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Imaging Single Enzyme Molecules under In Situ Conditions**

Claudia Baier and Ulrich Stimming*

The electrochemical investigation of redox enzymes has
become a broad field of research because the redox properties
of the enzymes make them candidates for biosensors and
bioelectronic nanodevices.'! The degree of surface coverage,
the surface orientation of the enzymes, that is, the position of
the active site, and the activity of a single enzyme are still a
question of dispute; this data can not be extracted from
integral electrochemical measurements, such as cyclic vol-
tammetry (CV). It has been shown, however, that scanning
probe techniques, especially the electrochemical scanning
tunneling microscopy (EC-STM),>3 can reveal the structure
and reactivity of enzymes down to a single-molecule level,*!
although some experimental problems remain. To avoid any
damage to the protein structure only small tunneling currents
It can be applied. Therefore, scanning electrochemical
potential microscopy (SECPM), a technique which measures
the potential at zero current (/ =0) may be advantageous. The
hardware is similar to an EC-STM, however the tip, is used as
a potential sensor. The potential difference between the tip
and the applied potential at the working electrode is
measured with a high-impedance potential amplifier and
serves as a feedback signal in the x—y scanning mode. In
addition, SECPM also offers the possibility to map the
potential distribution of the interface in the x—z direction, that
is, perpendicular to the electrode surface. According to the
Gouy-Chapman-Stern theory, at the electrode/electrolyte
interface of every electrode there is an electrochemical
double layer (EDL), the potential of which decreases with
the distance from the electrode surface.”’

Woo et al.’l measured the local potential profile of an
Au(111) electrode in 1 mm NaBF, by moving the tip of a
home-built instrument based on a modified EC-STM per-
pendicular to the surface (x—z direction). Hurth et al.l”
performed similar experiments to study the influence of the
surface potential and of the electrolyte concentration on the
double layer profile of a Pt foil in KCl. Corbella et al."”! first
used the constant potential mode of this technique to
investigate the distribution of tungsten in diamond-like
carbon films by imaging the surface in the x—y direction.
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These are the only examples described to date for this
technique.

SECPM appears to be especially suited for the inves-
tigation of organic and biological molecules adsorbed on
electrode surfaces under electrochemical conditions. Herein
we report the use of constant-potential-mode SECPM to
image single enzymes adsorbed on electrode surfaces. Study-
ing enzymes of different size, chemical composition, and
electrochemical properties, we can show that SECPM is able
to image biomolecules under insitu conditions with an
unprecedented resolution. Comparing SECPM images with
EC-STM images indicates that a potentiometric technique,
such as SECPM, may be advantageous for imaging enzymes
at the solid-liquid interface and has the potential to inves-
tigate the dynamic behavior of an enzyme on the surface.

As in all scanning probe techniques the tip preparation
has to be tailored to the specific needs of the technique. The
tip geometry determines the resolution, because the change in
the potential distribution perpendicular and parallel to the
electrode surface is different, the tip should be chosen based
on the scan mode. For the x—z direction a tip with a short
extension Az along the z-axis and for the x—y mapping a sharp
tip (Ax and Ay are small) as in STM are advantageous.

The tip is a metal electrode with an EDL at the solid—
liquid interface. Thus when the tip approaches the electrode
both EDLs will overlap; again the x—z and the x—y mode have
to be distinguished. Moving in the x—z direction towards the
surface, the potential measured at the tip is increasingly
influenced by the overlapping EDLs. With a model of two
overlapping EDLs at identical metals, both following the
Gouy-Chapman theory (dilute electrolyte), it is possible to
deconvolute the potentials and to calculate the EDL at the
electrode surface.']

In the x—y mode, the influences of two overlapping EDLs
can be considered as almost constant throughout the imaging.
In this case it is also possible to deconvolute the potentials.
Further discussions of the tip influence are given in the
Supporting Information.

The iron-storage protein ferritin and the iron-free con-
formation apoferritin have a well defined 3D structure. Both
proteins consist of 24 subunits forming a spherical protein
shell, 12 nm in diameter. Whereas each ferritin can store
about 4500 Fe™ ions (as 8 FeO(OH)-FeO(H,PO;) crystallites)
in a core which has a diameter of up to 8 nm,'? apoferritin
only consists of the hollow protein shell.l'*! Figure 1 shows two
ferritin molecules adsorbed on line defects of an oxidized
highly oriented pyrolytic graphite (HOPG) surface imaged in
10 mm PBS (phosphate buffer solution) in constant-current-
mode EC-STM (Ug;,s=0.1V, I;=0.5 nA; Figure 1 A1) and
constant-potential-mode SECPM (AU =5 mV; Figure 1B1).
Both images show a similar shape of the molecules with a
diameter of 7.5 nm (left enzyme) and 6.9 nm (right enzyme)
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Figure 1. A1) EC-STM image and B1) SECPM image of ferritin on a
HOPG electrode (40 nm x40 nm) with corresponding line scans (A2)
and (B2).
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and a height of 0.5 nm relative to the HOPG flat surface (line
scans in Figure 1 A2, B2). During STM measurements arti-
facts are sometimes observed, probably arising from tip—
electrode interactions, especially when agglomerates of
molecules are imaged. The same electrode area can be
imaged in SECPM mode without any disturbance.
Apoferritin was also examined using SECPM and STM.
SECPM images resolve single molecules (Figure 2A) that
have a diameter of approximately 12nm (Figure 2B),
whereas the investigation by EC-STM completely failed.
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Figure 2. A) SECPM image of apoferritin on a HOPG electrode
(90 nmx90 nm) and B) corresponding line scan.

