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Aim. To verify CoAlation of ribosomal protein S6 kinase 1 (S6K1) in the HEK293/Pank1b
cells exposed to oxidative stress using proximity ligation assay (PLA). Methods. In sifu proxi-
mity ligation assay. Results. S6 kinase 1 undergoes CoA covalent modification in cellular
response to oxidative stress. Conclusions. The previously developed mass spectrometry-based
methodology allowed us to identify over 2100 CoAlated proteins in the cells exposed to oxi-
dative or metabolic stress. Many protein kinases were found to be CoAlated, including S6K1.
In this study, the proximity ligation assay was used to demonstrate a significant increase of
S6K1 CoAlation under oxidative stress compared to untreated cells.
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Introduction

Coenzyme A (CoA) is a fundamental cofactor
in all living cells. CoA and its thioesters have
been implicated in diverse metabolic processes
and biosynthetic pathways, as well as in the
regulation of gene expression [1]. We have
recently discovered a novel function of CoA
in redox regulation. Using in-house developed
anti-CoA monoclonal antibodies [2, 3] and
novel methodologies, we demonstrated for the

first time that CoA can function as a major
cellular antioxidant through a novel post-trans-
lational modification, termed protein CoAlation
(covalent binding of CoA to oxidized cysteine
residues under metabolic or oxidative stress).
To date, using MS-based methodology we
have identified 2100 CoAlated proteins in the
bacterial and mammalian cells and tissues,
exposed to oxidizing agents or nutrient depri-
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vation [4]. The majority of CoAlated proteins,
accounting for over 65 %, are known to be
associated with metabolic processes. Additio-
nally, a large number of proteins involved in
stress response and protein synthesis were also
found to be CoAlated. CoA-modified cysteine
residues are commonly located at functionally
and structurally crucial sites, resulting in
changes to enzyme activity, subcellular local-
ization, conformation changes and the protec-
tion of oxidized cystein residues from irrever-
sible overoxidation [5—7]. Recently, a key
enzyme in mitotic regulation, Aurora A kinase,
was shown to be CoAlated in response to the
oxidative stress. Biochemical, biophysical and
X-ray crystallography studies revealed a
unique mode of CoA binding to Aurora A ki-
nase. It is mediated by covalent modification
of Cys290 located in the activation loop by
CoA as well as selective binding of the ADP
moiety of CoA to the ATP binding pocket of
Aurora A kinase and results in the reversible
inhibition of its kinase activity [8]. These no-
vel findings suggest that other protein kinases,

which possess cysteine residues in the activa-
tion segment, can be also modified by CoA
when the cells are exposed to oxidative or
metabolic stress.

A key player of the PI3K/mTOR/S6K sig-
naling pathway, S6K1, was identified among
CoAlated proteins in HEK293/Pank1B cells
treated with diamide [unpublished data]. S6Ks
have a plethora of functions in signaling path-
ways, including the regulation of protein syn-
thesis, cell growth and energy metabolism in
response to various signals, including amino
acids, AMP/ATP levels and insulin [9]. The
S6K1 gene encodes several alternatively trans-
lated isoforms: p85S6K1, p70S6K1 and
p60S6K1. The activity of S6K1 is regulated by
multiple phosphorylations mediated by mTOR
and PDK1 kinases (Fig. 1). The LC-MS/MS
analysis of CoAlated proteins in the HEK293/
Pankl1b cells treated with diamide showed
CoAlation of cysteine 217 (Cys217) in S6K1.
Cys217 (using hereafter the numbering based
on a shorter 502-residue protein corresponding
to p70-S6K1 isoform) is located in the activa-
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Fig. 1. Schematic structure and domain organization of S6K 1. The kinase domain, N- and C-terminal regulatory do-
mains (NTD and CTD), the sites of mTOR and PDK1 phosphorylation, as well as location of cysteine residues are

indicated, Cys217 is highlighted in red.

278



The use of PLA for validating S6K1 CoAlation

tion loop of the kinase domain (Fig. 1) which
plays an important role in the regulation of the
kinase activity.

The aim of this work was to validate S6K 1
CoAlation in cellular response to oxidative
stress using in situ proximity ligation assay.

