.

The CD results were further supported by Trp-fluorescence measurements (Fig. 4). 
The behavior of the three mutants clearly differs from that of MS-TMS. One dif-
ference is that the spectra of these mutants are slightly blue-shifted with respect to 
MS-TMS (Fig. 4D-F). The reason for this is not clear, but it is most likely related 
to a change in the chemical environment of the Trp in these mutants, for example 
owing to the substitutions themselves, to a change in dimer interface, or to a change 
in localization with respect to the lipid/water interface. A more relevant difference in 
the context of this study is that for all three mutants the wavelength of the emission 
maximum decreases with increasing chain length, albeit less pronounced in the case 
of L27S-TMS. This would correspond to a Trp residue simply becoming located in 
a more hydrophobic environment on thickening of the bilayer. Therefore, the trends 
in the fluorescence spectra are consistent with mutants, which lack a bilayer thick-
ness-dependent activity switch.
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Figure 4: Trp-fluorescence behavior of mutants with strengthened or weakened serine zipper motif in 
model membrane systems with varying bilayer thickness. Emission spectra of A) L27S-TMS, B) 
ΔSerZip-TMS and C) ΔP-TMS in lipid vesicles of 14:1-PC (red), 16:1-PC (orange), 18:1-PC (green), 
20:1-PC (cyan) and 22:1-PC (magenta). D) Emission maxima as a function of acyl chain length for 
L27S-TMS (green triangles), ΔSerZip-TMS (E, red triangles) and ΔP-TMS (F, orange triangles) of as 
compared to MS-TMS (D-F blue diamonds). The emission spectra are a representative set of two 
independent experiments. The emission maxima are averages of two independent experiments. The 
errors are relative to the previous measurement. 

 Next, the behavior of peptides with altered serine zipper motifs (Table 1) was 
investigated as function of temperature-induced changes in the phase state of the lipids, using 
bilayers of 16:0-PC. The CD spectra in Figure 5A-C show that the conformational behavior of 
the peptides is much less dependent on the phase state as compared to that of MS-TMS. The 
ellipticity ratios observed for L27S-TMS are in the range of the values found for MS-TMS at 
temperatures in the gel phase, while for ΔSerZip-TMS and ΔP-TMS the ellipticity ratios are 
more similar to those of MS-TMS in the fluid phase (Fig. 5D-F). However, the situation is 
somewhat complex, because in all cases significant variations are observed around Tm. The 
CD spectra of L27S-TMS show a slightly lower ellipticity ratio in the gel phase, indicating 
that ordered acyl chains could induce slightly more helicity. In contrast, both ΔSerZip-TMS 
and ΔP-TMS show a slightly higher value in the gel phase as compared to the fluid phase. 
This trend is opposite to the switch from MS-TMS, suggesting that it may be an artifact 
caused by the ordered acyl chains of the gel phase. However, the differences are small as 
compared to the changes for MS-TMS and well within the fluctuations observed for the 
unsaturated lipids (Fig. 1, 3). Thus, the results are generally consistent with the phase 
transition inducing similar transitions for MS-TMS as changes in bilayer thickness in fluid 
bilayers. 
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Figure 4. Trp-fluorescence behavior of mutants with strengthened or weakened serine zipper motif 
in model membrane systems with varying bilayer thickness. Emission spectra of A) L27S-TMS, B) 
ΔSerZip-TMS and C) ΔP-TMS in lipid vesicles of 14:1-PC (red), 16:1-PC (orange), 18:1-PC (green), 
20:1-PC (cyan) and 22:1-PC (magenta). D) Emission maxima as a function of acyl chain length for 
L27S-TMS (green triangles), ΔSerZip-TMS (E, red triangles) and ΔP-TMS (F, orange triangles) of as 
compared to MS-TMS (D-F blue diamonds). The emission spectra are a representative set of two inde-
pendent experiments. The emission maxima are averages of two independent experiments. The errors 
are relative to the previous measurement.

Next, the behavior of peptides with altered serine zipper motifs (Table 1) was in-
vestigated as function of temperature-induced changes in the phase state of the 
 lipids, using bilayers of 16:0-PC. The CD spectra in Figure 5A-C show that the 
conformational behavior of the peptides is much less dependent on the phase state 
as compared to that of MS-TMS. The ellipticity ratios observed for L27S-TMS are 
in the range of the values found for MS-TMS at temperatures in the gel phase, while 
for  ΔSerZip-TMS and ΔP-TMS the ellipticity ratios are more similar to those of 
 MS-TMS in the fluid phase (Fig. 5D-F). However, the situation is somewhat com-
plex, because in all cases significant variations are observed around Tm. The CD spec-
tra of L27S-TMS show a slightly lower ellipticity ratio in the gel phase, indicating 
that ordered acyl chains could induce slightly more helicity. In contrast, both ΔSer-
Zip-TMS and ΔP-TMS show a slightly higher value in the gel phase as compared to 
the fluid phase. This trend is opposite to the switch from MS-TMS, suggesting that 
it may be an artifact caused by the ordered acyl chains of the gel phase. However, the 
differences are small as compared to the changes for MS-TMS and well within the 
fluctuations observed for the unsaturated lipids (Fig. 1, 3). Thus, the results are gen-
erally consistent with the phase transition inducing similar transitions for MS-TMS 
as changes in bilayer thickness in fluid bilayers.
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Figure 5. Behavior of mutants with strengthened or weakened serine zipper motif in response to the 
lipid phase transition. CD spectra of A) L27S-TMS, B) ΔSerZip-TMS and C) ΔP-TMS in lipid ves-
icles of DPPC at different temperatures. C) Temperature-dependent change in ellipticity ratios of 
 L27S-TMS (green triangles), ΔSerZip-TMS (E, red triangles) and ΔP-TMS (F, orange triangles) as 
compared to MS-TMS (D-F, blue diamonds). The trendlines for MS-TMS and L27S-TMS are shown 
to guide the eye. The transparent areas with solid borders indicate the minimum and maximum value 
for the mutants for straightforward comparison with MS-TMS.

The extended model of the mode of action of MS-DesK thermo-sensing
In this study we identified CD as a powerful tool to gain insight into the activity of 
MS-DesK by using synthetic peptides corresponding to active and non-active forms 
of the transmembrane segment of DesK in model membrane systems. The ellipticity 
ratios of MS-TMS and the mutants in systems of saturated lipids as a function of 
temperature compared well to the values for the model systems with unsaturated 
lipids as function of bilayer thickness. Based on the results we extend the previous 
model of the mode of action of MS-DesK sensing and signaling as presented in Fig-
ure 6. We propose that activity can be triggered by thickening of the membrane either 
by a temperature-induced phase transition to a gel phase or by a lengthening of the 
acyl chains. The mechanism is most likely similar, with a reorientation of the helices 
combined with lengthening of the helices to form a serine zipper. This model links 
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the activity switch of MS-DesK to both phase transition and  membrane-thickness 
change. Furthermore, the proposition that phase transition is a trigger for MS-DesK 
is in accordance with the situation in vivo, where this mechanism protects the mem-
branes from the liquid-to-gel transition.

+ +

S33
S30

S23

S33
S30

S23

+ +

S30 S33S30
S33

+ +

S33
S30

S23

S33
S30

S23

S23 S23

Figure 6. Schematic representation of the mode of action of MS-DesK. Its transmembrane 
segment (MS-TMS) contains a charged hydrophilic N-terminal sunken-buoy motif (K10, 
N12; red). Their sidechains can snorkel to the hydrophilic membrane interface and lim-
it the further downward lateral movement of MS-TMS. The C-terminus contains a serine 
zipper motif of three serine residues (S23, S30, S33; blue). In a fluid, thin membrane these 
serines interact with the hydrophilic interface (left). When the temperature decreases the 
lipids undergo a fluid-to-gel transition and the membrane becomes thicker. Thereupon, an 
extra turn of the helix folds inside the membrane resulting in the formation of a serine zipper 
motif ( upper right). This motif can form intrahelical hydrogen bonds that shield the hydroxyl 
groups from the hydrophobic core of the membrane. This mechanism is similar when the 
membrane becomes thicker by increasing the acyl chain length. Mutants without a serine- 
zipper or with a disrupted one will not form the serine zipper and when the serine zipper is 
strengthened by an extra serine residue, it will always form the serine zipper, regardless of the 
physical state of the lipids.
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Summarizing conclusion
The results in this manuscript suggest that both fluidity and thickness influence MS-
DesK structure and activity. However, these properties are not independent of each 
other: a decrease in membrane fluidity results in significant thickening of the mem-
brane. Thus, it is likely that the phase transition is sensed as an increase in membrane 
thickness. However, there are also other possibilities. For example, it is possible that 
in vivo, a phase separation is sensed by DesK [6]. Around the phase transition tem-
perature of the membrane, fluid-phase and gel-phase domains coexist [13]. DesK 
might be able to sense and react to these coexisting domains by reorientation of its 
transmembrane segments by partitioning at the interfaces of these domains and re-
orient to have the most favorable interaction with both types of domains.

Still another possibility would be that MS-DesK senses the hydration of the 
membrane. Membranes in the gel phase are less hydrated than fluid membranes 
[13]. The depletion of water inside the membrane could induce the kinase active 
conformation of MS-DesK, until the hydration level is so low that it starts to ag-
gregate. However, to investigate the hydration or phase separation in the membrane 
without changing other properties is experimentally very challenging. An option 
would be to use molecular dynamics simulation as was previously described [4] to 
further explore the MS-DesK dimer conformation dependence on hydration levels 
and phase separation induced phenomena.
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Materials & Methods

Materials
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glyce-
ro-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glyc-
erol) (sodium salt) 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine [14:1 (Δ9-Cis) 
PC], 1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine [16:1 (Δ9-Cis) PC], 1,2-di-
oleoyl-sn-glycero-3-phosphocholine [18:1 (Δ9-Cis) PC], 1,2-dieicosenoyl-sn-glyce-
ro-3-phosphocholine [20:1 (Δ11-Cis) PC], and 1,2-dierucoyl-sn-glycero-3-phos-
phocholine [22:1 (Δ13-Cis) PC] were obtained from Avanti Polar Lipids (Alabaster, 
AL). Routine quality controls of the lipid stocks by thin layer chromatography con-
firmed the purity of the lipids and the absence of degradation products.  Synthetic 
peptides were obtained from Eurogentec (Seraing, Belgium) as > 95% pure peptides. 
Identity and purity were confirmed with mass spectrometry and analytical HPLC. 
Water was deionized and purified with a Milli-Q gradient water purification system 
from Millipore Corp. (Billerica, MA). All chemicals used were analytical grade.

Sample preparation
Samples were prepared as previously described [4]. Briefly, peptides (10/15 μM), dis-
solved in 0.5 mL trifluoroethanol were added to 0.5 mL of the desired phospholipid 
dispersion acquiring a final molar peptide/lipid ratio of 1/50 with the lipid concen-
trations determined by a phosphorus titration according to the method of Rouser 
[14]. Excess water was added and subsequently the samples were lyophilized after 
rapid freezing in liquid nitrogen. Vesicles were prepared by rehydrating the dry film 
at room temperature in buffer [10 mM PIPES, 150 mM NaCl, 1 mM EDTA (pH 
7.4)] for the fluorescence experiments and [10 mM Phosphate, 10 mM NaCl (pH 
7.4)] for circular dichroism (CD) measurements. After 10 freeze−thawing cycles, the 
vesicles were extruded 10 times through 0.2 μm filters (Avanti hand-held extrusion 
device). The final peptide concentrations in these samples were quantified by the 
average absorbance of tryptophan at 280 nm using a molar extinction coefficient of 
ε = 5600 [15]. The final yield ranged from 85 – 50%. 

Fluorescence measurements
Tryptophan fluorescence was measured on a Varian Cary Eclipse fluorescence spec-
trophotometer, using a 10 mm quartz cuvette, 5 mm excitation slit, 5.0 mm emis-
sion slit, 0.5 nm resolution, 1 s averaging time, and a scan speed of 30 nm/min. 
Temperature was controlled with a Peltier device. The tryptophan residues were ex-
cited at 295 nm, and the emission in the 300-500 nm region was recorded. The 
contribution of pure lipid samples was subtracted from the obtained signal. Because 
optical densities of the samples were below 0.05, correction for the inner filter effect 
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was unnecessary [16]. The recorded spectra were fitted to a Log-normal distribution 
as described in [17], normalized and smoothed using a moving average filter with a 
window size of 5. 

