Vol 10 Suppl., July 2001
1009-1963/2001/10(Suppl.)/S100-08

Chinese Physics

© 2001 Chin. Phys. Soc.
and IOP Publishing Ltd

IDENTIFICATION OF MEMBRANE PROTEINS IMAGED BY ATOMIC
FORCE MICROSCOPY USING A TEMPLATE MATCHING ALGORITHM

OLIVER ENDERs®, ENRICO MARTINOIAP), CARSTEN ZEILINGER®, and HANs-ALBERT KoLB?
a) Institute of Biophysics, University of Hanover, Herrenhdauser Str. 2, D-30419 Hannover

b) Institut de Botanique, Laboratoire de Physiologie Végétale, Rue Emile-Argand 13, CH-2007 Neuchatel

(Received 2 December 2000; revised manuscript received 19 March 2001)

The atomic force microscope allows to image biological samples in their native environment. But the identification

and the topography of individual randomly distributed membrane proteins is still a challenge. We used membranes

of isolated vacuoles of barley mesophyll cells. Images at low resolution indicate that vacuoles spontaneously attach,

rupture and finally adsorb completely as planar membrane to mica. Height profiles indicate that the membrane at

the peripheral boundary exposes the extravacuolar surface to the scanning tip. At molecular resolution a template

matching correlation algorithm was used to identify the most abundant membrane protein, the vacuolar HY-ATPase

by the characteristic extravacuolar head of the transport molecule. The data indicate the possibility to analyse single

randomly distributed membrane proteins in their native environment with the knowledge of a suitable template.
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I. INTRODUCTION

The atomic force microscope (AFM)M has be-
come a powerful tool to image biological structures
ranging from whole cells to substructures and sin-

2-4] One of the major advantages

gle biomolecules.
of atomic force microscopy is the possibility to image
the samples in physiological fluids at adjusted ionic

strength and electrolyte composition.

Biological membranes are soft and therefore have
to be firmly attached to a solid support to allow im-
ages by AFM to molecular resolution. Native biologi-
cal membranes are usually associated with peripheral
networks like the cytoskeleton, which either lead to
a soft support of the membrane and thereby reduce
the resolution significantly!?% or hinder the direct ac-
cess of the scanning tip to the membrane surface. It
is therefore desirable to use native biological mem-
branes, which do not have to be reconstituted, but
spontaneously form smooth planar membrane patches
on solid surfaces. To match these requirements we se-
lected isolated vacuoles, since the vacuolar membrane,
the tonoplast, is not associated with a cytoskeleton.
Intact vacuoles can be isolated within a few hours, %]
thus allowing an investigation by AFM without inter-

mediate freezing and thawing for storage reasons.

Applying AFM either in contact or tapping mode,
single membrane molecules could be identified and
even resolved to the level of molecular substructures

by use of algorithms of averaging, if the proteins

100

were ordered in a quasi-crystalline pattern in the
membrane.8=1% The unambiguous identification of
individual randomly distributed membrane proteins
within the native membrane can be achieved by using
the adhesion mode. For this mode the tip of the AFM
is functionalised with specific biological or chemical
molecules to measure the adhesion force between the
specific molecules at the tip and the sample.[%11-16]
However, although single molecules can be identified,
their submolecular topography has not been resolved

so far.

In the present paper we show that in the case of
supported vacuolar membranes the membrane topog-
raphy can be analysed to nanometer resolution. In ad-
dition, it was possible to identify the characteristic cy-
toplasmic head group of the major integral membrane
protein, the vacuolar HT-ATPase.['”l For this purpose
we used known structural models of the vacuolar H™-
ATPase based on electron micrographs!*®! and for the
first time applied a template matching algorithm to
improve the identification of individual specific mem-
brane proteins in AFM images. This correlation based
template matching algorithm is well known in image
processing science and is part of the so called corre-
lation averaging method, which is applied to increase
the signal to noise ratio of structures under investi-

(191 or AFM images of

gation in electron micrographs
crystal like biological structures.[® The presented data
indicate, that the application of the template match-

ing method supports the identification of individual
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proteins by AFM within a soft environment of ran-
domly distributed membrane protrusions of different

size and shape.

