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Aim. To study the a-synuclein (ASN) aggregates of different structural origin, namely amyloid fibrils and spherical oligomers, in comparison with a native protein. Methods. MALDI TOF mass spectrometry and atomic force microscopy (AFM). Results. The mass spectra of native and fibrillar ASN have similar character, i. e. they are
characterized by the well pronounced peak of protein molecular ion, the low molecular weight associates, and
rather low contain of fragmentation products. The spectrum of oligomeric aggregate is characterized by the high
contain of fragmentation products, low intensity of protein molecular ion and the absence of peaks of associates.
Conclusions. The difference between the spectra of fibrillar and oligomeric ASN could be explained, first, by the
different content of the «residual» monomeric ASN and the protein degradation products in the studied samples,
and, second, by the different structure-depended mechanisms of the protein degradation induced by the laser ionization. We suggested that the MALDI-TOF mass spectroscopy is a method useful for the investigation of ASN aggregation and characterization of its high order self-associates; besides, there is an interest in estimating the potency of the MALDI-TOF for the analysis of aggregation of various amyloidogenic proteins.
Keywords: alpha-synuclein, MALDI-TOF, amyloid fibril, oligomeric aggregate, AFM.

Introduction. Pathogenesis of some harmful disorders
among them neurodegenerative disorders (Parkinson,
Alzheimer’s diseases), prion diseases, type II diabetes
is associated with the spontaneous uncontrolled protein
aggregation, particularly with the formation of amyloid
fibrils. Besides, a wide range of proteins, not involved in
a certain disease, are able to form amyloid aggregates
[1]. Thefore, the study on the protein aggregation is an
actual biomedical task.
Ó Institute of Molecular Biology and Genetics, NAS of Ukraine, 2014
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Among the methods of protein analysis the MALDITOF mass spectrometry is known as a popular and versatile tool [2]. In the proteomics, particularly in the studies on protein non-controlled aggregation, MALDITOF is mostly applied for the identification of protein
origin by a proteolysis-based mass mapping method
[3, 4].
The method of direct (excluding proteolysis digestion) MALDI-TOF has a low descriptiveness for the
characterization of the protein high-molecular aggregates and was applied to analyze the fibrillization in-
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termediates and side products, e. g. the misfolded beta-lactoglobuline dimers and protein degradation products [5].
Alpha-synuclein (ASN) is a small natively unfolded
protein that plays a central role in the etiology of Parkinson’s disease. It forms amyloid fibrils that are found in
Lewy bodies, i. e. cell depositions in the brain that are
characteristic of this disease [6, 7]. Besides, during the
aggregation process ASN forms small oligomeric intermediates, which are considered as presumably toxic
species [8–10].
Here we report the examination of the ASN aggregates populations of different structural origin, namely
amyloid fibrils and spherical oligomers, by the method
of MALDI-TOF mass spectrometry. We suggest that the
filamentous amyloid fibrils and spherical oligomers due
to the distinct folding of the protein molecules and association/degradation on the aggregation pathway could
possess the mass spectra of different character. Besides,
we intend to evaluate the applicability of MALDI-TOF
as a method for the analysis of protein aggregates and
study on the aggregation process.
Materials and methods. Reagents. Recombinant
human wild-type ASN was expressed and purified in
10 mM Tris-HCl, 50 mM NaCl (pH 7.4) as described earlier [11]. ASN amyloid fibrils and oligomers were obtained according to [11] and [12] correspondingly.
MALDI-TOF studies. The samples of native, fibrillar and oligomeric ASN were prepared for the MALDITOF analysis as follows: matrix material (12 mg of 3,
5-dimethoxy-4-hydroxycinnamic (sinapinic) acid) was
dissolved in 1 ml of water/acetonytyl solution 1:1 (v/v)
with addition of 0.1 % (v/v) of trifluoroacetic acid. The
obtained solution was incubated during 10 min at 30 °C
in ultrasonic bath up to the full dissolving of the acid.
[13]. The 50 µmol protein samples in 0,05 M Tris-HCl
buffer (pH 7.9) with concentration of 1mg/ml were
then added to the matrix solution in 1:1 ratio. Small aliquots of the mixture were applied to the steel probe tips
and dried. Mass analysis was performed on the «Autoflex II» («Bruker Daltonics», Germany) MALDI-TOF
mass spectrometer with nitrogen laser (l = 337 nm).
Spectra were obtained for the mass range 7 000 to 100
000 m/z. in positive ion reflectron registration mode.
The spectra were obtained by summing the data of 100
laser shots.