Circular dichroism
Measurements were carried out on a JASCO J-810 spectropolarimeter (Jasco Inc., 
Easton, MD), using a 1 mm path length quartz cuvette, 1 nm bandwidth, 0.2 nm 
resolution, 4 s response time, and a scan speed of 20 nm/min. Temperature was 
controlled with a Peltier device. For each measurement 10 to 20 scans were recorded 
over a wavelength range of 200 – 260 nm. These spectra were averaged and Fourier 
filtered to reduce the high frequency noise. The spectra for the bilayer thickness 
dependence experiments were normalized to molar ellipticity per residue (Fig. 5). 
These spectra were deconvoluted with CD-pro software [18]. The temperature-de-
pendent measurements in the saturated lipids showed slight precipitation at temper-
atures below the lipid phase transition. Therefore the peptide concentration in the 
cuvet could not be determined accurately and the ellipticity is shown in mdeg. The 
spectra were normalized to the minimum around 222 nm because of the high α-helix 
content. When precipitation was observed after a measurement, the cuvet was vor-
texed until the solution was clear.
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Supporting Information
A         MS-TMS

α-helix (%)
α-helix, no. 
of residues

Hydrophobic 
thickness (Å) Sheet (%) Random coil (%)

14:1 PC 56±2 24±1 23 9±1 35±1

16:1 PC 55±3 24±1 26 9±1 36±3

18:1 PC 59±2 25±1 30 8±1 33±2

20:1 PC 63±1 27±1 33 6±2 31±1

22:1 PC 67±2 29±1 36 7±3 26±3

B         L27S-TMS

α-helix (%)
α-helix, no. 
of residues

Hydrophobic 
thickness (Å) Sheet (%) Random coil (%)

14:1 PC 60±1 26±1 23 6±1 34±1

16:1 PC 59±1 25±1 26 6±1 35±1

18:1 PC 59±1 25±1 30 7±1 34±1

20:1 PC 60±1 26±1 33 10±2 30±1

22:1 PC 61±2 26±1 36 9±3 30±1

C         ΔSerZip-TMS

α-helix (%)
α-helix, no. 
of residues

Hydrophobic 
thickness (Å) Sheet (%) Random coil (%)

14:1 PC 54±1 23±1 23 9±1 40±1

16:1 PC 57±2 24±1 26 9±1 34±2

18:1 PC 56±3 24±1 30 9±1 34±2

20:1 PC 57±2 24±1 33 9±1 33±2

22:1 PC 58±1 25±1 36 8±2 34±1

D         ΔP-TMS

α-helix (%)
α-helix, no. 
of residues

Hydrophobic 
thickness (Å) Sheet (%) Random coil (%)

14:1 PC 57±1 24±1 23 7±1 36±1

16:1 PC 57±1 24±1 26 7±1 36±1

18:1 PC 57±1 24±1 30 7±1 36±1

20:1 PC 56±2 24±1 33 7±1 37±1

22:1 PC 55±1 24±1 36 7±1 38±1
Table S1. Secondary structural elements in relation to membrane thickness of MS-TMS and mutants. 
Percentages of secondary structural elements are averages with standard deviations of the three decon-
volution programs of CD-Pro based on two independent experiments. The number of residues in the 
α-helix is calculated from the percentage and the total number of residues in the peptide. In the case 
of a regular α-helix one residue corresponds to 1.5 Å α-helix length. The hydrophobic thicknesses are 
carbonyl-carbonyl distances derived from [9].
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Abstract
Several regulation systems are involved in membrane fluidity maintenance of Bacillus 
subtilis. Two well-known fluidity regulatory mechanisms are the iso-anteiso switch 
of branched-chain fatty acids and the DesKR two-component system, regulating 
expression of a desaturase. To investigate the regulation of fluidity in B. subtilis, 
here the fatty acid and head group composition of membranes of B. subtilis grown 
at relevant conditions was analyzed. At a growth temperature of 25 °C more anteiso 
branched fatty acids were observed than at a growth temperature of 37 °C, consistent 
with the expected effect of the iso-anteiso switch. Within hours after a cold shock 
from 37 °C to 25 °C, unsaturated acyl chains were detected, showing the effect of the 
DesK fluidity regulation mechanism. For the head groups non-systematic differences 
in composition were observed between individual samples and there was no clear 
effect of regulation. However, differential scanning experiments on membrane lipid 
extracts of B. subtilis cultures grown under different conditions all showed a tran-
sition temperature of ~10 °C below the growth temperature. To gain more  insight 
into the mechanism of regulation by the thermosensor DesK, the extracted B. subtilis 
lipids were next used in model membrane studies with an incorporated synthetic 
peptide corresponding to the transmembrane segment of MS-DesK. The behavior of 
the peptide in these model systems was studied with circular dichroism and trypto-
phan fluorescence spectroscopy. Rather surprisingly, the results indicate the absence 
of a switch from the active to the inactive conformation and vice versa upon phase 
transition of the lipids. These results imply that the B. subtilis lipids may stabilize 
both the active and the inactive conformation, and that the energetic barrier for 
switching from one state to the other may be relatively high in these more native-like 
membrane systems.
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Introduction
Surviving the cold is a clear necessity for countless species, since most habitats are 
subject to substantial daily temperature fluctuations. Unlike larger organisms, micro-
organisms are unable to maintain a constant cytoplasmic temperature. Therefore spe-
cific adaptations have evolved to cope with temperature fluctuations. Some species 
can form endospores to survive harsh conditions. However, endospore formation is a 
long-term process, which can take from several hours up to few days, depending on 
the conditions [1, 2]. Therefore bacteria have complementary mechanisms to adapt 
to cold-induced problems on a shorter timescale. Immediate cold leads to problems 
at the level of proteins, DNA and RNA, such as increase of the super helical density 
of the DNA, decreased ribosomal and enzyme activity, inefficient protein folding 
and stabilization of secondary structures of mRNA. These problems are dealt with by 
expression of cold-induced stabilizing proteins [3, 4]. In addition, changes in tem-
perature will affect properties of membranes with potentially dramatic consequences. 
Therefore the composition of the membrane must be extensively regulated [5, 6].

An important bacterial membrane property that is regulated is membrane flu-
idity, because reduced membrane fluidity compromises membrane protein activity 
[7, 8]. The fluidity of bacterial membranes can drop significantly mainly as a result 
of the temperature-dependent lipid phase transition from a liquid-crystalline state 
to a more rigid gel-like state. Recovery of membrane fluidity requires adaptation of 
the lipid composition, which can be achieved by alteration of the lipid head groups 
or acyl chains [9, 10]. The adjustment of membrane fluidity is mainly achieved by 
the incorporation of fatty acids of lower melting points. Lipid head groups are less 
affected, possibly because of the consequences for membrane charge and curvature 
[11-13]. As illustrated in Figure 1, the bacteria generally use three types of acyl chain 
modifications: shortening, branching or unsaturation. Since both shortening and 
branching of acyl chain require de novo fatty acid synthesis, unsaturation is the short-
term alternative for membrane fluidity maintenance [4, 10].
 Bacillus subtilis, a widely distributed soil bacterium is genetically easily ac-
cessible and is generally accepted as a model organism for gram-positive bacteria and 
is widely used in industry [15, 16]. This bacterium has a distinct membrane lipid 
profile, with a significantly variable composition under different conditions [6, 17-
24]. B. subtilis maintains its membrane fluidity on a longer timescale by varying the 
incorporation of branched-chain fatty acids [21]. The biosynthesis pathway of fatty 
acids determines the straight/branched-chain character of the lipid acyl chains [25]. 
B. subtilis produces mainly branched-chain fatty acids owing to the specificity of 
the fatty acid synthase system, which is responsible for the production of fatty acid 
structures [26]. Initiation of the fatty acid elongation cycle by acetyl-CoA derived 
from intermediary metabolism results in straight chain fatty acids. However, in B. 
subtilis the elongation cycle is preferentially initiated using bulkier substrates derived 
from valine, leucine and isoleucine precursors, which results in iso-branched and 
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anteiso-branched fatty acids [27]. Temperature-dependent specificity of this system 
is likely to be a key factor to membrane fluidity maintenance through this pathway 
[28]. Next to this long-term adaptation, B. subtilis has an immediate response to 
decreased membrane fluidity by desaturation of existing membrane lipids. Desatura-
tion is performed by a Δ5-desaturase [29] that is expressed under the control of the 
DesKR two component system [30-33]. DesK is the thermosensor of this system, 
and it is able to detect a temperature decrease through corresponding changes in 
biophysical properties of the lipid environment.

Figure 1. Bacterial acyl chain modifications that influence bilayer fluidity. To compare the 
influence of these modifications on the membrane fluidity, transition temperatures (Tm) are 
given for the phosphatidylcholines with symmetrical acyl chains. Values are derived from 
Marsh [14].
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Here we focus on the mechanism of thermo-sensing of DesK. Changes in the 
physical properties of the membrane lipids are directly responsible for activation 
of DesK [33, chapter 3]. Therefore the lipid composition of the membrane and 
 temperature-dependent variations therein are crucial to understanding the  activation 
 mechanism of DesK. To investigate the role of DesK in membrane fluidity  regulation, 
here we analyzed the membrane lipids of B. subtilis grown at optimal (37 °C) and 
cold (25  °C) temperatures as well as several hours after cold shock (instant  cooling 
from 37 °C to 25 °C). Changes in lipid composition were characterized with gas 
chromatography, thin-layer chromatography and differential scanning calorimetry. 
Furthermore the B. subtilis lipids grown at 37 °C and 25 °C were used in model 
membrane systems with an MS-DesK-derived transmembrane peptide. These mod-
el systems were studied with circular dichroism and Trp-fluorescence to investigate 
conformational changes of MS-DesK in its native lipid environment. The results 
will be discussed in the light of the fluidity regulation and how the model systems 
compare to the in vivo situation. 
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Results & Discussion
When Bacillus subtilis experiences cold shock, membrane fluidity is maintained by 
altering the membrane lipid fatty acid profile. Various cold adaptations can occur 
that cause the membrane fluidity to increase and hence the transition temperature 
(Tm) of the membrane lipids to decrease. To investigate these time dependent ef-
fects of cold adaptation, membrane lipids were extracted from B. subtilis with differ-
ent culturing temperatures (Tc). The cultures were either grown at both 37 °C and
25 °C, or they were grown at 37 °C and submitted to a cold shock by cooling in-
stantly to 25 °C, subsequently growing further at this temperature for 1, 2 or 3 
hours. These lipid extracts were analyzed with gas chromatography (GC), thin-layer 
chromatography (TLC) and differential scanning calorimetry (DSC).

Figure 2A shows the fatty acid profile of the lipid extracts from B. subtilis cul-
tures grown at 37 °C and 25 °C as determined by GC. At Tc = 37 °C, the main fatty 
acids are iso- and anteiso branched species with 15-17 carbon atoms.  Next to the 
branched fatty acids, small amounts of straight chain fatty acids with 12-18 carbon 
atoms are present. This profile is in agreement with published data [6,  17-24]. At Tc 
= 25 °C, an increased amount of anteiso-branched fatty acids is observed, whereas 
the amount of iso branched fatty acids is reduced. Figure 2B shows the time-de-
pendent changes in branching pattern of the fatty acids. After cold shock, over time, 
more anteiso-branched acyl chains are incorporated at the expense of iso-branched 
acyl chains, whereas the amount of straight chains remains unaffected. A substantial 
shift of branching acyl chains is required for the bacteria to adapt from a Tc = 37 °C 
to Tc = 25 °C. After three hours ~¼ of the total shift has occurred, indicating that the 
replacement of the acyl chains is a longer-term process. Figure 2C shows the time-de-
pendent change in unsaturation of the fatty acids. Small amounts of unsaturated acyl 
chains can be detected upon cold shock and in several batches at Tc = 25 °C, but not 
at Tc = 37 °C (Fig. 2C). The unsaturation of the acyl chains within three hours of 
cold shock can be as much as twice the amount observed at Tc = 25 °C. These find-
ings indicate that the DesKR-controlled desaturase of B. subtilis acts immediately 
upon cold shock. In the longer term, when DesKR is switched off, the unsaturated 
acyl chains are no longer synthesized and will decrease over time.  

The lipid-head group composition at Tc = 25 °C and Tc = 37 was examined 
by thin-layer chromatography. The results of four independent experiments with 
lipid extracts of B. subtilis at these culturing temperatures are shown in Figure 3. 
The main constituents were assigned as cardiolipin, phosphatidylethanolamine (PE), 
phosphatidylglycerol (PG), lysyl-phosphatidylglycerol (lysyl-PG) and phosphatidic 
acid (PA). These lipids are also observed in earlier published data [6, 17-24]. Howev-
er, relatively large quantitative fluctuations are found between the experiments. Espe-
cially the amount of PA and lysyl-PG differs significantly, and smaller fluctuations in 
the amount of PG and PE are observed as well. Unfortunately, these fluctuations in 
the head group composition make it difficult to detect systematic changes owing to 
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temperature dependent regulation. Therefore we next explored whether regulation of 
fluidity occurs by investigating the melting behavior of the lipid extracts of cultures 
grown at 37 °C and 25 °C.
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Figure 2: Growth temperature dependent lipid acyl chain composition of B. subtilis. A) Acyl chain 
composition of B. subtilis lipids grown at 25 °C or 37 °C. B) Acyl chain branching and C) 
unsaturation of B. subtilis extracts under various growth conditions. B. subtilis was grown at 37 °C, 
submitted to a cold shock by cooling instantly to 25 ºC and further grown at this temperature for 0, 1, 
2 or 3 hours. The fatty acid profile under these conditions is compared to the lipid extract from B. 
subtilis grown at 25 °C (blue). The values are averages of at least two independent experiments. 

The melting behavior of the extracted lipids was investigated by using differential 
scanning calorimetry. Despite the considerable variations in lipid composition, the lipid 
extracts show consistent phase behavior. Figure 4 shows the thermograms of representative 
lipid samples derived from cultures grown at 37 ºC and 25 ºC. Both samples show a broad 
transition with the average Tm ~10 °C below the growth temperature (Table 1), clearly 
showing that the membrane fluidity of these samples is actively regulated. Such regulation 
was also observed for other bacteria including E. coli (5, 7).  
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Figure 2. Growth temperature dependent lipid acyl chain composition of B. subtilis. A) Acyl 
chain composition of B. subtilis lipids grown at 25 °C or 37 °C. B) Acyl chain branching and 
C) unsaturation of B. subtilis extracts under various growth conditions. B. subtilis was grown 
at 37 °C, submitted to a cold shock by cooling instantly to 25 °C and further grown at this 
temperature for 0, 1, 2 or 3 hours. The fatty acid profile under these conditions is compared 
to the lipid extract from B. subtilis grown at 25 °C (blue). The values are averages of at least 
two independent experiments.
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The melting behavior of the extracted lipids was investigated by using differential 
scanning calorimetry. Despite the considerable variations in lipid composition, the 
lipid extracts show consistent phase behavior. Figure 4 shows the thermograms of 
representative lipid samples derived from cultures grown at 37 °C and 25 °C. Both 
samples show a broad transition with the average Tm ~10 °C below the growth tem-
perature (Table 1), clearly showing that the membrane fluidity of these samples is 
actively regulated. Such regulation was also observed for other bacteria including      
E. coli [5, 7].

Growth temperature Transition temperature

37 °C 25.3 ± 0.8

25 °C 15.0 ± 1.9

Table 1. Average transition temperatures of B. subtilis lipids grown at 25 °C or 37 °C as 
determined from four independent measurements, of which the maximum heat capacity is 
determined as the transition temperature.

Figure 3. Thin-layer chromatograms of four independent experiments with lipid extracts of 
B. subtilis grown at 25 °C and 37 °C. The reference lipids of the first experiment are included. 
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Figure 4. Thermogram of lipid extracts from B. subtilis, grown at 25 °C and 37 °C. 
 Representative set of four independent measurements.