Materials and Methods

Mammalian cell culture

HEK293/Pank1p model cell line (human em-
bryonic kidney 293) with stable overexpres-
sion of Pantothenate kinase 1B (Pank1f) was
cultured in Dulbecco’s Modified Eagle Medium
(DMEM) (Lonza) supplemented with 10 %
fetal bovine serum (FBS) (Hyclone), 50 U/ml
penicillin and 0.25 pg/m streptomycin (Lonza).
The generated cell line was tested and shown
to be free of mycoplasma infection. HEK293/
Pank1p cells were grown on coverslips placed
in 24-well culture dishes in complete DMEM
with 10 % FBS until ~70 % confluency. Then,
the media were replaced with pyruvate-free
DMEM supplemented with 5 mM glucose and
10 % FBS, and the cells were incubated for
other 24 h. To induce the oxidative stress, the
cells were treated with 0.5 mM H,0O, for 30
min at 37 °C in the same media.

Proximity Ligation Assay

Proximity ligation assay (PLA) was performed
by Duolink /n Situ Red Starter Kit Mouse/
Rabbit (DUO92101, Sigma-Aldrich, Dorset,
UK), accordingly to the manufacture manual.
Cells were fixed with 10 % neutral buffered
formalin (Sigma, F5554) supplemented with
100 mM NEM (from 1M stock in ethanol,
Sigma, E3876) for 15 min RT. The addition of
NEM was necessary to prevent disulfide bond

formation by blocking sulthydryls (e.g., re-
duced cysteines) forming stable, covalent thio-
ether bonds. Cell membranes permeabilization
and antigen demasking were performed by
adding 0.2 % Triton X-100/PBS for 15 min at
room temperature (RT). To eliminate auto-
fluorescence, the samples were incubated for
15 min with 10 mM cupric sulphate and
50 mM ammonium acetate, pH 5.0. Non-
specific binding of antibodies was blocked by
incubating samples in TBS with Duolink™
Blocking buffer for 30 min at +30 °C. Primary
mouse monoclonal antibodies anti-CoA 1F10/
B11 (1 pg/ml, [2]) and rabbit polyclonal anti-
S6K1 (1 pg/ml) were added to the Duolink
Antibody Diluent (1:100 dilution), and then to
each reaction well. For negative control,
Duolink Antibody Diluent only was used. The
slides were incubated in a humidified chamber
at +4 °C overnight. Then, the slides were
washed in buffer containing 10 mM Tris-HCI
pH 7.4, 150 mM NaCl, 0.05 % tween-20 be-
fore the incubation with PLA PLUS and PLA
MINUS probes of secondary antibodies (di-
luted in the same buffer at 1:5 ratio) for 1 h at
37 °C in dark humidified chamber. After series
of rinsing, samples were incubated in the hy-
bridization solution for 15 min. For the ligation
step, ligase (previously diluted in Duolink liga-
tion solution, 1:40) was added to slides for
30 min to allow the ligation and circularization
of the DNA-oligos. The amplification was
performed by introducing DNA-polymerase
diluted in Duolink amplification solution
(1:80) into each reaction well, the slides were
incubated for 100 min. Following incubation,
the slides were washed again with a wash buf-
fer without Tween-20 and dried overnight.
Next, the samples were washed with TBS and
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embedded into Duolink in situ mounting me-
dium containing DAPI to stain the nuclei.
Analysis was performed using Leica TCS SPE
Confocal system with coded DMi8 inverted
microscope (Leica, Germany).

High-resolution images from three indepen-
dent experiments were analyzed by Image]
(National Institutes of Health (NIH)) to quan-
tify the density of PLA signal per cell (fluo-
rescence intensity divided by number of DAPI
nuclei). Statistical analysis and data graph
were performed by Microsoft Excel. For com-
parison of PLA data, non-parametrical two-
tailed Student’s t-test was used. The values less
than 0.05 were considered to be statistically
significant.
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Fig. 2. Scheme of the PLA to study S6K1 CoAlation. 4 —

