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Atomic force microscopy (AFM) is used to study the adsorption of L-asparaginase (L-ASNase)
E. carotovora enzyme on mica within 25 °C to 60 °C temperature range. Thermally induced
changes in the oligomeric state of L-ASNase and its adsorbability on mica are revealed.
Maximum adsorption of L-ASNase in the form of individual globules is observed at 45 °C.
At 55 °C, the enzyme adsorbs in the form of filamentous structures, and at 60 °C it loses its
adsorbability. The results obtained are fundamentally important for the development of
electrical molecular detectors based on solid-state nanopores (SSN-EDs) intended for studies
of the mechanism and kinetics of enzymatic catalysis, and may also be of interest for the
development of anti-cancer drugs.
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Introduction latter has attracted great interest to investigating

the effects of elevated temperatures on the

The enzyme L-asparaginase (L-ASNase)
belongs to hydrolases and catalyzes the
conversion of L-asparagine to L-aspartate [1]. L-
ASNase (type II) has found application in the
therapy of oncological diseases — in particular,
acute lymphoblastic leukemia [2]. This enzyme
is also used in the food industry to prevent or
reduce the formation of acrylamide in food
products during thermal processing [3]. The

physicochemical properties of L-ASNase [3, 4].
Currently, the thermal stability of bacterial
type Il L-asparaginases is widely studied by
spectroscopic methods [4, 5], which do not allow
obtaining a signal from single molecules of the
enzyme under study [6]. The study of the
physicochemical properties of single enzyme
molecules, in turn, allows a deeper insight into
the kinetics and mechanism of enzymatic
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catalysis [6]. This is done by using molecular
detectors: the atomic force microscope and solid-
state nanopore-based electrical detectors (SSN-
ED). SSN-EDs allow recording the catalytic
activity of single enzyme macromolecules [7],
which is essential for studying the kinetics and
mechanism of enzymatic catalysis [6, 8]. It
should be noted that the key element of an SSN-
ED is an inorganic membrane, which is often
fabricated on the basis of silicon compounds [9]
with a solid-state nanopore [7]. The adsorption
of the enzyme under study onto the surface of this
membrane and the enzyme behavior on this
surface can fundamentally affect the results of
studying its functioning with the use of an SSN-
ED. Thus, an essential task is to investigate the
adsorption of enzymes onto inorganic silicon-
containing surfaces. Atomic force microscopy
(AFM) allows the visualization of single enzyme
macromolecules [10, 11] and the registration of
the slightest changes in their adsorption
properties. Mica, a silicon compound whose
surface chemical properties are similar to those of
the membrane material of the SSN-ED - silicon
nitride SisNy, is often used as a substrate in AFM
[12, 13].

The aim of this study is to investigate the
adsorption of type II L-ASNase onto mica under
conditions of thermal exposure on the enzyme.

Materials and Methods

Experimental design. Temperature-related
changes in the adsorption properties of the
enzyme were studied by AFM within the
temperature range from 25 to 60 °C.

Reagents and enzyme. The enzyme L-
asparaginase from E. carotovora was obtained
and purified at the Laboratory of Medical
Biotechnology of the Institute of Biomedical
Chemistry (IBMC) in accordance with previously
published protocols [14]. The lyophilized enzyme
powder was dissolved in 2 mmol/l Dulbecco's
phosphate-buffered saline (PBS-D) and diluted to
reach the required concentration for the
experiment. PBS-D (pH 7.4; 2 mmol/l
phosphate, 30 mmol/l NaCl) was prepared from a
salt mixture purchased from Pierce (USA). All
solutions used in the experiments were prepared
using deionized ultrapure water (18.2 MQ-cm)
obtained with a Simplicity UV system (Millipore,
France).

Atomic force microscopy. Samples of the
enzyme solution were first heated in a
microcentrifuge tube to the required temperature,
and then the enzyme was adsorbed from this
solution onto mica substrates for AFM as follows.