Next these lipids were used in model membrane systems with synthetic peptides, 
which proved to be a successful tool to study the temperature sensing mechanism 
of DesK [33, chapter 3]. To this end the MS-DesK derived transmembrane peptide 
MS-TMS was incorporated in vesicles consisting of the native B. subtilis lipids from 
cultures grown at 37 °C or 25 °C. The CD spectra from these two model membrane 
systems were recorded at several temperatures above and below Tm (Fig. 5A, B). All 
spectral shapes show mainly α-helical character for the peptide. Interestingly, the 
shape of the spectrum is clearly dependent on the culturing temperature, with a 
significantly lower ellipticity ratio for the model system with Tc = 25 °C as compared 
to Tc = 37 °C (Fig. 5C). When this trend is compared to the behavior of MS-TMS 
in DPPC lipids, the conformation of MS-TMS in lipids grown at 25 °C corresponds 
to the kinase active structure, and the conformation of MS-TMS in lipids grown at 
37 °C corresponds to the kinase inactive structure. Furthermore, for both model 
membrane systems the shape of the spectrum is independent of temperature, in-
dicating no change of secondary structure for MS-TMS upon going through the 
 fluid-to-gel transition. Therefore the native B. subtilis lipids seem to force the pep-
tide in either the kinase-on or the kinase-off structure. These findings clearly differ 
from the results with synthetic lipid systems [chapter 3], and therefore complemen-
tary  experiments were performed using fluorescence spectroscopy to monitor corre-
sponding changes in environment of the Trp residues.
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Figure 5: Circular dichroism analysis of two model membrane systems with MS-DesK-derived 
transmembrane peptide (MS-TMS) in B. subtilis lipids grown at 25 °C (Tc = 25 °C) or 37 °C (Tc = 37 
°C), with the spectra of model membrane system with (A) Tc = 25 °C lipids or (B) Tc = 37 °C lipids at 
temperatures around the phase transition and (C) the ellipticity ratios of the two model systems 
plotted versus temperature.  
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Figure 5. Circular dichroism analysis of two model membrane systems with  MS-DesK-derived 
transmembrane peptide (MS-TMS) in B. subtilis lipids grown at 25 °C (Tc = 25 °C) or 37 °C 
(Tc = 37 °C), with the spectra of model membrane system with (A) Tc = 25 °C lipids or (B) 
Tc = 37 °C lipids at temperatures around the phase transition and (C) the ellipticity ratios of 
the two model systems plotted versus temperature. 

Figure 6 shows the results of the fluorescence experiments. The spectra, represented 
in Figure 6A and B, show emission maxima below 450 nm, characteristic for a pep-
tide incorporated in the membrane. The somewhat increased spectral width for Tc = 
37 °C could indicate a slight aggregation of the peptide. Comparison of the emission 
maxima of the two model systems (Fig. 6C) shows a more hydrophobic environment 
for MS-TMS in Tc = 25 °C lipids as compared to Tc = 37 °C lipids. However, the 
emission maxima show no significant temperature dependence. This result indicates 
no change in hydrophobicity of the MS-TMS environment upon the fluid-to-gel 
transition, therefore no change in conformational state of the peptide, consistent 
with the CD results.
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Figure 6 shows the results of the fluorescence experiments. The spectra, represented in 
Figure 6A and B, show emission maxima below 450 nm, characteristic for a peptide 
incorporated in the membrane. The somewhat increased spectral width for Tc = 37 ºC could 
indicate a slight aggregation of the peptide. Comparison of the emission maxima of the two 
model systems (Fig. 6C) shows a more hydrophobic environment for MS-TMS in Tc = 25 ºC 
lipids as compared to Tc = 37 ºC lipids. However, the emission maxima show no significant 
temperature dependence. This result indicates no change in hydrophobicity of the MS-TMS 
environment upon the fluid-to-gel transition, therefore no change in conformational state of 
the peptide, consistent with the CD results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Trp-fluorescence analysis of two model membrane systems with MS-DesK derived 
transmembrane peptide (MS-TMS) in B. subtilis lipids grown at 25 °C (Tc = 25 °C) or 37 °C (Tc = 37 
°C), with the spectra of model membrane system with (A) Tc = 25 °C lipids or (B) Tc = 37 °C lipids at 
temperatures around the phase transition and (C) the emission maxima of the two model systems 
plotted versus temperature. 

Why would the conformational switch, observed previously upon fluid-to-gel 
transition of the membrane (chapter 3) not occur in the native B. subtilis lipids? Since the 
membrane composition of the model systems used here is closer to the in vivo situation, there 
is no obvious explanation. We note however that the acyl chain composition is very different 
than in the model systems of synthetic lipids. A possible explanation may be that the presence 
of branched side chains increases the energetic barrier for reorientation of the helices. In vivo 
the energetics of this barrier may be slightly different and thereby perhaps easier to overcome. 
For example, the attached cytosolic domain could lower the energetic barrier of the switch by 
stabilizing the linker region. Alternatively, the presence of many other proteins in the lipid 
bilayer could affect properties of the membrane, thereby lowering the barrier for reorientation.  
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Figure 6. Trp-fluorescence analysis of two model membrane systems with MS-DesK derived 
transmembrane peptide (MS-TMS) in B. subtilis lipids grown at 25 °C (Tc = 25 °C) or 37 °C 
(Tc = 37 °C), with the spectra of model membrane system with (A) Tc = 25 °C lipids or (B) 
Tc = 37 °C lipids at temperatures around the phase transition and (C) the emission maxima 
of the two model systems plotted versus temperature.

Why would the conformational switch, observed previously upon fluid-to-gel tran-
sition of the membrane [chapter 3] not occur in the native B. subtilis lipids? Since 
the membrane composition of the model systems used here is closer to the in vivo 
situation, there is no obvious explanation. We note however that the acyl chain com-
position is very different than in the model systems of synthetic lipids. A possible 
explanation may be that the presence of branched side chains increases the energetic 
barrier for reorientation of the helices. In vivo the energetics of this barrier may be 
slightly different and thereby perhaps easier to overcome. For example, the attached 
cytosolic domain could lower the energetic barrier of the switch by stabilizing the 
linker region. Alternatively, the presence of many other proteins in the lipid bilayer 
could affect properties of the membrane, thereby lowering the barrier for reorienta-
tion. 
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Perspectives
Here we showed that B. subtilis regulates the membrane lipid acyl chain composi-
tion in a temperature-dependent fashion, indicating that the fluidity of the mem-
brane is maintained. For the head group composition large variations were observed 
between different batches, but no significant temperature dependence was found. 
This observation would be consistent with the idea that remodeling the head group 
composition would be a less favorable way of adjusting to temperature composition, 
because it would also affect other, temperature-independent membrane properties. 
For example, the composition of the lipid head groups of cell membranes is known 
to affect the charge and curvature of the membrane. These properties are crucial 
for correct membrane-protein topology [34, 35] and they are maintained via bio-
chemical regulation of the regulatory enzymes within a window that ensures proper 
flexibility of the membrane and correct folding of membrane proteins [36]. Our 
results show the flexibility of the head group composition, but it is not clear which 
are the underlying properties for the regulation mechanisms of charge and curvature 
maintenance. To further investigate these mechanisms, more advanced quantitative 
lipidomics would be required as well as biophysical studies on model systems, and 
this is beyond the topic of this research.

Nevertheless, the lipid extracts of B. subtilis, which contain a large amount 
of branched-chain fatty acids, were useful to investigate the effects of temperature 
and growth temperature on the mechanism of sensing and signal transduction of 
 MS-DesK. Surprisingly, these B. subtilis lipids failed to induce the temperature 
 dependent conformational switch in the transmembrane segment of MS-DesK, 
which was found in other lipids [33, chapter 3]. To further investigate the influ-
ence of branched-chain fatty acids on the transmembrane segment of MS-DesK 
it is possible to use synthetic lipids. However, iso- and anteiso-branched lipids are 
unavailable commercially and should therefore be synthesized. Another possibility is 
the incorporation of full-length MS-DesK into the native B. subtilis lipids. However 
the biochemical and biophysical analysis of such model system would be highly chal-
lenging owing to the increased size of the protein. Solid state NMR on labeled full-
length MS-DesK could then be an attractive method to obtain detailed information 
on structural changes at different temperatures.
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Materials & Methods

Materials
All chemicals and enzymes were purchased from Sigma-Aldrich unless otherwise in-
dicated. The reference lipids were obtained from Avanti Polar Lipids (Alabaster, AL). 
Te synthetic peptide was obtained from Eurogentec (Seraing, Belgium) as a > 95% 
pure peptide. The amino acid sequence of the peptide is: MIKNHFTFQK LNG-
ITPYVIT LISAILLPWS IKSRKERERL EEK. Identity and purity were confirmed 
with mass spectrometry and analytical HPLC. Water was deionized and purified 
with a Milli-Q gradient water purification system from Millipore Corp. (Billerica, 
MA). All chemicals used were analytical grade.

Strains and growth conditions
B. subtilis JH642 strains were grown until mid-log phase (OD600 = 0.7) at 25 °C and 
37 °C with 250 r.p.m. gyration in Spizizen salts supplemented with 0.57% glycerol, 
100 μg/ml each tryptophan and phenylalanine, 0.05% cas amino acids and trace 
elements [37, 38]. Cooling of the cultures from 37 °C to 25 °C was achieved by 
applying running water for 5 minutes. These cultures were grown further for 1, 2 
or 3 hours at 25 °C. Cells were harvested by centrifugation and lysed by lysozyme 
treatment. Four independent cultures at 25 °C and 37 °C were obtained and the cold 
shock experiments were performed in duplicate.

Lipid extraction and analysis
Total cellular lipids were chloroform/methanol extracted [39, 40]. The phase tran-
sition of the total lipid extract was measured by differential scanning calorimetry. 
The lipids were lyophilized and redispersed in 50 mM TRIS pH 7.4, 1mM EDTA. 
For all analysis methods lipid concentrations were determined by a phosphorus ti-
tration according to the method of Rouser [41]. The acyl chain composition of the 
total lipid extract was characterized by gas chromatography (GC). Isolated lipids 
were transesterified in 2.5% (vol/vol) H2SO4 in methanol for 2 h at 70 °C. Fatty 
acid methyl esters were extracted by three washing steps with hexane. Analysis was 
performed with a Trace GC ultra (Interscience, Louvain-la-Neuve, Belgium) using a 
30 m, 0,32 mm i.d., 0,25 μm f.t. Stabilwax column (Restek, Bellefonte, PA) and a 
temperature gradient from 180 °C to 220 °C. Peaks were assigned by calibration with 
the standard “Bacterial Acid Methyl Ester Mix” (Sigma-Aldrich). The Δ5 unsaturat-
ed lipids were assigned by determining the peak shift caused by mono unsaturation 
in the standard GLC 63b (Nu-Chek Prep). The lipid head group composition of 
the total lipid extract was characterized by thin-layer chromatography. Lipids were 
applied using a Linomat 5 setup (CAMAG, Muttenz, Switzerland) on Nano-AD-
AMANT plates (Macherey-Nagel), impregnated with 1.2% (wt/vol) boric acid in 
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ethanol:water (1:1) and dried for 1.5 h at 160 °C. The plates were developed in 
an automated development chamber (ACD 2; CAMAG, Muttenz, Switzerland) at 
50% relative humidity, using a solvent mixture of chloroform:methanol:water:am-
monia [60:38:3:1 (vol/vol/vol/vol)]. Chromatograms were exposed to iodine vapor 
and sprayed with ninhydrin to localize the lipids and the amino-positive lipids. The 
phospholipids were assigned with the appropriate standards.

Differential scanning calorimetry
Calorimetry was performed on a Q2000 differential scanning calorimeter (TA In-
struments, New Castle, DE) with a scan speed of 0.5 °C/min. For equilibration a 
scan was performed and thereafter the sample was kept at 0 °C for 30 min. A linear 
baseline was substracted to obtain the final thermogram.

Model membrane system experiments
Samples were prepared as previously described [33]. Briefly, peptides (15 μM), dis-
solved in 0.5 mL trifluoroethanol were added to 0.5 mL of the desired phospholipid 
dispersion at temperatures around the growth temperature of the culture from which 
the lipids were extracted. A final molar peptide/lipid ratio of 1/50 was acquired 
with the lipid concentrations determined by a phosphorus titration according to the 
method of Rouser [41]. Excess water was added and subsequently the samples were 
lyophilized after rapid freezing in liquid nitrogen. Vesicles were prepared by rehy-
drating the dry film in buffer at temperatures around the growth temperature of the 
culture from which the lipids were extracted. For the fluorescence experiments [10 
mM PIPES, 150 mM NaCl, 1 mM EDTA (pH 7.4)] buffer was used and for circular 
dichroism measurements [10 mM Phosphate, 10 mM NaCl (pH 7.4)] buffer was 
used. After 10 freeze−thawing cycles, the vesicles were extruded with a hand-held 
extrusion device (Avanti, Alabaster, AL) passing a 0.2 μm filter at least 10 times. The 
final peptide concentrations in these samples were quantified by their absorbance at 
280 nm, using the molar extinction coefficient of Trp [42]. The final yield was ~85%. 

