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Imaging the Electrostatic Potential of Transmembrane Channels: Atomic
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ABSTRACT The atomic force microscope (AFM) was used to image native OmpF porin and to detect the electrostatic
potential generated by the protein. To this end the OmpF porin trimers from Escherichia coli was reproducibly imaged at a
lateral resolution of ~0.5 nm and a vertical resolution of ~0.1 nm at variable electrolyte concentrations of the buffer solution.
At low electrolyte concentrations the charged AFM probe not only contoured structural details of the membrane protein
surface but also interacted with local electrostatic potentials. Differences measured between topographs recorded at variable
ionic strength allowed mapping of the electrostatic potential of OmpF porin. The potential map acquired by AFM showed
qualitative agreement with continuum electrostatic calculations based on the atomic OmpF porin embedded in a lipid bilayer
at the same electrolyte concentrations. Numerical simulations of the experimental conditions showed the measurements to
be reproduced quantitatively when the AFM probe was included in the calculations. This method opens a novel avenue to
determine the electrostatic potential of native protein surfaces at a lateral resolution better than 1 nm and a vertical resolution

of ~0.1 nm.

INTRODUCTION

Local electrostatic properties play a central rolein avariety
of biological processes. A detailed characterization of the
structure and function of biological systems requires an
understanding of the strength and location of their electro-
static interactions (Honig and Nicholls, 1995; McLaughlin,
1989; Nakamara, 1996; Sharp and Honig, 1990). Trans-
membrane channels require ion selectivity to maintain the
electrostatic gradient across a cell membrane. Theoretical
calculations predicted (Im et a., 2000; Roux and MacKin-
non, 1999) that this selectivity is likely to involve electro-
static potentials established within the protein structure
(Roux et a., 2000; Schirmer and Phale, 1999). However,
direct measurements of the electrostatic properties of pro-
teins at a sufficient spatial resolution allowing the compar-
ison with theoretical calculations have not been available
yet.

The atomic force microscope (AFM) (Binnig et al., 1986)
allows surfaces of biological samples to be imaged in lig-
uids (Drakeet al., 1989). As demonstrated on various native
protein assemblies, the resolution of AFM topographs can
be better than 1 nm enabling substructures of individual
proteins to be identified (Czajkowsky et al., 1999; Engel
and Mdller, 2000). Because single proteins can exhibit
individual structural deviations, common structural features
among similar proteins are obtained by averaging tech-

Submitted September 14, 2001, and accepted for publication November 14,
2001.

Address reprint requests to Daniel J. Mller, PhD, Max-Planck-Institute of
Molecular Cell Biology and Genetics, Pfotenhauerstr. 108, D-01307
Dresden, Germany. Tel.: 49-351-210-2586; Fax: 49-351-210-2020; E-
mail: mueller@mpi-cbg.de.

© 2002 by the Biophysica Society

0006-3495/02/03/1667/10  $2.00

niques (Muller et al., 1998; Schabert and Engel, 1994).
Standard deviation (SD) maps of averaged topographs show
enhanced values at variable protein domains, allowing their
identification. The conformations of such variable substruc-
tures can be further unraveled by the classification of AFM
topographs (Engel and Muller, 2000; Mller et al., 1998).

The AFM probe can aso be used as a sensor to probe
charges of biological surfaces immersed in buffer solution
(Butt et al., 1995). Here, the electrostatic double-layer
(EDL) force (Israelachvili, 1991) interacting between the
charged probe and charged regions of the biological sample
can contribute significantly to the AFM topograph recorded
(Muller and Engel, 1997; Rotsch and Radmacher, 1997) and
can be tuned by the electrolyte concentration and the pH of
the buffer solution. The DLV O theory describes the expo-
nential decay of the EDL force as a function of the surface
separation (Israelachvili, 1991). Whereas AFM probes have
been used to measure the average surface charges from
force-separation curves (Butt, 1991; Ducker et al., 1991),
surface charge maps have been obtained at 40-nm lateral
resolution by recording force-separation curves at each
pixel of the sampled surface (Heinz and Hoh, 1999; Rotsch
and Radmacher, 1997).

