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ABSTRACT: Mechanical stress on sarcolemma can create small
tears in the muscle cell membrane. Within the sarcolemma resides
the multidomain dysferlin protein. Mutations in this protein render
it unable to repair the sarcolemma and have been linked to
muscular dystrophy. A key step in dysferlin-regulated repair is the
binding of the C2A domain to the lipid membrane upon increased
intracellular calcium. Mutations mapped to this domain cause loss
of binding ability of the C2A domain. There is a crucial need to
understand the geometry of dysferlin C2A at a membrane interface
as well as cell membrane lipid reorientation when compared to that
of a mutant. Here, we describe a comparison between the wild-type
dysferlin C2A and a mutation to the conserved aspartic acids in the
domain binding loops. To identify both the geometry and the cell
membrane lipid reorientation, we applied sum frequency generation (SFG) vibrational spectroscopy and coupled it with simulated
SFG spectra to observe and quantify the interaction with a model cell membrane composed of phosphotidylserine and
phosphotidylcholine. Observed changes in surface pressure demonstrate that calcium-bridged electrostatic interactions govern the
initial interaction of the C2A domains docking with a lipid membrane. SFG spectra taken from the amide-I region for the wild type
and variant contain features near 1642, 1663, and 1675 cm−1 related to the C2A domain β-sandwich secondary structure, indicating
that the domain binds in a specific orientation. Mapping simulated SFG spectra to the experimentally collected spectra indicated that
both wild-type and variant domains have nearly the same orientation to the membrane surface. However, examining the ordering of
the lipids that make up a model membrane using SFG, we find that the wild type clusters the lipids as seen by the increase in the
ratio of the CD3 and CD2 symmetric intensities by 170% for the wild type and by 120% for the variant. This study highlights the
capabilities of SFG to probe with great detail biological mutations in proteins at cell membrane interfaces.

■ INTRODUCTION

The movement required by daily life places stress on the
sarcolemma creating small tears in the muscle cell
membrane.1−3 Repair of the membrane depends on a
multidomain protein termed dysferlin.4,5 Mutations in dysferlin
render it unable to reseal the tears in the muscle cell membrane
and result in recessive forms of muscular dystrophy including
limb-girdle muscular dystrophy, Mioshi myopathy, and distal
anterior compartment myopathy.3,4,6−8

Dysferlin is a 237 kDa protein composed of a trans-
membrane domain at the C-terminus and seven C2 domains.
The N-terminus, in response to intracellular calcium, binds to
lipids and repairs tears on the sarcolemmal membrane.2,4,6

These C2 domains are linked together in tandem, with the
C2A domain furthest from the transmembrane domain.9,10 C2
domains are typically composed of an eight-stranded β-
sandwich fold and represent one of the largest families of
proteins including synaptotagmins, protein kinases, DOC2,
and ferlins.11,12 Within the C2 domains are lipid and calcium

binding loops that contain acidic residues.6,13 It is believed that
C2 domains target the protein to a membrane surface based on
the membrane lipid composition such that the loops on one
edge of the domain make electrostatic contact, have hydro-
phobic interactions, and dock with a lipid surface.14 The
docking of the binding loops can cause lipid clustering and
spontaneous curvature change of the membrane, which
facilitates membrane fusion and exocytosis.15−19

It has been suggested that dysferlin facilitates the resealing of
muscle cell membrane tears by vesicle fusion.13,20,21 There is
some evidence that following the release of calcium, from a
tear on the muscle cell membrane, the C2A domain of
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dysferlin binds to calcium and membranes, and then mediates
the fusion of the vesicle with the muscle cell membrane.4 It has
also been demonstrated that mutations within the C2A domain
of dysferlin disrupt this fusion process.17,19 The C2A domain
of dysferlin is 14 kDa with a β-sandwich structure with three
aspartic acids in the proposed lipid binding loops.2,17,19