Circular dichroism measurements
Measurements were carried out on a JASCO J-810 spectropolarimeter (Jasco Inc., 
Easton, MD), using a 1 mm path length quartz cuvette, 1 nm bandwidth, 0.2 nm 
resolution, 4 s response time, and a scan speed of 10 nm/min. Temperature was 
controlled with a Peltier device. For each measurement 10 scans were recorded over 
a wavelength range of 200 – 260 nm. These spectra were averaged and normalized to 
molar ellipticity per residue.
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Fluorescence measurements
Tryptophan fluorescence was measured on a Varian Cary Eclipse fluorescence spec-
trophotometer, using a 10 mm quartz cuvette, 5 mm excitation slit, 5.0 mm emis-
sion slit, 0.5 nm resolution, 1 s averaging time, and a scan speed of 30 nm/min. 
Temperature was controlled with a Peltier device. The tryptophan residues were ex-
cited at 295 nm, and the emission in the 300-500 nm region was recorded. The 
contribution of pure lipid samples was subtracted from the obtained signal. Because 
optical densities of the samples were below 0.05, correction for the inner filter effect 
was unnecessary [43]. The recorded spectra were fitted to a Log-normal distribution 
as described in [44], normalized and smoothed using a moving average filter with a 
window size of 5.
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Abstract
The oligomerization state of the transmembrane segments of sensory proteins 
is  often crucial for their mechanism of sensing and signal transduction. Here, to 
 develop new, relatively simple experimental approaches to determine the oligomer-
ization state within the membrane, we investigated the use of a styrene-maleic acid 
polymer (SMA), which spontaneously solubilizes membranes into nanodiscs. Two 
approaches using these nanodiscs including synthetic peptides of the transmembrane 
segments of interest were explored. In the first approach, the oligomerization state of 
the peptides is investigated by determination of the peptide/lipid ratio within puri-
fied nanodiscs. In the second approach, the oligomerization state is fixed by chemical 
cross-linking of the peptides within nanodiscs. The results show that both of these 
approaches are promising tools for the characterization of oligomerization states. 
However, both methods require further optimization.
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Introduction
DesK is a membrane-embedded thermosensor protein that is involved in maintain-
ing membrane fluidity when environmental temperature decreases [1-4]. Recently, 
a simplified version of DesK, the minimal sensor DesK (MS-DesK), was created, in 
which five original transmembrane helices are replaced by a single transmembrane 
segment, facilitating studies on the influence of the lipid environment on the acti-
vation mechanism of the sensor. MS-DesK was found to be fully functional and the 
temperature sensitivity proved to be dependent on the length and composition of 
its transmembrane segment [4, 5]. The results indicated a mechanism of sensing, 
in which a temperature decrease leads to changes in the physical properties of the 
lipid environment, which allows for switching of the sensor from the off-state (phos-
phatase state) to the on-state (kinase state).

Based on the crystal structure of the intracellular domain of DesK, molecular 
dynamics simulations and biophysical experiments a model was proposed for the 
activation mechanism of MS-DesK [3, 4]. In this model MS-DesK functions as a di-
mer and a change in physical properties of the membrane results in reorientation of 
the transmembrane segments to form an alternative dimerization interface. Since no 
direct evidence exists for the dimerization of the transmembrane segment, we here 
aimed to investigate the oligomerization state experimentally. To this end the use of 
a styrene-maleic acid polymer (SMA) was explored.

When SMA is added to membranes, this amphipathic polymer cuts out 
 disc-like structures with a diameter in the order of 10 nm. The hydrophobic part 
of the lipids in these nanodiscs is protected from the aqueous environment by the 
SMA polymer [6]. Furthermore, this polymer can be used to extract membrane pro-
teins from cell membranes.  When SMA is added to biological membranes, so-called 
 “native nanodiscs” will form, containing these proteins in their native lipid environ-
ment [7, 8]. These nanodiscs could provide valuable information on the oligomeriza-
tion state of the embedded proteins, because it is expected that not only protein-lipid 
interactions would be conserved but also protein-protein interactions, and hence, 
that oligomers would be conserved in their native state [8]. Here we explored two 
complimentary approaches, both based on the SMA technology, to investigate the 
oligomerization state of the transmembrane segment of MS-DesK. 

The first approach comprises the determination of the peptide/lipid ratio 
within nanodiscs by chemical analysis. This approach was explored using  model 
membrane systems containing a His-tagged model peptide, which was solubilized 
by addition of SMA and purified by nickel-affinity chromatography. Based on the 
assumption that the formation of 10 nm sized discs will result in particles that 
 contain about 140 lipids [9], determination of the peptide/lipid ratio of purified, 
peptide-containing discs would reveal whether the peptide is present in these discs 
as monomer or as oligomer. Variation of the initial peptide/lipid ratio would then 
allow for further characterization and validation of the oligomerization behavior. 
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The second approach is based on determination of the oligomeric state of peptides 
or proteins in the nanodiscs by chemical cross-linking and gel-electrophoresis, which 
is a widely used method to examine protein-protein interactions [10]. This latter 
approach has the advantage that no purification is required. The results showed 
that, owing to various possible reasons, neither one of these approaches was success-
ful. These reasons will be discussed and improvements will be suggested for both 
 approaches to analyze the oligomeric state of proteins using SMA-based techniques.
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Results & Discussion
The intracellular domain of DesK crystallizes as a dimer [3]. Additionally, molecular 
dynamics simulations predicted that MS-DesK forms a dimer in the hydrophobic 
core of the membrane [4]. Here we experimentally explored the oligomerization 
state of the MS-DesK transmembrane segment. Styrene-Maleic Acid (SMA) solubi-
lization of model membrane systems into nanodiscs was used as a tool to study the 
interactions of transmembrane helices. SMA (Table 1) was selected for solubilization 
because it has been shown to solubilize membrane proteins in their native oligomer-
ization state [11]. We used two complementary approaches that will be discussed 
below.

Name Structure

Styrene-maleic acid 
polymer SMA2000

reconstitution studies have shown that both its function and
stability are strongly affected by lipid composition (19–21). In
this work, we apply SMA to prepare and purify native nanodiscs
with KcsA to compare the conformational properties and sta-
bility of the protein with those in detergent micelles. In addition,
we use native nanodiscs to investigate preferential lipid–protein
interactions by analyzing the composition of small patches of na-
tive membrane that are copurified with the protein. Finally, we
study the functional properties of KcsA on reconstitution from
native nanodiscs into a planar lipid bilayer system. Our results
underscore the huge potential of SMA as a membrane-solubilizing
agent, as well as the use of native nanodiscs as a membrane-
mimetic system for biophysical studies on ion channels, and MPs
in general.

Results
KcsA Can Be Solubilized and Purified in Native Nanodiscs. Prepara-
tions of KcsA in native nanodiscs were obtained by the addition
of SMA polymer directly to lysed E. coli whole cells with over-
produced His-tagged KcsA, followed by isolation of the KcsA-
containing nanodiscs by Ni-affinity chromatography. SDS/PAGE
analysis of purified KcsA in native nanodiscs shows a pronounced
band at a molecular weight of ∼60 kDa (Fig. 2A, lane 2), similar to
that observed with tetrameric KcsA purified in a standard pro-
tocol, using the nonionic detergent n-dodecyl-β-D-maltoside
(DDM) (lane 4) (22). Exposing the samples to 95 °C in the pres-
ence of SDS results in a virtually complete transition to the mo-
nomeric form of KcsA, as evident from the appearance of a band
at ∼17 kDa (Fig. 2A, lanes 3 and 5). Thus, KcsA can be isolated in
native nanodiscs as a stable tetramer that is resistant to SDS at
room temperature, similar to what is described for KcsA in de-
tergent (23). In the isolations of KcsA in nanodiscs, we observed an
additional pronounced double band of varying intensity at ∼25 kDa
that was heat-stable. Mass spectrometric analysis on a tryptic-
digested sample of this band identified it as SlyD, a stress-up-
regulated, soluble 20.9-kDa protein endogenous to E. coli that
contains multiple histidine residues in its C terminus (24). This
common contaminant of Ni-affinity purifications could be re-
moved completely by size-exclusion chromatography (Fig. 2B)
(25). The SMA polymer itself migrates at a low apparent mo-
lecular weight because of its high intrinsic negative charge and is
observed as a blue-stained front on the depicted gels (Fig. 2A,
lanes 2 and 3).
The size and shape of purified KcsA-containing nanodiscs were

further investigated, using negative-stain transmission electron
microscopy (Fig. 2C). The particles exhibit a round shape with a
fairly homogeneous size distribution, with diameters of 10± 2 nm,
which is in agreement with previous studies on native nanodiscs
(10, 12) and on protein-free nanodiscs obtained by SMA solubi-
lization of synthetic liposomes (14, 15).

Native Nanodiscs Surpass Detergent Micelles in Conserving Structural
Stability of KcsA. The purity of KcsA nanodiscs after size-exclu-
sion chromatography renders them directly suitable for studies
with circular dichroism (CD) and tryptophan fluorescence spec-
troscopy. Far-UV CD spectra of KcsA in native nanodiscs and
DDM micelles at different temperatures are depicted in Fig. 3A.
The shapes of the spectra acquired at room temperature are
virtually indistinguishable and show the features of a predom-
inantly α-helical protein with minima at around 208 and 222 nm,
in good agreement with previous studies (20, 26) and available
X-ray structures (27). Upon heat exposure, differences between
the spectra of KcsA in the different systems become visible. At
95 °C, KcsA in DDM shows a loss of∼50% in secondary structure,
with a well-defined transition at 72 °C, as measured by the ellip-
ticity at 222 nm (Fig. 3B). In contrast, KcsA in nanodiscs lacks
a genuine transition as a function of temperature, and the amount
of helicity decreases only slightly with increasing temperature,
with a loss of ∼20% at 95 °C. In addition, the characteristic fea-
tures of α-helical proteins are qualitatively conserved over the
whole temperature range for KcsA in nanodiscs, whereas they are
lost in DDM micelles above the transition.
Similar observations were made when the intrinsic fluores-

cence of KcsA in different environments was monitored. In-
creasing the temperature resulted in a strong decline in intensity
of the recorded emission spectra of KcsA that was more pro-
nounced in detergent than in nanodiscs (Fig. 3C). At 20 °C, the
maximum emission wavelengths on excitation at 295 nm were ∼329
and ∼332 nm for KcsA in nanodiscs and micelles, respectively. The
blue-shifted emission maximum in nanodiscs can be explained by
the decreased solvent exposure of some tryptophans resulting from
better shielding by conserved lipid molecules than is seen in de-
tergent micelles. The thermal stability of the tertiary structure of
KcsA was investigated by following the shift in the emission max-
imum as a function of temperature. Consistent with the CD
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Fig. 1. (A) Chemical structure of SMA polymers at neutral pH. For this study,
a polymer with an average SMA ratio of n:m = 2:1 was used. (B) Schematic
representation of a native nanodisc containing a KcsA tetramer (blue) and
native lipids (green). The outer hydrophobic surface of the lipids is shielded
by SMA (orange).
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Fig. 2. Purification of KcsA in native nanodiscs. (A) SDS/PAGE analysis of
purified KcsA in native nanodiscs (NN) and DDM micelles at room temper-
ature (−) and after incubation at 95 °C (+). Complete transitions from tet-
rameric (T) to monomeric (M) state are visible. (B) Size exclusion chromatogram
showing effective separation of KcsA (*) from the soluble contaminant SlyD
(**). (C) Negative stain transmission electron micrograph of native nanodiscs
with KcsA after size exclusion chromatography. Round particles of an aver-
age size of 10 ± 2 nm are visible. (Scale bar in the enlarged images, 10 nm.)
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Cross-linker Dithiobis
[succinimidylpropionate]

INSTRUCTIONS

Pierce Biotechnology PO Box 117 (815) 968-0747 www.thermoscientific.com/pierce
3747 N. Meridian Road Rockford, lL 61105 USA (815) 968-7316 fax

Number Description
21578 DTSSP (3,3´-dithiobis[sulfosuccinimidylpropionate]), 50mg
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Molecular Weight: 404.42
Spacer Arm Length: 12Å
Formula: C14H16O8N2 S2

Storage: Upon receipt store desiccated at 4°C. Product is shipped at ambient temperature.

Introduction 
Thermo Scientific DSP is a water-insoluble, homobifunctional N-hydroxysuccimide ester (NHS-ester) and DTSSP is its 
water-soluble analog (Figure 2). These crosslinkers are thiol-cleavable, primary amine-reactive and have been used in many 
applications (Table 1). NHS-ester reactions with primary amines form covalent amide bonds that results in the release of N-
hydroxysuccinimide.

DSP is non-sulfonated and, therefore, is non-water-soluble whereas DTSSP is sulfonated and water-soluble. DSP is first 
dissolved in an organic solvent and added to the aqueous reaction mixture. Because DSP does not possess a charged group, it 
is lipophilic and membrane-permeable and is useful for intracellular and intramembrane conjugation. DTSSP may be added 
directly to an aqueous media and is useful for crosslinking cell surface proteins.

Important Product Information
• DSP and DTSSP are moisture-sensitive. Store desiccated at 4-8°C. To avoid moisture condensation onto the product, 

vial must be equilibrated to room temperature before opening (equilibration may require 30 minutes).

• Reconstitute these crosslinkers immediately before use. The NHS-ester moiety readily hydrolyzes and becomes non-
reactive; therefore, do not prepare stock solutions for storage. Discard any unused reconstituted crosslinker.

• Hydrolysis of the NHS ester is a major competing reaction of the acylation reaction. Hydrolysis increases with increasing 
pH and occurs more readily in dilute protein or peptide solutions. 

• Proteins that display biological activity (i.e., enzymes, antibodies etc.) may lose activity upon conjugation, which may be 
caused by conformational changes of the protein molecule when conjugated. Loss of activity may also occur when the 
crosslinker modifies lysine groups involved in binding substrate or an antigen.

• To cleave DSP and DTSSP use 20-50mM DTT at 37°C for 30 minutes. For reducing SDS-PAGE sample buffer, use 
20-50mM DTT or 2-mercaptoethanol in 2% SDS, 62.5mM Tris base, 10% glycerol at 100°C for 5 minutes.

0544.421578   22585   22586   

DTSSP
DSP 

Table 1. Chemical structures of the polymer and the cross-linker used in this study. The spe-
cific styrene-maleic acid polymer used in this study is SMA2000, which has a n:m ratio of 2:1 
and a Mw of 7.5 kD. The cross-linker is membrane permeable and thiol-cleavable.

