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ARTICLE INFO ABSTRACT

Keywords: Background: Metalloproteins myeloperoxidase (MPO), ceruloplasmin (CP) and lactoferrin (LF) play an important
High-resolution atomic force microscopy role in regulation of inflammation and oxidative stress in vertebrates. It was previously shown that these proteins
Myeloperoxidase may work synergetically as antimicrobial and anti-inflammatory agents by forming complexes, such as MPO-CP
E::(i‘f’gﬁimm and LF-CP. However, interaction of metalloprotein molecules with each other has never been characterized at a

single-molecule level.

Methods: In this study, the pairwise interactions of MPO, CP and LF molecules were investigated at a single-
molecule level using high-resolution atomic force microscopy (AFM). Highly oriented pyrolytic graphite surface
(HOPG) modified with oligoglycine-hydrocarbon graphite modifier (GM) was used as a substrate for protein
deposition.

Results: The procedure for reliable AFM investigation of metalloproteins and their complexes has been devel-
oped. Using this procedure, we have visualized, for the first time, single MPO, CP and LF molecules, char-
acterized the morphology of MPO-CP and LF-CP complexes and confirmed the absence of direct contacts be-
tween MPO and LF molecules. Moreover, we have revealed the novel chainlike shape of MPO-CP conjugates.
Conclusions: GM-HOPG was shown to be a convenient substrate for AFM investigation of metalloproteins and
their complexes. Direct AFM visualization of MPO-CP and LF-CP complexes, on the one hand, complements
previous data obtained from the “bulk techniques” and, on the other hand, provides new insight into the ul-
trastructure of MPO-CP complexes.

General significance: The obtained results contribute to the better understanding of regulation of inflammation
and oxidation stress mediated by collaborative action of the metalloproteins such as MPO, CP and LF.

Metalloprotein complexes
Oxidation stress

1. Introduction

Myeloperoxidase (MPO), ceruloplasmin (CP) and lactoferrin (LF)
are metalloproteins, which play an important role in regulation of in-
flammation and oxidative stress in vertebrates. The proteins were de-
monstrated to form binary and ternary complexes and affect the en-
zymatic activities of each other [1-3].

MPO is a globular cationic (pI ~10.7) heme-containing homo-
dimeric enzyme with molecular mass of ~140 kDa. It is a major protein
of neutrophilic leukocytes. MPO is secreted by activated neutrophils
into phagosomes and extracellular space and protects the body from
invading pathogens due to its unique ability to generate hypochlorous
acid (HOCI) - a highly cytotoxic oxidizing agent [4,5]. The interaction

of highly cationic MPO with anionic proteins and with the negatively
charged surfaces of different cells has been suggested to be mostly de-
pendent on electrostatic interactions [6].

CP is a globular anionic (pI ~4.4) copper containing plasma gly-
coprotein with molecular mass of ~132kDa. It has multiple functions,
the major of which is participation in iron metabolism by oxidizing
Fe?" to Fe** [7]. Moreover, CP plays an important role as a physio-
logical inhibitor of peroxidase activity of MPO [1,8,9]. The mechanism
of this inhibition implies strong electrostatic binding (with dissociation
constant of ~0.15 uM) of CP with MPO at the ratio 1:1 or 2:1 [1,2]. CP
binds in the close proximity of MPO active site and forms a steric
barrier impeding binding of substrates to MPO [1,10]. Significant in-
crease of CP content in blood plasma upon inflammation [11] is
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believed to protect an organism from unfavorable excessive MPO ac-
tivity.

LF is a globular cationic glycoprotein (pI ~8.5) which belongs to a
transferrin family. The protein was first described as a breast milk
major protein, it could be also found in exocrine secretions and in
specific granules of neutrophils. It consists of two homological chains
and has a molecular mass of ~78 kDa. Among many functions of LF is
the control of iron metabolism in an organism, immunomodulating,
antiinflammatory and antimicrobial activities. LF does not establish
direct contacts with MPO (they are both cationic proteins), however,
these proteins may work synergetically as antimicrobial agents by
forming triple complexes with CP (2CP-2LF-MPO) [2,12].

Though interaction of MPO, CP and LF has been characterized by a
variety of physicochemical methods, including small angle X-ray scat-
tering, surface plasmon resonance, chromatography, gel-electrophor-
esis etc. [2,12-15], the data obtained from single molecules or com-
plexes at a subnanometer level are still absent. Such data may
complement the existing knowledges concerning the properties of the
metalloproteins, their interaction with each other and with different
biologically relevant surfaces.