Atomic force microscopy studies. The structure of
ASN aggregates was studied by means of AFM («Solver Pro M» system, NT-MDT, RF). The scanning rate
was 30 mm/s. For the formation of subnanolayer consisting of separate nanoobjects, the reaction solutions were diluted 30 times with bidistilled water. Then a drop
of the solution was applied on the freshly cleaved surface of mica. The AFM measurements were carried out in
a tapping mode at ambient conditions after the full evaporation of the solvent. The AFM probes of type NSG01
(NT-MDT) were used. The average diameter values of
ASN aggregates were determined based on their heights
in the AFM images.
Results and discussion. Structural peculiarities of
native, fibrillar and oligomeric ASN. ASN is a small
(140 amino acids) protein that is known to be natively
unfolded in solutions. The protein's amino acid sequence consists of a basic N-terminal region (residues 1–95)
containing repeats of highly conserved KTKEGV hexameric motif, and an acidic C-terminal region (residues
96–140) [14], the first 100 residues are predicted to have a-helical propensity [15].
Amyloid fibrils are stable protein aggregates, with
cross-b filament structure where the protein molecules,
making up the b-sheet, are arranged perpendicular to
the fibril axis [16]. The core of the ASN fibril contains
mainly the protein residues of the basic region (approximately residues 38–95 [17]). We have estimated the
characteristics of the ASN fibrils population by AFM.
These fibrils are both linear and branched long filaments
with the diameter of single filament about 3–8 nm (Fig.
1). The bundles of fibrils formed by overlapping of single filaments were observed in the studied sample as well.
The strong fluorescent sensitivity of the amyloidspecific cyanine dye 7519 to the ASN fibrils was previously reported [18].
The ASN oligomers are known as spherical protein
aggregates of the size in the range 2–20 nm [19–21], besides, the structures with annular and tubular morphology have also been reported [21–23].
Our AFM study demonstrated the ASN oligomer
population to be mostly the species of the height from 3
till 6 nm (Fig. 2). Besides, the structures formed due to
the coalescence of these aggregates are observed; the
diameter of such «super-oligomeric» structures being
up to 10 nm.
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Fig. 1. AFM image of amyloid fibril of ASN (a) and Z-profile along the line marked on the image (b)
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Fig. 2. AFM image of oligomer aggregates of ASN (a) and Z-profile along the line marked on the image (b)

Despite the oligomer aggregates are mainly considered to possess beta-sheet structure [24, 25], the presence of a-helical content has been shown as well [19].
The difference between the secondary structure motifs
of amyloid fibrils and oligomeric aggregates is indicated by the different sensitivity of amyloid-specific
cyanine dyes to these ASN formations [26]. The noticeably lower fluorescent response of the dyes on the
192

presence of oligomers comparing to fibrils is explained
by the lower content of beta-pleated regions accessible
for the dye molecules.
MALDI-TOF studies. The mass spectra of native,
fibrillar and oligomeric ASN are presented in Fig. 3.
All spectra contain the peaks corresponding to the protein molecular ion about 14460 m/z and a wide range of
protein fragmentation peaks, but only two of these peaks
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Table 1
Protein fragments and associates observed in mass spectra of native and aggregated ASN
Fragment

Native

Oligomer

Fibril

I, a. u.

I, a. u.

I, a. u.

Mass, m/z

[5M]

+

72170

280

–

–

[4M]

+

57720

734

–

–

[3M]+

43260

2234

–

739

+

28860

9808

–

2681

[M]+

14460

66459

1672

40648

F1

13720

6441

1167

9148

F2

10630

3379

3427

8407

[2M]

N o t e. Mass – observed mass of the peaks; I – intensity of peaks; a. u. – arbitrary units; [M]+ – molecular ion; [nM]+ (where n = 2–5) – molecular
associates of ASN containing n protein molecules; F1 and F2 – fragments that are common for all protein forms.
Table 2
Ratio between intensities of ASN fragments and molecular ion peaks

a

Fragment (Forme)

I [M]+/I[M]+ – [1–40]

I [M]+/I[M]+ – [1–7]

[M]+

[2M]+

[3M]+

[4M]+

[5M]+

Native

0.05

0.09

1

0.14

0.03

0.01

0.004

Oligomer

2.04

2.04

1

Fibril

0.20

0.22

1

0.06

0.02

I, a. u

b

I, a.u.