Investigation of the MS-DesK oligomerization state by characterization 
of the peptide/lipid ratio in purified peptide-containing nanodiscs
For the first approach, we hypothesized that the native oligomerization state is re-
tained in the nanodiscs, independent of the initial peptide/lipid ratio. Furthermore, 
it was observed that lipid containing nanodiscs are constant in size with approxi-
mately 140 lipids [6, 9], and we further assume that peptide-containing nanodiscs 
are similar in size and structure but that some of the lipids are simply replaced by the 
peptides. In that case, it should be possible to establish the number of peptides per 
disc by analysis of the peptide/lipid ratio in purified peptide-containing nanodiscs, 
thus allowing for the determination of the oligomerization state of the peptide.
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We decided to first test the proof of principle of this approach using model mem-
brane systems with a His-tagged WALP peptide (His-WALP, Table 2). This has 
 several advantages. First WALP peptides are a family of well-studied model peptides 
that are not expected to form aggregates [12]. Furthermore it is available with a 
cleavable His-tag, allowing for purification by using nickel-affinity chromatography, 
which has proven to be successful in purifying protein-containing nanodiscs [8]. 
Additionally, it has 4 tryptophan residues, facilitating quantification of the peptide 
content by UV absorbance at 280 nm. 

Peptide Sequence

MS-TMS MIKNHFTFQK LNGITPYVIT LISAILLPWS IKSRKERERL EEK

His-WALP HHHHHHENLY FQGAGAGAGW WLALALALAL ALALALALWW A-NH2

Table 2. Sequences of the synthetic peptides used in this study. MS-TMS corresponds to the 
transmembrane region of MS-DesK. His-WALP was synthesized with a TEV cleavable His-
tag. The TEV cleavage site is represented in red and the His-tag in blue.

Thus, model membrane systems of dioleoylphosphatidylcholine (DOPC), con-
taining a His-WALP were solubilized with SMA. Free SMA was removed by size 
exclusion chromatography, because it could interfere with the His-tag binding to 
the nickel-affinity column. Figure 1A illustrates the separation between the nano-
discs containing His-WALP and some smaller impurities, presumably containing 
free SMA. Subsequently the fractions containing His-WALP nanodiscs were pooled 
and subjected to nickel-affinity chromatography. The concentration of His-WALP 
in each step of the purification was quantified by UV-VIS spectroscopy. As shown 
in Figure 1B, the His-WALP peptide in DOPC clearly absorbs in the region above 
280 nm. Unfortunately most of the His-WALP was observed in the column wash, 
and only ~4% was retrieved in the elution fraction. This yield was too low for fur-
ther analysis. As discussed in Dörr et al. [8], one possible explanation is that SMA 
interferes with the His-tag binding to the nickel affinity column because the negative 
charges of the SMA chelate the nickel, thereby competing with the His-tag. Alter-
natively, the His-tag, even though separated from the hydrophobic membrane core 
by 12 residues, might be unavailable for binding to the nickel because it somehow 
folds back on the membrane or interacts with the polymer. Because this method of 
analyzing the peptide oligomerization state relies on purification of intact nanodiscs, 
the SMA associated to these nanodiscs will always remain in the sample, possibly 
interfering with the purification. Therefore it may be useful to investigate an alterna-
tive purification method, using other tags (Strep tag, FLAG tag, etc.) to separate the 
peptide. However, also in those systems inhibitory effects on binding might occur. 
For these reasons we decided to first explore a second approach to determine the 
oligomerization state of MS-DesK employing SMA.  
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Figure 1: Purification of nanodiscs containing the model peptide His-WALP. A) Size exclusion 
chromatogram with the nanodiscs eluting from 8 to 12 ml. and smaller impurities, probably 
containing free SMA eluting from 17 ml. B) Absorption spectra of 20 μM His-WALP in 1 mM DOPC 
vesicles (gray) and the elution fraction from the nickel affinity purification (black). When the elution 
fraction is 25 x enlarged (dotted line), it has similar intensity as the His-WALP spectrum, indicating 
that the elution fraction contains only ~4% of the His-WALP. The remaining His-WALP was observed 
in the wash steps prior to elution. 

Cross-linking within nanodiscs for investigation of MS-DesK oligomerization state 

A second approach to investigate the oligomerization state of the MS-DesK 
transmembrane segment involves chemical cross-linking of the oligomers in model membrane 
systems. This approach is visualized in Figure 2. When peptides in model membrane systems 
are subjected to chemical cross-linking, the native oligomers will be covalently attached to 
each other. However, when using vesicular lipid systems, different oligomers can be cross-
linked as well because they diffuse within the vesicles. Solubilizing the model membrane 
systems with SMA would yield nanodiscs with native oligomers (7, 8) which then can be 
cross-linked in their native state. Subsequently, these cross-linked systems can be visualized 
with SDS-PAGE, and from the size of the cross-linked peptides the native oligomerization 
state can be determined. 

For this second approach, dithiobis[succinimidylpropionate] (DSP, Table 1) was 
selected as a cross-linker. DSP is a primary amine selective cross-linker, which covalently 
binds peptides via their lysine residues and N-termini. Thus, the introduction of labels, which 
could interfere with the oligomerization site, is unnecessary. DSP is suitable for cross-linking 
transmembrane oligomers because it is membrane permeable and its spacer arm length of 1.2 
nm is sufficient to bridge typical inter-oligomer distances. For these experiments, it is possible 
to use the MS-DesK transmembrane segment as used in previous chapters (MS-TMS, table 2), 
since a His-tag labeling is not necessary for this approach. Furthermore, MS-TMS contains 
various lysines for cross-linking and they are located at both ends of the peptide. 
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Figure 1. Purification of nanodiscs containing the model peptide His-WALP. A) Size exclu-
sion chromatogram with the nanodiscs eluting from 8 to 12 ml. and smaller impurities, prob-
ably containing free SMA eluting from 17 ml. B) Absorption spectra of 20 μM His-WALP 
in 1 mM DOPC vesicles (gray) and the elution fraction from the nickel affinity purification 
(black). When the elution fraction is 25 x enlarged (dotted line), it has similar intensity 
as the His-WALP spectrum, indicating that the elution fraction contains only ~4% of the 
 His-WALP. The remaining His-WALP was observed in the wash steps prior to elution.

Cross-linking within nanodiscs for investigation of MS-DesK oligomer-
ization state
A second approach to investigate the oligomerization state of the MS-DesK trans-
membrane segment involves chemical cross-linking of the oligomers in model mem-
brane systems. This approach is visualized in Figure 2. When peptides in model 
membrane systems are subjected to chemical cross-linking, the native oligomers will 
be covalently attached to each other. However, when using vesicular lipid systems, 
different oligomers can be cross-linked as well because they diffuse within the ves-
icles. Solubilizing the model membrane systems with SMA would yield nanodiscs 
with native oligomers [7, 8] which then can be cross-linked in their native state. 
Subsequently, these cross-linked systems can be visualized with SDS-PAGE, and 
from the size of the cross-linked peptides the native oligomerization state can be 
determined.

For this second approach, dithiobis[succinimidylpropionate] (DSP, Table 1) 
was selected as a cross-linker. DSP is a primary amine selective cross-linker, which 
covalently binds peptides via their lysine residues and N-termini. Thus, the intro-
duction of labels, which could interfere with the oligomerization site, is unneces-
sary. DSP is suitable for cross-linking transmembrane oligomers because it is mem-
brane permeable and its spacer arm length of 1.2 nm is sufficient to bridge typical 
 inter-oligomer distances. For these experiments, it is possible to use the MS-DesK 
transmembrane segment as used in previous chapters (MS-TMS, table 2), since a 
His-tag labeling is not necessary for this approach. Furthermore, MS-TMS contains 
various lysines for cross-linking and they are located at both ends of the peptide.
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Figure 2. Schematic representation of the cross-linking experiments. Cross-linking in lipos-
omes results in large aggregates because peptides diffuse freely. When liposomes are solubi-
lized with SMA prior to cross-linking, it is hypothesized that only oligomers within nanodiscs 
will cross-link.

Model membrane systems consisting of MS-TMS in DOPC lipids were solubilized 
with SMA and exposed to DSP and cross-linked products were visualized by SDS-
PAGE. Figure 3A shows that without the addition of SMA, i.e. when no nanodiscs 
are formed, oligomers of MS-TMS of different sizes are formed, indicating that the 
cross-linking is not limited to linking residues within the oligomers. Increasing the 
molar excess of DSP yields larger aggregates (Fig 3A) and shorter cross-link times 
yield no cross-linked products (data not shown). With the formation of nanodiscs, 
cross-links were hypothesized to be exclusive to peptides within the nanodiscs. How-
ever, SMA is also detected by SDS-PAGE, making it impossible to distinguish the 
MS-TMS cross-linked products (Fig 3B). To reduce the amount of free SMA, the 
nanodiscs were purified with size exclusion chromatography prior to cross-linking. 
Figure 3C shows that the amount of SMA is significantly reduced by this purifica-
tion step and no large aggregates of the peptide are visible. However, the SMA still 
interferes with detection of the lower molecular weight oligomers that are expected 
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to be present in the nanodiscs. Next to size exclusion chromatography, removing free 
SMA with selective centrifugal filters was explored. However, after 10 times filtering 
of the sample, the SMA contribution was still higher than after size exclusion (data 
not shown). In principle, only the cross-linked peptides are necessary for analysis 
of the native oligomerization state. Therefore purification of the cross-linked prod-
ucts from the nanodiscs with more harsh methods is feasible. Protein precipitation 
with acetone was explored but did not yield promising results. Possibly, this method 
could be further optimized or alternative methods could be investigated to separate 
the SMA from the peptides and the lipids, for example the use of detergents and 
subsequent precipitation of the polymer. However, we first tried to circumvent the 
problem of the SMA signal by changing the model system.

Figure 3. Visualization by SDS-PAGE of cross-linked MS-DesK transmembrane segment 
(MS-TMS) in various model systems. A) Cross-linked products of MS-TMS in LUVs with 
varying concentrations of cross-linker. B) The signal of MS-TMS compared to the signal of a 
0.1% (v/w) styrene-maleic acid polymer (SMA). The SMA is visible up to 50 kD, interfering 
with the detection of MS-TMS and cross-linked products. C) Cross-linked MS-TMS in 
LUVs compared to cross-linked MS-TMS in SMALPS after size exclusion chromatography. 
The three main fractions of the purification step are shown, with SMA interfering with the 
signals of the cross-linked products of MS-TMS.

 
The presence of SMA would no longer be problematic if the peptide had a molec-
ular weight larger than 25 kD, where the SMA is no longer visible on gel after size 
exclusion chromatography. Therefore we explored solubilizing the entire  MS-DesK 
protein. Oligomeric membrane proteins have been solubilized successfully by 
 treating cell-lysates with SMA [8]. For example, KcsA was recently purified with this 
 procedure [11]. Here we explored this approach for MS-DesK. E. coli cells  expressing 
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KcsA were mixed with cells expressing MS-DesK. Both KcsA and MS-DesK were 
expressed in high quantities (Fig 4A). DesK is visible as monomer and KcsA runs as a 
tetramer on gel [13]. The mixture of whole cells was incubated at room temperature 
overnight with SMA. Figure 4A shows that the solubilization of KcsA is successful, 
with only a small part of the protein remaining in the pellet. However, MS-DesK is 
not solubilized and all the protein remains in the pellet. Increasing the SMA con-
centration did not result in MS-DesK solubilization. From this we conclude that no 
nanodiscs containing the MS are being formed. Therefore, further analysis of the 
oligomerization state of MS-DesK by the cross-linking approach is not possible at 
this moment.

Figure 4. Analysis of MS-DesK and KcsA expression. A) Western blot analysis of the solubili-
zation of MS-DesK and KcsA. Proteins were solubilized by SMA after cell lysis and subjected 
to centrifugation, yielding SMA soluble components in the supernatant and insoluble com-
ponents in the pellet.  B) SDS-PAGE analysis of total cell lysate (lane 1) and the recovered 
pellet fraction after washing with Triton X-100 (lane2). MS-DesK (indicated with an arrow) 
is present in the total cell lysate and after washing with Triton X-100, indicating that it is 
expressed in inclusion bodies.

What could cause the resistance of MS-DesK to solubilization by SMA? Possibly 
MS-DesK is not properly inserted into the membrane and expressed in inclu-
sion bodies. In that case SMA is unlikely to solubilize MS-DesK because it is not 
 present in a membrane. In contrast to inclusion bodies, membrane proteins properly 
 incorporated in the membrane are soluble in mild detergents such as Triton X-100, 
provided they are non-raft associated [14]. Therefore the insoluble fraction of the 
cell lysate was isolated, washed with Triton X-100 and visualized on SDS-PAGE. 
Figure 4B shows that MS-DesK is observed in the total cell extract and that it is still 
present after the detergent wash steps, indicating that MS-DesK was expressed in 
inclusion bodies. Several attempts were made to prevent the formation of inclusion 
bodies, including optimizing MS-DesK expression, using different strains, varying 
growth temperature, and varying IPTG concentrations for induction and the OD600 
at which induction was initiated. Unfortunately, none of these approaches was suc-
cessful (data not shown).   
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Thus, we showed that MS-DesK expressed in inclusion bodies is resistant to SMA 
solubilization, indicating that a lipid environment is required for purification by 
SMA solubilization. If it would be possible to express MS-DesK and properly  insert 
it in the membrane, the protein could be cross-linked in nanodiscs and its  native 
oligomerization state could be visualized by SDS-PAGE. SMA would not interfere 
because the peptides would be larger than the SMA. Therefore, further  optimization 
of the expression conditions will be worth exploring in the future. An alternative 
possibility would be to refold MS-DesK from inclusion bodies  after  further purifi-
cation by sucrose gradient centrifugation [14], but this is far from straightforward.

Summarizing conclusion
The MS-DesK oligomerization state is crucial for its mechanism of sensing and 
signal transduction. Here, to determine the oligomerization state of MS-DesK, we 
explored the use of SMA, which solubilizes membranes into nanodiscs. Two ap-
proaches using these nanodiscs were investigated in this study. The first approach is 
based on the determination of the peptide/lipid ratio within purified nanodiscs. The 
second approach uses chemical cross-linking of the peptides within nanodiscs. The 
results indicate that both of these approaches could function as general methods to 
characterize oligomerization states. However, these methods require further optimi-
zation.
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Materials & Methods
Materials
All chemicals and enzymes were purchased from Sigma-Aldrich unless otherwise 
indicated. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was obtained from 
Avanti Polar Lipids (Alabaster, AL). Synthetic peptides were obtained from Eurogen-
tec (Seraing, Belgium) as > 95% pure peptides. Identity and purity were confirmed 
with Mass spectrometry and analytical HPLC. SMA2000 (styrene maleic anhydride, 
with a ratio of 2:1 and a Mw of 7.5 kD) copolymer was obtained as a kind gift from 
Cray Valley (Exton, PA). The cross-linking reagent dithiobis[succinimidylpropion-
ate] (DSP) was purchased from Pierce Biotechnology (Rockford, IL) and Ni-NTA 
beads were from Thermo Fisher Scientific (Waltham, MA). Water was deionized and 
purified with a Milli-Q gradient water purification system from Millipore Corp. 
(Billerica, MA). All chemicals used were analytical grade.

