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ABSTRACT

Phospholipases play a key role in various physiological processes
such as proliferation, digestion or neural activation. These enzymes
are widely expressed within different cell types and cell locations
and show diverse working mechanisms and different functions. The
outer membrane phospholipase A (OmpLA) is one of the rare enzymes located in the outer membrane of Gram-negative bacteria and
is associated with membrane transport and bacterial virulence. It is
regulated by calcium and it forms dimers in the active state. Despite
knowing the structure of OmpLA since the late 90s, its biological
function and its role in different physiological transactions is still not
fully understood. To elucidate the working mechanism of this bacterial lipase we used high-speed atomic force microscopy (HS-AFM) to
monitor OmpLA during function. HS-AFM has evolved in a powerful tool for studying single molecules at work under physiological
conditions with high lateral (nm) and temporal resolution (ms). In
this study we report the direct visualization of OmpLA-induced and
Ca2 -dependent shrinking of lipid patches in real time.
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1

INTRODUCTION

Biological membranes play a key role in cells and therefore also for
life in general. They are basically composed of phospholipids, proteins and some other lipid molecules like glycolipids or cholesterol.
Biological membranes are responsible for the formation and separation of biological compartments, maintaining electrochemical gradients, secretion and uptake of nutrients and metabolites, control of
enzymatic activities, signal transduction and control of cell mobility
and adhesion [38]. In most of these processes membrane proteins are
directly involved. The high importance of those membrane proteins is
reflected by the fact that ∼30% of the proteome is made up by membrane proteins [22]. Therefore, the investigation of membrane proteins is crucial to gain new insights into many biological processes.
However, only ∼3% [55] of the determined structures in the protein
data bank are membrane proteins due to the difficulties in membrane
protein expression, sample preparation and investigation.

Figure 1: Cell wall structure of Gram-negative bacteria. IMP = integral membrane protein; LP = lipoprotein; LPS = lipopolysaccharide; OMP = outer
membrane protein. Figure taken from Silhavy et al. [61].

For determining the structures of proteins the prevalent experimental methods are X-Ray crystallography, nuclear magnetic resonance (NMR) spectroscopy and electron microscopy in descending
order. Electron microscopy recently attracted huge attention due to
the development of new direct electron detectors which significantly
improved the capabilities of this technique. A drawback of all these
methods, however, is the lack of possibility to image and study proteins in their native environment with a high temporal resolution. In
contrast fluorescent microscopy allows investigating proteins in liq-
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uid, and thus in an active state. The resolution of this technique, however, is not as good as the resolution of the methods mentioned before
and the protein of interest has to be fluorescently labeled. Hence, it is
not possible to directly visualize proteins in action. Fortunately, this
gap can now be filled by the application of high speed atomic force
microscopy (HS-AFM). This technique allows imaging proteins in a
native-like environment at a spatial and temporal resolution of about
1 nm and 100 ms enabling to monitor single molecules at video frame
rate. Accordingly, it is possible for the first time to observe the dynamics of single proteins at work. These properties made HS-AFM an attractive tool to study the outer membrane phopholipase A (OmpLA).
The main function of OmpLA is the detection of defects caused by
phospholipids in the outer leaflet of the outer membrane in Gramnegative bacteria and the subsequent hydrolysis of those phospholipids (see Figure 1). The structure of OmpLA was determined by Xray crystallography in 1999 [63] but the biological function is still not
fully understood. Therefore, HS-AFM was used to gain new insights
into the working principle of OmpLA. In this study, we demonstrated
for the first time the OmpLA induced shrinking of lipid bilayers.

2

T H E O RY

2.1

high-speed atomic force microscopy (hs-afm)

The following sections describe the principles of atomic force microscopy (AFM). In the first section the history and working principle
of AFM are described. The second section is about the development
of high-speed AFM. In the third section the HS-AFM setup, the cantilevers and the HS-scanner are explained in more detail. Finally, the
last section gives some information about the speed limitations for
high speed imaging of biological samples.
2.1.1

Atomic Force Microscopy (AFM)

Atomic force microscopy is a form of scanning probe microscopy
(SPM). The development of SPM began in the 80s by the invention
of the scanning tunneling microscope (STM) which exploits tunneling currents for the formation of an image [9]. Three years after that,
a second form of SPM, the AFM, was developed [8]. As implied by
the name, the AFM is using forces between a sharp tip and a sample to generate an image. In contrast to STM an AFM is capable of
imaging non-conductive surfaces, and thus increasing the number of
potential samples. Beside imaging, AFM is also capable of manipulating samples and measuring forces (aka force spectroscopy). For imaging several different modes were developed and are classified into
contact mode, intermittent contact mode and noncontact mode. For
biological samples the intermittent contact mode is the most prevalent one. A schematic of an intermittent contact mode HS-AFM setup
is depicted in Figure 2. This mode was also used during this project.
Therefore, it is described in more detail in the following part.
In intermittent contact mode (also tapping or amplitude modulation (AM) mode) [74], the cantilever is excited at a constant frequency
near its resonance frequency. When the tip is interacting with the sample the amplitude is decreased due to energy dissipation and altered
due to a resonance frequency shift of the cantilever in the following
way. If fc is the original resonance frequency, kc the spring constant
and k the gradient of the tip-sample interaction force in Z-direction
then the shift (∆fc ) of the resonance frequency can be approximated
by [4]
∆fc = −(fc /2kc )k

(1)
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Figure 2: Schematic of an intermittent contact mode HS-AFM setup. Figure
taken from Ando et al. 2014 [4]

This equation shows, that the resonant frequency of the cantilever
is increased by repulsive tip-sample interactions and that the magnitude of the shift depends on the fc /kc ratio. This is significant for
HS-AFM due to the high resonant frequencies and small spring constants of small cantilevers. This shift of the resonant frequency leads
to an increase or decrease of the oscillation amplitude depending on
the excitation frequency fex and a phase shift relative to the excitation
signal (see Figure 3).
A feedback control is used for maintaining a constant set point
amplitude (As ) while scanning. For biological samples As should
be above 80% of the free oscillation amplitude (A0 ) to ensure noninvasive scanning. The set point force Fs can be approximated by [56]
Fs = kc [(1 − α) × (A20 − A2s )]1/2 /Qc