I, a.u.

c

+

+

[M]

[M]

40000

3000
60000

30000
2000

40000

+

[M ]
20000

1000

20000

+

10000

[2M]

+

[3M]

+

[3M]

[4M]

0

0
20000

40000

+

[2M]
+

60000

80000

0
20000

40000
m/z

60000

80000

20000

40000

60000

80000

Fig. 3. General mass spectrum of native (a), oligomeric (b) and fibrillar (c) ASN

(about 13720 and 10630 m/z) are common for all protein
forms.
The peaks corresponding to low-order associates
were detected only for native and fibrillar ASN. Thus, we
suggest that the protein mass-spectra depend on its
association degree and folding type (native ASN, oligomer or fibril).

M o l e c u l a r i o n a n d p r o t e i n a s s o c i a t e s.
In the mass spectrum of native ASN the molecular ion
peak with molecular mass about14460 m/z is the most
intensive and highly resolved, it contains satellite shoulder corresponding to an associate of ASN molecule with
the matrix one (sinapic acid). The mass spectrum is characterized by insignificant content of the protein frag193
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Fig. 4. Representative mass spectra of native (a), oligomeric (b) and fibrillar ASN (c) in molecular mass region 9000–15000 m/z
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Fig. 5. Sequence of human ASN (from uniprot.db, entry P37840)

mentation products. The series of peaks with the intensities decreasing upon the mass increase are detected in
the high mass region; they correspond to the protein molecular associates from dimer to pentamer with molecular masses about 28860, 43260, 57720 and 72170 m/z,
correspondingly (Table 1, 2). The association is caused
by intermolecular interactions and is typically observed in the MALDI-TOF mass spectra of different proteins (albumin, insulin, lysozime etc.) [4, 13], the formation of ASN dimer, trimer and tetramer was also described [15].
In the fibrillar protein spectrum, similarly to that of
the native ASN, the peak of molecular ion is the most intensive. The low order associates are also presented in
the spectrum, but the number of aggregated molecules
(only dimers and trimers were observed) and intensity of
peaks are lower than for the native protein. On the other
hand, the number and intensity of the peaks of fragmentation products for the fibrillar ASN is enhanced as compared to the native protein.
The mass spectrum of oligomer significantly differs
from that of native and fibrillar protein. It is characteri194

zed by a very high fragmentation degree (the peak of
molecular ion is less intensive than the main peaks of
fragmentation products) and by the absence of associates peaks.
T h e f r a g m e n t a t i o n p r o d u c t s. In the mass
spectrum of the native, fibrillar and oligomeric ASN the
wide range of protein fragmentation product is detected
(Fig. 4, Table 1, 2). However, only two of them with molecular masses about 13720 and 10630 m/z (F1 and F2
correspondingly), are common for all protein forms.
The content of fragmentation products in the native
ASN mass spectrum is quite low, the peaks with m/z of
about 13980, 13720, 10830 and 10630 correspond to
the major fragmentation products of ASN molecule.
In the case of fibrillar ASN the content of protein
fragmentation products is much higher than in the mass
spectrum of native protein, the major peaks with m/z of
about 13720, 12950, 11870, 10830, 10630, 9680 and
9300 were detected.
In the oligomeric ASN spectrum the wide poorly resolved bands of protein fragmentation products dominate. The two peaks of about 11130 m/z and 13980 m/z
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are twice more intensive than this of the molecular ion
of ASN. Another intensive peak of about 10630 m/z is
also present in the spectra of native and fibrillar ASN.
The fragment with m/z about 13720 that is common for
all protein forms has low intensity in spectra of oligomeric aggregate.
Explanations of a distinct character of the fibrillar
and oligomeric ASN mass-spectra. We could propose
two explanations of the distinctions in the mass-spectra
of fibrillar and oligomeric ASN.
T h e f i r s t e x p l a n a t i o n is that the similarity
of the native and fibrillar ASN mass specta is caused by
the presence of an excess of non-aggregated protein in
the fibrillar ASN sample. Since the ASN monomeric
molecules are easily ionized they give a high intensive
peak of the molecular ion and associates.
The distinction between the fragmentation of fibrils
and oligomers could be caused by the presence of specific degradation products formed during the aggregation reaction or later storage of the samples.
A n o t h e r p o s s i b l e e x p l a n a t i o n is dissimilarity in the folding of protein molecules in the amyloid fibrils and the oligomeric species and different structure of these aggregates.
It may be supposed that due to their regular ladderlike structure the degradation of the amyloid fibrils upon
ionization in a large extent occurs through the tearing
off the intact protein molecules from the end (one by one)
of the filament. These protein molecules are responsible for an intensive peak of the molecular ion and peaks of
the low-ordered associates.
Besides, the laser-induced degradation could occur
through a break in the protein chain, that leads to the appearance of new intensive bands of the protein fragmentation products. This mechanism is proved by higher number, content and lower resolution of the protein
fragment peaks in the spectrum of fibrils comparing
with the native ASN.
The large content of fragmentation products in the
spectrum of the oligomeric aggregates and their low
resolution may be explained by the poor ionization and
poor stability of these structures. We assume that due to
their spherical shape the oligomeric aggregates degraded through the lost of protein fragments from the opened surface regions. The suggestion about the hindered
ability of degradation of the oligomeric aggregate through