Additionally, binding assays have demonstrated that dysferlin
C2A binds to vesicle surfaces made up of variable anionic lipid
compositions including 25% anionic and 75% zwitter-
ionic.2,17,19,22 This domain has been shown to have calcium
binding sensitivity, and previous studies of mutations to the
aspartic acid residues have shown a loss of calcium binding
sensitivity.17 Also, previous work with binding assays has
shown that mutations to this domain inhibit the binding ability
to lipid vesicles.19 This set of previous binding assays provides
the relative amount of protein bound to vesicles and
demonstrates the need for calcium to dock. Thus, we wish
to specifically focus on how mutations to the C2A domain
directly affect the protein docking ability and vesicle structural
changes that occur during the first step in vesicle fusion after
the release of calcium.
To identify the specific interactions between dysferlin C2A

domain and lipids, we characterized the protein−lipid binding
interface with sum frequency generation (SFG).23 SFG is a
second-order nonlinear optical technique capable of detecting
biomolecule adsorption and orientation at interfaces.24−28 The
technique involves a fixed visible laser that is pulsed in
temporal and spatial synchronicity with a tunable infrared laser.
SFG photons created by nonlinear optical frequency mixing
carry a vibrational spectrum of the interfacial species. This
technique is commonly used to study the packing and ordering
of lipid monolayers at air/water interfaces.29−35 Additionally,
vibrations stemming from the amide groups within the
backbone of a protein specify the secondary structure, while
vibrations of the lipid monolayer provide a snapshot of lipid
ordering before and after protein binding.29 Overall, SFG
provides a label-free method to study the protein adsorption,
docking, and ordering at a model cell membrane.
In this study, we wish to observe how mutations within

dysferlin C2A domain wild type (DYSwt) affect how the
protein adsorbs and binds to a lipid interface. SFG experiments
can be repeated for a variant of DYSwt that exhibits a loss of
binding and calcium sensitivity, compared the DYSwt
experiments.17 This variant includes a substitution of an
aspartic acid, at the proposed lipid binding loop, to an alanine
(D16A).29,31,32,36−45 The calcium binding activity of the C2A
domain of dysferlin is critical to the protein’s function. Either
removal of the C2A domain or missense mutations that
abrogate calcium binding of C2A result in loss of function for
dysferlin. A previous study analyzed isothermal titration
calorimetry data to identify three residues (D16, D21, and
D71) that are essential for the calcium binding activity of the
C2A domain.17 Of these three aspartate residues, D16 was
chosen for study because it is located in the middle of a
disordered loop region of the domain. Missense mutations are
therefore unlikely to perturb the tertiary fold of the domain. By
contrast, D21 and D71 reside in areas of loops that are
proximal to β strands, and thus, mutation may impact the
domain structure. We therefore chose the D16A mutation to
study the effect of loss of calcium binding due to the minimal
perturbation of the fold of the domain.2,17 However, we
hypothesize that DYSwt will bind and dock with the lipids
inserting the binding loops into the lipid headgroup clustering

the lipids together, while the mutant, D16A, will bind in a
similar orientation without clustering the lipids or inserting its
binding loops into the lipid headgroups.

■ EXPERIMENTAL METHODS
Protein Construct and Purification. Human dysferlin

cDNA (AF075575), a gift from Dr. Kate Bushby (Newcastle
University), was used as a template for cloning. The C2A
domain (amino acids 1−129: sequence in the Supporting
Information (SI) section) was cloned into the pET-28a(+)
vector (Novagen) between BamHI and HindIII restriction
sites. Complementary flanking restriction sites for the dysferlin
insert were generated by polymerase chain reaction (PCR)
amplification using the following primers: forward 5′-GCG
CGC GGA TCC ATG CTG AGG GTC TTC ATC CTC
TAT GCC-3′ and reverse 5′-GCG CGC AAG CTT TTA
AGC TCC AGG CAG CGG-3′. The D16A mutation was
introduced using site-directed mutagenesis with the following
primers: forward 5′-GCT GAT GTC GGT GGC GGG TGT
GTG GAC-3′ and reverse 5′-GCT GAT GTC GGT GGC
GGG TGT GTG GAC-3′.
BL21 DE3 cells harboring the expression plasmids were