(2)

where Qc is the quality factor and α (0 < α < 1) the ratio of amplitude reduction from the resonance frequency shift over the total
reduction of the amplitude (For HS-AFM α =∼ 0.5 [4]). As described
in Section 2.1.4, Fs is varying while scanning depending on if it is
an uphill or downhill area of the sample. It is noteworthy, that the
set point force Fs is not the most important quantity influencing the
sample, but the impulsive force. The impulsive force is the integral of
the force over the time interval during which it acts, in other words,
the time the tip is interacting with the sample which is only about
10% of the time of an oscillation cycle. Because small cantilevers used
for HS-AFM have high resonant frequencies, this time interval is very
short resulting in very small impulsive forces in the atto-Newton sec-
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Figure 3: Cantilever response to a shift in the resonance frequency. Solid
line: Free oscillation; Broken line: Influence of a negative force gradient (no
energy dissipation). ∆fc is resulting in a shift of the amplitude and a phase
shift relative to the excitation. In this figure, a repulsive tip-sample interaction is leading to an increase of the cantilever resonance frequency and
therefore to a decrease of the amplitude by ∆A and a phase advance of ∆Θ
when the cantilever is excited at fex . Figure taken from Ando et al. 2014 [4].

ond range [4]. The deflection of the cantilever is measured using an
optical beam deflection (OBD) system that detects the position of a
laserspot on a photodiode sensor which was previously reflected on
the back of the cantilever. After a deflection-to-amplitude converter,
the amplitude is subtracted from the set point amplitude. The difference is the feedback error. The proportional-integral-derivative (PID)
then drives the Z-piezodriver to eliminate the feedback error by displacing the Z-piezo. The output of the PID controller corresponds
to the sample height. Combining this information with the X- and
Y-position of the tip an image can be generated.
2.1.2

Development of HS-AFM

Conventional atomic force microscopy (AFM) was already capable of
imaging biological samples in physiological conditions. The problem
was that biological processes often occur at milliseconds to seconds
time-scale which is too fast for a conventional AFM which needs minutes to create an image (see Figure 4). Therefore, many attempts have
been made to increase the imaging speed of AFM and thereby preserving the advantages (e.g. direct imaging of the sample, high spatial
resolution, measuring in physiological conditions) of this technique
[36].
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Figure 4: Comparison of the imaging rates achieved by HS-AFM and conventional AFM. Figure taken from Casuso et al. 2011 [12].

The beginning of the development of fast scanning AFM was in the
early 90s [7] and focused on the investigation and lithography of hard
surfaces. Later on, cantilevers with integrated actuators and sensors
were used in order to increase the imaging speed [45, 64]. The best
mode for imaging biological samples is the tapping mode. The main
speed limitations of this mode are the reaction speed and resonance
frequency of the cantilever. This problem was addressed through the
integration of faster feedback actuators and the active control of the
dynamics of the cantilever [65]. During the last 20 years three groups
contributed a lot to the development of HS-AFM: The Ando group,
the Miles group and the Hansma group. They refined a lot of the techniques and presented new approaches. In 1996 the Hansma group
presented short cantilevers for high speed imaging [71] and a suitable optical deflection detector [59]. Three years later, they imaged
DNA in 1.7 seconds per frame [69] and in 2000 the dissociation of
GroES-GroEL complexes [70]. Ando and co-workers presented their
HS-AFM in 2001 [1] together with small cantilevers and a suitable
OBD. Their system comprised a high speed scanner, fast electronics
and a dynamic feedback loop. More information about this HS-AFM
setup are given in Section 2.1.3. Further along the line the Hansma
group also demonstrated high speed scanners and fast data acquisition systems [23, 24, 39]. The group of Miles was using a tuning fork
as X-Scanner in 2005 [35], developed a fast digital processing system to obtain cantilever deflection data and achieved imaging rates
of 1300 frames per second in constant-height mode of fixed collagen
fibers [53]. The development of HS-AFM is still an ongoing process.
The HS-AFM 1.0 - Ando model is now commercially available but still
attempts are made to further improve HS-AFM systems. The Scheuring group recently optimized the HS-setup for biological applications
by implementing a buffer exchanging system [49], a temperature control add-on allowing to study the phase transition of lipids and an
automated force controller keeping the applied force constantly and
automatically constant with pico Newton precision [48]. Another approach is to combine HS-AFM with other microscopy techniques like
optical- and fluorescence microscopy to increase the range of applications. Many biological phenomena were studied for the first time in
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the recent past like walking Myosin V [43], diffusion of OmpF [13],
the deformation of membranes by ESCRT-III [15], the spatiotemporal
dynamic of the nuclear pore complex transport barrier [57] and many
more.
2.1.3

HS-AFM Setup

The working principle of an HS-AFM is roughly the same as for a
conventional AFM but several parts have to be modified in order to
meet the requirements of high speed imaging (see Figure 5). The most
important changes were the development of small cantilevers, a fast
scanner and a dynamic PID control. The cantilevers and the scanner
are described in more detail in the following parts.

Figure 5: HS-AFM system. Figure taken from Uchihashi et al. 2012 [68].