In this work we used AFM to image transmembrane
channels of native proteins and to map their electrostatic
potential. To this end, high-resolution AFM topographs of
OmpF porin were recorded under variable electrostatic con-
ditions, and the electrostatic potential of the protein channel
was decomposed by subtracting topographs recorded at
different electrostatic contributions. As an example we have
chosen the transmembrane channel-forming protein OmpF
porin located in the outer membrane of Escherichia coli.
OmpF porin exists as stable trimeric structures, and the
340-amino acids-long polypeptide of the OmpF monomer is
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folded into 16 antiparallel B-strands that form a large hol-
low transmembrane B-barrel structure (Cowan et al., 1992).
An infolding loop forms the eyelet of each barrel constrict-
ing the passage of ions and of hydrophilic solutes up to an
exclusion size of ~600 kDa (Nikaido and Saier, 1992;
Schirmer, 1998). Translocation rate of the pore and solute
concentration gradient across the membrane show a linear
relation. The ion selectivity of the pore, however, increases
with decreasing electrolyte concentration (Schirmer and
Phale, 1999). This selectivity is atered by modification of
the charged amino acids of the pore lining (Saint et a.,
1996a), which are thought to produce a characteristic elec-
tric field at the pore constriction (Cowan et al., 1992; Weiss
et a., 1991). Hence, it has been suggested that the charges
of the porin constriction primarily modulate the pore selec-
tivity (Klebba and Newton, 1998; Schirmer, 1998). How-
ever, the electrostatic potential at the entrance of the OmpF
porin channel was not explored in these calculations.

MATERIALS AND METHODS
Sample preparation

OmpF porin trimers from E. coli strain BZ1110/PMY 222 (Hoenger et al.,
1993) were purified and reconstituted in presence of dimyristoyl phosphati-
dylcholine and lipopolysaccharides as described (Hoenger et a., 1990).
The protein crystals were adsorbed to freshly cleaved mica (Muller et al.,
1997), and the sample was mounted on the piezoelectric scanner of the
AFM (Nanoscope 11, Digita Instruments, Santa Barbara, CA) equipped
with aliquid cell. Cantilevers used had nominal force constants of 0.09 or
0.02 N/m and oxide-sharpened SizN, probes (Olympus Ltd., Tokyo, Ja
pan). The piezoel ectric scanner of the AFM (scan range of 100 X 100 um?)
was calibrated (Mller and Engel, 1997).

AFM imaging

All topographs were recorded using the constant force mode as described
(Mller et al., 1999). We investigated only double-layered OmpF porin
membranes, facing both extracellular surfaces toward each other. Thus, the
periplasmic porin surface imaged by AFM was separated to the supporting
mica surface by an intermediate porin layer (Schabert et a., 1995). These
sandwiched protein layers minimized possible electrostatic influences of
the support. It may be considered that the surface charge density of mica
(—0.0025 C/m?) (Pashley, 1981) is ~24 times smaller than that detected on
the periplasmic porin surface (—0.06 C/m?) (Miiller and Engel, 1997).
At KCl concentrations =300 mM EDL forces (Israglachvili, 1991)
contribute to repulsive interactions between Si;N, probe and periplasmic
OmpF porin surface (Muller and Engel, 1997; Mdller et a., 1999). De-
creasing of the electrolyte concentration resulted in an increased EDL
repulsion (Muller and Engel, 1997). In this case, submolecular resolution
was only obtained after enhancing the applied force carefully until protein
substructures became visible. Because of the EDL interaction compensated
most of the applied force, the net force interacting between AFM probe and
protein was equal to the net force when imaged at 300 mM KClI. A criterion
for the minimization of the net force was the protein structure, which was
not deformed by the imaging process. In summary, all topographs were
recorded at applied forces slightly above (AF = 25 pN) those of the EDL
repulsion. Fine-tuning of the applied force was adjusted comparing the
height profiles acquired simultaneously in trace and retrace direction until
the deformation of the sample (Weisenhorn et a., 1993) disappeared.

