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ABSTRACT

Dystrophin rod repeat 1-3 sub-domain binds to acidic phosphatidylserine in a small vesicle
binding assay, while the repeat 20-24 sub-domain does not. In the present work, we studied the
adsorption behaviour of both sub-domains at the air/liquid interface and at the air/lipid interface
in a Langmuir trough in order to highlith differencies in interfacial properties. The adsorption
behaviour of the two proteins at the air/liquid interface shows that they display surface activity
while maintaining their alpha-helical secondary structure as shown by PM-IRRAS. Strikingly,
R20-24 needs to be highly hydrated even at the interface, while this is not the case for R1-3,
indicating that the surface activity is dramatically higher for R1-3 than R20-24. Surface-pressure
measurements, atomic force microscopy and PM-IRRAS are used in a Langmuir experiment with
DOPC-DOPS monolayers at to different surface pressure, 20mN/m and 30mN/m. At lower
surface pressure, the proteins are adsorbed at the lipid film interface while maintaining its alpha-
helical structure. After an incresase of the surface pressure, R1-3 subsequently produces a stable
film, while R20-24 induces a reorganization of the lipid film with a subsequent decrease of the
surface pressure close to the initial value. AFM and PM-IRRAS show that R1-3 is present in high
amounts at the interface, being arranged in clusters representing 3.3% of the surface at low
pressure. By contrast, R20-24 is present at the interface in small amounts bound only by a few
electrostatic residues to the lipid film while the major part of the molecule remains floating in the
sub-phase. Then for R1-3, the electrostatic interaction between the proteins and the film is
enhanced by hydrophobic interactions. At higher surface pressure, the number of protein clusters
increases and becomes closer in both cases implying the electrostatic character of the binding.
These results indicate that even if the repeats exhibit large structural similarities, their interfacial
properties are highly contrasted by their differential anchor mode in the membrane. Our work
provides strong support for distinct physiological roles for the spectrin-like repeats and may
partly explain the effects of therapeutic replacement of dystrophin deficiency by minidystrophins.



ABREVIATIONS

AFM, atomic force microscopy; LB film, Langmuir-Blodgett film; PM-IRRAS, polarization
modulation-infrared reflexion-absorption spectroscopy;



INTRODUCTION

Dystrophin is a large filamentous cytoskeletal protein of the muscle and nerve cells, localized
along the internal face of the sarcolemma [1, 2]. It forms an array of filaments interacting with
both cytoskeletal actin and plasma membrane, via interaction with a complex of intrinsic
membrane proteins [for review, see [3]]. Interactions with membrane have also been suggested by
in vitro studies showing that specific parts of the central rod domain interact with anionic and/or
zwiterrionic phospholipids [4-6]. These interactions, while not yet demonstrated to be involved in
a cellular environment, may be a key feature in controlling resistance to the stress of contraction-
relaxation cycles in muscle cells. In the absence of dystrophin due to dystrophin gene mutations,
sarcolemma ruptures are frequent and lead to cellular leakage which therefore speeds up muscle
degeneration, one of the major physio-pathological processes of muscular dystrophies [7-9].
Dystrophin rod domain is made up of 24 homologous spectrin-like repeats of about 110 residues,
structured in three helix coiled-coils, which could be considered as a series of three sub-domains
separated by hinges, i.e. repeats 1 to 3, repeats 4 to 19 and repeats 20 to 24 [10, 11].

We focused our study on repeats 1 to 3 (R1-3) and repeats 20 to 24 (R20-24) sub-domains. The
first is localized close to N-terminal end which is known to be an actin domain binding while
R20-24 is placed close to the C-terminal end that links to the membrane dystroglycan complex.

In a previous work, we studied the phospholipid-binding properties of the dystrophin rod domain
[5, 6] using small vesicles showing that R1-3 displays phospholipid-binding properties while on
the contrary, the R20-24 sub-domain does not display such properties [12]. Electrostatic forces as
well as hydrophobic forces likely contribute to the binding of the R1-3 sub-domain to anionic
phospholipid vesicles, leading to the formation of stable phospholipid-protein complexes which
can be separated by exclusion chromatography.