2.1.3.1

Cantilevers

One of the most important steps in the development of HS-AFM was
the production of small cantilevers. High speed scanning requires
a fast response speed of the cantilever. Therefore, small cantilevers
are favourable because the response speed scales with the inverse of
√
the square root of the mass (∼ 1/ m) [36]. Also, a high resonance
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frequency (fc ) and a low spring constant (kc ) are a necessity for biological HS-AFM applications. They can be calculated by
!
d
E
(3)
fc = 0.56 2
L
12ρ

kc =

wd3
E
4L3

(4)

Where ρ is the density and E the Young’s modulus of the cantilever
material, d the thickness, w the width and L the length of the cantilever. As mentioned before (see Section 2.1.1) the high resonance
frequency and low spring constant also leading to a huge fc /kc ratio
providing high sensitivity for tip-sample interaction detection. Another benefit of small cantilevers is that the amplitude detection is
hardly affected by thermal noise effects. According to the equipartition theorem, thermal excitation deflects the cantilever at the free end
(∆z) by [4]
< z2 >1/2 = (kB T/kc )1/2

(5)

The averaged thermal deflection values are similar to the amplitude
damping (A0 -As ) but the thermal noise is distributed over a huge
frequency range of ∼ 0 − 2fc and therefore the thermal noise density is
small. Also a bandpass filter can eliminate most of the thermal noise
by filtering the differential output signal of the photodiode because
the frequency region used for imaging lies only around fc . Another
advantage of small cantilevers or in this case short cantilevers is the
increased change of the angle (∆ϕ) upon deflection [4]
∆ϕ = 3∆z/2L

(6)

Where ∆z is displacement of the cantilever free end in Z-direction and
L the length of the cantilever. This improves the detection sensitivity
of the OBD system and allows better force control.
2.1.3.2 Scanner
For HS-AFM new scanners were developed. These scanners are optimized for fast scanning without causing disturbances. This is achieved
by a sophisticated design of the scanner (see Figure 6). Flexure stages
made of blade springs for the x and y scanner were manufactured by
monolithic processing in order to minimize the number of resonant
peaks [5, 6]. The x-scanner is displaced by the y-scanner and the zscanner is displaced by the x-scanner. On top of the z-scanner a sample stage (glass rod) is mounted. The x-piezo is placed in between
two flexures in order to fix the center of mass and therefore suppress
mechanical excitation [6]. Besides the z-piezo and the sample stage,
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Figure 6: HS-AFM scanner. Figure taken from Ando et al. 2008 [2].

the x-piezo also displaces a dummy stage acting as a counterbalance.
The z-piezo is held at the corners perpendicular to the displacement
direction. Therefore, it can be displaced in both directions. This is desirable, because like this the resonant frequency of the piezo is not
lowered but the displacement is reduced by half. Another advantage
of this mounting is that impulsive forces are hardly exerted on the
scanner, therefore, nearly no mechanical excitation is produced [6].
Active damping is also incorporated in the scanner: For the x-scanner
either by Q-control technique [42] or by feedforward control using inverse compensation [60, 75] and for the z-scanner by Q-control technique or by inverse compensation.
2.1.4

Imaging Speed of Bio-HS-AFM

The feedback control has an inherent time delay (τ0 ). This is affecting
the imaging speed in the following way [3]. To describe the problem,
the surface of the sample is assumed to be sinusoidal with a periodicity of λ. The scan velocity is Vs . Therefore, the height of the sample
changes at a frequency of f = Vs/λ. The phase delay of the Z-scanner
is Θ = 2Πfτ0 (see Figure 7a). Because of this delay, in the uphill
region of the sample the amplitude (A) is smaller than the setpoint
amplitude (As ) whereas in the the downhill region the amplitude is
bigger than the setpoint amplitude. Regarding Equation 2, this means
that the force is higher in the uphill region than in the downhill region (see Figure 7b). For biological samples the force should not be
too high, but by lowering the setpoint force for minimizing the force
in the uphill regions too much, the force in the downhill region may
become zero (see Figure 7c) because the tip loses contact with the surface and the amplitude equals the free oscillation amplitude. Therefore the error signal is saturated at a small value and it takes a long
time to bring the tip back in contact. This effect is also called parachut-
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Figure 7: Tip-sample forces due to the feedback delay. a) Black line: Sample
surface; Red Line: Z-scanner movement; Blue line: Tracing Error. b) Blue line:
Tip-sample force; Black line: Large set point force. c) Blue line: Tip-sample
force; Black line: Small set point force. Note that the force equals 0 in the
downhill regions of the sample. Figure taken from Ando et al. 2014 [4].

ing. So the phase delay is responsible for excessive force in the uphill
region and for parachuting in the downhill regions but the acceptable
phase delay for avoiding parachuting is ∼10 times lower than for producing too much force [3, 4, 68]. Thus parachuting is the bottleneck
for high speed imaging of biological samples. This problem has been
solved by the development of a dynamic PID control which adds a
false error signal to the real error signal when the amplitude is bigger than the setpoint amplitude [41]. Because the feedback phase delay is the crucial parameter for imaging biological samples it follows
that the highest possible feedback frequency is fmax = Θmax /(2Πτ0 )
(Θmax is the maximum allowable phase delay), the highest possible
scan velocity is Vsmax = λΘmax /(2Πτ0 ) and if W is the width of the
picture and N the number of scan lines the highest possible imaging
rate is [4]
Rmax = λΘmax /(4πNWτ0 )
2.2

(7)

outer membrane phospholipase a (ompla)

Outer membrane phospholipase A (OmpLA) is one of the rare enzymes located in the outer membrane of Gram-negative bacteria. It
was first purified in 1971 [58]. The phospholipase shows A1 , A2 ,
L1 and L2 activity [33, 50, 58]. OmpLA forms dimers upon activation triggered by the presence of phopholipids and calcium in the
outer leaflet of the outer membrane which normally only contains

2.2 outer membrane phospholipase a (ompla)

lipopolysaccharides (LPS). In the following two sections, the structure and the function of OmpLA are described in more detail.
2.2.1