cultured overnight at 37 °C in Luria−Bertani broth containing
50 μg/mL kanamycin and 1% w/v glucose and were used to
seed 1 L cultures of Luria−Bertani broth containing 50 μg/mL
kanamycin at a ratio of 1:1000. These were then grown to an
optical density of 0.6 at 37 °C and induced with 0.5 mM
isopropyl β-D-1-thiogalactopyranoside (IPTG) for the wild-
type construct and 0.1 mM IPTG for the D16A mutant. The
protein was expressed for 16 h at 18 °C. Cultures were
centrifuged at 4000 rpm at 4 °C for 20 min and resuspended in
lysis buffer: 50 mM N-(2-hydroxyethyl)piperazine-N′-ethane-
sulfonic acid (HEPES) pH 8, 250 mM NaCl, 10% (v/v)
glycerol, 5 mM CaCl2, 1 mM phenylmethanesulfonyl fluoride
(PMSF), and 1 μM leupeptin, pepstatin A, and aprotonin.
Cells were lysed using a Microfluidics M-11P microfluidizer at
18 000 psi. CHAPS (0.5%, w/v) was added to the total lysate
and left to rock for 1 h on ice.
Soluble fractions were then obtained by centrifugation in a

Beckman J2-21 centrifuge at 20 000g at 4 °C for 20 min. The
clarified lysate was bound to a HisPur Cobalt resin (Thermo
Scientific) for 2 h with rocking at 4 °C. Beads were washed
with 20 column volumes of lysis buffer, and the protein was
eluted with 50 mM HEPES, 150 mM NaCl, 5 mM CaCl2, and
200 mM imidazole. Purity of the elution fractions was
confirmed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), pooled, and dialyzed against
50 mM HEPES, 150 mM NaCl, 5 mM CaCl2, and 1 mM 1,4-
dithiothreitol (DTT).

Lipid Interface Preparation. Within a Teflon trough, a
lipid monolayer was assembled at the air−water interface. This
trough contained approximately 10 mL of buffer (50 mM
HEPES pH 7, 1 mM DTT, 150 mM NaCl, 1 mM CaCl2)
prepared with MilliQ water (Millipore Direct-Q3 System).
Throughout all experiments, the surface pressure was
monitored by a tensiometer (KSV NIMA with a Wilhelmy
plate). The surface pressure was set to zero at the aqueous−air
interface before the dropwise addition of phospholipids. The
phospholipid 1,2-dipalmitoyl-d62-sn-glycero-3-[phospho-L-
serine][sodium salt] (dDPPS, Avanti Polar Lipids, Inc.) was
first dissolved in a 65:35:8 ratio of chloroform (HPLC grade,
J.T. Baker), methanol (ACS grade, Fisher Chemical), and MQ
water, respectively, and 1,2-dipalmitoyl-d62-sn-glycero-3-phos-
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phocholine (dDPPC, Avanti Polar Lipids, Inc.) was dissolved
in chloroform. The lipids were then mixed to yield a 1:3 ratio
of dDPPS and dDPPC lipids and then spread by dropwise
addition to the aqueous surface via a Hamilton microsyringe
until a surface pressure of approximately 12 mN/m was
reached. A dysferlin C2A solution and its mutant D16A was
injected into the aqueous subphase of the trough to reach a
final concentration of 5 μM and allowed to interact for 4 h.
To calculate the binding geometry of each domain to the

membrane surface normal, we had to calculate the relative
number of proteins to lipids for each case. For the lipids, the
surface pressure (Figure 1) recorded can be related by an

isotherm to the mean molecular area.35,46 For estimations of
the amount of protein at the interface, it can be assumed that
high protein concentration in the subphase contributes much
more than the lipids to the final surface pressure.47 Our
amounts for the lipids are 1.6 × 1018 molecules per meter

squared, the dysferlin C2A wild type is 1.4 × 1017 molecules
per meter squared, and the D16A mutant is 3.2 × 1017

molecules per meter squared. We found that there is more
protein at the surface for the case of the D16A than that of the
DYSwt.

SFG Vibrational Spectroscopy. An EKSPLA Nd:YAG
laser, operating at 50 Hz, was used to generate both a fixed
visible (532 nm−1) and tunable IR beam (1000−4000 cm−1)
via sequential pumping through an EKSPLA optical parametric
generation/amplification and difference frequency unit, which
utilized barium borate and AgGaS2 crystals, respectively. The
bandwidth was 2 cm−1 for the visible pump pulses and 4 cm−1

for the IR laser. The visible (∼150 μJ/pulse) and IR beams
(∼200 μJ/pulse) were overlapped spatially and temporally at
the desired interface, at incident angles of 60° and 54° versus
the surface normal, to generate SFG photons, which were
spectrally filtered, dispersed by a monochromator, and
detected with a gated photomultiplier tube. Both beams were
focused to an ∼1 mm diameter at the interface. Spectra were
collected in 4 cm−1 steps with 400 acquisitions per step. The
SFG spectra were normalized by the product of the IR and
visible pump beam intensities. The SFG spectrum was fit with
the following equations29,48,49