However, determining the relationship of structure to function requires following the potential
trans-conformation of proteins upon binding to phospholipid as well as the influence of the
protein upon the lipid interfacial properties. This could be achieved by changing the membrane
model, which would involve switching from the small vesicle bilayer system to monolayer films
[13]. Due to their amphiphilic structure, phospholipids form a two-dimension monolayer on the
liquid surface, as in a Langmuir trough, and therefore resemble half of the membrane bilayer.
Their molecular arrangement can be controlled by changing temperature and molecular area, as
well as sub-phase and surface pressure as previously shown with spectrin, a molecule of the same
family as dystrophin [14, 15]. Several techniques associated with the Langmuir trough provide
information about the protein and the lipid interfacial arrangements, including surface pressure
measurement, polarization-modulated infrared reflection absorption spectroscopy (PM-IRRAS)
[16, 17] and atomic force microscopy (AFM) [18]. These methods are particularly well suited for
studying interfacial proteins which interact with biological membranes. We have previously used
these methods to improve our understanding of protein-lipid interactions of the wheat protein
puroindolines [19, 20]. By varying parameters such as the surface pressure in order to change the
density of the lipid head-groups and the charge density, it is possible to modulate the protein
interaction with lipids. It is known that electrostatic interactions are favoured by a strong surface
pressure, while hydrophobic interactions are facilitated by lower surface pressure. In this study,
we use this modulation approach to investigate the interfacial air/liquid and lipid/liquid properties
of dystrophin sub-domain R1-3 and R20-24. We show that the R1-3 domain has a very high
activity with respect to anionic phospholipid films, which allows a partial insertion of the protein,
at low surface pressure, into the monolayer via hydrophobic forces. On the other hand, the R20-
24 domain appears to be adsorbed at the interface solely by electrostatic forces, but only via a few
residues. Understanding the potential value of the therapeutic replacement of dystrophin with



mini- or micro-dystrophins requires a complete structural and functional characterization of the
protein domains, including the molecular mechanisms of their interactions with lipids or proteins.
Our results stress that even though these repeats share large sequence homology, they display
quite different physico-chemical properties, indicating that they may have different roles in the
muscle cell and that a sub-set of the repeats may be present in therapeutic molecules.



MATERIALS AND METHODS

Materials
1,2-Dioleyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleyl-sn-glycero-3-phosphoserine
(DOPS) were purchased from Avanti Polar Lipids (Alabama, US), and were used without further
purification.

Preparations of recombinant dystrophin rod domain proteins The recombinant
proteins (Table 1) were expressed in E. coli. Isolation and purification of the GST-proteins R1-3
ad R20-24 used in these experiments have been described previously [12]. The gluthation-4B-
sepharose bound GST-proteins were eluted after on-column thrombin cleavage for 48 hours at
4°C in 10 mM Tris (pH 7.5) and 150 mM NaCl, 1 mM EDTA (TNE buffer). Proteins were
eventually further purified on ion-exchange chromatography columns from HiTrap™ IEX
Selection Kit and quantified using the BCA (bicinchoninic acid) protein assay.

Monolayer measurements

The surface pressure () was measured with a filter paper held by a Wilhelmy balance connected
to a microelectronic feedback system (m = yo -y, where yo and y were, respectively, the surface
tension value without or with presence of molecules at the air/liquid interface). Before starting the
experiments, the trough was cleaned with chloroform, ethanol and water, and then filled up with
TNE buffer. The air/liquid interface was cleaned from impurities by repeated aspiration and
filling. Each experiment was started when the fluctuation of the surface pressure was lower than
0.2 mN/m during the compression.

Air/liquid interface measurements

A small circular Teflon trough containing a subphase volume of 4 or 8 ml was used and filled
with TNE buffer. The protein was then injected from a 50 uM stock solution into the subphase
solution through a hole in the trough using a microsyringe. The final protein concentration ranged
from 4.10° to 100.10® M. The surface pressure recordings started at the moment of protein
injection into the subphase and continued for a further 7 hours after surface pressure stabilization.
Each experiment was repeated at least three times. The reproducibility of © values was estimated
at + 0.5 mN/m.

Lipid/liquid interface measurements

Computer-controlled and user-programmable Langmuir troughs (Nima Technology, Cambridge,
UK) equipped with two movable barriers were used for surface pressure measurements, AFM
sample preparations and PM-IRRAS experiments. Lipid mixture (DOPC/DOPS (1:1, M:M)) or
pure DOPC or DOPS in chloroform/methanol 2:1 (v/v) was gently deposited at the air/liquid
interface of the TNE buffer subphase. After 10 minutes to allow evaporation of the solvent, lipid
films were compressed by moving barriers at a rate of 20 cm2/min or 8 cm2/min in function of the
trough size (700 cm2 or 70 cm?, respectively) and equilibrated at the desired surface pressure
(from 20 to 30 mN/m). Then, the protein was injected into the subphase just beneath the lipid
monolayer. The increase of surface pressure due to adsorption of the protein onto the monolayer
was recorded continuously as a function of time. Experiments were conducted at room
temperature.



Atomic force microscopy

AFM imaging of Langmuir-Blodgett films (LB films) was performed in contact mode using a
Pico-plus atomic force microscope (Agilent Technologies, Phoenix, AZ) under ambient
conditions with a scanner of 10 x 10 umz2. Topographic images were acquired in constant force
mode using silicon nitride tips on integral cantilevers with a nominal spring constant of 0.06 N/m.
Samples for imaging were obtained using the Langmuir-Blodgett technique from Langmuir films.
After stabilization of the surface pressure, the Langmuir film was transferred onto freshly cleaved
mica plates at constant surface pressure by raising the mica vertically (at 1 mm/min) through the
lipid/liquid interface. Images were obtained from at least two samples prepared on different days
with at least five macroscopically separated areas on each sample.