Structure

Monomeric OmpLA has a β-barrel consisting of 12 antiparallel strands
with a flat and a convex side. The dimensions are ∼ 20 × 30 × 45 Å3
(see Figure 8). The β-barrel has hydrophobic surface for the integration in the membrane and exhibit two regions with aromatic residues
at the polar-apolar boundaries of the membrane bilayer (aromatic girdle). Inside the β-barrel an intricate hydrogen-bonding network provides a rigid structure [63]. The cavity is occluded [10]. The termini
and turns are located at the periplasmic side while the loop region is
at the extracellular side [47]. The active site residues Asn156, His142
and Ser144 [11, 32, 40] are located on the exterior of the β-barrel just
outside the outer leaflet ring of aromatic residues [63] (see Figure 8A).
Therefore, normally no substrate is in the vicinity of the active site because phospholipids are only present in the inner leaflet of the outer
membrane. The active site resembles a classical serine hydrolase [21]
but the aspartate is substituted with an asparagine in E. coli. In the
monomeric state OmpLA is inactive. The dimer is the active form [19].
This regulatory dimerization mechanism is described in more detail
in Section 2.2.2. OmpLA is forming homodimers by the association
of two monomers at their flat barrel side (see Figure 8C,D) [63]. The
structure of OmpLA in the dimeric state shows nearly no difference
to the monomeric state. By forming the dimer, two substrate binding
pockets are formed, allowing OmpLA to bind one acyl chain of a variety of different substrates with one or two acyl chains. These binding
pockets are the reason that OmpLA is only active as a dimer [63].
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Figure 8: X-ray crystallographic structure of
OmpLA (Snijder et al.
[63]). A) Side view of
monomeric OmpLA (pdb
code 1qd5). The active
site is indicated by a
circle. B) Top view of
monomeric OmpLA. C)
Side view of dimeric
OmpLA (pdb code 1qd6).
Ca2+ is shown as black
spheres, the inhibitor
hexadecanesulphonyl
fluoride is shown as
ball-and-stick
model.
D) Top view of dimeric
OmpLA. One of the two
active sites is indicated
by a circle. Figure taken
from Dekker 2000 [18].

2.2.2

Function

In an intact outer mebrane, OmpLA is in its inactive monomeric state.
If the cofactor Ca2+ [19] and substrate [67] is available at the same
time, it forms enzymatic active homodimers. As usually in vivo Ca2+
is available most of the time it is likely that the substrate controls
dimerization, and thus the activity. Because in the experiments of this
project phospholipids were present all the time, EDTA was used to
bind residual Ca2+ to keep OmpLA in its monomeric inactive state
and trigger the activity of OmpLA by the addition of Ca2+ . In vivo
however, perturbations of the outer membrane are responsible for
the activation of OmpLA because they are leading to the presence of
phospholipids in the outer leaflet of the outer membrane. Potential
origins of perturbations are heat shock [28], spheroplast formation
[51], phage-induced lysis [16], transfection of phage DNA [66], EDTAtreatment [29] and the action of antimicrobial peptides/proteins [72,
73]. The presentation of substrate to the active site of OmpLA triggers the dimerisation and an active dimer-substrate-cofactor complex
is created. In this complex a nucleophilic attack of Ser144 on the carbonyl carbon of the ester is performed. Ca2+ supports this by the
polarisation of the ester carbonyl bond. The resulting intermediate is
stabilized by Ca2+ and a tetrahedral arrangement of hydrogen bonds.
The collapse of this intermediate then produces the enzyme-acyl intermediate. The lysophospholipid is released by lateral diffusion in
the membrane. The fatty acid product is released after a deacylation
with water acting as the nucleophile by lateral diffusion into the mem-

2.2 outer membrane phospholipase a (ompla)

brane or by the dissociation of the dimer [62]. The purpose of OmpLA
is not fully clear yet. On the one hand the degradation of phospholipids in the outer leaflet of the outer membrane restores its integrity
and mechanisms for the active uptake and recycling of the products
have been published [20, 30, 31, 34, 46]. Also, in Pseudomonas oleovorans it has been shown that a periplasmic cis-trans isomerase acting on
fatty acids can convert cis-double bonds into the trans conformation
which would lead to a reduction of the membrane permeability and
fluidity after reincorporation [52] thereby allowing OmpLA to act like
a sensor for changes in the physical properties of the membrane [18].
On the other hand lysophospholipid and fatty acid products further
destabilize the outer membrane due to their detergent-like properties
thereby facilitating the semispecific excretion of colicins and other effector molecules [10, 14, 17, 44, 54, 63]. This implies, that OmpLA is
also affecting the virulence of pathogens. The working principle of
OmpLA is summarized in Figure 9.

Figure 9: Working principle OmpLA. A) In an intact outer membrane with
only LPS in the outer leaflet OmpLA is in its inactive monomeric form. B)
Upon perturbations of the outer membrane phospholipids appearing in the
outer leaflet. C) OmpLA forms dimers and in the active site Ca2+ and substrate are bound. D) After hydrolysis of the phospholipids the outer membrane is further destabilized. D) This facilitates the release of bacteriocins.
Figure taken from Snijder et al. 2000 [62]
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M AT E R I A L S A N D M E T H O D S

In this chapter the materials and methods used during this project are
presented. First, some information about the HS-AFM, the cantilevers
and the chemicals are given. Second, the image processing is briefly
described. The last part contains some workflow descriptions.
3.1
3.1.1

materials
HS-AFM 1.0 - Ando Model

The HS-AFM used in this project was the HS-AFM 1.0 - Ando model
(RIBM, Japan). It was developed by Prof. Toshio Ando at the Kanazawa
University in Japan and commercialized by RIBM. It is worldwide the
first commercially available HS-AFM capable of imaging biological
samples at video frame rate. The HS-AFM was operated in oscillating mode. The free amplitude was set to ∼ 1 nm and the imaging
amplitude setpoint to ∼ 0.9 − 0.95 nm. Like this, images ranging from
100 × 100 nm2 up to 600 × 600 nm2 with 200 × 200 to 300 × 300 pixels were recorded. In the following, the setup and particularly the
scanner and cantilever holder are depicted (for more information see
Section 2.1.3.)
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(a) 1) PCI slot extender;
2) Motor driver; 3) XYPiezo driver; 4) Z-Piezo
driver; 5) Feedback unit;
6) Q-controller 7) Fourier
analyzer; 8) Power supply
for LD; 9) Oscilloscope.