Biophysical Journal 82(3) 1667-1676

Philippsen et al.

Image processing of the raw data was done as previously described (Muller
et a., 1998; Schabert and Engel, 1994).

Theoretical considerations

In the constant force mode, the AFM measured displacements represent the
relative position of the probe at which the applied externa force F, is
exactly counterbalanced by (F ), the time-averaged microscopic molec-
ular forces acting between probe and OmpF, i.e., the displacement of the
probe corresponds to the condition F, = (F.). It can be shown that
(Fmo €an be expressed as the derivative of a reversible work function
G(Ryp) (Kirkwood 1934)

aG(R;p)

F = —
< mol> F) Ztip
inwhich Z;;, is the direction perpendicular to the membrane plane. In fact,
G(Ry;p) corresponds to the free energy of the system with the probe a a
fixed position Ry, relative to OmpF porin. This free energy, which
includes contributions from the influence of the aqueous solvent and the
electric double layer from the electrolyte, as well as various nonpolar
interactions, can be written as (Roux and Simonson, 1999)

G(Rtip) = an(Rtip) + Gelec(Rtip)

Because we are mostly concerned with the dependence of the long-range
electrostatic contribution, Gy, Upon variations of the salt concentration,
the nonpolar contribution, G,,,, which is expected to be short-range, will be
ignored in the following. Assuming that the solvent and electrolyte are
described according to macroscopic continuum electrostatics, Gy iSgiven
by (Madura et al., 1995; Roux and Simonson, 1999)

1
Gaec = 2 IE aip(i)

in which g; is the charge of the i-th atom in the system, and &(i) is the
electrostatic potential at the position of the i-th atom in the system calcu-
lated from the Poisson-Boltzmann (PB) equation (Im and Roux, 1998;
Madura et al., 1995)

V- (e(r)Ve(r)) + &*(r)o(r) = 4mp(r)

in which €(r) is the space-dependent dielectric constant, &(r) is the
Debye-Hiickel ionic screening factor, and p(r) is the charge density of the
molecular species being considered. All atomic details about OmpF and the
AFM probe can be incorporated in the PB equation via the space-depen-
dent functions €(r), ®(r), and p(r).

If it is assumed that the probe interior is exactly the same as the
surrounding solution in terms of a dielectric constant and salt concentration
(Approach A), the electrostatic forces are given by F = gE in which E
represents the electrostatic field generated by OmpF. In a redistic treat-
ment of the physical probe (Approach B), other contributions to the force
arising from the low dielectric constant of the probe have to be included.

Electrostatic potential calculation

The electrostatic calculations are based on the atomic structure of OmpF
(20MF) (Cowan et al., 1992). The atomic coordinates were transformed
such that the molecular threefold axis of the central trimer coincided with
the zaxis (with positive z toward the periplasmic side) and the center of the
molecule was at the origin. The protein charges were set according to the
CHARMM parameter set (MacKerell et al., 1998), with the net charges of
E296 and D312 set to zero according to theoretical pKa calculations
(Karshikoff et al., 1994). However, the three arginines in the cluster R42,
R82, and R132 were treated charged as discussed before (Schirmer and
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Phale, 1999). The bulk solution and the membrane were approximated as
continuous media (for details see below). Optimized Born radii for proteins
were used to setup the solvent-protein dielectric boundary (Nina et a.,
1997). A Debye-Hiickel screening factor corresponding to 300, 100, or 50
mM salt concentrations was assigned to the ion-accessible region.

Approach A

Seven OmpF trimers were embedded into a membrane bilayer and ar-
ranged according to the rectangular lattice (P2, a = 7.6 nm, b = 13.5 nm)
of the two-dimensiona OmpF crystals investigated experimentally. The
sidechains of K10, E183, and K305 at the periplasmic side are not defined
in the x-ray structure (see also Fig. 2). These residues were structuraly
included as follows: All stereochemically accessible side-chain conforma-
tions were generated by systematic variation of their side-chain dihedrals.
From this ensemble, the mean position of the side-chain amino group or the
two carboxyl oxygens were determined. The three residues were truncated
to alanine, and a point charge was placed at the appropriate mean position.