Analysis of the shape of protein clusters on the AFM images.

AFM images of 5 x 5 um? size were analysed to characterize the protein clusters. For these
images, the height resolution is 0.078 nm (Z-range = 20 nm; 256 grey levels). Images were
exported from the AFM microscope in TIFF format, at a resolution of 24 bits and with a size of
512 x 512 pixels. The images were analysed with ImagelJ. To determine the position of the centre,
area and height of objects in the AFM images, we performed the following procedure. All images
were similarly thresholded. The pixels with a grey level above the threshold were given the value
255, while the others were given a null value. Therefore, in the binarized images, we could
calculate the number, the position of the centre and the area of the objects. Then, the program
searched on the grey-level images for the maximal grey value around the centre of the object to
determine its height.

Polarization modulated-infrared reflection-absorption spectroscopy

(PM-IRRAS)

The PM-IRRAS spectra were recorded on a Nicolet (Thermo Electron, Madison, WI) 870 FT-IR
spectrometer. The FT is calculated with data points every 1 cm* with a final spectral resolution of
8 cm? by co-adding 600 scans (corresponding to an acquisition time of 10 min) at different
surface pressures. In these experiments, intrinsic peak widths are no lower than 25 cm?, so a
spectral resolution of 8 cm™ represents the minimum wavelength number difference required to
discriminate accurately the presence of distinct peaks. The details of the optical setup, the
experimental procedure and the two-channel processing of the detected intensity have been
already described [16]. Langmuir films of protein at the air/liquid or liquid/lipid interfaces were
formed on 8 mL or 60 mL Langmuir troughs, respectively, as described above. The PM-IRRAS
spectra were acquired at several times during the stabilization of the surface pressure, and then
displayed after subtraction of the water bands from the subphase (TNE buffer) spectrum or
subtraction of the lipid spectrum (this is noted in the legends). They were recorded from 4000 to
940 cm™. Between 3000 and 2600 cm™, two bands are associated to the anti-symetric and
symetric CH, stretching mode of lipid acyl chains. In the region from 1850 cm™ to 1250 cm™,
there appear the two amide | and amide Il bands of the proteins and several bands of the lipid
head-groups (detailed in results section).

The analysis of PM-IRRAS spectra in terms of molecular orientation relative to the interface
relies on a specific surface selection rule. The intensity and the positive or negative orientation of
the IR bands relative to the interface are correlated with the transition moments [21]. In
particular, the simulated PM-IRRAS spectra of the amide I and II bands for an a-helix peptide
with different orientations in the film show that the ratio between the intensities of amide | and



amide Il bands R, is dependent on the tilt angle 6 of the helix with respect to the normal to the
interface [21-23]. It is worth to note that dystrophin is a large filamentous protein and that the
sub-domains studied here are composed of five (R20-24) or three (R1-3) repeats, each constituted
by three helices structured in coil-coiled. Then the helices should be essentially parallel in a
repeat and the repeats in each sub-domain are more or less in the same plane.

Experiments are conducting on different days with two batches of protein purification.

RESULTS

Before investigating the properties of dystrophin repeats in interaction with lipids in the
monolayer, characterization of the protein properties at the air/liquid interface was performed.
This is done firstly to determine the concentration to be used to avoid a potential aggregation of
protein in the solution and secondly, to establish the protein saturation of the interface.
Furthermore, PM-IRRAS is used to detect the modifications of protein conformation.

The amphiphilic character of both proteins promotes their absorption without drastic
structural changes

Adsorption of the two proteins at the air/liquid interface was studied using surface pressure, and
PM-IRRAS.

Effect of protein concentration on surface pressure at the air/liquid interface

Proteins dissolved in TNE buffer were injected into the subphase of a 4 mL trough filled with the
same buffer in the range 4.10™ to 100.10® M. For each concentration, the kinetic of the protein
absorption was followed by recording the surface pressure. The maximal surface pressure or final
surface pressure reached at the equilibrium (“pseudo equilibrium’) protein adsorption is noted.
Figure 1A reports the variations of the final surface pressures according to the protein
concentration in bulk. It can be observed that increasing concentrations of both proteins led to a
progressively greater interfacial pressure until maximal values of 20.4 and 19.7 mN/m observed
for R1-3 and R20-24, respectively. Above a protein concentration of 20.10*M surface pressures
were effectively constant. These results show that the proteins display a pronounced surface
activity. The beginning of this plateau is observed at a protein concentration of 16.6.10™*M then
this concentration was sufficiently low to avoid potential aggregation of proteins in the sub-phase
and 1t was adopted for further experiments.

