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Scanning tunnelling microscopy of a monolayer of reaction centres
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Abstract

Langmuir - Blodgett monolayers of photosynthetic reaction centres from Rhodobacter sphaeroides have been studied
by scanning tunnelling microscopy. Freshly deposited films were studied both in the dark and in the light. In the
dark, images revealed molecular structure with 64 A and 30 A periodicities, which correspond to protein and
sub-unit sizes known from X-ray crystallography, while no periodic structure appeared in the light due to the tip
action on the excited proteins. STM voltage—current measurements showed the charge separation in single protein
molecules in the film and their different behaviour in the dark and light. Together with surface potential
measurements at the macroscopic level, they indicated the preservation of reaction centre activity in the monolayer.
By fixing the protein layer with glutaraldehyde, it was possible to prevent the perturbing tip action and obtain a
periodic molecular structure with 30 A spacing even in the light. After heating at 150°C, the unfixed film

reorganized itself into a long-range ordered state with a hexagonal structure of 27

spacing but with no activity,

1. Introduction

Scanning tunnelling microscopy (STM) [1-4], to-
gether with atomic force microscopy (AFM) [3, 5, 6], is
considered as one of the best techniques for imaging
large organic molecules. In addition, it can display
its future potential even better when applied to the
investigation of molecules, such as reaction centres
(RC), with functional properties detectable by electrical
measurements. In this case, STM can give informa-
tion about the structure and the functionality of the
sample. In addition, measurements of structural and
functional parameters of a single RC molecule can be
achieved only by means of nanoprobes, sensitive to
current, capable of very high resolution (such as an
STM tip).

Reaction centres from Rhodobacter sphaeroides, a
large (100 kDa) protein formed by 3 sub-units [7] and
carrying out light-induced electron transport across
bacterial membranes [8], have been the subject of de-
tailed investigations [9, 10] because they enter the pho-
tosynthesis process and are among the most promising
molecules for bioelectronics. The existence of electron
transfer chains inside this protein facilitates the flow of
current through it and indicates that RC is one of the
best subjects for STM study among proteins.

In order to exploit the properties of RC as active
elements of bioelectronic devices, it is useful to organize
them in a regular two-dimensional lattice [11] and to
study their structure and function, and the ways in
which these properties depend upon temperature. The
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Langmuir-Blodgett (LB) technique provides these reg-
ular structures and is considered to be one of the most
useful technologies for bioelectronic purposes [12].

Here, we report an STM study of structural and
functional properties of LB RC monolayers deposited
on highly oriented pyrolithic graphite (HOPG) and
imaged in air.

2. Experimental details

RC (Moscow State University) [13] were arranged

into a film with an LB trough (MM-MDT Co.) accord-
ing to the standard procedure [14] and transferred onto
HOPG substrate at 35 mN m ™' surface pressure by the
horizontal lift technique [15]. Purified (Milli-Q) water
with resistivity of 18 MQ cm was used as the subphase.
The HOPG substrate was found to be suitable for
protein STM imaging [3].
- For STM measurements we used a device (MM-
MDT Co.) suitable also for voltage—current (V'-1)
characteristic measurements at a single point. All the
images were obtained in air with the same tip (Ptlr
80:20) in constant current mode (after obtaining atomic
resolution on HOPG) within a tunnelling current range
of 0.1-0.5 nA and voltage from —1.5V to 1.5 V. Out-
side the specified voltage range it was impossible to
obtain acceptable noise values and meaningful images.
By increasing the current up to 1nA, the graphite
lattice under the protein layer appeared, allowing cali-
bration of the images.
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For V-TI characteristics, after obtaining each image
in the dark the tip was moved to several detectable
bumps with feedback switched on; then a weak current
(5 pA) was locked, in order to be sure to be out of the
film. Then the voltage was swept in the range —4-4V
and the tunnelling current was recorded. In the case of
irradiation, as no corrugation was detectable the posi-
tion of the tip was chosen randomly over many differ-
ent points of the scanned areas. In all cases, however,
the results were almost identical to that here reported.

Surface potential measurements were performed on
deposited monolayers by means of a Kelvin probe
(vibrating electrode) [16].

3. Results and discussion

The film prepared according to the procedure de-
scribed above was first studied without modifications. It
was imaged in the dark (Fig. 1) and in the light.
[rradiation was provided by a 100 W tungsten lamp,
using a 3 cm water filter [9]. In the dark, the images
revealed two different periodic structures: a low-fre-
quency one, giving average spacing value of about 64 A
and a higher frequency one corresponding to a period-
icity of 30 + 1 A. In the light, no periodic features but
graphite steps were obtained (data not shown). We
think that the higher frequency corrugation can ac-

count for the sub-units constituting each molecule [17], -

while the 64 A periodicity correlates well with dimen-
sions of the protein molecule. These values are in
agreement with the protein size induced from X-ray
crystallography data of RC structure from the Protein
Data Bank [18].

0 nm

Fig. 1. STM image of an RC monolayer in the dark. Image size is
57.6 x 57.6 nm2. Constant current mode image. Tunnelling current
was set at 0.15 nA and tunnelling voltage was 1 V.(tip positive); the
scanning frequency was 2 Hz. The effect of the tilted substrate was
compensated by software.
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Fig. 2. Voltage—current characteristics of HOPG-RC-5TM tip sys-
tem in the dark (dashed line) and in the light (solid line).