Atomic force microscopy (AFM) is one of the most appropriate
techniques for investigation of the morphology and properties of single
protein molecules and their complexes at a subnanometer scale
[16-22]. Since AFM requires the immobilization of a studied protein
onto a solid substrate, utilization of substrate surfaces retaining the
native structure of the adsorbed proteins is of great importance. Re-
cently, we have demonstrated that the surface of highly oriented pyr-
olytic graphite (HOPG) modified with oligoglycine hydrocarbon gra-
phite modifier (GM) retains nativelike structure and dimensions of the
adsorbed proteins, such as ferritin, fibrinogen, immunoglobulin G and
RNA polymerase [19,23]. It was suggested that GM-HOPG surface may
be used as a convenient substrate for AFM investigation of other protein
molecules and their complexes. The AFM measured height of globular
proteins (such as metalloproteins) can be used as a characteristic value
to distinguish different protein molecules and their complexes.

Therefore, in this work, first of all, we aimed to characterize the
conformation and stability of single MPO, CP and LF molecules ad-
sorbed on a GM-HOPG surface using high-resolution AFM and to ela-
borate the procedure for AFM investigation of the metalloproteins and
their complexes. Moreover, we intended to study the pairwise interac-
tions of MPO, CP and LF at a single molecule level and to visualize
MPO-CP and CP-LF complexes using AFM.

2. Experimental section

MPO was purchased from Planta Natural Products (Vienna,
Austria).

Homogeneous non-proteolyzed ceruloplasmin was obtained by ori-
ginal scheme worked out previously by using ion-exchange chromato-
graphy of human blood plasma on UNO Sphere Q to isolate CP and by
affinity chromatography on neomycin-agarose for extra purification of
CP [24]. Partially proteolyzed CP (ppCP) was obtained by thrombin
limited proteolysis [25].

LF was purified from breast milk using ion-exchange chromato-
graphy on CM-Sepharose and gel filtration on Sephadex G-75 Superfine
[3].

2.1. Sample preparation for AFM

For preparation of a GM-HOPG surface, 10ul of GM
((CH),(NCH5CO),,-NH, [26,27], Nanotuning, Russia) solution in
deionized and distilled water at a concentration 0.01 mg/ml was placed
onto freshly cleaved HOPG (ZYB quality, NT-MDT, Russia) surface for
1 min. After that the droplet of GM solution was removed from the
surface by a nitrogen flow.

MPO, CP and LF was diluted by 10 mM sodium phosphate buffer
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(pH 7.2) to a final concentration 0.5 uM. For protein deposition, 1 pul of
MPO, CP or LF solution was placed onto a GM-HOPG surface for 10s.
After that, 100 pl of water was added on top of the sample and removed
immediately by a nitrogen flow.

For AFM investigation of the pairwise interactions of MPO, CP and
LF, the protein solutions (1 uM) of each two of them were mixed at a
molar ratio 1:1 (and for the case MPO-CP also at a molar ratio 2:1) and
incubated for 3 min. The deposition of the MPO-CP, MPO-LF or CP-LF
mixtures onto a GM-HOPG surface was the same as for the proteins.

2.2. AFM

In order to avoid possible surface induced protein unfolding [28]
and obtain better spatial resolution of AFM images of proteins [29], all
AFM measurements were conducted in air. We have used the multi-
mode atomic force microscope Ntegra Prima (NT-MDT, Russia)
equipped by the ultra-sharp cantilevers (carbon nanowhiskers with a
curvature radius of several nanometers grown at tips of commercially
available silicon cantilevers with a spring constant of 5-30 N/m) [30]
and operated in attraction regime of intermittent contact mode at a scan
rate of 1 Hz. The typical pixel resolution was =1 pixel/nm. For stan-
dard AFM image processing and presentation we have used FemtoScan
Online (Advanced technologies center, Russia). SPM Image Magic
(http://spm-image-magic.software.informer.com) was used for height
analysis. It has contained the following steps: identification of objects
(metalloprotein molecules or complexes) as local maximums in an AFM
image, calculation of height of a protein molecule in respect to the local
background surrounding it, and manual filtering of the results of au-
tomatic analysis obtained in the previous two steps. All experiments
were reproduced at least three times.