PM-IRRAS spectroscopy

Possible changes in conformation and orientation of the two proteins at the air/liquid interface
were examined using polarization-modulated infrared absorption-reflection spectroscopy (Fig.
1B, C). Spectra were acquired immediately after the protein injection at the bulk concentration of
16.6.10°M, when the surface pressure started to increase, at the beginning of the plateau (only for
R20-24) and after complete stabilization of the surface pressure at 18.5 mN/m and 18.7 mN/m for
R20-24 and R1-3 respectively.

A general inspection of the graphs indicates the presence of two specific bands centred at 1653
cm*and 1545 cm* attributed to the amide | and amide Il signals, respectively.

As regards R20-24 (Fig. 1B), in the first spectrum acquired just after the protein injection, the
amide | region is strongly distorted by the presence of a negative band appearing between 1500
and 1700 cm* with a very weak maximum at 1655 cm*. This behaviour has been previously
observed and calculated for a highly hydrated protein monolayer at the interface [24]. In this
condition, the amide bands are very broad and their intensities sometimes decrease by one order



of magnitude. First of all, the amide | peak is very broad and the spectra show shoulders
characteristics of turns and random structure (~1675 and ~1640 cm*) in addition to the alpha-
helix structure. The amide | signal increases and remains stable during stabilization of the surface
pressure at 18.5 mN/m. In contrast to amide I, the amide Il band increases during the Kkinetic
experiment. Therefore, during the adsorption, there is an increase of matter at the interface as well
as a reorientation. We previously showed that it is possible to use the amide I/1l intensity ratio,
Run, to determine the average angle with respect to the normal to the monolayer between the
protein and the interface [25]. Here, the very high value of R y; indicates an alpha-helical
arrangement rather parallel to the air/liquid interface at the beginning of the plateau. Later, the
ratio decreases and becomes close to 2.75 (e.i. the amide Il band increases faster then the amide |
band), indicating an average angle of 57 ° with respect to the normal at the air/liquid interface.
Two peaks were observed, located at 1397 cm® and 1050 cm?*, having similar intensity
specifically for R20-24 (Fig. 1B insert). A spectrum of the buffer was recorded using ATR
(spectra not shown here), which showed the same peak positions, indicating that R20-24
promotes a higher local concentration or induces a specific orientation of Tris molecules at the
interface.

The spectra recorded from R1-3 are quite different from those obtained from R20-24. The amide |
and Il bands remain very sharp throughout the experiment and there is no evidence of recruitment
or reorientation of Tris molecules. Two spectra from R1-3 were recorded at the beginning and
after stabilization of the surface pressure at 18.7 mN/m (Fig. 1C). In the first spectrum, the amide
| and amide Il bands appear with a maximum wavenumber located at 1653 and 1545 cm*,
respectively, mainly reflecting a high content of a-helix protein structure. After stabilization of
the surface pressure, the intensity of the two peaks increases, indicating an increase of matter at
the air/liquid interface. During the same time, Run remains at a value of 3.2, which yields an
average angle of 61° of the protein with respect to the normal of the monolayer. Therefore, it
appears that the protein moves to the interface without further reorientation. In the region situated
between the two amide | and Il bands, the signal increases to form a shoulder around 1600 cm-.
Such a spectrum shape could be due to the modification of the optical indices of the buffer, or
more likely, the presence of N-H bending mode due to the very high number of lysine, arginine,
glutamic and aspartic acid residues [26] which account for 99 over the 333 total residues.

Overall, these results show that the proteins remain structured in o-helices as previously shown
by circular dichroism [12].

The two sub-domains behave very differently in contact with lipid monolayers

Previous data have shown that R1-3 interacts with DOPC/DOPS small vesicles forming a stable
lipid/protein complexe isolated by exclusion chromatography. In contrast any stable lipid/protein
complex is detected between R20-24 and these small vesicles [12]. Moreover, none of the
proteins bind to PC/PE vesicles. Therefore, in this study, we attempt to further characterize the
interaction with anionic lipids (DOPS). The lipid mixture is essentially DOPC/DOPS 1:1
nevertheless additional experiment with each pure lipid was performed for R1-3. Evaluation of
the adsorption was carried out using atomic force microscopy (AFM) and PM-IRRAS.

Effect of protein injection on surface pressure of lipid film

The lipid mixture was spread at the interface Langmuir trough to form a monolayer. After
compression and stabilization of the lipid film to 20 mN/m the proteins dissolved in TNE buffer
were injected into the subphase while the surface pressure was continuously monitored (Fig. S1



in the supplementary material). R1-3 induced a progressive increase to a stable plateau at 27
mN/m. By contrast, R20-24 induced a first increase to 25 mN/m, but later on the surface pressure
declined progressively to a lower value of 21 mN/m. For the initial lipid surface pressure of
30mN/m, no modification of the surface pressure is measured after proteins injection.