From these results we assume:

1) With SECPM it is possible to visualize the protein
structure of the hollow apoferritin (diameter 12 nm), the
low image contrast may result from the rather even
potential distribution of the protein;

With STM it is not possible to image apoferritin, probably
because of the low conductivity of the protein polypep-
tide;

With STM and SECPM it is possible to resolve ferritin
molecules with comparable resolution. The measured
diameter, however, is much smaller than that of apoferri-
tin. We assume that the conductivity (STM) and the
potential distribution (SECPM) of the iron atoms inside
the cavity of the ferritin molecule dominate in the imaging

2)

3)
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process at the expense of the properties of the protein
shell.

In contrast to ferritin, the redox enzyme horseradish
peroxidase (HRP) contains only one iron atom which is
located in the active site, the heme group.' Single HRP
molecules were imaged in 10 mm PBS by constant-potential-
mode SECPM (Figure 3A; AU=5mV). All five visible
molecules exhibit an open-loop-shaped structure with mean
dimensions of 54 x 52 x 3.2 A®. The same area was also imaged
in STM (Figure 3B; Ugj,s=0.1 V, I;=0.5 nA). The four bright
spots represent single molecules with dimensions of 43 x 34 x
24 A%

Figure 3. A) SECPM image and B) EC-STM image of HRP on a HOPG
electrode.

Comparing STM and SECPM, the molecules could be
resolved to a much greater extent in SECPM. Furthermore, in
SECPM an additional HRP molecule in the upper part of the
image (Figure 3 A, black circle) can be observed which is not
visible in STM. A poor electrical contact between enzyme and
electrode in STM may inhibit the electron transfer to the tip
and thus prevent imaging of the molecules. Since SECPM
only maps the charge distribution of the molecule no electron
transfer is required.

In addition, the resolution of the STM image is relatively
low, especially the size of the molecules is smaller than that
reported by Zhang et al.*! based on ex situ (62 x43x 12 A?)
and insitu (68x44x40 A’) STM studies performed on
HOPG with I;=0.5-1.2 nA. A possible explanation for this
observation may be again a poor contact of the enzymes with
the substrate possibly impairing the STM image. Further-
more, contributions from tip intrusion into the molecule must
be taken into account. It has to be considered that in STM,
applying a tunneling current of 0.5 nA means that approx-
imately 10°e " s™! flow through the molecule, that is, one
electron per nanosecond. This flow may have a negative effect
not only on the image quality, but also on the protein
structure.

In a 3D representation of the SECPM image (Figure 4 A)
of two molecules the open-loop structure is clearly recogniz-
able. Figure 4B shows the corresponding contour plot of
Figure 4 A. The lines represent constant height slices with a
constant height difference of 0.27 A. From X-ray crystallo-
graphic data it is concluded that the heme is located in a
pocket between the distal and the proximal domain of the
molecule (Figure 4 C).'! Comparing the 3D image and the X-
ray structure it could be suggested that the open-loop seen in
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Figure 4. A) 3D SECPM image of HRP adsorbed on HOPG (expansion
of Figure 3A). B) Contour Plot of (A), 45 nmx45 nm, 10 contours with
0.27 Anm™". C) 3D plot of the X-ray crystal structure of HRP. The
heme is turquoise, the calcium atoms are blue, a-helices are red and
B-sheets are yellow (plotted with PyMOL,"¥ accession code 1w4w from
PDB.'"). D) Surface potential of an HRP molecule in 10 mm PBS

(pH 7) simulated by YASARA."™!

SECPM corresponds to the pocket in the protein shell where
the active center of the enzyme is located. To compare the
SECPM images with the charge distribution, the electrostatic
surface potential of an HRP molecule immersed in 10 mm
PBS (pH7, T=298 K) was simulated by YASARA (Fig-
ure 4D)."1 The potential map allows for a qualitative
comparison with the SECPM data. The position of the
active site in the pocket of the protein shell can also be
identified in the potential map (Figure 4D, black circle) as
well as in the SECPM image (Figure 4 A and B).

Our results show that SECPM is a promising electro-
chemical scanning probe technique for mapping the charge
distribution of adsorbed molecules. Single HRP molecules
can be imaged with a high resolution. Since the local potential

is measured in the EDL region and no current flows between
tip and sample, we believe that SECPM has a great potential
for the investigation of single molecules in their native
environment and also under reaction conditions. The ability
to perform local reactivity measurements depending on the
surface potential may then open up new perspectives for
studying not only electrocatalysis at redox enzymes, but also a
variety of electrochemical surface science problems under
in situ conditions.
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