ISFG eff
(2) 2

NR
(2)

surface
(2) (3)χ χ χ χ= | | = + + (1)

where χNR
(2) and χeff

(2) are the nonresonant and off-resonant
backgrounds as well as the effective second-order nonlinear
susceptibility tensor, which is a function of the interfacial
(χsurface

(2) ) and bulk (χ(3)) contributions, respectively. Equation 1
takes into account the χ(3) contributions, which can be
substantial for some charged lipid systems. It should be noted
that previous studies have reported that high salt concen-
trations can affect lipid SFG spectra due to χ(3) contributions
based on electrostatic fields across monolayers.50−52 Based on
the code provided by previous work from the Geiger group, we
have calculated electrostatics of our experiments and found a
surface potential of 206 mV, which is far below the ∼500 mV
potentials used in previous studies that demonstrate large χ(3)

contributions.50 Additionally, these recent studies by the
Geiger group imply that at mM salt concentrations, water
OH signals can be affected by χ(3) effects.52 This could be an
issue for spectra collected in the amide-I region as an O−H
bending mode at ∼1650 cm−1 can potentially overlap with

Figure 1. Graph shows the surface pressure versus time of wild type
(wt, black) and D16A (red) adsorption to a 25% dDPPS and 75%
dDPPC lipid monolayer. The lipid monolayer is formed (I and IV) at
the air−water interface by the addition of lipids in chloroform until
the desired pressure of approximately 11.7 mN/m for the wild type
(wt) and approximately 12.7 mN/m for D16A mutant. After injection
of wt (II) and D16A (V) into the subphase, the pressure is allowed to
increase until equilibrium is reached. It took approximately 4 h for the
wt (III) to reach pressure equilibrium with a value of 18.8 mN/m,
while the D16A only took approximately 10 min (VI) with a value of
22.4 mN/m.

Figure 2. Structure of dysferlin C2A domain from PDB 4IQH (A). Coordinate system and Euler angles of the protein orientation in the laboratory
frame (B). Optimal calculated spectra of the experimental ssp polarization for D16A (red) and DYSC2Awt (black), for a protein tilt angle ⊖ = 30
± 2° and a twist angle ψ = 242 ± 5° for wt and⊖ = 31 ± 4° and a twist angle ψ = 237 ± 9° for D16A mutant (C). The spectra are offset for clarity.
The two-dimensional (2D)-RSS plot for the whole modeled spectral range (1575−1799 cm−1) can be found in Figure S1.
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signal from a protein. However, recent work has demonstrated
that at the ion concentrations used in these experiments we do
not expect the O−H bending mode ∼1650 cm−1 and thus can
leave it out of our spectral calculations.53

As a result of the experimental conditions used in this study,
the χ(3) contributions will be minimal and can be ignored.
Therefore, eq 1 can be simplified to the following

A
( )

iq

q

q q
eff
(2)

NR
(2) ∑χ ω χ

ω ω
= +

− + Γ (2)

where Γq, Aq, and ωq are the full width at half-maximum
(FWHM), amplitude, and resonant frequency of the qth
vibrational mode, respectively.
SFG Spectral Simulations. The spectral calculation is

