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Due to high diagnostic value of 3-amyloid aggregates, the target ligands capable of specific binding to abnormal AB aggregates are of special interest. The study
aimed to perform comparative characterization of the HAEE-Cy5 (Ac-His-Ala-Glu-Glu-Gly-Gly-Gly-Gly-Lys(e-Cy5)-NH2) and EEAH-Cy5 (Ac-Glu-Glu-Ala-His-Gly-
Gly-Gly-Gly-Lys(e-Cy5)-NH2) tetrapeptide capability of binding to the Ap aggregates in the SH-SY5Y human neuroblastoma cell line by confocal microscopy. It
has been shown that the HAEE-Cy5 tetrapeptide demonstrates specific binding yielding typical cytoplasmic clusters and clear co-localization with the amyloid
aggregates, while the EEAH-Cy5 peptide with the inverted sequence totally loses the binding capability. Quantification has confirmed high specificity of the HAEE-
Cyb binding to the AB aggregates (Manders' colocalization coefficient 0.58 + 0.03). It has been found that the histidine N-terminal position is a critical determinant
of the interaction specificity. The findings offer the prospects of using the HAEE peptide as a platform for the development of targeted disgnostic systems for
amyloid disorder imaging.
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CPABHUTEJIbHAA BU3YANTM3ALINA CBA3bIBAHUA TETPANENTUAOB HAEE-CY5 1 EEAH-CY5
C ArPErATAMU A HA KIIETKAX SH-SY5Y