Atomic force microscopy and image analysis

Atomic force microscopy images were acquired on transferred lipid and protein/lipid films using
the Langmuir-Blodgett technique. For both proteins, transfer for AFM was done at the end of the
adsorption kinetic for the two initial surface pressures of 20 and 30 mN/m. The images obtained
for DOPC/DOPS 1:1 films at 20 mN/m and at 30 mN/m without protein are presented in figure 2,
A and B respectively. These images show a flat surface without defects. The protein/lipid film
dispayed in fig. 2C to 2F appears as a homogeneous dark flat background dotted with isolated
white protusions. Compared with the pure lipid images, these protusions are attributed to the
presence of the proteins forming clusters with varying from grey to white color depending on
their height relative to the background. The analysis of these images allows us to assess the
variation of the height of the objects versus the surface-area occupied by the protein (Fig. 2G and
2H). In addition, the number of clusters and the total surface occupied were calculated (Table S1
of supplementary material).

The image of R20-24 adsorption in DOPC/DOPS 1/1 film at an initial surface pressure of 20
mN/m (Fig. 2C) shows a heterogeneous distribution of protein clusters of variable surface-area
making up 0.5 % of the total surface (Table S1 in the supplementary material). When the lipid
initial surface pressure is 30 mN/m, the number of these clusters is increased ten-fold and the
cluster height two-fold compared to clusters at 20 mN/m (Table S1 and Fig. 2 D, G), leading to a
four-fold increase in the percentage of protein surface. In the latter case, some larger clusters
appear with a surrounding zone devoid of protein, indicating that these large clusters are formed
by the recruitment of several smaller clusters. At an initial pressure of 20 mN/m, the lipid
compacity is rather low and thus could promote the insertion of proteins into the lipid film by
means of hydrophobic forces. Neverthless, the number of R20-24 clusters at this initial surface
pressure of 20 mN/m is rather small and the amount of protein at the interface very low despite its
amphiphilic character. Then, it is likely that the protein interacts slightly with the lipid film and
remains largely in the solution. At the higher initial surface pressure of 30 mN/m the negative
charge density is higher than at 20 mN/m, which therefore favors an electrostatic interaction of
the protein with the lipid polar heads. That seems to be the case; indeed the number and the
height of clusters is higher at 30 mN/m than at 20 mN/m suggesting a recruitement and a piling
up of the protein at the lipid interface. As the surface occupied by R20-24 clusters is higher at 30
mN/m than at 20 mN/m, it appears that there is an electrostatic binding of the protein to the lipids
without contribution of hydrophobic forces.

The image of R1-3 at the interface at an initial lipid surface pressure of 20 mN/m is shown in Fig.
2E. R1-3 is present with a 3.5-fold higher number of clusters compared to R20-24 (Table S1).
Moreover, there is a very heterogeneous distribution of clusters with a highly variable surface and
a low height (Fig. 2B, F). The total surface occupied by the protein is as high as 3.3% (6.6 times
the surface occupied by R20-24). At an initial pressure is 30 mN/m (Fig. 2D, F), the film appears
completely different from the film at 20 mN/m, with twice as many clusters occupying a smaller
surface of 2.2% compared to 3.3% at 20 mN/m (Table S1). The clusters are more heterogeneous
in height and surface at 30 mN/m than at 20 mN/m, in accord with the decrease in surface
occupied by the protein. These changes reveal an electrostatic character at the lipid/protein
binding. As a control, additional experiments with R1-3 were performed with each of the lipids



alone to ensure that the binding was related to the electrostatic charge of the anionic lipid, the
AFM image analysis (Table S1) showed that the number of particles is significantly lower for the
DOPC monolayer compared to the DOPS monolayer and confirms the electrostatic effect.

At an initial pressure of 20 mN/m, the low lipid compacity promotes a partial insertion of R1-3
into the lipid film associated with hydrophobic interaction, and the protein spreads out over the
lipid film without piling up. The insertion occurs without a regular arrangement of the protein
being promoted by the lipid surface. Variations in height of the clusters at the lowest initial
pressure could be due to two different processes. Firstly, protein adsorption takes place under the
lipid film due to the anionic electrostatic forces of PS, while, secondly, protein insertion is
promoted by hydrophobic forces. By contrast, at the high initial pressure of 30 mN/m anionic
electrostatic forces prevail over hydrophobic forces, while the stronger lipid packing appears to
limit the possibility of protein insertion for R1-3 as well as R20-24, leading to a piling up of the
proteins. Indeed, AFM data show that for the high initial surface pressure the behavior of both
proteins seems very close. At the lower initial surface pressure R1-3 partially inserts into the
monolayer while R20-24 remains only bound by electrostatic forces without insertion.