based on the formalism described in ref 54. In short, we
construct a one-exciton Hamiltonian for the backbone amide
groups in the protein, with a single local-mode frequency (i.e.,
assuming that, on average, all amide groups are hydrogen-
bonded equally) and couplings that are modeled differently for
nearest- and non-nearest-neighbor amide groups. The nearest-
neighbor interactions, dominated by through-bond effects, are
modeled using a parameterized map of an ab initio calculation
with the 6-31G+(d) basis set and the B3LYP functional, which
gives the coupling as a function of the dihedral angle.55,56 The
non-nearest-neighbor interactions, dominated by through-
space effects, are modeled using the transition-dipole coupling
model.57 The Hamiltonian is then diagonalized to obtain the
system’s eigenvalues and eigenvectors, from which the
spectroscopic response is calculated. Because the ssp spectrum
includes a lipid peak, it was necessary to explicitly include this
peak, as it, through constructive and destructive interference,
influences the spectral shape in the amide-I region (1600−
1700 cm−1). We thus included a Lorentzian peak next to the
amide-I peak, at 1708 cm−1 for the CO groups that are
present in the lipid headgroups.32,54 To account for the
azimuthal isotropy of the proteins at the interface, we average
the Euler angle ϕ (see Figure 2) from 0 to 2π. We performed a
grid search over the other two Euler angles, ⊖ and ψ, to find
the minimum in the residual sum of squares (RSS) between
the calculated and experimental spectra in the ssp polarization
combination (using a single, overall scaling factor). In total, we
calculated ∼10 000 spectra for this, varying ⊖ from 0 to 180°,
and ψ from 0 to 360°, both with a resolution of 2.5°. We then
performed a Levenberg−Marquardt least-squares fit in ⊖ and
ψ near the RSS minimum to obtain the optimal angles (see the
Results and Discussion section), taking into account the
experimental errors on the datapoints. The errors on the fit
parameters and the correlation matrix of this fit (plotted in
Figure 2) can be found in Tables S3 and S4 in the Supporting
Information. We model the local-field corrections as described
in ref 58, for which we have assumed the refractive index of a
lipid membrane for the layer above the interface, using the
dispersion relation reported in ref 59 (leading to n1,SF = 1, n1,VIS
= 1, and n1,IR = 1.18 at the employed frequencies of ∼489, 532,
and ∼6100 nm for the SF, VIS, and IR fields, respectively), the
refractive index typical for bulk protein solutions60 for the
interfacial refractive indices (leading to ni = 1.47 at all
frequencies because the dispersion is almost negligible for
proteins61), and the refractive index of bulk H2O

62 for the layer
below the surface (leading to n2,SF = 1.34, n2,VIS = 1.34, and
n2,IR = 1.27). An optimal match between calculations and
experiment was found for a central frequency (the gas-phase

frequency minus an overall frequency shift due to hydrogen
bonding) of 1651 cm−1, which is in line with previous
calculations using the same method,63 and a Lorentzian width
of 5 cm−1, which is in line with the experimentally determined
line width of the IR beam.

■ RESULTS AND DISCUSSION
Many proteins that possess C2 domains, including dysferlin,
bind membranes in a calcium-dependent manner via conserved
aspartic acids in the binding loops combined with hydrophobic
residues also at the binding loop, insert into the lipid bilayer of
membranes. Binding is dependent on anionic lipids, such as
phosphatidylserine, in the membrane.17,19 The docking of the
binding loops causes lipid clustering and spontaneous
curvature change of the membrane, facilitating membrane
fusion and exocytosis.15,64 However, mutations to the binding
loops reduce calcium sensitivity and ability of the domain to
bind and interact with lipids.17,19 Previous studies suggest that
C2 domains are capable of altering the packing of lipid
vesicles.17,19 Specifically, dysferlin C2A has been found to alter
the Laurdan signal in a dose-dependent manner, while the
D16A mutation displayed significantly attenuated activity
regardless of the presence of calcium.19 However, analysis of
sedimentation assay results indicates that D16A mutations still
bind to vesicles composed of anionic lipids.17 These two
studies suggest that dysferlin C2A binding to lipid vesicles
containing anionic lipids alters the packing of the lipids in the
vesicle, while D16A binds to lipids but does not alter the
packing of the lipids in the vesicle.
To observe protein−lipid binding, we probed changes in