A. B. ViBaHoBa'?®=, H. C. Ymeniok'?, M. A. Kyabmudes', M. W. LLnnsiesa’, M. A. Abakymos'?
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B cBA3K C BbICOKOW ANarHOCTNHECKOM 3HAYMMOCTBIO B-aMUNONAHbIX arperaTos nNpu 60n1e3HM AnbLireiimepa 0cobbi MHTEPEC NPEACTaBNSIOT LeneBble MraHpl,
CMOCOGHbIE K CNELMPUHECKOMY CBA3bIBAHMIO C NaTonorndeckumy arperatammn AB. Lienbto nccnenosaHms 66110 NPOBECTU METOAOM KOH(YOKaBHOM MUKPOCKOMNN
CpaBHUTENBHYIO XapaKTepUCTUKY CBsidbiBaroLLe cnocobHocTv TeTpanentuaos HAEE-Cy5 (Ac-His-Ala-Glu-Glu-Gly-Gly-Gly-Gly-Lys(e-Cy5)-NH2) n EEAH-Cy5
(Ac-Glu-Glu-Ala-His-Gly-Gly-Gly-Gly-Lys(e-Cy5)-NH2) ¢ arperatamun AR Ha KNETOYHON NMHUM HelpobnacToMbl Yenoeka SH-SY5Y. NokasaHo, 4to Tetpanentug HAEE-
Cy5 0EMOHCTPUPYET creLmduyeckoe CBA3bIBaHVE C 06Pa30BaHNEM XapPaKTEPHbIX LIUTOMNA3MaTUHECKMX CKOMIEHWI N YETKOW KOIOKaIM3aLm C aMUIoMaHbIMM
arperatamu, B To Bpemsi kak nentug EEAH-Cy5 ¢ o6pallieHHo nocneaoBaTeibHOCThO MONHOCTLIO yTpaYmnBaeT CrioCOBGHOCTL K CBS3bIBaHNIO. KONMYeCTBEHHbI
aHamM3 NOATBEPAVS BbICOKYIO crieumdmdHoCTb ceasbiBaHust HAEE-Cy5 ¢ arperatamut AR (koahduLmeHT konokanmdaun Marpepca 0.58 + 0.03). YcTaHoBneHo,
410 N-KOHLIEBOE MONIOKEHVE MMCTUIAVHA SBMSETCS KPUTUHECKM AETEPMUHAHTOM CNELMUHHOCTV B3aMOAENCTBISA. Pe3ynstaTsl paboTbl OTKPBIBAIOT MEPCMEKTVBbI
npvmMeHeHus nentuaa HAEE B kadecTse nnatdopMbl A paspaboTki LIENeBbIX AMarHOCTUHECKMX CUCTEM B3yan3aumin aMuionaHOn naTonorm.
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Alzheimer's disease (AD) is the most globally prevalent
neurodegenerative disorder that usually results in the neuronal
death and brain atrophy. It is accompanied by accumulation of
abnormal deposits: senile plaques consisting of the aggregated
B-amyloid (AB) and neurofibrillary tangles formed by the
hyperphosphorylated tau protein [1, 2]. Despite decades of
research, the amyloid hypothesis remains one of the central to
explain the AD pathogenesis. Accumulation of the oligomeric
AB forms and their subsequent aggregation into mature,
stable fibrils is considered to be the key event triggering the
neurotoxicity and neuroinflammation cascade [3-5]. Since AB
aggregates represent the main structural component of senile
plaques, these are a priority target for the development of the
diagnosis and treatment methods. One promising approach
is the search for compounds capable of inhibiting the AB
aggregation. Currently, various classes of such compounds are
being developed, including small molecules [6, 7], monoclonal
antibodies (aducanumab, lecanemab) [8, 9], peptides [10],
natural ligands [11], multifunctional hybrid molecules [12],
however, many of these face the problems of low bioavailability
and limited efficacy in late-stage AD, or serious adverse effects,
such as ARIA (amyloid-related imaging abnormalities), in
cases of antibody therapy [13, 14]. In this context, of special
interest are the short peptides conbining targeted effects
and the fundamentally better penetration capacity. The HAEE
tetrapeptide is a candidate compound. According to some
data [15], HAEE acts as a specific molecular tool selectively
binding to the metal-binding domain of the AB peptide
(11EVHH14) to form a stable complex in the presence of Zn?
Such interaction confirmed by the surface plasmon resonance,
nuclear magnetic resonance, and molecular modeling methods
significantly disturbes the Zn?*-dependent AB monomer
dimerization, thereby preventing production of toxic oligomers.
The in vivo experiments on the blood-brain barrier (BBB)
provided important evidence of the HAEE efficacy: the peptide
not only inhibited the Zn%*-induced amyloid accumulation, but
completely prevented the associated abnormal phenotypes,
including paralysis and shortened lifespan of transgenic
nematodes [15]. No signs of the peptide toxicity were reported
in these experiments, which suggested the peptide beneficial
safety profile in this model system. Furthermore, one more key
property was reported for HAEE: pharmacokinetic studies and
molecular modeling suggest that it was capable of crossing the
BBB [15]. It should be noted that HAEE is a peptide derived from

Fig. 1. Chemical structure of the test conjugated peptides
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the sequence of the nicotinic acetylcholine receptor a4-subunit
(NAChRa4) [16]. Thus, HAEE has properties of the unique
candidate for AD therapy: it has a determined mechanism of
action targeting the key pathogenesis link and demonstrates
its efficacy at the whole-body level. The direct detection of
the HAEE binding to the AB aggregates under the cell culture
conditions can be a simple and clear method to further confirm
this mechanism. Fluorescence microscopy, specifically when
combined with immunocytochemistry analysis, is among the
most popular and accessible methods to complete the task.

Thus, the study aimed to perform direct imaging and
confirm binding of the HAEE-Cy5 fluorescent conjugate to the
AB aggregates in the SH-SY5Y human neuroblastoma cell line
by fluorescence microscopy in order to assess its specificity
and the prospects of using the HAEE peptide as a target ligand
for the AD diagnosis and treatment.

METHODS

All the experiments were conducted at the laboratory of the
Deparment of Medical Nanobiotechnology of the Research
Institute of Translational Medicine, Pirogov Russian National
Research Medical University. Confocal microscopy was
performed at the Biomedical Nanomaterials laboratory of
the Bioengineering Institute, MISIS University of Science and
Technology.