V—I characteristics at single points were measured
both in the dark and in the light to try to show the
functional activity of the single RC protein (Fig. 2).
The results outline the basic difference in the RC film
under two different experimental conditions. In fact, the
VI characteristics measured in the dark on several
bumps show a resonance at a tip—substrate voltage of
3.16 V. This peak disappears completely in the light.
The resonance should be due to the functional proper-
ties of RC, namely the electron transfer process be-
tween the bacteriochlorophyll donor and the quinone
acceptor [19]. This hypothesis is corroborated strongly
by the different trends of the positive and negative
branches of the VI curve, confirming the asymmetry
of the electron transfer chain inside the protein [9].
Thus it is possible to induce the electron transfer even
without light irradiation by applying the proper voltage
between the tip and the substrate. A simple estimation
of the energy associated with a photon of 800 nm
(maximum of BChl absorption [10]) gives a value
which is about half the value we obtained for the
resonance. Therefore this result agrees with our hypoth-
esis, as energy is required not only to induce the elec-
tron separation between the groups constituting the
electron transfer chain, but also to overcome the sam-
ple—tip tunnelling barrier.

In the light, the process of charge separation inside
the protein is caused directly by the incoming photons,
and therefore V—I measurements cannot elicit any de-
tectable resonance. Under these conditions RC can be
considered as a permanent dipole. Surface potential
measurements were applied to quantify the effect of this
dipole-like behaviour, namely the potential generated
by the monolayer when irradiated by light (Table 1).
Thus, to explain the loss of resolution in the light we
settled the hypothesis that the tip could rearrange the
molecules under itself due to their dipole-like behaviour
induced by light.

Therefore we studied a RC monolayer fixed with
gluteraldehyde (GA). First, the deposited sample was
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Fig. 3. STM image of an RC monolayer treated with GA (1%, 2 min)
afler deposition; the image (57.6 x 57.6 nm®) was acquired in the
hght. Scannming parameters are the same as in Fig. 1. Images. obtained
m the dark and in the light. displayed the same leatures. Sieps in the
image are probably due to graphite. The lattice shows better regular-
ity with respect 1o the untreated film. -

immersed into 1% GA solution for 2 min, then washed
and dried with nitrogen [14]. This action was expected
to “freeze” the film into a rather rigid network, avoiding
any rearrangement of the molecules under the tip action.
Figure 3 shows an STM image obtained on the fixed
sample during irradiation. The same features were im-
aged in the dark. The periodicity measured in this case
is again 30 + 1 A, as in the just deposited film. However,
probably due to the fixative effect, the 64 A modulation
disappears. The similarity of the images obtained during
darkness and light confirms that the fixing of the
molecules inside the LB film prevents the molecule’s
reorientation during the imaging process. Surface poten-
tial measurements on this cross-linked film give results
similar to that in Table 1. confirming the protein activity
(data not shown).

Afterwards we investigated the effect of heating upon
the hlm structure [20], knowing that the protein sec-
ondary structure is preserved even at 200 °C for LB
films [21]. Therefore, the sample was heated at 150 “C
for 10 min and was then imaged (Fig. 4). The images
obtained were exactly the same both in the dark and
during irradiation. In these images, a highly increased
order was evident and a spacing of 27 + | A appeared

0.8 nm

0nm

Fig. 4. STM image of an RC monolayer after heating at 150 -C for
[0 min. Scanning parameters are the same as in Fig. 1. (a) Image size
57.6 x 57.6 nm”; (b) zoomed area (21.3 x 21.3 nm?) from the outlined
darea. Images in the light and in the dark were idenucal,

(see also zoomed image) together with a new hexagonal
packing (according to the symmetry of the Fourier
transform). |

The increased order in the film structure, in compari-
son with that in Figs. 1 and 3, seems to be due to the
closer packing of the previously identified sub-units.
which have undergone a recrystallization process in-
duced by temperature. Moreover, both in the dark and
in the light, the V--I characteristics were perfectly
straight lines (data not shown), indicating that the
functional activity of the proteins was lost.

Surface potential measurements on the film in the
dark and in the Light (Table 2) show clearly that heating
induces the loss of protein activity. Further, the mea-
sured values of the surface potential, being almost
constant in both cases and nevertheless intermediate
between the values obtained on the unheated film ( Table
1), are in agreement with the hypothesis of recrystalliza-
tion after heating.

TABLE 2. Surface potential measurement of an RC monolayer after
heating at 150 °C for 10 min in the dark and in the hight, The
independence of the values upon irradiation suggests that the prowein
lunctionality has been destroyed

One RC monolayer Surface potential (mV)

Dark 192 + 1
Light 193 + |
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4. Conclusion

To sum up, we have shown that STM images of LB
RC films are affected by both protein structural features
and protein function. The analysis of V' —TI curves, both
in the dark and in the light, indicates the activity of the
single protein molecules in the film (1n complete agree-
ment with surface potential measurements at the macro-
scopic level).

In particular, it was found that molecules excited by
light can move under the STM tip. Fixing the molecules
in the film by GA prevents their reorientation.

Heating the monolayer, while destroying the protein
function, improves drastically the order of the protein
assembly, changing the original metastable state to a
new packing of protein sub-units with a hexagonal
lattice and higher density.
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