The linearized PB equation was solved using UHBD (Madura et a.,
1995) on a 281 X 281 X 101 grid with a 0.1-nm grid spacing. Externally
generated dielectric constant (epsilon) grids were used: An epsilon of 4 was
assigned to grid positions within the protein (distance of the nearest protein
atom < (protein atom radius + 0.15 nm)/2). The membrane was modeled
by assigning e = 40 to the presumed position of the lipid head-groups
(-14mMm<z< -04nmand 1.4nm < z< 1.9nm) and an € = 2 to the
membrane core. The dielectric constant of the transmembrane pore and of
the surrounding agueous solution was set to 80. From the calculated
electrostatic potential, the force at each grid point was simply calculated
following F = gE in which E represents the derivative of the electrostatic
potential taken numerically.

The program used to generate the external epsilon grid was developed
by A.P. and is available upon request. Data interpretation and visualization
(see Figs. 2, 4, and 5) were done using DINO (http://www.dino3d.org).
Molecular surfaces were calculated with MSMS (Sanner et a., 1996).

Approach B

The AFM probe was modeled as a sphere of 1-nm radius, whereas the
OmpF trimer was represented with all atomic details. A single OmpF
trimer with its symmetry axis oriented along the z axis was embedded in a
3.4-nm-thick ion-impermeable planar membrane. A dielectric constant of
80 was assumed for the bulk solvent region including the aqueous pore
region of OmpF, whereas a dielectric constant of 2 was used for the interior
of the protein and membrane regions as well as the interior of the AFM
probe. Anion exclusion Stern layer of 0.18 nm was used to set the spatial
dependence of the ionic screening factor. For each position of the probe,
the electrostatic energy was first calculated by solving the PB equation
with a coarse grid (101 X 101 X 181 grid with a spacing of 0.1 nm)
centered on the OmpF trimer. Periodic boundary conditions were imposed
in the direction of the membrane plane. The result of the coarse calculation
was then used to set the boundary conditions on the edge of a smaller box
to perform a second calculation using a finer grid (with a spacing of 0.05
nm) centered on the periplasmic side of OmpF. Finally, the electrostatic
forces were calculated by taking the first derivatives of Gy, nUMerically.
All calculations were performed using the PBEQ module in CHARMM.

RESULTS

AFM topographs recorded at different
electrolyte concentrations

In previous studies of two-dimensional OmpF porin crystals
we have optimized the conditions to image the porin sur-
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faces at subnanometer resolution by AFM (Muller et a.,
1999). Topographs of the periplasmic OmpF porin surface
recorded in 300 mM KCl, pH 7.8, 10 mM Tris-HCl revealed
trimeric domains that protruded by 0.6 = 0.1 nm (n = 92)
from the lipid bilayer surface (Fig. 1 A). At aforce of ~25
pN applied between AFM probe and protein (see Materials
and Methods) each trimer compromises a tripartite protru-
sion and three transmembrane channels that are separated
by 1.2-nm-thick walls. The outlined circle and ellipse sur-
round individual polypeptide loops between 2 and 5 amino
acids size, each loop connecting two antiparallel B-strands
lining the transmembrane pore. Correlation averaging of the
porin trimer enhanced common structural details among
individual trimers (Fig. 1 B) but blurred variable areas of
their subdomains (compare with trimers shown in raw data,
Fig. 1 A). Nevertheless, the characteristic shape of the
averaged transmembrane channel appeared more pro-
nounced showing an elliptical cross-section of a = 3.4 nm
and b = 2.0 nm. Comparison with the SD map (Fig. 1 C)
allows direct assignment of variable structural regions of the
native protein (Fig. 1 D) (Muller et a., 1998).