3. Results and discussions
3.1. Characterization of single MPO, CP and LF molecules

AFM images of MPO molecules adsorbed onto a GM HOPG surface
(Fig. 1a) represent globules with an extended shape (the inset depicts
the enlarged MPO molecule) that conforms with the available crystal
structure of human MPO: it has an extended and flattened shape with
longitudinal dimension of =11 nm and transverse dimensions varying
from 4 to 7nm [31]. The height distribution of MPO (Fig. 1b) de-
monstrates the mean value of 4.0 = 0.3nm (N = 290). This size ap-
proximately corresponds to the smallest dimension of a molecule across
its “length”, therefore, indicating a “flat-on” orientation of MP mole-
cules adsorbed on a GM-HOPG surface. No signs of protein denaturation
are observed.

AFM images of CP molecules adsorbed onto a GM HOPG surface
(Fig. 1c) demonstrate globules with mean height of 5.0 = 0.3nm
(N = 184). The left inset depicts the enlarged CP molecule. The ob-
tained height is in agreement with the crystallographic structure of CP,
whose overall sizes vary from ~5 to 8nm in different directions
[2,32,33]. The presence of a protein fraction with smaller heights
(down to ~3nm; see the height distribution in Fig. 1d) may be con-
nected with the existence of “spontaneously” degraded CP [34]. The
possible example of a degraded molecule is enlarged in the right inset in
Fig. 1c. Recently, CP degradation was explained by its proteolysis in-
duced by thrombin, always present in blood plasma [35].

AFM images of LF adsorbed onto GM HOPG surface represent glo-
bules with the mean height of 2.9 *+ 0.5nm (N = 324) (Fig. 1le), which
in view of its crystallographic structure [36] indicates a “flat-on” or-
ientation of LF molecules on the surface. The characteristic height
distributions of LF, CP and MPO (Fig. 1b,d,f) almost do not intersect
with each other providing an opportunity to discern three proteins in
the mixtures by their height obtained from AFM images.

The examples of AFM height profiles along single metalloprotein
molecules are shown in the Supplementary material (fig. S1). The mean
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Fig. 1. (a, ¢, e) AFM images and (b, d, f) height distribution histograms of (a, b) MPO, (c, d) CP and (e, f) LF adsorbed onto a GM-HOPG surface. Insets demonstrate
enlarged images of protein molecules. The size of AFM images is 400 x 400 nm? (insets 20 X 20 nm?).

Table 1

AFM measured mean height values of MPO, CP, LF and their binary
complexes adsorbed onto a GM-HOPG surface (the number of mole-

cules is shown in brackets).

Protein or protein complex Height, nm

MPO 4.0 = 0.3 (290)
CP 5.0 = 0.3 (184)
LF 2.9 = 0.5(3249)
MPO-CP 6.5 = 0.3 (417)
MPO-LF not formed

LF-CP 6.5 = 0.4 (272)
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AFM measured heights of MPO, CP and LF molecules are summarized in
Table 1. They are smaller by a factor of 1.5-2 than their hydrodynamic
diameters defined by dynamic light scattering [2]. This may be con-
nected with different factors such as flat-on orientation of the adsorbed
asymmetric protein molecules on the substrate, the influence of local
probe-sample geometry [37], and protein deformation induced by an
AFM probe.

3.2. Characterization of MPO-CP complexes

For AFM visualization of MPO-CP complexes we have prepared
them by incubation of MPO and CP at the molar ratio 1:1 and 2:1 and
deposited onto a GM-HOPG surface (see Experimental section for de-
tails). AFM images of 1:1 MPO-CP mixture (Fig. 2a) contain globules of
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Fig. 2. (a, d) AFM images and (b, e) height distribution histograms of MPO-CP mixture obtained at the molar ratio (a, b) 1:1 and (d, e) 2:1. Insets demonstrate
enlarged images of MPO, CP protein molecules or their complexes (the corresponding regions are marked with Roman numbers near dashed squares/rectangles). The
size of AFM images is 400 x 400 nm? (insets 20 x 20 nm?, 20 X 60nm? (a) and 25 x 45nm? (d)). (c, f) The distributions of the number of beads in MPO-CP

complexes.

different heights (examples are enlarged in the insets I-III). Moreover,
chains of globules can be revealed in AFM images (inset IV). Height
distribution histogram (Fig. 2b) contains peaks around 4 and 5nm,
which according to Fig. 1 may correspond to MPO and CP. Further-
more, the new maximum centered at ~6.5nm is observed. It can be
assigned to MPO-CP complexes. These complexes are present either as
single globules (e.g., inset III) or chains of several globules (e.g., inset
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1V), which we call supercomplexes. Their chainlike structure confirms
that the complexes may aggregate through the specific binding sites of
MPO and CP that were identified earlier [12]. The number of globules
(complexes) within one supercomplex varied from 2 to 9 in our ex-
periments (Fig. 2¢). The examples of AFM height profiles along MPO,
CP molecules and MPO-CP complexes are shown in the Supplementary
material (fig. S2).
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Fig. 3. (a,c) AFM images and (b,d) height distribution histograms of (a, b) MPO-LF and (c, d) CP-LF mixture obtained at the molar ratio 1:1. Insets demonstrate
enlarged images of LF, CP molecules or their complexes (the corresponding regions are marked with Roman numbers near dashed rectangles). The size of AFM images

is 400 x 400 nm? (insets 20 X 20 nm?).