Vesicle preparation
Samples were prepared as previously described [4]. Briefly, peptides (20 μM), dis-
solved in 0.5 mL trifluoroethanol were added to 0.5 mL of the phospholipid dis-
persion (0.5 mM) acquiring a final molar peptide/lipid ratio of 1/50. The lipid con-
centrations were determined by a phosphorus titration according to the method of 
Rouser [15]. Excess water was added and subsequently the samples were lyophilized 
after rapid freezing in liquid nitrogen. Vesicles were prepared by rehydrating the 
dry film at room temperature in buffer. For the cross-linking experiments 50 mM 
phosphate, 150 mM NaCl (pH 7.4) buffer was used and for the purification of 
 His-WALP 50 mM Tris, 150 mM NaCl (pH 8) buffer was used. The hydrated vesi-
cles were subjected to five freeze−thaw cycles.

SMA copolymer preparation and solubilization
The SMA2000 copolymer used throughout this study was prepared in exactly the 
same way as described in Swainsbury et al. [16] Briefly, a 5% (w/v) SMA2000 sus-
pension in 1 M KOH was refluxed for at least 4 h after which the SMA was recov-
ered by acid precipitation in 1.1 M HCl. The precipitated SMA was washed at least 
four times with 10 mM HCl. Finally, the SMA was lyophilized and stored at room 
temperature until required. 5% (w/v) SMA solutions used for experiments were pre-
pared by dissolving lyophilized SMA in 50 mM Tris-HCl, after which the solution 
was adjusted to pH 8.0. Vesicles were solubilized with a final SMA concentration of 
~0.1% (v/w). This corresponds to a SMA/phospholipid of 3:1 (w/w) (1:3.7 molar 
ratio). To separate the nanodiscs from free polymers, which interfere with Ni-NTA 
purification [8], 500 μL of the solubilized vesicles was loaded on a Superdex 200 
10/300 GL size exclusion column (GE Healthcare) connected to an Äkta Prime Plus 
chromatography system (GE Healthcare).
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Affinity purification & quantification
The solubilized vesicles, purified by size exclusion chromatography were incubat-
ed for at least 4 hours at 4 °C with the 0.5 mL of HisPur Ni-NTA agarose beads 
( Thermo Scientific). The beads were transferred to a gravity-flow column and washed 
twice with buffer containing 10 mM imidazole and once with buffer containing 
50 mM imidazole. His-tagged peptides in nanodiscs were then eluted with buffer 
containing 300 mM imidazole. For quantification of the yields, samples containing 
SMA were 10× diluted in buffer, yielding a final SMA concentration of 0.01%. 
 UV-VIS spectra of the samples were measured at 25 °C using a Lambda 18 spectro-
photometer (PerkinElmer, Waltham, MA) equipped with a Peltier element.

Cross-linking
The cross-linking agent dithiobis[succinimidylpropionate] (DSP) was dissolved in 
DMSO and added to the sample in the appropriate amount to obtain the desired 
molar ratio. Subsequently the reaction mixture was incubated at room temperature 
for 30 minutes. Thereafter the reaction was stopped by adding 1M Tris, pH 7 to a 
final concentration of 50 mM and incubating for 15 minutes.

Analysis by SDS-PAGE
The nanodisc samples containing the cross-linked peptides were separated by non-
reducing 10% Tricine-SDS-PAGE gel [17]. The peptides were visualized by  coomassie 
brilliant blue r stain and detected with an ODYSSEY CLx scanner ( Li-COR Bio-
sciences, Lincoln, NE).

Gene expression & protein purification
For the expression of MS-DesK and KcsA, E. coli BL21 strains were used, either 
with a MS-DesK plasmid or with a KcsA plasmid. These strains were kindly pro-
vided by LE Cybulski and JM Dörr respectively. The proteins were expressed as de-
scribed  before [18]. These strains were grown in LB in a shaking incubator at 37 °C, 
200 rpm. At an OD600 of 0.6, 1 mM IPTG was added. Induction was continued for 
2 hours. Subsequently the cells were harvested by centrifugation at 4 °C. The cell pel-
lets were resuspended in 10 mM Tris pH8, 10 mM Imidazole, 5 mM KCl. DNAse, 
lysozyme and protease inhibitor were added and the mixture was incubated on ice 
for 30 min. A 5% SMA solution, prepared as described above was added to a final 
concentration of 1.5% (w/v) and the mixture was sonicated using a tip sonicator 
(50% duty cycle, output 7-8, 8×10 pulses, on ice). The cells were incubated at room 
temperature, overnight. Insoluble fractions were removed by centrifugation and the 
supernatant was analyzed by SDS-PAGE and western blot analysis. 
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Analysis by SDS-PAGE and Western blot
The nanodiscs samples containing the MS-DesK and KcsA were analyzed 14% 
 SDS-PAGE gels. The proteins were visualized by coomassie brilliant blue r stain and 
detected with an ODYSSEY CLx scanner (Li-COR Biosciences, Lincoln, NE) and 
by immunoblotting with an anti-His antibody.

Inclusion body isolation
The bacterial cell lysate was resuspended in 25 mM Tris (pH 7.4), 100 mM NaCl 
(buffer) and 0.5% Triton X-100 was added.  The suspension was sonicated with a tip 
sonicator (on ice, 100% duty cycle, output 6, 5×20 seconds, 30 seconds cooling). 
The sample was washed 3 times by adding buffer with 2% Triton X-100 and subse-
quent centrifugation. The pellet was analyzed by SDS-PAGE.
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Summary
Despite their microscopic dimensions, bacteria have a significant impact on all life 
on earth. They inhabit various habitats as diverse as soil, water, acidic hot springs 
and Arctic environments. Furthermore, many bacteria live in symbiotic or parasitic 
relationships with animals and plants. With approximately 1030 bacteria on earth, 
they form a biomass which exceeds that of all plants and animals [1]. Bacteria recy-
cle nutrients, influence the atmosphere and cause disease. To better understand the 
biological phenomena underlying the bacterial kingdom, several species or so-called 
model organisms are being extensively studied, assuming that bacteria share some 
fundamental mechanisms. On the basis of this assumption, discoveries made in the 
model organisms can provide insights into other organisms as well. Within these 
model organisms sensing and signaling is an intriguing topic, because it refers to the 
fundamental question how bacteria perceive the environment.

In nature, two-component systems (TCS) are ubiquitous to respond and 
adapt to environmental changes. They are particularly abundant in bacteria and 
 archaea, but rarely seen in animals. Therefore, TCS are a potential target for anti-
biotics, and mechanistic understanding at a molecular level could help their devel-
opment. The core of the mechanism of signal transduction among TCS is a phos-
photransfer  reaction between a histidine kinase (HK) and a response regulator (RR). 
The input is processed by the HK, which is the signaling component and the RR 
generates the cellular response [2, 3]. In this research, we investigated the bacterial 
two-component system DesKR that is involved in thermo-sensing [4]. It has the reg-
ular features of TCS, consisting of DesK, a homodimeric, membrane-bound sensor 
histidine kinase and DesR, a response regulator that triggers the bacterial response 
mainly by altering the expression of target genes [3].

The thermosensor DesK senses temperature inside the membrane [5] and 
therefore, protein-lipid interactions are key to understanding its mechanism of 
sensing and signal transduction. In principle, these interactions can be investigated 
by studying the proteins in their native lipid environment. However, this is not 
straightforward and reducing the complexity allows more systematic studies. DesK 
was reduced in complexity by capturing both sensing and signaling properties in a 
single transmembrane helix: the minimal sensor DesK (MS-DesK) [5]. In addition, 
the native lipid membrane was replaced by a synthetic model membrane. Thus, to 
investigate what exactly is sensed by MS-DesK and to explore how the signal is 
transmitted, we could systematically vary the properties of the lipids, as well as prop-
erties of the transmembrane segment. This model system approach was exploited in 
chapters 2 and 3, where MS-DesK transmembrane segments were investigated with 
different membrane thickness, lipid phase and bilayer charge. The model systems 
were studied with circular dichroism, tryptophan fluorescence molecular modeling 
and complementary in vivo functional studies were performed. With the results of 
these complementary techniques we observed a temperature dependent change in 
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conformation of the MS-DesK transmembrane helix and we were able to construct 
a molecular model for sensing and signal transduction of DesK.

To better mimic the in vivo situation, the synthetic lipids in the model mem-
brane systems were replaced with lipid extracts from B. subtilis grown at relevant 
temperatures. These extracts were first characterized and we found temperature 
 dependent regulation of the lipid acyl chain composition. Both the activity of a 
 desaturase [4] and an iso-anteiso switching mechanism [6] were shown. In the model 
membrane systems with the B. subtilis lipids, no temperature dependent change in 
conformation of the MS-DesK transmembrane helix was observed. A possible expla-
nation may be that the energetic barrier for reorientation of the helices is increased 
by the presence of branched side chains. In addition, owing to the attached cytosolic 
domain, the energetics of this barrier may be slightly different in vivo. The energetic 
barrier of the switch could for example be lowered because the linker region is more 
stable in vivo, reducing its interactions with the membrane. Finally, other proteins in 
the B. subtilis membrane affect the membrane properties, and could thereby lower 
the energetic barrier for reorientation of the MS-DesK transmembrane segment.

A very different model membrane system was used in chapter 5 to investigate 
the oligomerization state of MS-DesK. We explored the use of a styrene -maleic acid 
polymer (SMA), which solubilizes membranes into nanodiscs [7]. Two  approaches 
with these nanodiscs were investigated in this study. The first approach is based 
on the biochemical characterization of purified nanodiscs with transmembrane 
peptides. The second approach uses chemical cross-linking of the peptides in the 
 nanodiscs. The results show that both of these approaches are promising tools for the 
characterization of oligomerization states. These methods, however, require further 
optimization.
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Molecular model of thermo-sensing of MS-DesK
The studies, described in this thesis resulted in a model of sensing and signal trans-
duction of MS-DesK, as illustrated in Figure 1. The thermosensor is present as a 
dimer and senses the temperature within the membrane. MS-DesK does not respond 
to temperature per se, but presumably to a decrease in membrane fluidity and a cor-
responding increase in membrane thickness. The response consists of elongation of 
the MS-DesK transmembrane helix, aligning three serine residues at one side of the 
helix, forming a serine zipper motif. The exposure of this zipper motif triggers a re-
orientation of the helices to allow optimal interhelical H-bonding. The end result is 
the formation of a stable and continuous helix from the membrane to the cytoplasm, 
favoring the kinase conformation of the sensor, allowing for the phosphorylation of 
DesR, which results in the expression of a desaturase.
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Figure 1. Schematic representation of the mode of action of MS-DesK. Its transmembrane 
segment (MS-TMS) contains an N-terminal charged hydrophilic motif (K10, N12; red), 
the so-called sunken-buoy (SB) motif. The sidechains of these residues limit the further 
downward lateral movement of the MS-TMS by snorkeling to the hydrophilic membrane 
interface. The C-terminus of the transmembrane part contains a hydrophilic motif of three 
serine residues (S23, S30, S33; blue). In a fluid membrane these serines interact with the 
 hydrophilic interface (left). On a decrease in temperature, the membrane becomes thicker 
and an extra turn of the helix folds inside the membrane, resulting in the formation of a serine 
zipper motif (right). This motif can form intrahelical hydrogen bonds that shield the hydroxyl 
groups from the hydrophobic core of the membrane. The reorientation, necessary for this 
interaction, will lead to a change in the C-terminal domain (DesKC) from the phosphatase 
to the kinase state, allowing the phosphorylation of DesR. Phosphorylated DesR induces the 
expression of a desaturase, which increases the fluidity of the membrane, resulting in phos-
phatase activity of DesK.



119

6

Summarizing discussion 

The piston model as a mechanism for signal transduction
The proposed reorientation of the MS-DesK transmembrane helices may include 
changes in rotational angle, small piston-like movements and/or changes in tilt  angle 
between the helices. These type of events have been proposed to be involved in trans-
membrane signaling of chemoreceptors and histidine kinases [8-12], combined in 
a small-magnitude piston-type helix sliding displacement, which is ideally suited 
for transmembrane signaling for several reasons. Signaling events typically provide 
relatively little energy capable of doing conformational work. A helix sliding dis-
placement requires little driving energy as long as its magnitude is less than ~2 Å, so 
that specific side chain contacts and ridges-grooves packing between adjacent helices 
are largely maintained. Furthermore the signal has to be transduced over relatively 
large distances.  Helix bends, rotations, or tilts could more easily be quenched by 
the flexibility of helices over these distances, whereas the rigid backbone of the he-
lices  allows for a piston displacement to be transmitted throughout the entire helix 
length. Additionally, a small 1-2 Å displacement would be large enough to directly 
regulate the on-off switching of a kinase active site [13].

Comparing models of signal transduction of DesK
How would our sensing and signaling model, together with a signal transduction 
mechanism with a small piston-like movement, compare to existing models for 
DesK signal transduction? Several models have been developed and will be discussed 
below.