The following compounds were tested in the experiment:
HAEE-Cy5 (Ac-His-Ala-Glu-Glu-Gly-Gly-Gly-Gly-Lys(e-Cy5)-
NH,, EEAH-Cy5 (Ac-Glu-Glu-Ala-His-Gly-Gly-Gly-Gly-Lys(e-
Cy5)-NH,, Cy5-NH2. The test peptides HAEE-Cy5 and EEAH-
Cy5 (purity > 95% based on the HPLC data) were synthesized
and provided by the laboratory of the Department of Medical
Nanobiotechnology, Research Institute of Translational
Medicine, Pirogov Russian National Research Medical
University. The peptides cosist of the tetrapeptide “head”
(HAEE or EEAH) connected to the Cy5 fluorescent dye via a
linker of four glycine residues (GGGG).

The L-lysine residue (K) in the linker provides a conjugation
site for the dye. The chemical structure of the test compounds
is provided in Fig. 1.

The lyophilized peptides were dissolved in the sterile
deionized water to the concentration of 5-10 mM, and aliquots
of solutions were stored at —20 °C for no longer than 3 months.
Before applying the peptides to the cells the solutions were
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Fig. 2. Control of immunofluorescence staining specificity in the SH-SY5Y cells. Alignment of channels demonstrates localization of the alexa 488-stained target
antigens (green) on the AB aggregates. The nuclei are DAPI stained (blue). Scale bar 20 um

diluted in the DMEM/F12 cell culture medium containing no
fetal bovine serum (FBS) to the concentration of 5 M.

SH-SY5Y cell culturing

The SH-SY5Y human neuroblastoma cells (ATCC, USA) were
grown in the cell culture flasks with the growth medium comprising
DMEM/F12 (ServiceBio, China) supplemented with the 10% FBS
(Cytiva (GE Healthcare Life Sciences HyClone), USA), antibiotic
mixture (penicillin — 100 pg/mL, streptomycin — 100 pg/mL)
(ServiceBio, China), and L-glutamine (100 mM) (ServiceBio, China)
at 37 °C in the 5% CO, atmosphere.

Beta-amyloid preparations

The lyophilized AB (Amyloid B-Protein (1-42) (E-PP-0428),
Elabscience, China) was dissolved in the 1% NH,OH to the
concentration of 1 mg/mL in the ultrasonic bath without
heating for 10 min. Then the solution was aliquoted (10 pL)
and stored at =80 °C. Before applying to the cells, the solution
was ultrasound-treated again for 30 min at 37 °C in the final
concentration (20 pg/mL).

Immunofluorescence analysis

To assess localization of the compounds, the SH-SY5Y cells
were sown in the wells of the 24-well plate, 200 x 10° cells per
well. After 24 h the cells were treated with the AB preparations
(20 pg/mL) in the medium containing no FBS and incubated for

4 h. Then the cells were twice washed with the Hanks' solution,
added the test compounds (HAEE-Cy5, EEAH-Cy5, NH2-Cy5)
in a concentration of 5 UM, and incubated for 2 h. Then the
cells were fixed for 15 min in the 4% paraformaldehyde at
+4 °C. Permeabilization was performed in the blocking buffer
of 0.2% Twin-20, 0.2% Triton X-100, and 2% goat serum for
30 min at room temperature. Then incubation with the primary
antibody (mouse IgG1 antibody against himan beta-amyloid
protein, abl, clone 6E10 BiolLegend) diluted 1:100 000 (0.01 pg/mL)
in the buffer (0.2% Twin-20, 0.2% Triton X-100, 0.2% goat
serum, FBS) was performed for 60 min. After that the cells
were triple washed with the solutions of 0.2% Twin-20, 0.2%
Triton X-100 for 5 min. Then the cells were incubated with
the secondary antibody (abll, goat antibody against IgG(H+L)
conjugated with alexa 488 (E-AB-1056, Elabscience, China).
Incubation with the secondary antibody was also conducted
for 60 min; then the cells were triple washed with the solutions
of 0.2% Twin-20, 0.2% Triton X-100 for 5 min and stained with
the DAPI nuclear dye.