Fig. 1, E and H show the periplasmic surface of the same
OmpF crystal as imaged in Fig. 1 A but recorded after the
electrolyte concentration of the buffer solution (pH 7.8, 10
mM Tris-HCI) has been decreased from 300 to 100 mM
KCI (Fig. 1 E) and to 50 mM KCI (Fig. 1 H). Similar to the
topograph recorded under 300 mM KCI (Fig. 1 A) the
tripartite protrusions surrounding the trimeric center were
clearly visible and extended by 0.6 = 0.1 nm from the
bilayer surface. Again, correlation averaging enhanced the
common structural details of the trimers (Fig. 1, F and I)
and the SD maps (Fig. 1, G and J) allowed structural areas
of enhanced variability to be assigned. As expected, the
structural variability of OmpF remained mainly unaffected
by the electrolyte concentrations (Fig. 1, C, G, and J).

Comparison of AFM topographs and
atomic structure

Asvisible from the topographs (Fig. 1), single OmpF porins
were imaged at a sufficient resolution to visualize short
polypeptide B-turns connecting transmembrane gB-strands.
To reveal the accuracy of the porin trimer recorded at 300
mM KCI, we superimposed its correlation average and SD
map with the atomic porin model in three dimensions (Fig.
2). The AFM topography shows excellent agreement to
structural data from x-ray crystallography (Schabert et al.,
1995). Interestingly, the SD map of the porin surface (blue
shaded in lower right pore) exhibited enhanced values (vari-
ability) close to residue K305, which is found disordered in
the x-ray structure. The other two disordered sidechains at
the periplasmic surface (K10 and E183) were not observed
in the SD map. These two residues may not have been
sensed by the AFM probe, because they do not reach the
topographic surface. This agreement of structure and vari-
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FIGURE 1 Periplasmic surface of OmpF porin recorded in buffer solution (pH 7.8, 10 mM Tris-HCI) at different electrolyte concentrations. (A) AFM
topograph as revealed in 300 mK KCI. Single porin trimers forming rectangular unit cells (a = 13.5 nm, b = 8.2 nm as outlined) of the two-dimensional
crystal were clearly visible. Circle and ellipse indicate short p-strand-connecting turns observed on individual porin monomers (comp. Fig. 2). The
topograph was recorded at a scan frequency of 8 Hz. (B) Three-fold symmetrized correlation averaged porin trimer (n = 247) revealed from (A). (C) The
standard deviation (SD) map of (B) had a vertical range from 0.05 to 0.23 nm. (D) To assess variable structural regions, average and SD maps were
superimposed. (E) Topography recorded in 100 mM KCI. (F) Three-fold symmetrized correlation averaged porin trimer (n = 217) as revealed from (E).
(G) SD map of (E) exhibiting a vertical range from 0.04 to 0.21 nm. (H) Topography recorded in 50 mM KCI. (1) Three-fold symmetrized correlation
averaged porin trimer (n = 309) as revealed from (H). (J) SD map of (1) exhibiting a vertical range from 0.07 to 0.23 nm. All topographs were recorded
on the same OmpF crystal with identical imaging parameters except the applied force, which was enhanced to compensate for the electrostatic repulsion
(see Materials and Methods). The vertical brightness range of (A), (B), (E), (F), (H), and (I) corresponds to 1.5 nm. (A), (E) and (H) were displayed in
perspective view.

ability of the porin surface determined by both structura
methods is remarkable, considering that the information
was obtained under different conditions (i.e., detergent ver-
sus lipid membrane, three-dimensional stacking of porin
surfaces versus porin surfaces exposed to buffer solution).

that the topographic differences reflect the change in elec-
trostatic potential with the repulsive force on the AFM
probe increasing with decreasing electrolyte concentration.

Simulating the experiment

The electrostatic potential of OmpF and the resulting force
acting on the AFM probe were calculated from a numerical
solution of the linearized PB equation using two approaches
(A and B) that differ markedly in their treatment of the

Visualizing electrostatic contributions of the
transmembrane pore

To visualize local €lectrostatic interactions between AFM

probe and the electrostatic field of porin OmpF we calcu-
lated difference maps between the averaged topographs
recorded under variable electrolyte concentrations (Fig. 1).
The difference map (Fig. 3) exhibited pronounced maxima
located at the elliptical entrance of the channels. The height
differences of these maxima were 0.3 = 0.1 nm and 0.5 =
0.1 nm for an electrolyte difference of 200 and of 250 mM
KCI, respectively. Because we can exclude structural
changes of the rigid pore-forming structures we conclude
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AFM probe. In particular only approach B explicitly incor-
porates a model of the probe into the solution of the PB
equation.