The first model is derived from crystal structures [14]. A three state model was 
proposed for the flow of the phosphate group from DesK to DesR which proposes 
that the phosphatase-competent state of DesK has a stable coiled-coil structure pro-
truding from the membrane and the ATP-binding domains are attached to the core, 
preventing histidine phosphorylation. A large conformational change of the coiled-
coil results in reorientation of the core and release of the ATP-binding domains, 
which are now able to phosphorylate the histidine residue, hence the kinase-compe-
tent state. The actual binding of the phosphate group to the histidine results in yet 
another conformation, which allows for binding of DesR and subsequent transfer 
of the phosphate group. The membrane induces the differences between the phos-
phatase-competent state and the kinase-competent state, which are comparable with 
the switching from the phosphatase state to the kinase state in our model. But, based 
on the crystal structures, a rotation of almost 180° would be required to flip one helix 
over to the other side for the switch. Such a relatively large reorientation contradicts 
our model, in which more subtle rearrangements are sufficient for the switch. We 
favor subtle rearrangements for several reasons. If a large rotational displacement 
could be induced by the membrane, it is likely to be dampened by the helix flexi-
bility. Furthermore the coiled-coils in the crystal structures are the N-terminus of 



120

6

Chapter 6

the protein, where the crystal structure could be unrealistic because of crystal-crystal 
contacts stabilizing an otherwise unfavorable conformation. Another consideration 
is that the crystal structures of the phosphatase and the kinase-competent state are 
specific mutants of DesKC, in which the essential phosphorylatable histidine residue 
is mutated to mimic the two different states of the protein. These mutations change 
the properties of this essential residue, which could have an effect on the folding 
of the protein, amplifying the differences between the two states. Additionally, the 
conformational flexibility of ATP-binding domain could be regulated by the mem-
brane, which is absent in the crystallization study. The ATP-binding domains are 
located close to the membrane and in the crystal structure a conserved tryptophan, 
an arginine and several lysines protrude outwards, and possibly interact with the 
membrane. Therefore one should be careful to build a model of signal transduction 
based on these crystal structures only.

Recently, the kinase- and the phosphatase states of this three state, crystal 
structure-derived model were refined with molecular dynamics simulations [15]. 
The coiled-coils from the phosphatase-competent state and the kinase-competent 
state were further extended towards their N-termini according to the amino acid 
sequence of MS-DesK and several mutants. These extended models were embedded 
in membranes of varying thickness, resulting in two different types of structures for 
the phosphatase and kinase-competent states. The large differences between these 
structures, which are a direct result of the differences between their crystal struc-
tures, can be described as unwinding of the coiled-coil, involving a large rotation. 
The model of unwinding is supported by functional studies on DesK mutations. 
However the triple mutants described would also fit our model with the piston-like 
displacement for signal transduction. For example, the mutant in which two serines 
from the  serine zipper are mutated is locked in the “kinase-off” state, similar to the 
serine  zipper mutants we studied in chapter 2. However, a crucial mutant in our 
study, with a strengthened serine zipper with an extra serine residue, is locked in the 
“kinase-on” state, which is hard to explain in the context of the model of unwinding.
Another model recently proposed involves an unfolding event of the charged linker 
region for signal transduction [16]. This model of unfolding is based on mutants in 
this region, and secondary structure measurements on corresponding peptides of 
the linker region in model membrane systems. Such method of signal transduction 
would be compatible with our model, but to support this mechanism more experi-
mental evidence is required.
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Influence of charge on the activity of DesK
Several charged residues of MS-DesK are crucial for the activity switch form phos-
phatase to kinase. An N-terminal lysine is essential and was hypothesized to anchor 
the transmembrane domain to the membrane-water interface [5]. Furthermore, at 
the intracellular side of the helix several charged residues are essential [16]. Next to 
the charge of the protein, the charge of the membrane was found to have an effect on 
DesK activity [17]. However, the switch between the “kinase-on” and “kinase-off” 
state was unaffected by the charge of the membrane lipids, which is in agreement 
with our observation in chapter 3, that the MS-DesK transmembrane segment is 
subject to a temperature dependent structural change in both zwitterionic and neg-
atively charged lipids. These observations further support the choice of zwitterionic 
lipids in the model systems used throughout this research. Also, possible effects on 
the membrane charge by variations in head group composition of B. subtilis that 
were observed in chapter 4 are unlikely to disturb the mechanism of sensing and 
signal transduction. Finally, it should be noted that positively charged residues are 
often found at the intracelluar membrane-water interface, driving the correct trans-
membrane topology of the protein [18, 19].

Prolines in transmembrane helices
Prolines are considered helix breaking residues in soluble proteins [20]. Yet they are 
often found in transmembrane helices, where they induce a kink. There are many 
indications that such kinks could have functional importance in membrane proteins, 
for instance for dimerization of transmembrane helices [21]. Indeed, single proline 
mutations in MS-DesK favor the “kinase off” state, independent of temperature, 
highlighting the importance of the proline residues for MS-DesK. These prolines 
are possibly important sites for MS-DesK dimerization. The kinks in the backbone 
of transmembrane segments could induce a dimerization site, aligning neighboring 
residues for favorable interactions. On the other hand, kinks could prevent steric 
hindrance when the serine zipper is formed.

On the properties sensed by DesK
DesK was originally called a thermosensor because the temperature was found to 
influence its activity [4]. Because DesK plays a role in fluidity maintenance, it was 
suggested that perhaps it could sense the fluidity itself, rather than sensing the tem-
perature. Indeed, in less fluid membranes increased activity of DesK was identified, 
independent of temperature [22, 23]. Membrane thickness, which is significantly 
increased in the gel phase [24], was also identified as a cue for DesK sensing [5]. In 
chapter 2 and 3 we found that both fluidity and thickness of the membrane, but 
not temperature itself, cause a similar reorientation of the MS-DesK transmembrane 
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segment. Furthermore, in chapter 4 we observed that the B. subtilis membrane lipids 
undergo a phase transition at temperatures where DesK is active. These findings 
support the view that membrane fluidity is sensed by DesK, presumably owing to 
corresponding changes in membrane thickness, although other possible mechanisms 
cannot be ruled out yet.

One such possibility is that DesK senses anomalies during the phase transi-
tion. For instance, phase separation of lipids was also suggested to be a membrane 
property sensed by DesK, because increased activity of DesK was found in  synthetic 
lipids around the phase transition temperature [17]. It was argued that liquid and gel-
phase coexist at the lipid phase transition [25], thereby forming microdomains that 
could result in redistribution of the proteins, which in turn could result in  protein 
conformational changes. Such mechanism has been observed for some  sig naling 
proteins [26]. In our studies we observed a phase transition for B. subtilis lipids at 
temperatures where DesK is active. Additionally, DesK was found to be permanently 
inactive in the gel phase, possibly owing to aggregation [17]. The  inactivity in the 
gel phase also correlates with the behavior of MS-DesK transmembrane peptides 
observed in chapter 3. The small deviations we found in the gel phase were argued to 
be artifacts of the ordered acyl chains of the gel phase.

Another property that might be sensed by DesK is the hydration of the mem-
brane, which is much lower in the gel phase than in fluid membranes [25]. Once the 
membrane becomes less hydrated the kinase active conformation of MS-DesK might 
be induced, until lowered hydration levels induce aggregation. However, increased 
hydration levels have been observed as an anomaly during the phase transition [27], 
which would suggest an active conformation in increased hydrated membranes. 

Finally it is possible, and perhaps even most likely, that DesK senses a com-
bination of all the above mentioned properties. However, to investigate the hydra-
tion or phase separation in the membrane without changing other properties is 
experimentally very challenging. An option would be to use molecular dynamics 
(MD) simulations. In MD simulations these properties are still interconnected, but 
the simulations can provide direct information on hydration and phase separation 
inside the membrane. The molecular modeling method Docking Assay For Trans-
membrane components (DAFT) [28], was especially developed to identify preferred 
binding orientations within the membrane. DAFT involves multiple coarse-grained 
simulations to find the most populated dimer conformations. Subsequently, the 
 dimers can be investigated at an atomistic level. This method was used in this study 
to investigate the dimer interfaces of the MS-DesK transmembrane helix [29] and 
would be suitable to further explore the MS-DesK dimer conformations as function 
of hydration levels or phase separation phenomena.
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On the oligomerization of MS-DesK
MS-DesK is believed to function as a dimer for several reasons. First, many two-com-
ponent systems were found to function as a dimer [30, 31]. Furthermore the intra-
cellular domain of DesK was crystallized as a dimer. In chapter 1 we performed 
molecular dynamics simulations that indicate dimerization of the MS-DesK trans-
membrane helix. If MS-DesK forms dimers, a potential problem could arise in the 
model membrane systems with transmembrane peptides because the orientation 
cannot be controlled. Although we designed the peptides with the charged linker 
region which may be expected to promote the formation of parallel dimer, we cannot 
exclude anti-parallel dimer formation. However, we did not observe indications of 
two populations in our data and therefore we suspect an insignificant anti-parallel 
dimer population.

The MS-DesK oligomerization state was investigated in chapter 5 with the 
use of a styrene-maleic acid polymer (SMA). SMA solubilizes membranes into na-
nodiscs, which were used for two different approaches. The first approach is based 
on the observation that proteins are solubilized in nanodiscs of similar size, in their 
native oligomerization state [7]. If transmembrane peptides are solubilized in a sim-
ilar fashion, it should be possible to examine the oligomerization state by analysis of 
the peptide/lipid ratio in purified peptide-containing nanodiscs. However, we found 
the purification of the peptide-containing nanodiscs with nickel-affinity chroma-
tography to be problematic, possibly because the polymer interferes with the His-
tag binding to the nickel-affinity column. Therefore, future alternative purification 
methods could use other tags (Strep tag, FLAG tag, etc.) to separate the peptide. 

The second approach to investigate the MS-DesK oligomerization state is 
based on chemical cross-linking of the peptides within the nanodiscs. However, ow-
ing to the presence of SMA in the samples, the visualization of the cross-linked prod-
ucts was problematic. Here, the purification of the cross-linked products might be 
further explored, for example using protein precipitation with acetone or detergents. 
The solubilization of full-length MS-DesK in nanodiscs was tested in chapter 5. 
However, the formation of inclusion bodies was found to be incompatible with the 
SMA solubilization. Optimized expression, preventing the formation of inclusion 
bodies and successful solubilization with SMA, would result in multiple analysis 
options. For example the use of mass spectrometry and NMR could provide insight 
in preferential interactions of MS-DesK with surrounding lipids and the molecular 
structure and dynamics of this system.
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Epilogue
The insights in the molecular mechanism of sensing and signal transduction of the 
two-component system DesK presented in this study are yet another step in under-
standing biological membranes at a molecular level. Such insights into the molecular 
basis of life provided information on many fundamental biological processes because 
the three-dimensional molecular structures of biomolecules are related to their func-
tion [32]. This structure function relationship in biology became evident through 
the determination of the first structures of biomolecules, such as the discovery of 
the double helical structure of DNA, which allows for the mechanism of replication 
by unwinding and copying one of the strands [33, 34].  The visualization of protein 
structures started with myoglobin and hemoglobin, followed by many enzyme struc-
tures in the 1960s, which ultimately reinforced the structure function relationship 
[35, 36].

The significance of basic structures was realized before visualization on mo-
lecular resolution was possible. Cell theory emerged in the 19th century, recognizing 
that the cell is the basic structural unit of life. However, for this understanding, 
many observations and technical innovations were necessary during the nearly two 
centuries following the first observation of cells through a microscope by Hooke and 
van Leeuwenhoek [37, 38]. Optical instruments were developed at that time from 
grinded and polished lenses to microscopes, magnifying objects to almost 300×, 
which allowed investigation of life on a smaller scale than ever before. These de-
velopments exemplify the success of the scientific method, which developed in the 
17th century because of a scientific revolution inspired by faith in logic [39, 40]. The 
development of the scientific method at that time is regarded as the birth of modern 
science [39, 40]. The modes of acquiring knowledge about nature were transformed 
revolutionary and three important pillars of science as we know it emerged. The 
role of mathematics was extended, inspired by Kepler and Galileo, to an ongoing 
process of mathematization of nature. The speculative systems of natural philoso-
phy of Aristotle amongst others were gradually displaced by so-called corpuscularian 
thinkers such as Descartes by an atomistic natural philosophy with a novel concept 
of motion, coinciding with the concepts developed by Galileo. Finally, investigation 
upon accurate description and practical application was gradually transformed into a 
fact-finding, practice-oriented mode of experimental science as described by Francis 
Bacon [39]. 

The faith in logic and careful observation that allowed the scientific revolution 
of the 17th century emerged in the European Renaissance [39, 40]. Great thinkers 
of that period seemed to possess unquenchable curiosity and feverishly inventive 
imagination, and they were willing to change traditional methods. These polymaths 
often excelled in many fields, which reflected the ideals of the humanists of the time. 
A gentleman of that era was expected to speak several languages, play a musical in-
strument, write poetry, and so on, thus fulfilling the Renaissance ideal. The idea of 
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a universal education was essential to master these diverse subjects; hence the word 
‘university’ was used to describe an institute of learning. Leonardo da Vinci, often 
described as the archetype of the Renaissance man, was an innovator in many fields, 
arts and sciences alike [41, 42].

However, the hypothesis of the scientific method is the intelligibility of the 
universe. We learned from experience that the world is logically structured – or sci-
ence would be a waste of time. However, does logic apply to the fundamental basis 
of our existence? [43, 44]

Rationalism is a view of life which is based on Hegel's motto: the rational is 
real, real is rational, and therefore assumes that the outness in its totality can 
be understood by the ratio. This includes that the ideal society can be achieved 
through understanding and control. Nature is seen as a source of raw materials 
and energy, as well as chaos that requires reorganization. The aesthetic experi-
ence is reduced to a fringe of life, the mystical experience is considered theolo-
gy. The rational function is a wonderful human instument, but rationalism is a 
sin against humanity. The identification of philosophy with the rational inter-
pretation of the universe, is the most threatening consequence of rationalism.
(Ulrich Libbrecht)

A model relates to reality as a map to the land. The map provides us with informa-
tion of the land and gives an overview. But the map is not the land. A description 
of reality always uses a language. Thus, science is itself a language that is useful to 
understand certain properties of the universe, but the scientific description is not 
reality itself.

Thus, from marvel and wonder about the universe, humanity came to  
 disclosure and experience of the universe in many ways. But the description is a lan-
guage, and  experience is emotion, they are not the phenomenon itself. Fortunately, 
we can  return to the marvel and wonder.

The purpose of a fish trap is to catch fish,
And when the fish are caught the trap is forgotten.

The purpose of a rabbit snare is to catch rabbit,
And when the rabbits are caught the snare is forgotten.