Confocal microscopy

Cell imaging was accomplished with the Nikon Eclipse Ti2
microscope (Nikon, Tokyo, Japan) equipped with the laser
scanning system (ThorLabs, Newton, New Jersey, USA) and
the Apo 60x/0.5-1.25 oil immersion lens. Scanning was
performed using the Thorlmagel S software (version 2.4)
(Thorlabs, Newton, New Jersey, USA); images were processed
using the Fiji 2.9.0 software tool.
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Fig. 3. Localization of the EEAH-Cy5 and HAEE-Cy5 compounds in the SH-SY5Y cells. Signal of the Cy5-labeled compounds (red). The nuclei are DAPI stained (blue).

Scale bar 20 ym

Statistical analysis

Colocalization of images in the alexa488 and Cy5 channels was
calculated using the Fiji software tool and Manders' coefficient;
images (n = 6) were used for analysis.

RESULTS

To confirm immunofleorescence staining specificity in the SH-
SY5Y cells, a number of control experiments was conducted
(Fig. 2). When using only secondary antibodies conjugated with
the alexa 488 (abll) fluorescent label, no significant fluorescent
signal was detected. Likewise, incubation of cells with AB in the
absence of primary antibody (abl) did not result in specific staining.
Treatment of cells with abl or abll without A yielded no significant
fluorescent signal. Intense fluorescent staining was observed only
when there were AB, abl, and abll at once; this corresponded to
the expected localization of target antigens. The results obtained
confirm that specific staining requires the presence of all system
components and indicate specificity of the antibodies used.
Then the HAEE-Cy5 and EEAH-Cy5 localization of the cells
was assessed. In the control experiment involving the use of
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the free Cy5-NH2 dye, the nonspecific internalization of the dye
manifested by a diffuse signal on the cell membrane and in
the cytoplasm was reported. The fact that such a hydrophobic
compound is localized partially in the cytoplasm can be
explained by permeabilization of the cells during the analysis.
In contrast, the intense and structurally organized signal that
was qualitatively different from the control was reported for the
EEAH-Cy5 and HAEE-Cy5 compounds: this was characterized
by the prominent membrane-bound component and formation
of discrete clusters in the cytoplasm (Fig. 3). This suggests
specific interaction of the test substances with the cell
structures, which is not limited to non-specific accumulation
of the dye.

Due to the detected specific EEAH-Cy5 and HAEE-Cy5
localization, direct verification of their capability of binding to
the AB aggregates was performed. The analysis of confocal
microscopy images showed the clear and intense colocalization
of the HAEE-Cy5 signal (red) with the signal of AB deposits
(alexa 488, green) visualized as large yellow regions in the
combined image (Fig. 4), which unambiguously indicated
the HAEE-Cy5 tetrapeptide high-affinity binding to amyloid
aggregates. In contrast to HAEE-Cy5, no significant signal in
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Fig. 4. Visualization of the HAEE-Cy5 and EEAH-Cy5 binding to the AB aggregates in the SH-SY5Y cells. Signal of the Cyb5-labeled tetrapeptides (red). The alexa
488-labeled antibodies on AB (green). Yellow on the combined image indicates colocalization of peptides with A aggregates. The nuclei are DAPI stained (blue). Scale