Approach A

Mimicking the crystalline arrangement investigated, the
electrostatic potential of seven symmetrically arranged
OmpF trimers embedded into a lipid bilayer was calcul ated
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FIGURE 2 Comparing the periplasmic surface of OmpF porin determined by AFM and by x-ray nalysis. The AFM surface (yellow contour plot)
represents the correlation average calculated from the topograph recorded at 300 mM KCI (Fig. 1 B). The underlying molecular surface derived from the
crystal structureis color coded according to the crystallographic temperature factors: (white) below 60; (white to yellow) from 60 to 70; (yellow to red) from
70 to 80; and (red) above 80. The three undefined (red) sidechains are K10, E183, and K305, of which only K305 is not consistent with the AFM topograph
as it protrudes through the topograph and, therefore, directly interacts with the AFM probe. Superimposed onto the lower right pore is the SD map of the

correlation average (Fig. 1 C) with blue indicating region of height variability

(Schirmer and Phale, 1999). From the resulting potential,
the electrostatic force acting on a point charge was calcu-
lated for each grid point. The electrostatic potential as well
as the z-component of the force are displayed in Fig. 4 for
50 and 300 mM monovalent ion concentrations (100 mM
ion concentration giving an intermediate result is not
shown). As expected, at high salt concentration the electro-
static potential is effectively shielded by the electrolyte. At
low salt concentration, the predominantly negative potential
extends asymmetrically into the periplasmic space: It is
prominent at the outer rim of the transmembrane pore and
decreases toward the pore center exhibiting a small positive
contribution above the central ridge. Because theoretical
calculations published before have mainly focused on the
potential inside the channel (Dutzler et a., 1999; Schirmer
and Phale, 1999), this phenomenon was not found previ-
ously. The isoforce surfaces are contoured at two values:
Theisosurface at —25 pN represents the approximate force
applied during the constant force AFM mode, but cannot
explain the observed height difference of 0.5 nm. The
isosurface at —5 pN represents the value necessary for a
0.5-nm height difference between the two isosurfaces.

Approach B

Here, the AFM probe was modeled explicitly as a low-
dielectric sphere of 1-nm radius. The PB equation was
solved for every given position of the probe to calculate the
free energy of the system and the resulting force derived
numerically (Fig. 5). Two positions of the probe were
considered for illustrative purposes: the region with the

largest displacement near the center of the agueous pore
(Fig. 5 B) and aregion with small displacement at the center
of the trimer (Fig. 5 A). An external applied force of ~25
pN was assumed. It is observed that the average micro-
scopic force is counterbalanced at positions changing by
~0.3 and 0.5 nm when the salt concentration is varied
respectively from 300 to 100 mM and from 300 to 50 mM.

DISCUSSION

OmpF porin facilitates the diffusion of hydrophilic solutes
across the outer membrane of E. coli. Determination of the
physical factors influencing the transporting behavior of the
transmembrane porin pore will provide information essen-
tial for understanding of its function. One important aspect
of porin is the experimentally observed cation selectivity
increasing reciprocally to the ion concentration of the buffer
solution (Lou et al., 1996; Saint et al., 1996a,b). Here we
have taken afirst step by studying the electrolyte-dependent
electrostatic potential of OmpF experimentally and corre-
lated the results with calculations based on the x-ray struc-
ture.