I. MATERIALS AND METHODS

A. Plant material and vacuole isolation

Barley seedlings (Hordeum vulgare L. cv. Baraka,
Serasem, France) were grown at 23°C (day) and 16°C
(night) at 60% humidity in a growth chamber using
Phillips Powerstar HQI-400 W/N as a light source
with a 16 h photoperiod. Protoplasts were prepared
from primary leaves as described by Ref.[6]. Vacuoles
were isolated according to Ref.[7], however Bovine
Serum Albumine (BSA) was omitted from the solu-
tions. Pectolyase and Cellulase were purchased from
Seishin Corp. Tokyo, Japan. Buffers, percoll and salts
were delivered by Sigma-Aldrich, Germany and Roth,
Germany. All buffer solutions were stored on ice be-

fore usage. Protoplasts and vacuoles were isolated and

held at 4°C.
B. Mica preparation

Pieces of about 2x2mm mica fragments were cut
and fixed bubble free by a two-component adhesive
(Sylgard, Dow Corning Corp.) at 100°C on glass cover
slips. Impurities were removed by incubation with a
2% tenside solution of Hellmanex IT (Hellma GmbH)
in HyO, for 30min. The slides were washed with bides-
tilled H,O (Milli-Q plus), dried and stored dust-free.
The mica surface was freshly cleaved by mounting and
carefully removing an adhesive strip prior to the ad-
dition of the vacuole suspension. About 10ul of the
vacuole suspension was placed on freshly cleaved mica
and incubated 2h at 4°C. Evaporation was avoided by
adding a reservoir of buffer solution in a sealed con-
tainer during incubation. After incubation the cover
slip was rinsed extensively with about 20 ml of sor-
bitol buffer solution and immediately transferred to
the fluid chamber of the AFM. To minimise thermal
drift during the scan process, all buffer solutions were

kept at room temperature before usage for at least 1h.
C. Atomic force microscopy

An atomic force microscope Nanoscope I11a/Mu-
Itimode (Digital Instruments (DI), Santa Barbara,
USA), equipped with a 120 pm-scanner and a fluid
cell was used. All parts of the fluid cell were cleaned
with ethanol and rinsed in bidestilled HyO. The o-

ring seal of the fluid cell was cleaned with isopropyl

alcohol. To maintain the activity and the native
structure of the proteins, scanning was performed in
the sorbitol buffer. All images were acquired using
SizNy-tips (Olympus OMCL-TR800 PSA, spring con-
stant 0.16N/m, resonance frequency 27kHz ,tip radius
20nm). The cantilevers were incubated in 2% tenside-
solution for at least 20 min and rinsed extensively with
water before mounting into the fluid cell. To avoid
thermal bending of the cantilever and thus to ascer-
tain a constant imaging force, the experiments were
started about 1.5 hrs after setting up all components

for thermal equilibration.

Prior to the scanning process the photo detector
response was calibrated by a force distance curve on
bare mica surface following the instructions given by
the manufacturer of the instrument. The quality of
each tip was tested by scanning images of the bare
mica surface with atomic or lattice resolution. All
data were acquired in contact mode or with oscillat-

TM*) " The scan speed

ing cantilever (‘tapping-mode
was selected to 1-50pum/s in order to avoid a sig-
nificant lateral drift between sample holder and can-
tilever. The parameters of the z-controller were set to
‘constant-force-mode’, to maintain an imaging force
well below 1nN in contact mode. In tapping-mode,
the oscillation frequency was set to the eigenfrequency
of the cantilever. The set point of the oscillation am-
plitude was tuned to 70% to 90% of the free oscillation
amplitude, to minimise image distortion by the scan-

ning process and to obtain stable imaging conditions.
D. Off-line processing

Topographical data were corrected by the error
signal, to rule out topographical artefacts due to time
delays of the feedback loop. The error signal was
calibrated with the sensitivity of the photo detector
response which was obtained from force calibration

curves on bare mica (see above).

Effects of scan axis coupling and slow thermal
drift on the topographical data in z direction were cor-
rected by applying the ‘plane fit’ algorithm of the in-
struments image processing software. In order to im-
prove the evidence for the presence of individual vac-
uolar Ht-ATPase molecules, high resolution images
of the vacuolar membrane were analysed with a corre-
lation template matching algorithm. The calculated
correlation map indicates positions with high spatial
similarity to the modelled vacuolar Ht-ATPase. The

numerical correlation analysis was conducted with the
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visualisation package AVS on a SGI Onyx graphic
workstation and visualised by AVS/Express.