bar 20 pm

the Cy5 channel was reported for the EEAH-Cy5 peptide,
which suggested that it was unable to specifically interact
with the studied target. Despite the fact that the source Cy5
dye showed some capability of binding to amyloid deposits,
it was to the greater extent nonspecifically localized, which
also confirmed high HAEE-Cy5 affinity for AR aggregates. To
further confirm colocalization of the channels, the Manders'
coefficient was calculated (between the channels of the
AB aggregate images and test compounds for the images
acquired): the highest coefficient value was reported for the
HAEE-Cy5 compound and AB aggregates (0.58 + 0.03),
while the values between the Ap and Cy5 channels and AB
and EEAH-Cy5 channels were 0.22 + 0.05 and 0.19 + 0.02,
respectively, which suggested no Cy5 and EEAH-Cy5
colocalization and higher extent of the HAEE-Cy5 binding
to AB. The extremely low EEAH-Cy5 fluorescence signal
can be associated with with its low capability of staying
on the AB aggregates and in other cell compartments. At
the same time, the Cy5 signal is significant, it is enhanced
in the areas of AB aggregates, however, a large amount
of fluorescence is distributed across the membrane and
cytoplasm, which suggests low specificity of the Cy5
binding to AB.

DISCUSSION

The study conducted has made it possible to identify
fundamental differences in the HAEE-Cy5 and EEAH-Cy5
capability of binding to the AB aggregates in the SH-SY5Y cells,
which are likely to result from their structural features. Despite
identical amino acid composition, the reversed EEAH-Cy5
sequence led to the complete functional activity loss, while
HAEE-Cy5 showed high specificity for the studied target. The
data obtained suggest that the histidine N-terminal position in
the HAEE-Cy5 sequence is critically important for formation
of specific interaction with AB. Our data clearly demonstrate
that the histidine (His, H) shift from the first to fourth position
in the tetrapeptide “head” of the ligand results in the rapidly
decreased capability of binding to AB. It is well known that
the AB peptide N-terminal domain comprises the main binding
centers, specifically the His6, His13, His14 residues being
the good o-donors that are involved in coordination with
metals [17], as well as the aromatic Phe4 and Tyr10 residues
responsible for the m m interaction [17, 18]. It can be assumed
that histidine being part of HAEE is involved in similar interaction
with these sites. As for the inactive EEAH peptide, the presence
of two negatively charged glutamic acid residues (Glu, E) in
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the N-terminal position, as well as the presence of the Cy5
fluorescent dye in the e-end of lysine (Lys, K), can cause the
peptide chain folding or create steric hindrances disrupting
spatial orientation and the key histidine residue availability. In
such a configuration, histidine can be sterically unavailable for
interaction with the A binding sites.

The quantitative evidence to substantiate high specificity of
the HAEE-Cy5 binding to amyloid aggregates is calculation of
the Manders' colocalization coefficient. The coefficient value of
0.58 + 0.03 for the HAEE-Cy5/AB pair is considerably higher
compared to the values of control compounds (Cy5-NH2/AB
and EEAH-Cy5/AB), which are close to zero. Quantification
clearly demonstrates that the intense colocalization signal is
not random, it confirms high HAEE peptide affinity specifically
for the target AB aggregates, which is fully consistent with
visual observation and demonstrates critical importance of the
correct amino acid sequence for effective interaction.

The lack of the EEAH-Cy5 fluorescence signal upon clear
detection of HAEE-Cy5 to extracellular AR aggregates suggests
that it is not capable of specific interaction with the target. This
difference resulting from suboptimal primary structure of the
control peptide can be due to several factors: impaired binding
to AB, increased susceptibility to proteolytic degradation,
worse cellular permeability or accelerated removal from the cell.
Thus, in contrast to HAEE-Cy5, the EEAH-Cy5 peptide fails to
fulfill the target function, which confirms critical importance of
certain amino acid sequence for effective binding. It is worth
noting that in the absence of AB both peptides demonstrate
similar intracellular localization, which suggests their stability
and capability of entering the cell. However, the HAEE-Cy5
peptide intense and structurally organized signal manuifested
by discrete cytoplasmic clusters suggests that it is capable of
entering the cell and interacting with intracellular structures.
Furthermore, according to the literature data [19], the reported
colocalization with AB (Fig. 4) occurs in the extracellular space,
which confirms the binding specificity. It is important to note that
the HAEE-Cy5 distribution observed was qualitatively different
from the diffuse signal of the free Cy5-NH2 dye, which precludes
explanation by simple dye accumulation and emphasizes the
role of peptide sequence in the targeted binding.
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