AFM images obtained for 2:1 MPO-CP mixture deposited onto a GM-
HOPG surface have also revealed the presence of globules of different
heights as well as chains of globules (Fig. 2d) similar to those obtained
for a 1:1 MPO-CP mixture. However, the histogram of height distribu-
tion of the observed objects (Fig. 2e) has only two pronounced max-
imums: around 4 nm and 6.5nm. At the same time the middle peak
(around 5 nm) is almost absent. This result may be explained as follows:
due to the excess of MPO in the mixture (maximum at ~4 nm), all CP
goes into MPO-CP complexes (maximum at ~6.5 nm) and, therefore, CP
alone (with characteristic height of about 5nm) cannot be observed in
the AFM images. This interpretation gives the additional evidence that
the first two maximums in the height distribution of 1:1 MPO-CP
mixture (Fig. 2b) correspond to MPO and CP molecules, whereas the
third one - to their complexes. The MPO-CP complexes in 2:1 MPO-CP
mixture exist both in the form of single globules and supercomplexes
(two supercomplexes are enlarged in the insets I and II in Fig. 2d). The
distribution of the number of beads within one supercomplex (Fig. 2f) is
similar to that obtained for 1:1 MPO-CP mixture.

It is known that partially proteolyzed CP (ppCP) loses the ability to
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inhibit MPO [1]. Though AFM images have revealed the presence MPO-
ppCP complexes at a molar ratio 2:1, their quantity was significantly
lower than for native CP (Supplementary material, fig. S3a,b). More-
over, most complexes were formed as single globules, and only small
fraction of them was observed in the form of supercomplexes, usually
quite short (Supporting information, fig. S3c). This demonstrates that
ppCP has reduced capability to form supercomplexes with MPO.

3.3. Characterization of LF-MPO and LF-CP mixtures

Typical AFM image of LF-MPO mixture is shown in Fig. 3a. It con-
tains different globules, which depending on their heights may be at-
tributed either to LF or to MPO. Three examples of each type of protein
molecules are encircled in Fig. 3a by a solid (LF) and dashed (MPO)
lines. Height distribution histogram of the LF-MPO mixture (Fig. 3b)
resembles two maximums around 3 and 4 nm, which comply with the
distributions of the corresponding components of the mixture (i.e. MPO
and LF, Fig. 1b,f). Complex formation between MPO and LF cannot be
detected neither from the AFM images of their mixture nor from the
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corresponding height distribution. This result agrees well with the
previous findings obtained by different methods [2,12].

AFM images of LF mixed with CP at a molar ratio 1:1 (Fig. 3c) re-
veals the presence of globules, whose height distribution (Fig. 3d) al-
lows to distinguish single LF (mean height 3.2 + 0.4 nm, N = 355) and
CP (mean height 5.1 * 0.2nm, N = 236) molecules as well as their
complexes (mean height 6.5 = 0.4nm, N = 272). The examples of
single LF, CP molecules and LF-CP complexes are marked in the AFM
image and enlarged at the bottom of Fig. 3c.

The examples of AFM height profiles along LF, MPO, CP molecules
and LF-CP complexes are shown in the Supplementary material, fig. S4.
The mean AFM measured heights of MPO-CP and LF-CP complexes are
summarized in Table 1.

4. Conclusions

Using high-resolution AFM, we have visualized, for the first time,
single MPO, CP and LF molecules, characterized the morphology of
MPO-CP and LF-CP complexes and confirmed the absence of direct
contacts between MPO and LF molecules. We have shown that a GM-
HOPG surface does not significantly influence the conformation of ad-
sorbed metalloproteins and, in particular, does not induce denaturation
effects. Moreover, we have revealed the formation of MPO-CP super-
complexes, composed of several MPO-CP complexes arranged in a
chainlike structure. The obtained results contribute to the better un-
derstanding of regulation of inflammation and oxidative stress medi-
ated by collaborative action of the metalloproteins such as MPO, CP and
LF.
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