E. Estimation of the Tip Radius

The true radius of the scanning tip is an essen-
tial parameter for the geometrical estimation of the
topography. In order to consider the specific experi-
mental conditions, the tip radius was estimated from

data of the respective series of experiments. Since
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within the presented experiments, membrane sheets
were imaged, the height profiles of membrane patches
The
tip broadening effect caused the border of the im-

were used to estimate the actual tip radius.

aged membrane patch to be ‘smeared out’ laterally.
This effect can be simulated geometrically as illus-
trated in Fig.1(a).
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Fig.1. (a) One dimensional simulation of the tip broadening effect at the rim of a membrane adsorbed to

mica. frp(z) represents the surface profile of an adsorbed membrane, fs(z) represents the tip profile and

Ts(z) shows schematically the generated actual profile including the tip broadening effect. (b) Example of

topography obtained in contact mode of the boundary region of a vacuolar membrane sheet. The black bar

indicates the section of the scan line, which was taken to simulate the recorded height profile by Ts(z). (c)
Both the recorded height profile and the best fit for T5(z) are presented. The fit of Ts(z) gives an estimate
of fs(z) and therefrom the tip radius could be derived.

F. Correlation template matching

The one dimensional height profile of the mem-

tion of the horizontal parameter x with a radius Rp

estimated to be 3 times larger than the thickness of a

. ] . bilayer hy,:
brane boundary fr(z) is described as a circular func-
hy, z <0
fr(z) = VR — 22— (Rg — hy) z>0 and z < \/R]%f(RthL)Z (1)
0 otherwise

The tip is described as a cone with spherical tip:

cot(a)(z — xg) — Rg sin(a)

—cot(a)(z + xg) — Rg sin(a)

T €] — 00, zg]
z €] — x5, 25|

z € [rg, 0]
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a denotes the opening angle of the cone. zg defines

the transition point between sphere and cone:

zs = Rg cos(a) (3)
The simulated topography can be calculated by:

Ts(x) = max{z'|fs(a' — ) - fr(a')} (4)

The output of the simulation yields a two-
dimensional curve resembling the height profile of a
membrane boundary which was broadened by the fi-
nite tip radius (Fig.1(c)). The actual value of the tip
radius was estimated by variation of the tip radius
in the simulation until the deviation of the simulated

curve to the experimental cross section was minimal.

max,
Zz,y (b3?+$07y+y0

Correlation template matching is an image pro-
cessing method, which was derived from a relation of
statistical mathematics, describing the statistical de-
pendence of two variables. The latter is known as
correlation coefficient. Applied to image processing,
the correlation coefficient describes the spatial simi-
larity between two images. The correlation coefficient
ranges from —1 to 1, where 0 means no similarity,
-1 indicates, that the compared images are inverted
and +1, that the images are identical. If special im-
age features have to be recognised, a ‘template’ image
representing the feature of interest is ‘convolved’ with
the image. For this algorithm, the correlation coeffi-
cient between the template image and each ‘window’
of the original image of comparable size is calculated.

With the two-dimensional correlation coefficient:(20]

- Bzo,yo)(say —3)

¥(wo,y0) =
{

a map is obtained describing the spatial similarity be-
tween the template topography (s,,,) and the rectan-
gular detail of the original image (bytao.y+yo)- (o,
yo) denotes the variable offset of the latter within the
original image. Egco,yo gives the average topographi-
cal height of the rectangular detail as function of (z,
Yo). s gives the average height of the template. max;
describes the maximum number of pixel per row (re-
spectively per column) of the template. High values
of v(zo, yo) indicate those coordinates (zq, yo), where

the template matches the original image.

If this method is applied to the recorded image,
an appropriate template has to be acquired. We used
a template image which was generated from a model of
the cytoplasmic part of the vacuolar H*-ATPase.2!]
Since the resolution of the recorded images was not
sufficient to identify subunits of membrane proteins,
the template was numerically generated by a simple
one-dimensional simulation of the scan procedure of
the head and stalk of the vacuolar HT-ATPase. The
latter was modelled as a box function with a height of
14nm and a width of 10nm. The derived one dimen-
sional profile of the head included the height given by
the stalk and the broadening effect due to the finite
radius of the tip. The profile was extended to two di-
mensions assuming a rotational symmetry of the head
and the tip. Finally, the template was resampled ac-

cording to the resolution of the original image.