AFM clearly shows electrostatic potential of the
porin pore

The AFM experiments were performed under identical ex-
perimental conditions, i.e., the same AFM probe, same
membrane, identical pH, and the same force interacting
between probe and OmpF porin (see Materials and Meth-

Biophysical Journal 82(3) 1667-1676
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FIGURE 3 Visualizing the electrostatic potential of OmpF porin. Difference maps between topographs recorded of the periplasmic surface at 100 and
300 mM KCI (A) and at 50 and 300 mM KCI (B). As becomes evident, the main differences between porin trimers recorded at different electrolyte
concentrations are located at the entrances of the transmembrane pore. The color scale shaded from white (highest difference) to red (high difference) to
black (difference <0.05 nm) corresponds to a vertical height of 0.3 nm (A) and of 0.5 nm (B). Lower panels show the superimposition of the averaged

topograph (colored brown-gold) and the electrostatic potential

ods). The only parameter changed during AFM imaging of
the protein surface was the electrolyte concentration itself.
As aresult of this change an additional repulsive force was
observed at the porin pore at low ionic strength. Conforma-
tional changes at the periplasmic pore surface can be ex-
cluded and repulsion of the negatively charged AFM probe
is attributed to a negative electric potentia of the pore that
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is efficiently shielded at higher ionic strength of =300 mM
monovalent electrolyte.

Electrostatic pore potential

The heights of the difference maps are a direct estimate of
the electrostatic force between porin and AFM probe. Low-
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FIGURE 4 Electrodatic potentia and force of the OmpF trimer caculated a different electrolyte concentrations. Series (A) explains the orientation, viewing direction,
dab orientation, and scae used in series (B) and (C). Three perpendicular views are presented: atop view (B/C 1/2) from the periplasmic side onto the OmpF trimer and
two sSide views, one with the trimer axis on the right hand sde (B/C 3/4, indicated with a.cyan line) and one viewing from the axis (B/C 5/6). The color coding is explained
in (A3). Series (B) shows the dectrodtatic potentid a 50 mM (B 1/3/5) and at 300 mM (B 2/4/6) monovaent sat concentration. The topview (B 1/2) uses a multilayered
trangparent dab to convey information within avolume. The dabsin the sdeviews (B 3-6) are given in (A2). The asymmetry of the negative potentiad extending into the
periplasmic spaceisdearly visblein (B3), with astrong contribution on the outer rim of the protein (left) and dmost no contribution close to the trimer axis (perpendicular
cyan line). Series (C) displaysthe iso-force surfaces for the zcomponent of the force acting on a2.51 e unit charge, contoured a —5 pN (light magenta) and —25 pN (dark
magenta), overlayed with a0.1 nm ruler (green). The orientation and ion concentration correponds to series (B), (C 1/3/5) are from 50 mM and (C 2/4/6) from 300 mM
ion concentration. Theiso-force surface corresponding to —25 pN cannot explain the measured height difference of 0.5 nm during the AFM experiment, only alower force
iso-surface can do o, a gpproximately —5 pN (indicated by the two horizonta green lines).

ering the monovalent electrolyte concentration from 300 to ~ whereas lowering the electrolyte concentration from 300 to
100 mM resulted in a height increase of 0.3 nm at the pore, 50 mM resulted in an increase of 0.5 nm. Importantly, the

Biophysical Journal 82(3) 1667-1676
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FIGURE 5 Results from numerical solution to the PB equation with
explicit presence of the AFM probe. Two approaches of the AFM probe
perpendicular to the membrane plane are calculated: (A) aong the trimer
axis and (B) near the center of the transmembrane pore (see insets for
positioning of probe). The z vlaue denotes the probe separation from the
vertical OmpF center (0 A), the force is derived from G4.. At a distance
of ~36 A the probe touches the central protrusion of the porin trimer and
deforms the molecule (A). (B) Aproaching the pore center the probe can
travel further detecting the electric potential. The experimentally applied
forceisindicated with a strippled line. Above the OmpF pore, the average
microscopic force is counterbalanced at positions changing by ~3 and 5 A
when the salt concentration is varied from 300 to 100 mM and from 300 to
50 mM, respectively. As a comparison, the gray line indicates the force at
50 mM salt without including the probe into the calculation. The results
were calculated using Approach B (see Material and Methods)

SD (Fig. 1) and the electrostatic (Fig. 3) maps exhibited
maxima at different locations and, thus, are independent
from each other. Assuming a probe radii of ~2 nm, which
enables topographs at subnanometer resolution to be
achieved (Engel et al., 1997), a net imaging force of 25 pN
and an average surface charge density of the AFM probe of
—0.032 C/m? (Buitt, 1991) we cal cul ate an electrostatic field
of 6.19 X 10" V/m from the AFM data (using Coulomb’s
law). At amonovalent electrolyte concentration of 100 mM
KClI thisfield strength was reached at a pore depth of 0.5 nm
below the periplasmic bilayer surface, whereas at 50 mM
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KCl the same field strength was reached at a pore depth of
0.3 nm.