(b) 1) Monitor; 2) Signal processor; 3) Cantilever holder; 4) Scanner; 5) AFM Head;
6) Vibration-isolation table.

Figure 10: HS-AFM setup.

(a) Scanner. 1) Z-piezo; 2) Dummy Stage;
3) Glass rod; 4) Mica.

(b) Cantilever holder. 1) Cantilever; 2)
Fluid cell; 3) Fluid in- and outlet.

Figure 11: Scanner (left) and cantilever holder (right).

3.1.2

Cantilevers, Chemicals

Chemicals of the highest available purity were purchased. Ethylenediaminetetraacetic acid (EDTA), NaCl, MgCl2 and tris (hydroxymethyl)
aminomethane (Tris) were from Sigma-Aldrich (Steinheim, Germany),
CaCl2 was from Carl Roth (Karlsruhe, Germany). Cantilevers used
in this project were USC-F1.2-k0.15 (NanoWorld, Neuchâtel, Switzerland). These cantilevers are optimized for high speed scanning applications in liquid and the low force constant of 0.15 N/m makes them
suitable for measuring biological samples. The cantilever is made of

3.1 materials

a quartz-like material and has a 20 nm thick gold reflective coating
on both sides of the probe (tip uncoated). The tip is made of wear
resistant High Density Carbon/Diamond Like Carbon (HDC/DLC)
material. Tip height: ∼ 2.5 µm, radius of curvature: < 10 nm, tip aspect ratio: ∼ 5 : 1, tilt compensation: 8◦ . The cantilever properties
can be seen in Table 1. SEM images of the cantilever and its tip are
depicted in Figure 12.
Type

USC-F1.2-k0.15

Resonance Frequency

1.2 MHz (air), 0.6 MHz (liquid)

Force Constant

0.15 N/m

Quality factor

∼2

Cantilever length

7 µm

Cantilever width

2 µm

Cantilever thickness

0.08 µm

Table 1: Cantilever properties.

(a)

(b)

(c)

(d)

Figure 12: SEM images of an ultra-short cantilever USC-F1.2-k0.15
(NanoWorld, Neuchâtel, Switzerland) and its tip. The white frame in picture (a) indicates the area of the closeup in the top right corner. Images
taken from nanoworld.com.

17

18

materials and methods

3.1.3

Additional Devices

For gradual exchange of buffer during HS-AFM measurements, a
pumping system (PHD ULTRA model PP PRO6, Harvard Apparatus, USA) was used (see Section 3.3.3). After imaging the cantilever
tips were cleaned by a plasma cleaner (ZEPTO version B, Diener electronic, Germany) (Section 3.3.4).
3.2

data analysis

The HS-AFM pictures were processed using ImageJ 1.51d in the following way:
• First-order flattening
• Contrast adjustment
• Drift correction with frame-to-frame cross-correlation using the
lab-made VideoJ 0.3 ImageJ plug-in [25][37].
3.3

experimental methods

3.3.1

HS-AFM Imaging

Before imaging, the HS-AFM needs to be set up in the following way:
• Clean cantilever holder.
• Mount clean cantilever.
• Fill fluid cell (∼100µl).
• Adjust laser.
– Set camera on night view.
– Focus on cantilever.
– Adjust x, y, z and tilt of the cantilever to bring sum to
maximum and difference to 0.
– Optional: Adjust laser power by altering the current (about
0.016-0.02 mA).
– Perform a frequency sweep and check cantilever response.
• Glue glass rod to the Z-piezo with nail polish (see Figure 13)
• Glue mica disc on the glass rod with superglue (see Figure 13)
• Incubate sample as described in Section 3.3.2.
• Mount scanner (Don’t crash into cantilever) and check if the
appropriate Q-Box is installed.

3.3 experimental methods

• Align cantilever over sample.
• Set gain and ω gain.
• Adjust frequency by checking amplitude on feedback controller
(Amplitude should be ∼500 mV, maybe adjust the gains).
• Turn on xy-scanner, z-scanner and feedback controller (Hear if
z-scanner is making noise−→if yes: abort and check if there is
too much liquid in the fluid cell).
• Set setpoint to ∼ 0.9 − 0.95 and do approach.
• Start scanning.
• Lower setpoint to an appropriate level.
• Adjust tilt.

Figure 13: 1) Mica; 2) Superglue; 3) Glass rod; 4) Nail polish 5) Z-piezo.

3.3.2

Sample Preparation

Before measuring, the sample was prepared in the following manner:
• Cleave mica disc with scotch tape.
• Apply 1 − 2 µl of the sample on the mica (see. Figure 14).
• Cover the mica with a humid chamber to avoid drying.
• Incubate the sample for 10 min.
• Remove excess sample by adding a droplet of buffer on the mica
and remove it with a twisted tissue. Repeat this rinsing process
10 times.
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Figure 14: Sample incubation (Side view). 1) Glass rod; 2) Mica; 3) Sample
(1 − 2 µl).

3.3.3

Pumping System

A high-precision pump (PHD ULTRA model PP PRO6, Harvard Apparatus, USA) was used in some experiments to exchange a starting
buffer with an exchange buffer during AFM measurements at a flow
speed of 10 µl/min. Therefore, two syringes with attached tubes were
mounted on opposite sides of the pump, one for pumping and the
other one for drawing. The previously washed tubes were then connected to the in- and the outlet of the cantilever holder (see Figure 11).
The inlet tube filled with the exchange buffer had to have a small air
bubble right at the inlet of the cantilever holder in order to avoid diffusion before pumping. A small hole had to be cut on the upper side
of the tube to avoid pumping the air bubble into the fluid cell. The
outlet tube partially filled with water contained a small volume of
starting buffer separated by an air bubble from the water right at the
outlet of the cantilever holder in order to avoid undesired diffusion.