surface pressure at a model membrane surface. Initially, a well-
ordered, lipid monolayer (in a liquid-expanded phase) was
constructed at an air−water interface. The liquid-expanded
phase was confirmed by a surface pressure measured to be 12
mN/m (Figure 1; traces I and IV).29,30,35 The binding rate
differences between DYSwt and D16A to a lipid monolayer
were observed by tracking the relative changes in surface
pressure with respect to time, following injection of proteins
into the subphase and interaction with the lipid monolayer
(Figure 1; traces II and V). Sedimentation assays have
demonstrated that both DYSwt and D16A bind mixed
phosphatidylserine and phosphatidylcholine vesicles.19 How-
ever, substantially more binding was observed for DYSwt
compared to that for the D16A variant. Therefore, we expect
the D16A to bind to the membrane at a different rate than
DYSwt.17 Upon injection of DYSwt into the lipid membrane
subphase, which includes 1 mM free Ca2+, the surface pressure
climbed until it reached steady state at approximately 19 mN/
m (Figure 1; trace III). In comparison, for D16A, the time to
pressure equilibrium of approximately 22 mN/m (Figure 1;
trace VI) occurred approximately 20 times faster. It is
important to note that the change in surface pressure for
lipid monolayer experiments is recorded even if the protein
does not dock with the membrane and perform its biological
function.29,65 So, the faster increase in surface pressure tells us
that the D16A mutant is driven to the lipid interface at a faster
rate than the wild type. One possibility is that the D16A
variant, substituting a negatively charged aspartic acid to a
hydrophobic alanine residue, causes the binding loop to be
more hydrophobic, which will increase the protein’s affinity for
the interface. Additionally, the D-to-A substitution reduces the
negative charge on the binding loops of the C2A domain and
thus reduces the need for calcium ions to form a bridge with an
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anionic lipid while also reducing the overall repulsion forces
between the anionic aspartic acids in the C2A domain and
dDPPS lipids.14 This corroborates well with previous
experimental work that reported a loss of calcium sensitivity
for the D16A variant binding to lipids.2 Overall, this surface
pressure data suggest that the faster time to equilibrium for the
D16A mutant compared to that for DYSwt is due to the loss of
an anionic−anionic electrostatic interaction, typically bridged
by calcium, between the lipid membrane and the dysferlin C2A
domain.2,17

Following the construction of the lipid monolayer, we could
then directly observe the orientations of DYSwt and D16A
docked to a lipid membrane with SFG. The backbone of a
protein possesses unique vibrational modes depending on
order, hydrogen bonding, and folding.66−68 Thus, peaks
present within the amide-I vibrational band can be used to
identify protein secondary structures and, due to the unique
selection rules of SFG, also provide the specific orientation of
the protein interacting with a lipid interface. Amide-I spectra
collected at the lipid interface of the DYSwt and D16A are
presented in Figure 2. Specifically, for DYSwt and D16A, we
observe three major resonances near 1642, 1663, and 1675
cm−1. The resonances 1642 and 1663 cm−1 can be assigned to
a combination of turns and random structure of the C2A
domain structure,69 while the resonance near 1675 cm−1 can
be assigned to the B1/B3 modes of an antiparallel β-sheet
secondary structure, respectively.29,69 Additionally, we also
observe the resonance of the carbonyl peak of the lipid near
1727 cm−1.29,30,32,37

However, one powerful characteristic of SFG is that the
spectral contributions of individual protein secondary
structures, folding motifs, and orientations will interfere in
specific ways resulting in a complex vibrational spectrum. SFG
has previously been used to study lipid monolayers at the air/
water interface,31−35,70−72 model lipid bilayers,36,39,73,74 and
small proteins and peptide interaction with each type of model
membrane.29,32,36,39−42,73−79 For small proteins and peptides,
the direct analysis of SFG amide-I spectra by peak fitting
vibrational spectra relating to the CO of the amide
backbone can provide information about the orientation and
structure.41,80,81 However, since the DYSwt and D16A have

complex domain structures, which leads to spectral con-
volution and interference, it is not possible to obtain
unambiguous information about the protein conformation by
direct spectral feature identification and fitting. To solve this
problem, utilizing the full structural information within the
SFG spectra, we have developed a framework for calculating
theoretical SFG spectra from protein data bank (PDB)54,82 and
molecular dynamics structure files.37,63,83−87 We have
previously used this method to study the F domain of
otoferlin.65 Thus, spectra for this study were calculated from
PDB models. Furthermore, by calculating spectra for different
protein orientations to the surface normal and subsequently
matching experimental and calculated spectra for various
different orientations, the surface binding geometry can be
determined.
Since the D16A variant does not have a solved crystal