Orientation and conformation of proteins in interaction with lipid monolayer studied by PM-
IRRAS spectroscopy

PM-IRRAS spectra were collected after injection of the protein into the subphase beneath the
DOPC/DOPS (1:1) monolayer stabilized at 20 mN/m. Three spectra were recorded, two during
the kinetic absorption and stabilization of the surface pressure and one after compression of the
mixed protein/lipid monolayer up to 30 mN/m.

First of all, before injection of the proteins beneath the lipid film, a lipid spectrum was recorded
at a surface pressure of 20 mN/m. This lipid monolayer spectrum is in accordance with previously
published results (Fig. 3A) [27-29]. It shows a positive band around 1726 cm?, which
corresponds to the C=0 stretching vibration (v(C=0)) of the head-group of both lipids. A very
small peak at 1464 cm* can be attributed to the stretching vibration of the C—H groups of the
lipid alkyl chains (v(C—H)). A noisy signal is observed in the region between 1500 and 1600 cm-
L. Le Calvez et al. (30) reported that the signal of carboxylate antisymetric band (va(COO))
appears in this wavenumber range. Therefore, the perturbation observed in the lipid monolayer
spectrum could be attributed to the presence of phosphatidylserine COO- head-group, which
makes up half of the lipid film. The NH* head-group of this lipid could give a band at 1050 cm?,
but no signal is detected at this surface pressure.

Figure 3B, C shows the spectra of the two proteins in the presence of a DOPC/DOPS monolayer.
There are no clear changes observed during the adsorption of R20-24 at the lipid/liquid interface
(Fig. 3B), and no modification of the positive peak corresponding to the C=0 stretching vibration
at about 1733 cm*. However, the intensity of this peak increases slightly, indicating that lipid
packing is not modified by the protein. To eliminate the lipid signal from the protein signal, we
represent the ratio of protein/lipid with respect to lipid in the insert of Fig 3B. Very small signals
are observed in the amide | and Il region, meaning that the presence of the protein cannot be
clearly demonstrated. However, the compression of the film up to 30 mN/m induces an
enhancement of the peak located around 1733 cm?, with a shoulder at 1686 cm?, and the
appearance of a negative band around 1510 cm?. The 1550 to 1500 cm* band of the COO
vibration is attributed to the serine head-group in both spectra. The very large magnitude of this
band leads us to propose a major reorientation of the PS head-group in contact with the protein.
Moreover, the absence of any clear amide | or Il bands suggests that the major part of each
protein molecule remains in the sub-phase, with only a few residues being involved in binding to



the serine lipid head-group. Furthermore, the intensities of the bands assigned to the acyl chain
(spectra shown in the Fig. S2 A) are slightly affected by the injection of R20-24 under the lipid
film suggesting few changes in the amount of lipidic matter under the infra-red beam and in the
hydrophobic organization of the film.

By contrast to R20-24, the injection of R1-3 clearly modifies the spectrum in the region from
1500 cm*to 1700 cm* (Fig. 3C). Three maxima are observed on the plateau (with stable surface
pressure, Fig. S1), at 1733 cm, 1651 cm*and 1553 cm*, which are attributed to the lipid carbonyl
group and the protein amide | and Il bands, respectively. Furthermore, the two latter are
representative of the a-helical structure, indicating that the protein is clearly present at the
interface, in contrast with R20-24, and that its alpha-helical structure is preserved. The C=0 peak
intensity decreases with respect to the lipids alone, implying a reorientation of lipids at the
interface. However, the carbonyl vibration is still at a high frequency which reflects the presence
of a dehydrated ester group even after the protein adsorption. When the surface pressure of the
mixed R1-3/lipid monolayer is increased to 30 mN/m, the three peaks are maintained at the same
wavenumber and their intensity increases. The C=0 peak intensity recovers its initial intensity,
which is representative of the lipid packing observed at 20 mN/m before protein injection.

Amide I and amide II peaks increase in the same proportion. Therefore, the amount of R1-3 at the
interface increases without any change in the protein helical content. Rum rises from 1 to 1.55,
which reflects a minor change from 40° to 45° in the average angle of helices with respect to the
monolayer normal. Consequently, we may conclude that the film is compressed without
expulsion of the protein and that the lipids and the protein are stabilized at the interface even at
the highest surface pressure, indicating an involvement of strong interactions in the binding of
R1-3 to lipids. In the region of the C-H strech of acyl chains (wavenumber range from 3000 to
2600 cm™, Fig. S2 B), the presence of R1-3 causes a disappearance of two bands. In accordance
with the previous results, the acyl chains are clearly affected by the protein R1-3 suggesting the
insertion of the protein in the hydrophobic part of the film and its stabilization during
compression.