Figure 15: Pumping system connected to the cantilever holder. Picture taken
from Miyagi et al. 2016 [49].

3.3.4

Tip Cleaning

To clean the cantilever tips from scanning residues, they were treated
in the following way. This process led to clean tips in the majority of

3.3 experimental methods

cases. Sometimes the tips were even sharpened by the plasma. In rare
cases, the tip or the cantilever were destroyed. The plasma cleaner
used during this project is depicted in Figure 16.
• Submerge cantilever in Alconox (Alconox, New York, USA) for
several minutes.
• Submerge cantilever in Milli-Q Water for at least 10 min.
• Put the cantilever into He-Plasma (0.3 mbar, 40 kHz, 120 W) for
80 s.

Figure 16: Plasma cleaner ZEPTO version B (Diener electronic, Ebhausen,
Germany).
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R E S U LT S A N D D I S C U S S I O N

In the following chapter the results of the HS-AFM measurements of
OmpLA are presented. To study the structure-function relationship
of OmpLA and elucidate the dynamics of the protein working mechanisms we performed HS-AFM imaging of OmpLA reconstituted in
lipid bilayers before, during and after the activation by calcium. In the
first section it is shown that the addition of Ca2+ triggers a gradual
membrane degradation. This finding is confirmed by several control
experiments that are presented in part Section 4.2 and Section 4.3.
Here, a mock sample of DLPC membranes without proteins were imaged upon addition of Ca2+ . After 2 hours of constant imaging no
degradation was detected implying that the membrane shrinking is
induced specifically by OmpLA. Neither probable charging effects of
calcium nor the imaging process of the HS-AFM destroy the membranes. In addition, it is shown that the presence of Mg2+ does not
trigger any membrane degradation indicating that the observed process and OmpLA is highly specific to Ca2+ . In Section 4.4, the effect
of different lipids to OmpLA was tested. In contrast to DLPC membranes, the reconstitution of OmpLA in POPC resulted in densely
packed lipid patches and protein crystals in different configurations.
Furthermore, in the last part of this chapter the incorporation of OmpLA into DLPC bilayers, was studied. To this goal, OmpLA solubilized in F6 OPC, a surfactant, was added to DLPC bilayers and the incorporation of the folded OmpLA into lipid bilayers was monitored.
Unless otherwise stated, all experiments were performed in standard
buffer (300 mM NaCl, 20 mM Tris, 2 mM EDTA, pH 7.4) and recorded
with an image-acquisition rate of 1 frame per second.
.
4.1

membrane degradation

OmpLA reconsituted in DLPC was imaged in standard buffer containing EDTA in order to prevent dimerization due to calcium and
subsequent activation of the protein. In presence of 2 mM EDTA some
undefined structures protruding about 1.6 nm out of the membrane
were observed (Figure 17, upper panel second picture; Figure 18). The
addition of 2.5 mM (total) Ca2+ caused immediately a topographical
change allowing the clear detection of individual molecules diffusing in the membrane (Figure 17, upper panel, 3rd picture). The protrusion height of the molecules was about 1.6 − 1.7 nm (Figure 19).
The change in appearance was reversible by the addition of EDTA
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(s. Section A.2). This effect certainly is an electrostatic shielding effect and is not related to the function of the protein. Over time, the
membrane started shrinking and detaching from the mica support until only thin tubular patches with densely packed proteins remained
(Figure 17). The timescale of this shrinking process (from first Ca2+
addition to tubular structures) varied from about 30 to 90 minutes.
It started slowly and accelerated over time. Figure 20 shows highresolution HS-AFM snapshots of the shrinking process. Within 3 minutes a membrane of about 20,000 nm2 was degraded to a densly
packed OmpLA patch of about 7000 nm2 . In this OmpLA crystal individual dimers could be visualized, partially already in the isolated
state.

Figure 17: Ca2+ induced OmpLA activation. The red frame in the first image
indicates the area imaged in the subsequent pictures. T=0 s corresponds to
the last frame before the addition of Ca2+ . Right after this addition, the
vague protrusions in the membrane became well defined structures (t=3
s). The proteins then diffuse in the bilayer and destabilize it over time. In
the end, tube like structures with densely packed OmpLA can be observed.
Scale bar: 100 nm. Full-color scale: 6 nm.

To trigger OmpLA activation by Ca2+ , 5 µl of 50 mM Ca2+ was
pipetted directly into the buffer bath while imaging (Figure 17 and
Figure 20). Alternatively, to avoid huge perturbations during the imaging process like imaging-amplitude fluctuations or scanning position
loss, a pumping system can be used. With this system buffer can be
simultaneously removed and replaced with a Ca2+ containing buffer
leading to a smoother increase in the Ca2+ concentration compared
to the pipetting method. By gradually removing EDTA and continuously adding Ca2+ using this buffer exchanging system the same
mechanism of membrane degradation was observed (Figure 21). Furthermore, the defined pumping rate of the buffer exchanging system allows an estimation of Ca2+ concentration at each timepoint
(Figure 22). It is noteworthy, that the starting buffer in the pumping

4.1 membrane degradation

(a)

(b)

Figure 18: OmpLA in presence EDTA. Cross-section analysis. The vague
protrusions are about 1.6 nm in height. Scale bar: 100 nm. Full-color scale: 6
nm.