The purpose of words is to convey ideas.
When the ideas are grasped the words are forgotten.
(Chuang-tzu)
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Nederlandse samenvatting
Sinds mensenheugenis proberen wij te begrijpen hoe de wereld om ons heen 
functioneert. Deze zoektocht vloeit voort uit de verwondering over alles wat we 
om ons heen kunnen waarnemen. Bijdragen aan ons begrip van de natuur zijn van 
alle tijden. De ontwikkeling van de wiskunde, filosofie en sterrenkunde gaat terug 
tot de oude beschavingen van Griekenland, Egypte, Mesopotamië, de Indusvallei, 
China en de Maya’s. Tijdens de Europese Renaissance veranderde men geleidelijk 
de traditionele methoden en werd de logica als maat van alle dingen genomen. De 
wens van zowel kunstenaars als wetenschappers om de zaken weer te geven zoals 
ze zijn - in tegenstelling tot het verder uitbouwen van bestaande theorieën - leidde 
tot zorgvuldig observeren en experimenteren onder gecontroleerde omstandigheden. 
Om de kwaliteit van zijn schilderijen te verbeteren ontleedde Leonardo da Vinci 
systematisch tientallen lijken en maakte prachtige, realistische tekeningen waarmee 
hij de menselijke anatomie in meer detail weergaf dan ooit tevoren. Vesalius, een 
beroemde anatoom, huurde kunstenaars in om illustraties van zijn dissecties te 
maken. In de 17e eeuw culmineerden de nieuwe opvattingen en werkwijzen van de 
Renaissance in een wetenschappelijke revolutie en werd de moderne praktijkgerichte 
experimentele wetenschap geboren. Nieuwe paradigma’s ontstonden in de natuur- 
en sterrenkunde en door de uitvinding van de microscoop konden voor het eerst 
cellen worden waargenomen. Die cellen werden erkend als basiseenheden van alle 
organismen en de zogenaamde celtheorie ontstond, bestaande uit drie stellingen. 1) 
Alle levende organismen bestaan uit één of meer cellen, 2) de cel is de basiseenheid 
van structuur en organisatie en 3) alle cellen komen voort uit reeds bestaande cellen. 
In de 19e eeuw werd de celtheorie algemeen aanvaard, maar een intrigerende vraag 
bleef: wat is de aard van het celmembraan, het vlies om de cel, dat selectief transport 
van stoffen de cel in en uit mogelijk maakt en daardoor feitelijk de cel definieert? 
Het zou tot de 20e eeuw duren voordat zowel de chemische samenstelling als de 
structuur van het celmembraan werden ontrafeld. We weten nu dat het celmembraan 
hoofdzakelijk uit lipiden en eiwitten bestaat.

Vele eigenschappen van het celmembraan worden bepaald door de lipiden. Lipiden 
zijn opgebouwd uit een hydrofobe staart en een hydrofiele kopgroep. In waterige 
oplossingen hebben de hydrofobe staarten de neiging om te aggregeren, zodat de 
verstoring van de energetisch gunstige waterstofbruggen minimaal is. Dit verschijnsel 
wordt het hydrofobe effect genoemd en het is de drijvende kracht voor lipiden om 
structuren te vormen zoals micellen of bilagen. De meeste lipiden in waterig milieu 
vormen spontaan bilagen, dat wil zeggen twee lagen met de staarten bij elkaar in een 
hydrofobe kern en de hydrofiele kopgroepen gericht naar de waterige omgeving. In 
biologische membranen zijn de lipiden geordend in bilagen. Deze bilagen zijn zeer 
impermeabel voor ionen en de meeste polaire moleculen, met uitzondering van water. 
Door deze eigenschappen is de bilaag een uitstekende barrière tussen de binnen- en 
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de buitenkant van de cel. Veel stoffen moeten echter op een gecontroleerde manier 
de cel binnenkomen of verlaten. Voor deze en andere functies zijn cellen afhankelijk 
van een andere component van het membraan: de membraaneiwitten.

Het grootste deel van de dynamische processen die plaatsvinden in biologische 
membranen wordt uitgevoerd door membraaneiwitten. Deze eiwitten bevinden 
zich aan het membraanoppervlak of ze doorkruisen het membraan waardoor ze 
ingebed zijn in het membraan. De in het membraan geïntegreerde eiwitten hebben 
een karakteristieke structuur, meestal gevormd door één of meerdere membraan-
overspannende α-helices. Deze helices zijn bijvoorbeeld betrokken bij de vorming 
van kanalen en pompen die zorgen voor selectief transport over het membraan. 
Bij receptoren en sensoren zijn transmembraan helices verantwoordelijk voor het 
overdragen van informatie over het membraan, wat resulteert in activering of de-
activering van vitale cellulaire processen. Hierbij is de interactie tussen eiwitten en 
lipiden in het bijzonder van belang. Daarom is, naast de studie van membraaneiwitten 
zelf, onderzoek naar hoe deze eiwitten worden beïnvloed door de lipide omgeving 
van cruciaal belang.

Celmembranen zijn zeer dynamische structuren en worden wel voorgesteld als 
een tweedimensionale vloeistof. Individuele lipide- en eiwitmoleculen kunnen 
diffunderen in het vlak van het membraan. Anderzijds is diffusie loodrecht op het 
membraanvlak, ofwel de translocatie van een molecuul naar de tegenover liggende 
monolaag in het membraan, een veel trager proces. De viscositeit of vloeibaarheid van 
het membraan is een biologisch belangrijke eigenschap. Membraaneiwitten kunnen 
alleen functioneren in een vloeibaar membraan. In stuggere membranen worden 
belangrijke functies als transport en signaaltransductie verstoord wat uiteindelijk 
celdood tot gevolg heeft. Daarom wordt de vloeibaarheid van het membraan 
zorgvuldig gereguleerd in alle organismen. De vloeibaarheid van het membraan 
wordt onder andere beïnvloed door de temperatuur en de samenstelling van het 
membraan. Daarom reguleren bacteriën hun membraansamenstelling afhankelijk 
van de omgevingstemperatuur. Die regulering van membraanvloeibaarheid in 
bacteriën is het hoofdonderwerp van dit proefschrift.

Ondanks hun microscopisch kleine afmetingen hebben bacteriën een belangrijke 
invloed op alle leven op aarde. Hun leefomgeving varieert van de bodem of het 
water tot zure warmwaterbronnen of Arctische omgevingen. Verder leven bacteriën 
ook in symbiotische of parasitaire relaties met dieren en planten. Met ongeveer 1030 
bacteriën op aarde, vormen ze een biomassa die veel groter is dan die van alle planten 
en dieren samen. Bacteriën recyclen voedingsstoffen, hebben invloed op de biosfeer 
en veroorzaken ziekte. Voor een beter begrip van de biologische mechanismen in het 
bacteriële koninkrijk worden verschillende zogenaamde modelorganismen uitgebreid 
bestudeerd, met de verwachting dat ontdekkingen in deze organismen inzicht geven 
in het functioneren van andere organismen. Binnen deze modelorganismen is detectie 
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en signalering een intrigerend onderwerp, omdat het ingaat op de fundamentele 
vraag hoe bacteriën hun omgeving waarnemen. Beter begrip van de processen die 
betrokken zijn bij detectie en signalering kan leiden tot nieuwe antibiotica, omdat 
we dan kunnen onderzoeken hoe we deze processen kunnen verstoren. 

In dit proefschrift is het bacteriële thermostaateiwit DesK van de bacterie Bacillus 
subtilis onderzocht. Dit is een sensor die zich in het membraan van de bacterie bevindt 
en daar verlaging van de omgevingstemperatuur kan meten. Temperatuurverlagingen 
hebben en verstarrend effect op het membraan. Daarom is het van levensbelang voor 
de bacterie dat een verlaagde temperatuur gemeten wordt en dat, als reactie daarop, 
direct meer vloeibare componenten aan het membraan worden toegevoegd. DesK 
reageert dan ook op een verlaagde temperatuur door een cascade in werking te stellen 
die resulteert in verhoging van het aantal vloeibare componenten in het membraan. 
Hierdoor wordt de verlaagde membraanvloeibaarheid als gevolg van de temperatuur 
gecompenseerd.

Omdat DesK de temperatuur binnen in het membraan waarneemt, zijn eiwit-
lipide interacties cruciaal voor het mechanisme van detectie en signaaltransductie. 
In principe kunnen deze interacties worden onderzocht door eiwitten in hun 
oorspronkelijke lipide omgeving te bestuderen. Dit is echter niet eenvoudig en 
maakt systematische studies bijna onmogelijk. Gelukkigerwijs werd in 2010 een 
vereenvoudigde zogenaamde minimale sensor van DesK (MS-DesK) ontdekt, 
die de bestudering van dit thermostaateiwit vergemakkelijkt. MS-DesK heeft 
slechts één transmembraan helix in plaats van vijf. Als ook het complexe mengsel 
van membraanlipiden vervangen wordt door synthetische lipiden, ontstaat een 
membraansysteem met sterk gereduceerde complexiteit, een zogenaamd model 
membraansysteem. Deze modelsystemen zijn voor onderzoek naar het mechanisme 
van DesK zeer geschikt omdat zowel de detectie als de signaaltransductie plaats 
vindt binnen het membraan en omdat DesK specifieke membraaneigenschappen 
waarneemt die in model systemen systematisch gevarieerd kunnen worden zodat de 
bijdrage van elke eigenschap kan worden onderzocht. Eiwit-lipide interacties zijn 
hierbij van cruciaal belang, omdat deze interacties direct verantwoordelijk zijn voor 
de activatie van DesK.

De benadering met model membraansystemen werd gebruikt in de hoofdstukken 2 en 
3, waar het MS-DesK transmembraan segment werd onderzocht in membranen met 
verschillende dikte, lipide-fase en lading. De modelsystemen werden bestudeerd met 
circulair dichroïsme, tryptofaan fluorescentie en moleculaire simulaties, aangevuld 
met in vivo activiteitsbepalingen. Met behulp van deze complementaire technieken 
vonden we een temperatuurafhankelijke verandering in conformatie van de MS-
DesK transmembraan helix en konden we een moleculair model van de detectie en 
signaaltransductie van DesK construeren, dat verderop behandeld zal worden.
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Om het systeem meer overeen te laten komen met de in vivo situatie, werden de 
synthetische lipiden in de model membraansystemen vervangen met lipide extracten 
van B. subtilis bacteriën. Deze extracten werden eerst gekarakteriseerd en we vonden 
een temperatuurafhankelijke regulatie van de lipid samenstelling. Het resultaat 
van de activiteit van twee mechanismen om de vloeibaarheid te verhogen werd 
waargenomen: verlaging van het verzadigingsniveau van de lipiden en verandering 
van het vertakkingspatroon van de lipiden. In de model membraansystemen met 
de B. subtilis lipiden werd echter geen temperatuurafhankelijke verandering in 
conformatie van de MS-DesK transmembraan helix waargenomen. Een mogelijke 
verklaring kan zijn dat de heroriëntatie van de MS-DesK helices wordt gehinderd 
door de aanwezigheid van de B. subtilis lipiden. Bovendien heeft MS-DesK in 
vivo een intracellulair domein, dat binding van de C-terminus van de MS-DesK 
transmembraan helix met het membraan zou kunnen voorkomen, waardoor de 
heroriëntatie van de helix makkelijker zou kunnen worden. Tot slot zouden andere 
eiwitten in de B. subtilis membraan invloed kunnen hebben op de heroriëntatie van 
het MS-DesK transmembraan segment.

In hoofdstuk 5 werd de oligomerizatietoestand van MS-DesK onderzocht met behulp 
van een heel ander model membraansysteem. We onderzochten het gebruik van een 
styreen maleïnezuur polymeer, dat membranen oplost in zogenaamde nanodiscs. 
Twee manieren om deze nanodiscs te gebruiken werden in deze studie onderzocht. 
De eerste benadering is gebaseerd op de biochemische karakterisering van gezuiverde 
nanodiscs met transmembraanpeptiden. De tweede benadering maakt gebruik van 
chemisch cross-linken van de peptiden in de nanodiscs. De resultaten tonen dat 
deze beide methoden veelbelovende hulpmiddelen zijn voor de karakterisering van 
oligomerizatietoestanden van eiwitten. Verdere optimalisatie is echter noodzakelijk.

De studies in dit proefschrift resulteerde in een model van detectie en signaaltransductie 
van MS-DesK. Het thermostaateiwit vormt een dimeer en detecteert de temperatuur 
binnen in het membraan. MS-DesK reageert niet op temperatuur zelf, maar 
vermoedelijk op een afname van membraanvloeibaarheid en een overeenkomstige 
stijging van membraandikte. Als reactie verlengt de MS-DesK transmembraan helix, 
wat drie serine residuen aan één zijde van de helix brengt. Zo wordt een zogenaamd 
serine-rits motief gevormd. Het contact van deze hydrofiele serine-rits met de 
hydrofobe membraan is energetisch ongunstig. Een heroriëntatie van de helices 
maakt optimale vorming van waterstofbruggen mogelijk tussen de twee helices van 
de MS-DesK dimeer. Het eindresultaat is de vorming van een stabiele en continue 
helix van het membraan naar het cytoplasma, waardoor de kinase conformatie van 
de sensor gevormd wordt. Dit heeft de fosforylering van een respons regulator tot 
gevolg, waardoor een desaturase tot expressie komt dat door incorporatie van dubbele 
bindingen in bestaande lipiden de membraanvloeibaarheid weer verhoogd.



135

Nederlandse samenvatting

&

De precieze aard van de heroriëntatie van de transmembraan helices van de MS-DesK 
dimeer kan nog niet met zekerheid worden vastgesteld. Mogelijk zijn kleine rotaties, 
schuivende bewegingen en / of veranderingen in tilt tussen de helices betrokken bij 
de signaaltransductie. Er wordt inderdaad verondersteld dat dit soort bewegingen 
betrokken is bij verschillende detectie en signaaltransductie mechanismen. Maar 
verder onderzoek moet uitwijzen welke bewegingen daadwerkelijk betrokken zijn bij 
het doorgegeven van het signaal naar het intracellulaire domein van DesK.
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