Discussion

The present work is focused on the properties of two sub-domains of the dystrophin central
domain with respect to an anionic lipid monolayer. R1-3 and R20-24 are composed of three and
five spectrin-like repeats respectively. The two proteins are stable and soluble in solution (non-
aggregation), and their secondary structure is composed at least of 75% of a-helices [12]. Each
repeat is structured in a triple helical coiled-coil and the multirepeat proteins are formed of
chained-up repeats [31]. The surface pressure measurements at the air/liquid interface show that
the pure absorbed proteins exhibit a high affinity for the interface where they are able to form
stable interfacial films. To account for the high surface pressure observed with the two proteins,
we should bear in mind that high surface pressure is related to a high degree of lateral protein
packing and a large area occupied by the protein at the air/liquid interface. Therefore, it is clear
that the two proteins display an amphiphilic character. A similar conclusion was previously
proposed for a construct of R2 with the same plateau value of about 20 mN/m observed at the
air/liquid interface [4]. In addition, we show here that longer proteins such as R1-3 and R20-24
display similar properties at the interface. PM-IRRAS spectra show a high a-helix content with
no strong structural changes appearing at the air/liquid interfaces, indicating that the proteins
maintain their helical secondary structure [16].



From these results, it appears that this strong interfacial activity without a-helical unfolding could
be a characteristic feature of all spectrin-like repeats of dystrophin, as previously shown for a
single repeat [4]. Nevertheless, there could be some differences between the repeats, including the
requirement of a highly hydrated environment for R20-24.

After this preliminary study of the behaviour of the two proteins at the air/liquid interface, we
then applied the membrane model to investigate the interactions of the proteins with lipids.

The AFM image analyses clearly show an effect of the lipid initial surface pressure on the number
of protein particles observed at the interface as well as the total surface occupied by the protein.
Although the lipids stay in a liquid-expanded state both proteins are more present in the anionic
lipid film when the initial surface pressure is 30 mN/m compared to 20 mN/m. The value of the
higher surface pressure is chosen from the literature as corresponding to a reasonable estimate of
the surface pressure in biological membranes [32-35]. However, although R20-24 is an
amphiphilic protein, it displays a poor ability to bind strongly with the anionic lipid monolayer as
shown by AFM and PM-IRRAS. This is in line with previous results showing that R20-24 is not
able to form stable lipid-protein complexes and that the Trp environment in the protein is not
modified by the presence of anionic vesicles [12]. These latter authors (op. cit.) used the highly
curved model of membrane of small unilamellar vesicles, while, in the present study, we
investigate planar geometry with phospholipid monolayers at two surface pressures, thus making
up a large range of studied situations. All together, these observations lead us to conclude that the
R20-24 sub-domain of the dystrophin rod interacts only very weakly with membrane
phospholipids by means of a few electrostatic forces. The main part of each R20-24 molecule
remains in the sub-phase. Then we could hypothesize that this part is free to interact with
intracellular molecules.

In the case of R1-3 at the low surface pressure of 20 mN/m, hydrophobic interactions with lipids
facilitate a partial insertion of the protein in the monolayer and promote a lateral interaction
between close protein molecules, thus explaining the large surface area occupied by R1-3. By
contrast, at the high surface pressure of 30mN/m, the proximity of anionic head-group precludes
the spreading out of each protein molecule relative to its neighbours, and instead favours their
piling up. In conclusion, R1-3 clearly shows a preference for the lipid/liquid interface, which can
facilitate hydrophobic interactions needed for the insertion. Very interestingly, the insertion as
well as the piling up does not induce unfolding of the a-helices.

In addition, even though it is very difficult to interpret the angular data as the protein is made up
of nine helices, the helices form bundles that could be assigned to a single global elongated
macromolecule. The angle with respect to the normal at the monolayer ranges from 40 to 45°,
depending on the surface pressure. This angle is smaller compared to the angle of 61° observed
for the protein at the air/liquid interface. This is highly indicative of a preference of the protein
for the lipid environment, in agreement with its high interfacial activity.

R1-3 represents a true sub-domain of the dystrophin rod domain delineated by two hinges. It
could be an essential domain in the stabilization of protein-membrane interaction, and could be
biologically highly relevant [36]. Dystrophin mechanically anchors cytoplasmic y-actin filaments
of the cortical cytoskeleton to the sarcolemma via a direct interaction of the N-terminal actin-
binding domain of dystrophin with y-actin [3]. This actin-binding domain is separated from the
R1-3 rod sub-domain only by a hinge. Thus, it is tempting to hypothesize that R1-3 binding to
membrane lipids could strongly help to localize y-actin close to the sarcolemma. On the C-
terminal end of the rod domain, the R20-24 sub-domain could even provides a weak electrostatic
binding to the membrane, thus reinforcing the dystrophin WW domain interaction with the
membrane protein B-dystroglycan by maintaining dystrophin near the membrane layer [36]. On



the other hand, a recent study based on microtubule cosedimentation assay suggests that the
repeat 24 with the first third part of WW domain is involved in binding of microtubules [37].
Then, if only few residues of R20-24 interact with anionic lipids of the membrane, the other ones
could interact with components of the cellular cytoskeleton such as microtubules.