(a)

(b)

Figure 19: OmpLA in presence of Ca. Cross-section analysis. The protein
structures are about 1.6 − 1.7 nm in height. Compared to OmpLA in presence EDTA there is no significant change in height. Scale bar: 100 nm. Fullcolor scale: 6 nm.

system experiment did not contain NaCl. The opening process between the first and the second picture of Figure 21 is described in
Section A.1.
To exclude that the membrane degradation is caused by the HS-AFM
tip scanning different sample positions were imaged that were not
scanned with the tip before. Figure 23 shows several degraded OmpLA membrane patches in imaged (indicated by a square) and nonimaged areas, thereby excluding any membrane destruction by tipsample interactions.
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Figure 20: High resolution HS images of the OmpLA induced membrane
degradation. This patch with already densely packed OmpLA was found
76 min after the first addition of Ca2+ (t=0 s). The bilayer was then degraded within only 3 min forming densely packed almost crystalline tube
like structures. In the last picture (t=173 s) some substructures of OmpLA
can be seen, maybe corresponding to the OmpLA dimer interface. Scale bar:
25 nm. Full-color scale: 6 nm.

Figure 21: Observation of the OmpLA membrane degrations using a gradual
buffer exchanging system. Exchange from 20 mM Tris, 2mM EDTA to 20
mM Tris, 2 mM Ca. Scale bar: 100 nm. Full-color scale: 9 nm.

4.1 membrane degradation

Figure 22: Graph belonging to the pumping experiment in Figure 21. A starting buffer (20 mM Tris, 2 mM EDTA, pH 7.4) is replaced by an exchange
buffer (20 mM Tris, 2 mM EDTA, 2 mM CaCl2 , pH 7.4) at a flow rate of 10
µl/min. The black line corresponds to the EDTA concentration in the fluid
cell of the HS-AFM, the red one to the Ca2+ concentration and the blue
one to the concentration of free Ca2+ -ions if all the EDTA is bound. The
black markers on the blue line indicate the points in time of the pictures
in Figure 21. This model implies instantaneous mixing in the fluid cell of
the HS-AFM which leads to an inherent error for the calculated concentrations. Nevertheless, it allows to roughly estimate the current concentrations
during an experiment.

Figure 23: The white
frame indicates the scan
area of Figure 21. On the
top part of the picture
it can be seen, that the
membrane
was
also
shrinking beside the scan
area forming again tubular structures densely
packed with OmpLA.
Total width of the picture:
600 nm.
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4.2

membrane degradation is protein-induced

In order to check if the membrane degradation described in the previous section is induced by OmpLA and to exclude other effects like
destructive tip-sample interaction or charging effects by the addition
of Ca2+ , experiments with a mock sample were performed. For this,
DLPC membranes without the protein were studied in absence and
presence of Ca2+ , similar to the previously described experiments.
As demonstrated in the following Figure 24 no significant membrane
degradation was detected upon Ca2+ addition, indicating that OmpLA is responsible for the destabilization and subsequent degradation of the membrane.

Figure 24: Bare DLPC membrane in absence and presence of Ca2+ . No
degradation of lipid patches without protein upon the addition of Ca2+
could be observed with Ca2+ concentrations up to 20.5 mM within a timeframe of 57 minutes. Scale bar: 100 nm. Full-color scale: 4.5 nm.

4.3

membrane degradation is calcium-dependent

OmpLA is known to be highly specific to Ca2+ . Accordingly, to test
if the membrane degradation process can be triggered by other divalent cations, and thus exclude charging artefacts the experiments
were repeated with magnesium instead of calcium. As shown in the
following Figure 25a the membrane is not affected by the addition
of magnesium even after an imaging period for more than 2 hours.
In contrast however, the subsequent addition of calcium yielded in
a membrane shrinking and a complete degradation within 40 minutes (see Figure 25b), indicating that the process is really driven by
the Ca2+ activated protein. Notably, the change in appearance, from
vague protrusions in EDTA to well defined structures in presence of
Ca2+ in the membrane, was also observed by the addition of Mg2+
implying that this topographical change is a charging artefact in the
tip-sample interaction.

4.4 ompla alignment lipid-dependent

Figure 25: Membrane degradation is Ca2+ specific. a) Mg2+ was added
stepwise up to a final concentration of 10 mM (first row, data for 10 mM not
shown). The same change in appearance of the protein as with the addition
of Ca2+ was observed (compare picture t=0 and subsequent pictures). No
signs of membrane degradation were detected two hours after the first addition of Mg2+ . b) Subsequently, Ca2+ was added stepwise up to a concentration of 5 mM triggering again the membrane degradation process (second
row). Scale bar: 100 nm. Full-color scale: 4 nm.

4.4

ompla alignment lipid-dependent

The effect of the lipid type on OmpLA and its function was tested
by OmpLA reconstitutions in POPC lipids. The main difference of
the previously described DLPC membranes and POPC membranes
is that POPC has longer hydrophobic tails and therefore forms membranes with a broader hydrophobic region (DLPC ∼ 2 nm vs. POPC ∼
2.9 nm). For HS-AFM experiments these OmpLA-POPC membranes
were freshly adsorbed and imaged in standard buffer like the DLPC
membranes described in Section 4.1. In POPC lipid however, OmpLA
was already observed in stable, well-definded structures in Ca2+ -free
condition (2 mM EDTA) either aligned in regular crystals (Figure 26a
and Figure 27a) or densely packed (Figure 28). The different crystal alignments found (compare Figure 26a and Figure 27a) showed a
nearly identical periodicity along the proteins (4.8 nm vs. 4.75 nm) as
well as perpendicular to the proteins (10.4 nm vs. 10.75) but with an
inverse height distribution. These two forms of OmpLA crystal symmetries may correspond to the two protein faces or alternatively, to
OmpLA monomer and dimer alignments, respectively. Interestingly,
Figure 27 also shows some ring-like structures on the borders of the
crystal.
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(a) OmpLA crystal reconstituted in POPC membranes. Scale bar: 20 nm. Full-color scale: 11 nm.

(b) Line 1

(c) Line 2

Figure 26: Peak to peak distance along the proteins (line 1): 4.8 nm. Peak to
peak distance perpendicular to the proteins (line 2): 10.4 nm.