ZZZIS (ba:+:co7y+y0 - Emo,yo )2} { Z;’t;ws (Sa:,y - E)Z}

. RESULTS

A. Membrane topography at micrometer scale

After isolation of vacuoles from barley leaves,
a drop of vacuole suspension was placed on freshly
cleaved mica and incubated for 1 to 14h. Figure
2 shows a representative topography at micrometer

scale, which was measured in tapping mode.

SO[J.IH-

Height scale

Fig.2. Topography of single vacuolar membranes ad-
sorbed to mica. Different membrane areas can be
clearly distinguished as described in section Results.
The scan was acquired in tapping mode with a driv-
ing frequency of 31 kHz. The amplitude set point was
adjusted to about 80% of the free oscillation ampli-
tude. 256 lines with 512 samples/line were scanned at

a rate of about 1 scan line/s.
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Adsorbed and spread vacuoles can be identified.
Adsorbed membrane areas can be easily discrimi-
nated. A circular central area of lower protrusion
density compared to that of the surrounding inter-
mediate area is visible. Finally, a circular area with
numerous radial oriented clefts surrounds the inter-
mediate area and forms the rim or peripheral area of
adsorbed vacuoles. The figure indicates that the pe-
ripheral membrane became fragmented to membrane
lobes by a folding process during the adsorption pro-
cess and is piled up to a second membrane layer.

In the following, height profiles of adsorbed vac-
uoles will be used to elucidate the orientation of
the adsorbed membrane at the outer boundary. For
the height difference between the surface of the frag-
mented membrane lobes of the peripheral area and the
intermediate surface area a value of 8.0+£0.6nm was
determined. Corresponding height profiles in both ar-
eas show that the majority of protrusions has a height
between 4nm and 12nm. Some protrusions have a
height between 13nm and 15nm. Only a few protru-

sions heigher than 16nm could be observed (see also

1500nm

40nm

Height scale

Figs.3, 4).

As outlined in the discussion part, the data give
evidence that the topography of the upper layer of the
peripheral area exposes the extra vacuolar or cytoplas-
mic membrane surface. Following this suggestion we
tried to identify the vacuolar HT-ATPase by exploring
the height and topography of the cytoplasmic oriented
head group.

B. Identification of the extravacuolar head of

the vacuolar Ht-ATPase molecule

Without further fixation the fragmented upper
layer at the peripheral area was imaged in contact
and tapping mode. The recordings were performed in
buffer conditions, which maintain the enzymatic ac-
It turned out that

for images at high resolution with low sample distor-

tivity of vacuolar Ht-ATPases .

tions, used tips yielded the best results. The tip radii
R were estimated to be in the order of 100nm. This
size is in accordance with models of a tip sample in-
teraction, which indicate that a sharp tip (R <10nm)

does not necessarily provide highest resolution.!?
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Fig.3. (a) Image of a membrane fragment at the peripheral area in contact mode. Some protrusions have a height of about

14nm above the membrane surface. (b) Plot of the correlation coefficient of a template generated from the cytoplasmic

part of the vacuolar Ht-ATPase with the data shown in (a). Yellow spots indicate a correlation coefficient larger than 0.7

and red spots of above 0.8. Protrusions with geometrical heights in the order of 14nm correspond to a high correlation

coefficient. Image (a) consists of 512 scan lines acquired with a scan rate of 6 lines/s. The imaging force was adjusted to

about 0.5nN. (c) Height profile along a selected scan line as indicated in (a).
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Fig.4. (a) Image of a membrane fragment at the peripheral area in tapping mode. (b) plot of the correlation

coefficient. Yellow spots indicate a correlation coefficient larger than 0.7 and red spots of more than 0.8. Correlation

coefficients and protrusion heights appear to be lower than those obtained in contact mode (compare with Fig.3),

(c) Height profile along the scan line indicated in (a). In tapping mode the cantilever oscillated with an amplitude

of about 100nm and the damped amplitude was 90% of the free oscillation amplitude.

Figures 3(a) and 4(a) show high resolution im-
ages of a fragmented membrane lobe in contact mode.

Randomly distributed protrusions are visible.