In addition, in dystrophin-deficient muscles, it is striking that the sarcolemma ruptures very
frequently. Moreover, a higher susceptibility to eccentric contractions is observed, which leads to
calcium entry into the damaged cells and leakage of the cellular content such as creatine kinase
[7, 38]. Accordingly, immobilization of dystrophin-deficient muscles by knocking out of the
acetylcholinesterase receptor gene is accompanied by reduced signs of dystrophy [39]. This
provides clear evidence that dystrophin is involved in the resistance of sarcolemmal membrane
against stress induced by the contraction-relaxation cycles of active muscle. As shown in the
present study, the R1-3 sub-domain of the dystrophin rod could play a central role in such a
resistance, and could be partly inserted into the monolayer at low surface pressure through
hydrophobic forces and under compression could remained tightly attached to the monolayer
through electrostatic forces. This model of modulation of the monolayer by surface pressure is
close to the situation that takes place in the muscle at work, i.e. dynamic and cyclic changes of
membrane tensile strength encountered by the muscle membrane during contraction (higher
surface pressure) and relaxation (lower surface pressure). Therefore, dystrophin sub-domain R1-3
could provide the phospholipid membrane with a solid support that is essential for maintaining
membrane cohesion [40, 41). Finally, in support of a role of R1-3 binding to membrane lipids, it
is known that truncated dystrophins lacking this region are less efficient to rescue the normal
phenotype of the dystrophin-deficient mdx mouse [42, 43], compared to constructs containing
these repeats, showing that this part of the rod domain is essential for a normal function of
dystrophin.
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Table 1: Human dystrophin rod domain constructs

Construct Start and end N-terminus C-terminus
(number of residues
residue)
R1-3 (333) 338-668 GS(S)EVNLD... ...KSTAQISQA
R20-24 (574) 2469-3040 GSVPALA ... ...VRQLHE

*construct of DeWolf et al.(4)

Residue in bold is the start (N-terminus column) or end (C-terminus column) residue of the
repeat from the Winder alignment (11).

G5 in smaller characters and italics indicates the two residues left at the N terminus after
thrombin cleavage of the GST—tag.



Figure legends.

Fig. 1. Absorption of proteins at the air/liquid interface. (A) Final surface pressure reached at the
end of the adsorption kinetic experiment as a function of the protein sub-phase concentration in a
Langmuir trough. Each point corresponds to the mean value of three kinetic experiments.

(B, C) PM-IRRAS spectra acquired during protein adsorption at the air/liquid interface of R20-24
(B) and R1-3 (C). Spectra are acquired at the initial surface pressure (dash-dot-dot), at the
beginning of the surface pressure plateau (short dash) and after stabilization of the surface
pressure (solid line). The insert in B shows the region between 1000 and 1150 cm* for R20-24.
The protein concentrations on the sub-phase are 0.166 M.

Fig. 2. AFM images of transferred monolayers. A and B correspond to the DOPC/DOPS 1:1
monolayer at 20 and 30 mM/m respectively. C-F are obtained imaging the transferred
protein/lipid films for protein absorption onto lipid films at an initial pressure of 20 (C and E to
B) or 30 (D and F to D) mN/m for R20-24 (C and D), and R1-3 (E and F). The scan size is 5 um x
5 um. Grey scale: z-range is 10 nm, meaning that higher objects appear lighter. The graphs (G-H)
present the height versus the occupied surface of the objects on typical AFM images for initial
surface pressures of 20 mN/m (black dots) and 30 mN/m (open squares) for R20-24 (G) and R1-3

(H).

Fig 3. Representative PM-IRRAS spectra acquired during adsorption of proteins onto the lipid
monolayer. The lipid film composed of DOPC/DOPS 1:1 is formed at the air/liquid interface at a
surface pressure of 20 mN/m. (A) a control spectrum is recorded before protein injection beneath
the lipid monolayer formed at the air/liquid interface at a surface pressure of 20 mN/m. No
significant changes appear on the spectrum during compression up to 30 mN/m. (B, C) spectra
are recorded during the adsorption of R20-24 and R1-3, respectively and obtained by calculating
the ratio with the buffer spectrum, except in the insert where the ratio is calculated with the lipid
spectrum. Spectra are acquired after the protein injection during the surface pressure increase
(dash-dot-dot), during the surface pressure plateau (short dash) and after the film compression at
30 mN/m (solid line).
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