structure, we used the DYSwt domain structure because the
difference is one amino acid point mutation in the binding
loop.2,17,22 Figure 2 shows the theoretical SFG spectra
calculated for the crystal structure dysferlin C2A domain
(PDB 4IQH) for tilt angles ⊖ = 30 ± 2 and 31 ± 4° and twist
angles ψ = 242 ± 5 and 237 ± 9° for the DYSwt and D16A,
respectively. Besides the absolute intensity and orientation, no
adjustable parameters were used to match the calculated
spectra to the experimental data. The calculations match the
experimental spectral features very well (RSS < 0.7 for DYSwt
and RSS < 0.5 for D16A; see Figure 3A,B), with main
resonances near 1645, 1663, and 1675 cm−1. Importantly, the
relative intensities of the ssp spectra match the experimental
data. The agreement of experimental and calculated spectra
clearly indicates that both DYSwt and D16A maintain folded
structures close to their native state when docking with a lipid
monolayer.
Next, we determine the uniqueness of the spectral match for

the set of tilt and twist angles for each of the domains, DYSwt
and D16A. The orientation of each of the DYSwt and D16A
domains was determined by a systematic grid search using
varied tilt and twist angles. The RSS values were determined by
comparing a total of ∼10 000 calculated spectra with the
experimental spectra collected. The results of the search are
summarized in Figure 3A,B. The 2D-RSS plots of each domain

Figure 3. Error-weighted two-dimensional residual sum-of-squares (2D-RSS) plots of the amide-I and carbonyl (1575−1799 cm−1) regions
composed of ∼10 000 spectral calculations at a⊖ and ψ resolution of 2.5° that indicates that the experimental spectra can only be modeled well for
a specific range of protein orientations. In the white area, the error-weighted RSS is more than twice the minimal error-weighted RSS value (0.7 for
wt and 0.5 for D16A). The 2D-RSS plots are for (A) wild-type dysferlin protein (wt) and (B) D16A mutant interacting with a DPPS and DPPC
lipid monolayer.
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show one region with a protein orientation that results in a
significant match between theory and experiment. The
orientation of the DYSwt and D16A with respect to the
normal of the lipid monolayer is shown in Figure 4. These tilt
angles suggest that both DYSwt and D16A are docked in an
orientation such that the β-sandwich structure is upright with
the binding loops in contact with the membrane. This
observed lipid binding geometry is similar to previous
simulations that report that synaptotagmin 1’s C2A domain
also orients at the membrane interface at a tilt angle of 37.1 ±
9.5°.88 However, the tilt angles of the C2 domains of
synaptotagmin have also been proposed to adopt other angles
in an apparently calcium-sensitive manner.64

Altogether, the amide-I calculated spectra and 2D-RSS plots
suggest that, in the presence of anionic lipids, the DYSwt and
D16A domains have the same orientation (⊖ = 30 ± 2 and 31
± 4°) to the surface normal of a lipid membrane. Next, to
further investigate the necessity of anionic lipids in the lipid
membrane, we compared the 2D-RSS plots of DYSwt with a
membrane composed of 25% PS lipids and a membrane with
100% PC lipids. We found that the DYSwt domain adsorbs to
the 100% PC lipid membrane with an optimal angle of ⊖ = 21
± 1° to the surface normal (see the SI section). While the
optimal calculated orientation of the DYSwt protein is not very

different between the two lipid membranes, the 2D-RSS plot of
the 100% PC lipid membrane suggests that DYSwt can adopt a
myriad of different orientations (see the SI section), especially
when we compare the 2D-RSS for the 100% PC to the 25% PS
lipid membrane (Figure 3A) for the same protein (DYSwt).
The result of the DYSwt having a 2D-RSS plot with many
different orientations suggests that the protein is at the lipid
membrane interface of 100% PC but does not dock with the
membrane. This is supported by the sedimentation assays that
do not show dysferlin C2A in the pellet of 100% PC vesicles;
in this case, only the bound protein will be pulled into the
pellet and out of the supernatant.17 So, this leads to the next
question we investigated: how does the DYSwt and D16A
affect the lipid packing and structure of the lipid membranes
upon docking?
To identify how a mutation affects the protein’s ability to

manipulate lipid membranes, we collected additional SFG
spectra of the lipid monolayer both before (Figure 1; traces I
and IV) and after (Figure 1; traces III and VI) the DYSwt and
the D16A variant were allowed to interact for 4 h. We observed
vibrational modes related to the lipid headgroup before and
after adsorption of DYSwt and D16A by tracking a change in
amplitude of the carbonyl peak near 1730 cm−1 (Figure 5).
When a lipid membrane is disrupted by inserting itself into the

Figure 4. Dysferlin C2A wild type adopts a similar tilt angle to the membrane surface normal compared to the D16A mutant. The wild type
“clusters” the lipid while inserting its binding loops into the membrane headgroup (left) but the mutant version, D16A, does not induce clustering
to the same degree as the wild type.