From the corresponding topography profile height
values of 13nm to 14nm were found for some protru-
sions (see Fig.3(c¢) and Fig.4(c). In comparison, the
image recorded in tapping mode (Fig.4(a)) appeared
to be less distorted by the tip sample interaction (com-
pare to Fig.3(a)). In tapping mode a higher resolu-
tion could be achieved, i.e. the smallest distinguish-
able protrusions were about 20% smaller in diameter
in contact mode than in tapping mode. However the
height of protrusions in the order of 14nm appeared to
be about 1nm smaller than in contact mode. But for
both imaging modes the apparent diameter of those

protrusions was about 200nm.

In order to support the assumption that protru-
sions with a height of 13nm to 14nm represent cyto-
plasmic oriented heads of the vacuolar HT-ATPase,
a correlation template matching algorithm was ap-
plied. For application of this algorithm the images
of Fig.3(a) and Fig.4(a) were matched with a mod-

elled image of the extra vacuolar head of vacuolar

HT-ATPases.[!8] The result is presented as two dimen-
sional map of a correlation coefficient y(z,y). Regions
of high correlation are colored yellow (y(z,y) >0.7)
and red (y(z,y) >0.8). Figures 3(b) and 4(b) indicate,
that protrusions with a geometrical height of about
13nm to 14nm are related to a correlation coefficient
above 0.7.

IvV. DISCUSSION

The present work introduces mica supported vac-
uoles of barley leaves as a promising system to analyse
the extravacuolar topography of individual randomly
distributed membrane proteins by atomic force mi-
croscopy in their native environment.

In the following the adsorption process and the
orientation of the adsorbed vacuolar membrane is dis-
cussed. Since vacuoles are free of cytoskeletal struc-
tures, they resemble giant lipid vesicles or liposomes.
Therefore the observed adsorption process can be de-
scribed in terms of models applied for vesicle adhesion
and consecutive bilayer formation.[22=30]

At the peripheral area, membrane sheets are vis-

ible, which do not adsorb to the mica surface, but
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form a second layer on top of the underlying mem-
brane sheet. This finding is supported by the mea-
sured height profile and has not been observed for
vesicles or liposomes. We suggest, that the membrane
lobes of the peripheral area expose the extravacuolar
face to the scanning tip.

Images at molecular resolution

The aim of this work was to acquire images of
the vacuolar HT-ATPase in situ. As outlined above,
the membrane fragments seen at the borderline of the
adsorbed vacuoles provide access to the extravacuolar
side of the membrane. For an identification of vacuo-
lar HY-ATPase three molecular parameters are con-
sidered which are already known from electron micro-
graphs of negatively stained or freeze fractured sur-
faces of vacuolar membranes.['®] The parameters are
the height and diameter of the head and stalk struc-
ture of vacuolar HT-ATPase pointing out of the mem-
brane. Protrusions with heights between 12nm and
15nm were found in tapping mode (see Fig.4(a)) and
It should be noted

that in contact mode height values can be consid-

in contact mode (see Fig.3(a)).

ered as unbiased. The observed values are in reason-
able agreement with the corresponding value of about

14nm derived by electron microscopy.2!!

However, the
apparent diameter of about 200nm for these protru-

sions appears to be significantly larger than the ex-

pected value of about 20nm. The discrepancy can be
explained by the influence of the tip broadening effect
in AFM-images.!?! The effect depends on both the ra-
dius and height of the imaged structure. An estimate
of the tip radius yields a value in the order of 100nm.
Using this tip radius and a function which describes
the cytoplasmic part (head and stalk) of the vacuolar
HT-ATPase a template can be generated. By appli-
cation of the template matching algorithm correlation
coefficients above 0.7 were calculated for protrusions
with a height of about 14nm. This finding gives evi-
dence for the presence of vacuolar HT-ATPase in the
peripheral membrane area of AFM-images. Further-
more, considering the diameter of the pronounced pro-
trusions, it has to be expected that the lateral mobility
of the protein head affects the derived diameter. Since
the head is connected by a flexible stalk to the inte-
gral membrane subunits, it could be moved or swerved
by the scanning tip, thus enlarging the expected lat-
eral dimensions. The data indicate the possibility, to
identify individual membrane proteins like the vacuo-
lar HY-ATPase with the knowledge of a corresponding

template.
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