the tearing off a whole protein molecule is supported by
the very low intensity of molecular ion.
Î. Â. Ñåâåðèíîâñüêà, Â. Á. Êîâàëüñüêà, Ì. Þ. Ëîñèöüêèé,
Â. Â. ×åðåïàíîâ, Â. Ñóáðàìàí³àì, Ñ. Ì. ßðìîëþê
Âèêîðèñòàííÿ ìåòîäó MALDI-TOF ìàññ-ñïåêòðîìåòð³¿ äëÿ
âèâ÷åííÿ ô³áðèëÿðíèõ òà îë³ãîìåðíèõ àãðåãàò³â àëüôà-ñèíóêëå¿íó
Ðåçþìå
Ìåòà. Âèâ÷åííÿ àãðåãàò³â àëüôà-ñèíóêëå¿íó (ASN) ð³çíîãî ñòðóêòóðîâîãî ïîõîäæåííÿ, à ñàìå – àì³ëî¿äíèõ ô³áðèë ³ ñôåðè÷íèõ
îë³ãîìåð³â ïîð³âíÿíî ç íàòèâíèì á³ëêîì. Ìåòîäè. MALDI-TOF
ìàñ-ñïåêòðîìåòð³ÿ òà àòîìíî-ñèëîâà ì³êðîñêîï³ÿ (ÀFÌ). Ðåçóëüòàòè. Ìàñ-ñïåêòðè íàòèâíîãî ³ ô³áðèëÿðíîãî ASN ìàþòü
ïîä³áíèé õàðàêòåð – äëÿ íèõ õàðàêòåðí³ ³íòåíñèâíèé ï³ê ìîëåêóëÿðíîãî ³îíà á³ëêà, ï³êè íèçüêîìîëåêóëÿðíèõ àñîö³àòîâ òà äîñèòü
íåçíà÷íèé âì³ñò ïðîäóêò³â ôðàãìåíòàö³¿ á³ëêà. Ó òîé æå ÷àñ ó
ñïåêòð³ îë³ãîìåðíèõ àãðåãàò³â ñïîñòåð³ãàþòüñÿ âèñîêà êîíöåíòðàö³ÿ ïðîäóêò³â ôðàãìåíòàö³¿ á³ëêà, íèçüêà ³íòåíñèâí³ñòü ìîëåêóëÿðíîãî ³îíà òà â³äñóòí³ñòü ï³ê³â ñàìîàñîö³àò³â. Âèñíîâêè. Ð³çíèöþ ì³æ ñïåêòðàìè ôèáðèëÿðíîãî òà îë³ãîìåðíîãî ASN ìîæíà
ïîÿñíèòè ÿê íàÿâí³ñòþ ó çðàçêàõ «çàëèøêîâîãî» ASN ³ ïðîäóêò³â
äåãðàäàö³¿ á³ëêà, òàê ³ ð³çíèìè ñòðóêòóðîâî çàëåæíèìè ìåõàí³çìàìè ðóéíóâàííÿ öèõ äâîõ âèä³â àãðåãàò³â ïðè ëàçåðí³é äåñîðáö³¿/³îí³çàö³¿. MALDI-TOF ìàñ-ñïåêòðîìåòð³þ ìîæíà çàïðîïîíóâàòè ÿê ìåòîä âèâ÷åííÿ àãðåãàö³¿ òà àíàë³çó âèñîêîìîëåêóëÿðíèõ
àãðåãàò³â ASN. Òàêîæ ïðåäñòàâëÿº ³íòåðåñ âèçíà÷åííÿ åôåêòèâíîñò³ öüîãî ìåòîäó äëÿ äîñë³äæåííÿ àãðåãàò³â ð³çíèõ àì³ëî¿äîãåííèõ á³ëê³â.
Êëþ÷îâ³ ñëîâà: àëüôà-ñèíóêëå¿í, MALDI-TOF, àì³ëî¿äíà ô³áðèëà, îë³ãîìåðí³ àãðåãàòè, ÀFÌ.