First, a 0.1 pmol/l solution of L-ASNase in
2mmol/l PBS-D (pH 7.4) was placed in a
thermostatted shaker Thermomixer Comfort
(Eppendorf, Germany) and sequentially heated to
the required temperatures (25 °C, 30 °C, 45 °C,
55 °C and 60 °C). At each of these temperatures,
two 1 ml samples of the solution were taken, and
heating was continued up to 60 °C. The enzyme
from the samples treated as described above was
then adsorbed by direct adsorption [15] onto
freshly cleaved mica AFM substrates. Each 1 ml
sample of the enzyme solution was pipetted into a
1.7ml Eppendorf tube, and a rectangular
muscovite mica plate (SPI, USA) sized 7x15 mm
was immersed into the solution. The tube was
continuously shaken at 600 rpm atroom
temperature (25 °C) for 10 min. After that, the
AFM substrate was removed from the enzyme
solution, placed in another tube with 1 ml of
water, and shaken again at 600 rpm atroom
temperature (25 °C) for 10 min to remove buffer
salts from its surface. All AFM measurements
were performed using an NTEGRA PRIMA
instrument (NT-MDT, Zelenograd, Russia) in the
intermittent-contact mode in air under controlled
conditions (temperature 25 °C, air humidity
55%). At least 25 scans sized 2 pm x 2 pm with a
resolution of 256x256 points were obtained for
each substrate.

AFM data analysis (including the
calculation of height distributions of the AFM
images of enzyme molecules p(h) and the number
of enzyme molecules normalized to an AFM
substrate area 400 um?, denoted as Naip) was
performed as described previously [16].

Results and Discussion

Figure 1 shows typical AFM images of
L-ASNase adsorbed onto mica from solutions
incubated at temperatures of 25 °C, 30 °C, 45 °C
and 55 °C, as well as typical distribution curves
p(h) obtained for enzyme samples treated at
25°C, 30°C, 45°C or 55°C. At 60°C, no
enzyme adsorption was observed.
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According to the presented AFM images, in
the temperature range from 25 to 45 °C, the
enzyme adsorbed onto mica in the form of
individual globules, whereas heating the enzyme
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solution to 55 °C resulted in its adsorption in the
form of filamentous structures. The latter fact
indicates significant denaturation of the enzyme
at 55 °C.
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Fig. 1. Typical AFM images and height distribution curves p(h) of L-ASNase adsorbed onto mica from solutions
incubated at 25 °C, 30 °C, 45 °C or 55 °C. Ellipses mark the images of denatured enzyme structures. AFM image size:
2 um x2 um. Experimental conditions: enzyme solution concentration 0.1 umol/l, pH 7.4

The blue curve in Fig. 1 shows that the
maximum of the height distribution p(h) for the
L-ASNase sample adsorbed onto mica at 25 °C
corresponds to a height value of hy., = 2.4 nm.
Previous studies of another enzyme — horseradish
peroxidase (HRP), whose molecular weight
(44 kDa [17]) 1s comparable to that of L-ASNase
(which is 36 kDa [18]) showed that the maximum
height of AFM images of the monomeric form of
HRP on mica is 1.0 to 1.2 nm [10, 11]; while the
height of AFM images of higher-order aggregates
of HRP on mica is >2.4 nm [11]. Based on these
considerations, we conclude that after being
treated at 25 °C, L-ASNase adsorbs onto mica in
the form of aggregates with AFM image heights
of about 2.4 nm.

Upon incubation of L-ASNase at higher
temperatures (from 30 to 45 °C), hyax values can
be observed to decrease to 1.6 and 1.4 nm (Fig. 1,
orange and green curves). This fact indicates the
disaggregation of L-ASNase with an increase in
the relative content of the monomeric form of the
enzyme as compared to the total number of
particles adsorbed onto mica.

