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Introduction

The quartz crystal microbalance with dissipation monitoring (QCM-D) technique is a
label-free and highly sensitive approach to study binding events at a sensor surface in
real-time.l' ) QCM-D is based on the piezoelectric effect where the fundamental
frequency of the oscillating quartz sensor is dependent on its mass.[ "/ Mass binding to
the sensor surface thus causes a measurable frequency decrease (Amoc—Af). The
QCM-D technique also enables the measurement of the viscoelasticity and spatial
distribution of an adlayer on the sensor surface.t'"'J

QCM-D was traditionally used for thin and dried surfaces;' ' however, its use has
recently become popular to study biological materials in solution, such as peptide—
membrane interactions.'”! Biological membranes are mimicked by artificial lipid
bilayers, that can be deposited onto gold!'>~'*! or silicon!'”! coated quartz sensors. In
the case of gold-coated sensors, a self-assembled monolayer of thiols is deposited
before the lipid deposition to encourage a complete bilayer formation (see
Fig. 1a).>'*!) Various membrane types are reproduced using their major lipid
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components.!'”) This enables the study of mammalian membranes, containing choles-
terol,l'>') or bacterial membranes with anionic character,!'®!) for example. The lipid
mixtures are sonicated or extruded to obtain unilamellar liposomes before deposition
onto the quartz crystal sensors.*'* The peptide of interest can be introduced into the
system and its interaction with the membrane is revealed through changes in frequency
and dissipation of the lipid coated quartz sensor.!!1¢2021]

The temporal changes in frequency (Af) and dissipation (AD) over the course of a
typical QCM-D experiment are presented in Fig. 1b. Each QCM-D experiment starts in
the buffer of choice, followed by the deposition of liposomes. The liposomes bind to the
sensor surface and are ruptured either spontaneously, or by using a buffer with a lower
salt concentration due to osmotic pressure to form a lipid bilayer. After the successful
deposition of the lipid bilayer, the membrane layer is stabilised in buffer before the
peptide of interest is introduced to study its membrane effect. The experimental details
have been previously published.!'®!%21]
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(a) Schematic representation of the QCM-D experiment with a gold-coated quartz crystal sensor, deposited lipid bilayer (membrane), and the peptide of

interest. The fundamental relationship between the change in mass (Am) and change in frequency (Af) of the oscillating quartz crystal is described by the Sauerbrey
equation (Am = —C x Af where C is the mass sensitivity constant).[” (b) Afand AD traces versus time of a typical QCM-D experiment with (i) water baseline,
(ii) buffer baseline, (iii) liposome deposition, (iv) buffer wash, (v) liposome bursting with a lower salt concentrated buffer, (vi) lipid bilayer baseline in buffer of
choice, (vii) peptide action, and (viii) buffer wash. 3D representation of the peptide was visualised using the VMD 1.9.3 software package.*?! (Fig. 1a is adapted from

John et al. 2017.11%))
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Applications and Discussion

Biological membranes can be unaltered, distorted, or disrupted upon interaction with
biomolecules, such as peptides or proteins.!'*'%232*] Antimicrobial peptides (AMPs)
typically disrupt bacterial membranes, although pore formation or transient passage can
[13.18.25] The antimicrobial peptide uperin 3.5°?") has recently been found to
show membrane activity but also amyloidogenic character.!'>**) QCM-D was used to
study the peptide interaction with various model membranes (see Fig. 2).!'*! The
uperin 3.5 wild-type peptide disrupts the eukaryotic and bacterial (squares in Fig. 2), but
binds to the mammalian membrane models (circles in Fig. 2). As an example for a carpet-
like membrane disruption, the temporal changes in frequency Af{¢) and dissipation AD(7)
for the cell-penetrating peptide TAT (49-57) in interaction with a bacterial membrane
model are shown (triangles in Fig. 2).%**) An increase in frequency relates to a loss
of mass and membrane disruption, whereas a decrease in frequency is related to mass
binding to the lipid bilayer. The dissipation values account for the viscoelasticity of the
adlayer. An increase in dissipation is associated with a softer adlayer structure, whereas a
decrease in dissipation suggests a stiffening of the adlayer. Small changes in dissipation
indicate small structural rearrangements, whereas large changes in dissipation suggest
significant structural rearrangements, such as the removal of the lipid bilayer.