Î. Â. Ñåâåðèíîâñêàÿ, Â. Á. Êîâàëüñêàÿ, Ì. Þ. Ëîñèöêèé,
Â. Â. ×åðåïàíîâ, Â. Ñóáðàìàíèàì, Ñ. Í. ßðìîëþê
Èñïîëüçîâàíèå ìåòîäà MALDI-TOF ìàññ-ñïåêòðîìåòðèè
äëÿ èçó÷åíèÿ ôèáðèëëÿðíûõ è îëèãîìåðíûõ àãðåãàòîâ
àëüôà-ñèíóêëåèíà
Ðåçþìå
Öåëü. Èçó÷åíèå àãðåãàòîâ àëüôà-ñèíóêëåèíà (ASN) ðàçëè÷íîé
ñòðóêòóðû, à èìåííî – àìèëîèäíûõ ôèáðèëë è ñôåðè÷åñêèõ îëèãîìåðîâ â ñðàâíåíèè ñ íàòèâíûì áåëêîì. Ìåòîäû. MALDI-TOF
ìàññ-ñïåêòðîìåòðèÿ è àòîìíî-ñèëîâàÿ ìèêðîñêîïèÿ (ÀFÌ). Ðåçóëüòàòû. Ìàññ-ñïåêòðû íàòèâíîãî è ôèáðèëëÿðíîãî ASN èìåþò ïîäîáíûé õàðàêòåð – äëÿ íèõ õàðàêòåðíû èíòåíñèâíûé ïèê
ìîëåêóëÿðíîãî èîíà áåëêà, ïèêè íèçêîìîëåêóëÿðíûõ àññîöèàòîâ,
à òàêæå äîñòàòî÷íî íåçíà÷èòåëüíîå ñîäåðæàíèå ïðîäóêòîâ
ôðàãìåíòàöèè áåëêà. Â òî æå âðåìÿ â ñïåêòðå îëèãîìåðíûõ àãðåãàòîâ íàáëþäàþòñÿ âûñîêàÿ êîíöåíòðàöèÿ ïðîäóêòîâ ôðàãìåíòàöèè áåëêà, ìîëåêóëÿðíûé èîí íèçêîé èíòåíñèâíîñòè è îòñóòñòâèå ïèêîâ àññîöèàòîâ áåëêà. Âûâîäû. Ðàçëè÷èå ìåæäó ñïåêòðàìè ôèáðèëëÿðíîãî è îëèãîìåðíîãî ASN ìîæíî îáúÿñíèòü êàê
ñîäåðæàíèåì «èçáûòêà» ASN è ïðîäóêòîâ äåãðàäàöèè áåëêà,
òàê è ðàçëè÷íûìè ñòðóêòóðíî-çàâèñèìûìè ìåõàíèçìàìè ðàçðóøåíèÿìè ýòèõ äâóõ âèäîâ àãðåãàòîâ ïðè ëàçåðíîé äåñîðáöèè/èîíèçàöèè. MALDI-TOF ìàññ-ñïåêòðîìåòðèþ ìîæíî ïðåäëîæèòü
â êà÷åñòâå ìåòîäà èçó÷åíèÿ àãðåãàöèè è àíàëèçà âûñîêîìîëåêóëÿðíûõ àãðåãàòîâ ASN. Òàêæå ïðåäñòàâëÿåò èíòåðåñ îïðåäåëå-
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íèå ýôôåêòèâíîñòè MALDI-TOF äëÿ èññëåäîâàíèÿ àãðåãàòîâ ðàçëè÷íûõ àìèëîèäîãåííûõ áåëêîâ.
Êëþ÷åâûå ñëîâà: àëüôà-ñèíóêëåèí, MALDI-TOF, àìèëîèäíàÿ
ôèáðèëëà, îëèãîìåðíûå àãðåãàòû, ÀFÌ.
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