AFM images of individual L-ASNase
molecules are quite distinguishable at all
investigated temperatures up to 45 °C, but at a

higher temperature (55 °C), compact objects are
practically not observed (Fig. 1). The absence of
compact objects in the AFM images obtained in
the experiments involving the enzyme incubated
at 55 °C indicates that the enzyme molecules
undergo significant structural changes at this
elevated temperature. These changes lead to the
formation of filamentous structures on mica
(Fig. 1), while adsorption of the enzyme in its
“normal” form is not observed. During
experiments conducted at 55 °C, only filamentous
structures of the denatured enzyme are visualized.
The height of the AFM images of these structures
ranges from 0.5 to 0.8 nm. A further increase in
temperature to 60 °C leads to the complete
disappearance of enzyme adsorption on mica:
after enzyme treatment at such a high
temperature, neither compact objects nor
filamentous structures are observed. It should be
noted that the count of enzyme particles Naigo
adsorbed onto mica at temperatures of 25, 30, 45,
and 55°C was 1003, 540, 1605, and
159 particles/400 um?, respectively.

Thus, the study of the thermal denaturation
of L-ASNase by AFM showed that the enzyme
adsorbs on mica in an aggregated form at 25 °C.
An increase in temperature to 30 °C led to a
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twofold decrease in the number N4oo of enzyme
particles adsorbed on mica. The latter fact
indicates temperature-induced changes in the
conformation of enzyme globules, which resulted
in reduced enzyme adsorption. Based on N
values and p(h) curves (Fig. 1), it can be
concluded that an elevated temperature promotes
the disaggregation of the enzyme and the
adsorption of a greater number of enzyme
particles in the monomeric form. These
phenomena are likely associated with the
processes of thermal denaturation of the enzyme.
A further increase in temperature to 45 °C
promotes enzyme adsorption, which indicates that
denaturation processes continue and lead to
changes in the conformation of enzyme globules.
This latter fact contributes to stronger binding of
the enzyme to the mica surface. It should be

emphasized once again that the maximum
adsorption of L-ASNase on mica is observed at
45 °C. However, a further increase in temperature
to 55°C leads to a sharp decrease in enzyme
adsorption, which is accompanied by the
development of filamentous structures of the
denatured enzyme. At 60 °C, the enzyme
completely loses its adsorption capacity, as
neither compact objects nor filamentous
structures are observed on mica.

Our results are critically important for the
development of solid-state nanopore-based
electrical detectors (SSN-ED). The pilot
experiments involving L-ASNase on an SSN-ED
(whose organization was described previously
[7]) derived the dependence of the ionic current
(1) flowing through the nanopore vs. time (t) at
25 °C (Fig. 2).
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Before the enzyme was added, a base level
of | was recorded in 1 mmol/l of PBS-D (pH 7.6).
After 0.1 umol/l was added to L-ASNase into the
cis chamber of the SSN-ED measurement cell,
the absolute value of | decreased, indicating
partial blocking of the nanopore by the enzyme
molecule. The subsequent addition of 10 pmol/l
L-asparagine solution, in turn, led to a significant
increase in |, indicating the unblocking of the
nanopore. In blank experiments performed using
a pure buffer instead of the enzyme solution, no
significant changes in | were observed. Given the
substantial changes in the adsorption properties of
L-ASNase under thermal exposure conditions, a
detailed investigation of the kinetics of
functioning of this enzyme’s single molecules
using an SSN-ED requires further studies.

Conclusion

The AFM method was applied to
investigate the dependence of the L-ASNase
adsorption properties on the thermal exposure of
the enzyme solution. The height of the AFM
images of L-ASNase adsorbed on mica was
found to decrease from 2.4 nm at 25 °C to 1.6 and
1.4 nm in the temperature range from 35 to 45 °C.
At the same time, the count of enzyme particles
adsorbed on mica increases significantly, with the
maximum reached at 45 °C. This fact indicates
that changes in the enzyme globule structure
caused by thermal denaturation in this
temperature range promote its adsorption onto
mica. A further increase of temperature to 55 °C
leads to a sharp decrease in the adsorption
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capacity of the enzyme, which is accompanied by
the formation of filamentous structures on the
mica surface. At 60 °C, the enzyme completely
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enzymatic catalysis, and may also be useful in the
development of anti -cancer drugs.
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