The temporal component of the QCM-D data can be removed and a characteristic
‘fingerprint’ representation is obtained, in which the change in dissipation AD

also occur.
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Fig. 2. Typical Af(¢) and AD(7) data for peptide—membrane disruption (squares and
triangles) and peptide-membrane binding (circles). The data presented are exemplary
for possible peptide-membrane interaction mechanisms and taken from previous
studies.!*'*3] Squares: interaction of 25 pM uperin 3.5 wild-type peptide with pure
DMPC (eukaryotic membrane model),!'¥ triangles: interaction of 10 uM TAT (49-57)
peptide with 4: 1 (v/v) DMPC/DMPG (bacterial membrane model)™?¥ and circles:
interaction of 25 pM uperin 3.5 wild-type peptide with x; = 30 % cholesterol-containing
DMPC (mammalian membrane model)!'®
shown (DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine, DMPG: 1,2-dimyristoyl-
sn-glycero-3-phospho-(1'-rac-glycerol)).
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(viscoelasticity) is plotted versus the change in frequency Af (mass) (see Fig. 3),
revealing the structural organisation of the lipid bilayer. The bottom left quadrant
(positive Af; negative AD) is characteristic for mass loss and thus membrane disruption,
whereas the top right quadrant (negative Af, positive AD) is characteristic for
membrane binding.!'>'®) Mass binding combined with a decrease in dissipation
(negative Af, negative AD, bottom right quadrant) indicates structural changes and
rearrangements in the lipid bilayer, such as the transmembrane insertion of peptides
while making the bilayer structure more rigid.*'*! Data in the top left quadrant are
uncommon for peptide—membrane interactions because immediate mass (lipid) loss
(positive Af) usually leads to a more rigid (negative AD), not softer (positive AD),
adlayer structure.

To probe the influence of the peptide on the membrane structure, at several
distances from the sensor surface, the harmonics of the quartz crystal’s fundamental
frequency can be obtained (see Fig. 4). Higher harmonics probe the membrane layer
closer to the gold sensor surface, whereas lower harmonics probe interactions furthest
from the sensor and even above the lipid bilayer."**'>') The spread in harmonics can be
indicative of the peptide-membrane interaction mechanism; a high spread indicates
surface binding or membrane disruption (Fig. 4b after 5 min) while a low spread
indicates pore formation ora transmembrane insertion (Fig. 4a and b, b until 5 min).[*-13]

QCM-D is a nanogram sensitive technique that provides valuable information
about the mode of action of biomolecules towards lipid bilayers of varying composi-
tion. The analysis of both the change in mass (frequency) and viscoelasticity (dissipa-
tion) over the range of several harmonics provides insights into the peptide—-membrane
action. The Af(r) and AD(¢) analysis enables the elucidation of the membrane
mechanism (binding versus disruption) and can distinguish between surface processes
and transmembrane insertion. This facilitates a comprehensive study of membrane-
active peptides. A schematic overview of peptide-membrane interaction mechanisms
is presented in Fig. 5.
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Fig. 3. Typical AD versus Af plots for peptide-membrane disruption (squares,
triangles, stars) and peptide-membrane binding (circles). The data presented are
exemplary for possible peptide-membrane interaction mechanisms and taken from
previous studies.[>*'3?3) Squares: interaction of 25 pM uperin 3.5 wild-type peptide
with pure DMPC (eukaryotic membrane model),!"*! triangles: interaction of 10 uM
TAT (49-57) peptide with 4 : 1 (v/v) DMPC/DMPG (bacterial membrane model),*2*!
circles: interaction of 25 pM uperin 3.5 wild-type peptide with x; = 30 % cholesterol-
containing DMPC (mammalian membrane model) and stars: interaction of 20 uM
melittin peptide with pure DMPC (eukaryotic membrane model) lipid bilayers. Data for
the 7th harmonic are shown. The point of origin (0,0) corresponds to the time of peptide
addition. (The dataset for melittin was kindly provided by Dr Stefania Piantavigna.)
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Fig. 4. Typical Af and AD plots versus time showing the response for the different harmonics (5th, 7th, and 9th) for
(a) transmembrane binding (pore-like) and (b) carpet-like disruption. The data presented are exemplary for possible peptide—
membrane interaction mechanisms and taken from previous studies.*!*23! (a) Interaction of 25 uM uperin 3.5 wild-type peptide
with pure DMPC lipid bilayers (eukaryotic membrane mode) and (b) interaction of 10 uM TAT (49-57) peptide with 4: 1 (v/v)
DMPC/DMPG lipid bilayers (bacterial membrane model).>**]
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Fig. 5. Overview of peptide—membrane interaction mechanisms that can be probed and distinguished using the QCM-D technique. Peptide—
membrane surface binding leads to a mass increase (negative Af) and increase in viscoelasticity (positive AD) of the adlayer, predominately for the
harmonics that probe distances far away from the sensor surface (spread in harmonics). Transmembrane peptide insertion and pore formation lead to
amass increase (negative Ay) for all harmonics (low spread) and small changes in dissipation (AD). Membrane disruption is visible by a significant
mass decrease (positive Af) and decrease in dissipation (negative AD) which is mostly detected for distances far from the sensor surface (high spread

in harmonics).
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