Ca2+ was added into the measuring buffer, similar to the experiments described in Section 4.1. In contrast to OmpLA reconstituted in
DLPC, neither membrane shrinking or degradation nor a significant
change in the protein structure or assembly was observed within a
timeframe of about 45 minutes (Figure 28). This may be due to the
dense packing of OmpLA which is similar to the dense packing observed before in DLPC however without a tubular structure of the
membrane.

4.5 ompla integration into dlpc

(a) OmpLA crystal reconstituted in POPC membranes. Scale bar: 20 nm. Full-color scale: 5 nm.

(b) Line 1

(c) Line 2

Figure 27: Peak to peak distance along the proteins (line 1): 4.75 nm. Peak
to peak distance perpendicular to the proteins (line 2): 10.75 nm.

Figure 28: Beside crystals, densely packed OmpLA membranes were found
in the POPC sample. Similar to the experiments with DLPC, Ca2+ was
added stepwise to the buffer up to a final concentration of 8 mM but no
degradation of the membrane was detected.

4.5

ompla integration into dlpc

To elucidate if it is possible to incorporate already folded OmpLA
into lipid membranes and to study the whole embedding process HSAFM was used to directly visualize the insertion process of OmpLA
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from micelles into lipid membranes. In a study from Frotscher et al.
[26, 27] it was shown that the detergent F6 OPC does not drastically
affect lipid membranes and that OmpLA in F6 OPC micelles could
successfully be integrated in liposomes. Accordingly, OmpLA solubilized in F6 OPC (2.244 mg/ml) was added to DLPC bilayers on mica
support. After a time-window between 20-70 minutes the insertion of
OmpLA into the bilayers was observed (Figure 29 and Figure 30).
In Figure 29 9 µl of OmpLA in F6 OPC were added stepwise into
standard buffer charged with 20.5 mM Ca2+ . 18 min after the first
respectively 260 s after the last addition the first proteins appeared in
the membrane. Because the amplitude of the cantilever was highly decreased when the process started, no pictures are available from the
beginning. After the integration was initiated, it continued rapidly,
yielding lipid bilayers with crowded OmpLA within seconds.

Figure 29: OmpLA integration into DLPC bilayer. Scale bar: 100 nm. Fullcolor scale: 7 nm.

In Figure 30 10 µl of OmpLA in F6 OPC were added stepwise into
standard buffer charged with 10 mM Ca2+ . 71 min after the first
respectively 18 min after the last addition first proteins appeared in
the membrane. 25 min after the last addition, the process speeded up
drastically, yielding again lipid bilayers with crowded OmpLA.

Figure 30: OmpLA integration into DLPC bilayer. Scale bar: 100 nm. Fullcolor scale: 7 nm.

After the process stabilized within 30 minutes densely packed OmpLA membrane patches were observed (Figure 31). OmpLA is forming nearly crystalline structures upon integration in the membrane
within minutes. But, due to the complete overload of protein, these
are just partially observable.

4.5 ompla integration into dlpc

Figure 31: Close-up view of a different area of the sample. The red frame in
the left picture indicates the position of the right picture. Scale bar: 100 nm
(left) and 30 nm (right). Full-color scale: 7 nm.
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CONCLUSION

In this project, we used high speed atomic force microscopy (HSAFM) to visualize the dynamics and activity of OmpLA upon activation triggered by the presence of phospholipids and calcium. Like
this we were able to monitor the OmpLA induced and calcium dependent shrinking of DLPC lipid bilayers in real time with nanometer
resolution.
It was shown that OmpLA is degrading and destabilizing the lipid
bilayers leading to shrinking of the lipid patches (see Figure 17, Figure 20 and Figure 21) until densely packed, crystal-like patches were
present (see Figure 20). These results were confirmed by several control experiments showing that the shrinking process was indeed depending on OmpLA (see Figure 24), was not triggered by other charges
and is highly specific for calcium (see Figure 25), and was not triggered by the tip scanning process as even un-scanned areas were
affected (see Figure 23). Investigations of OmpLA reconstituted in
POPC instead of DLPC revealed OmpLA crystals in different alignments (see Figure 26 and Figure 27) or in densely packed patches
(see Figure 28). The addition of calcium did not trigger any degradation of the lipid patches presumably because of the dense packing
which resembles the dense packing found in DLPC membranes after the shrinking process finished. Another experiment with OmpLA
solubilized in F6 OPC micelles demonstrated that OmpLA can be inserted into lipid bilayers in a folded state (see Figure 29, Figure 30
and Figure 31).
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A

APPENDIX

a.1

opening of liposomes

When using Tris buffer without NaCl (20 mM Tris, 2 mM EDTA, pH
7.4), several issues concerning the sample preparation occurred: In
case of the OmpLA sample reconstituted in POPC the membranes
did not adsorb on the mica at all. In case of the OmpLA reconstituted in DLPC several patches were found, but they were unstable
and frequently got lost during scanning. Another issue with that
buffer was that the liposomes did not form single bilayers until a
certain amount of Ca2+ or Mg2+ was added (see Figure 32). This is
undesired, because the proteins could not be imaged under EDTA
conditions. Therefore, NaCl was added to the buffer in most of the
experiments to avoid these effects.

Figure 32: Opening of a DLPC proteoliposome. At t=1s the Ca2+ concentration was 1.3 mM. To receive single bilayers like in the last picture without
Ca2+ or Mg2+ addition, in subsequent experiments 300 mM NaCl were
added to the buffer. Scale bar: 100 nm. Full-color scale: 17 nm.
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a.2

change in appearance of ompla is reversible

The change in appearance of the protein from vague protrusions to
well defined structures upon the addition of Ca2+ or Mg2+ is reversible by the re-addition of EDTA (see Figure 33).

Figure 33: 3 mM Ca2+ were added into the buffer solution. As can be seen
in the first and the second picture (same area slightly shifted to the right)
within a few minutes the vague protrusions became well defined structures.
When EDTA was added after 40 min, this effect was completely reversed
within 10 min. Scale bar: 100 nm. Full-color scale: 10 nm.