Simulating the experiment

Two facts are known from the AFM experiment: the con-
stant force mode operates at ~25 pN and the observed
height difference between the topographs recorded at 50
mM salt and 300 mM salt concentrations is 0.5 nm. In an
attempt to reproduce these values theoretically, the electro-
static potential and the resulting forces were calculated by
two different approaches. These were based on similar
settings, such as using the same atomic coordinates, radii,
and charges (for details, see Materials and Methods). The
two approaches differed markedly in their treatment of the
AFM probe. Approach A did not include the probe at all
during the solution of the PB equation but only a posteriori
by using a point charge of —2.51 e in the force calculation.
Approach B, however, included the probe as a low-dielec-
tric, ion-excluding sphere into the PB equation, solving the
system for every given probe position. Whereas approach A
only requires a single solution of the PB eguation, the
resulting force cannot correlate the experimental forceswith
the measured height difference, as displayed in Fig. 4: The
isoforce surface at —25 pN is marginaly different for the
two ion concentrations, whereas the height difference of 0.5
nm can only be obtained by a contour of ~—5 pN. The
calculated force is thus significantly smaller than the ap-
plied external force and hence Approach A gives a qualita-
tive picture of the electrostatic potential only. By modeling
the probe as a sphere of 1-nm radius, and including it into
the PB eguation in terms of its dielectric constant, its
exclusion of mobile counterions, and its surface charge,
Approach B can overcome this discrepancy. However, the
PB equation must be solved and the electrostatic interaction
energy Gye. between probe and OmpF porin derived for
every given position of the probe (as explained in Materias
and Methods, Approach B). As presented in Fig. 5, the
results of this approach are in quantitative agreement with
the experimental measurements. In contrast, the total mi-
croscopic force is smaller than 10 pN if the physical probe
is not explicitly included in the calculations (the results are
shown only for 50 mM salt concentration yielding the
largest force), which is exactly what was observed for
Approach A. When the physical probe is not included
explicitly, the average microscopic force is ssmply given by
gE, in which q represents the charge of the probe and E the
electrostatic field generated by OmpF. But this expression
neglects the forces arising from the presence of the low
dielectric of the probe near OmpF (Im and Roux, 1998). In
fact, it can be shown that there is a dielectric repulsion even
if the probe does not carry any charge.

The calculations demonstrate that it is essential to include
the AFM probe explicitly to reach a quantitative agreement
with the measured displacements as a function of salt con-
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centration. The agreement between the calculations and the
measured displacements is remarkable and suggests that a
quantitative interpretation of electrostatic maps recorded by
AFM may be possible. This opens the avenue to the direct
measurement of electrostatic fields at the molecular level.

CONCLUSION

AFM can be used to contour surface structure and to probe
electrostatic potential of a native membrane protein at a
resolution < 1 nm. Experimental data and calculations
show OmpF porin to generate an asymmetric electrostatic
potential, which increases with decreasing electrolyte con-
centration. The calculations based on the numerical solution
to the PB equation show that this potential arises from the
charges lining the center of the transmembrane pore. Both
results suggest that the previously detected ion selectivity of
OmpF finds its origin by this electrical potential produced
by the protein. However, whether the observed asymmetry
of the potential is of functional importance remains to be
answered. In future the combination of AFM and theoretical
calculations may be applied to learn about the structure
function relationship of other ion selective channels. The
calculations demonstrate unambiguously that the amount of
electrostatic forces is also determined by local interaction
between AFM probe and the protein. Most interestingly, the
method introduced here is applicable to membrane proteins
aswell as to water-soluble proteins and will allow detecting
and localizing changes in their electrostatic potential.
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