Figure 5. CD region (left) and carbonyl peak (right) ssp polarization combination of SFG spectrum of a 75% d62-DPPC and 25% d62-DPPS lipid
monolayer before the injection (black) of protein and after 4 h of interaction of wt (red) and D16A (blue). Spectra are offset for clarity, and
representative spectra are plotted from each type of protein experiment.
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lipid interface, a decrease in the amplitude of the lipid carbonyl
peak will be observed.29,37 Notably, there is a decrease in the
carbonyl peak amplitude after adsorption and docking of each
protein. We observed decreases of 41 ± 4 and 38 ± 5% for
DYSwt and D16A, respectively, thereby suggesting that the
binding loops of both proteins, DYSwt and D16A, insert into
the lipid headgroups of the model cell lipid membrane.
We can further observe the lipid monolayer by using lipids

with isotopically labeled acyl chains, which provided a way to
isolate the molecular vibrations of the lipid monolayers from
CH modes present within the protein. SFG spectra for the
different proteins interacting with the lipid monolayer can be
found in Figure 5, and SFG fitting parameters for the CD
spectrum and the carbonyl peak are found in Table 1. Spectra
collected before the injection of protein into the subphase
contain resonances near 2075, 2100, 2125, 2200, 2225, and
1730 cm−1 assigned to the CD3 symmetric, CD2 symmetric,
CD3 Fermi resonance, CD2 asymmetric, CD3 asymmetric
vibrations, and carbonyl peak, respectively.29

For both cases, following adsorption of DYSwt and D16A,
the amplitudes of the vibrational modes corresponding to CD3
groups increased, while the amplitudes of the CD2 groups
decreased. We can quantify the increase in lipid order by taking
the ratio of the methyl and methylene symmetric stretches
before and after the protein adsorption. A ratio value that
increases after protein adsorption suggests that the lipid
monolayer packs together tighter.29,30,32 For the dysferlin C2A
wild-type adsorption and interaction (Figure 5; red trace), the
ratio of the CD3 and CD2 symmetric intensities increases by
170% from 1.3 ± 0.2 to 3.5 ± 0.1. This suggests that the lipids
in the already ordered monolayer are clustering together
tighter. Following adsorption of D16A (Figure 5; blue trace),
the ratio increases by 120%, from 1.3 ± 0.2 to 2.6 ± 0.1. What
is even more convincing is when we compare the D16A acyl

chain order ratio of the 25% PS lipid membrane to the DYSwt
100% PC lipid membrane (see the SI section) case, 1.4−2.7,
the percent increase is the same. So, since the DYSwt does not
interact with PC lipids, then the fact that the order ratio is
similar suggests that the D16A mutant is inactive and this ratio
increase is just due to protein at the interface of a constant area
trough, which has been previously observed.29 Combined, this
suggests that the D16A mutation causes the C2A domain to
cluster lipids less effectively compared to DYSwt.

■ CONCLUSIONS
Combined, the experiments presented here illustrate three
points. First, a mutation within the lipid binding loop of
dysferlin C2A does not affect the lipid binding geometry of the
protein. However, the point mutation does change the calcium
sensitivity of the binding process. Finally, while dysferlin C2A
clusters lipids after docking, the D16A variant is unable to
cluster the lipids as effectively. The ability to cluster lipids
while changing the curvature of a membrane is important as it
is one of the initial steps facilitating exocytosis and endocytosis.
Since dysferlin facilitates the resealing of muscle cell membrane
tears by vesicle fusion, we have investigated protein docking
ability and vesicle structural changes that occur during the first
important step in vesicle fusion. This study provides a direct
observation of the initial dysferlin lipid binding and clustering
of lipids, in which mutations of this domain have been linked
to various forms of recessive muscular dystrophy.
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