Results and Discussion

CoAlome analysis with the developed LC-
MS/MS methodology allowed us to identify
diverse ranges of CoAlated proteins in mam-
malian cells and tissues [5]. Notably, many
protein kinases were found to be CoA-modi-
fied in response to oxidative stress, including
S6 kinase 1. The site of CoAlation was mapped
to Cys217, located in the activation loop of
kinase domain. In this study, we applied the
proximity ligation assay to validate CoAlation
of S6K1 in HEK293/Pank1b cells exposed to
oxidative stress. By measuring close proximity,
PLA allows us to detect the post-translation
modification (PTMs) that cannot be established
with simple co-localization studies (Fig. 2).
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Addition of primary antibodies against S6K1 and CoA,

respectively, are added. B — Secondary antibodies with PLA probes of PLUS DNA and MINUS DNA, respectively,
are added. C — Two circle-forming DNA oligonucleotides and the ligation enzyme are added. D — Rolling-circle
amplification. Fluorescently labelled, complementary oligonucleotide probes bind to the amplified DNA. Signal ap-
pears as a distinct dot and can be visualized by fluorescent microscopy.
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Two primary antibodies, raised in different
species, are required for the detection of PTMs
in cells. These include an antibody specific for
a protein of interest and the other recognizing
PTM. The proximity probes include secondary
antibodies of different species with conjugated
nucleotide tags (Fig. 2). When the probes are in
close proximity to each other in cells, comple-
mentary sequences hybridize, allowing the liga-
tion. The presence of DNA polymerase promotes
the production of circular DNA, which contains
fluorescently label oligonucleotides. If the mod-
ification is present on the protein, fluorescent
signal is generated [10]. The distance between
both probes has to be 40 nm or less for genera-
ting detectable immunofluorescent signal.

The data presented in Fig. 3 reveal a low
immunofluorecent signal of CoA modification

A

Negative control

S6K1-CoA association under
normal conditions

present on the S6K1, detected in negative con-
trol (A) and in HEK293/Pank1b cells not trea-
ted with H,O,. A significant increase of the
immunoreactive signal was observed in the cells
exposed to oxidative stress (Fig. 3C). The quan-
titation analysis of the PLA immunofluoreacti-
vity (Fig. 3D) shows the increasing number of
dots per cell for the samples undergoing H,O,-
induced oxidative stress, implying the higher
level of S6K1-CoA association. Generated re-
sults are in agreement with the LC-MS/MS
analysis of CoAlated proteins, which showed
covalent modification of S6K1 by CoA.

In overall, our data provide additional evi-
dence of S6K1 modification by CoA in cellular.
Taking into account the anti-oxidative function
of protein CoAlation we propose that CoAlation
of S6K 1 may protect surface exposed Cys217

S6K1-CoA association under
oxidative stress
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Fig. 3. Oxidative stress induced by H,0, treatment promotes the associa-
tion between p70S6K1 and CoA in HEK293/Pank1p cells, when com-
pared to control. PLA for p70S6K1 and CoA (red); nuclei are stained with
DAPI (blue). Scale bars: 10 um. D) Data graph of quantification of PLA

signals in dots per cell.
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from over-oxidation, preventing irreversible
loss of function and subsequent degradation.
Additionally, by analogy of Aurora A kinase
regulation by CoAlation of Cys290 (located in
the activation loop), we anticipate that the ac-
tivity of S6K1 could be affected as well by
covalent modification of Cys217, which is lo-
cated in S6K1 catalytic domain in close proxi-
mity to the key for kinase activity Thr229 phos-
phorylation site, and by the possible interaction
of ADP moiety of CoA with the kinase ATP
binding site [8]. Testing these hypotheses will
be the subject of our further studies.
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Buxopucranus in situ proximity ligation metony
s migreepaxenus KoAnoBanns S6 kinasm 1
B YMOBaX OKCHIATHBHOIO CTPecy

A. B. boxona, B. B. ®inonenko, 1. T. I'yr,
O. M. Mananuyk

Mera. ITinrBepmutu KoAsroBanHs kiHazu 1 ppOocomans-
Horo Oinka S6 (S6K1) B xmitnnax HEK293/Pank1b B
YMOBaX OKCHJIATUBHOIO CTPECY, BAKOPUCTOBYIOUH in Sifu
proximity ligation meton (PLA). MeTonu. /n situ proximity
ligation meton. Pe3yabrarn. S6 kinaza 1 KoAmoerscs y
BiZIITOBI/Ib HA OKCHAATUBHUI CTPEC B KIIITHHAX. BUCHOBKH.
[NonepenHbo po3podieHa METoMKa Mac-ClIEKTPOMETPaIIb-
HOTO aHall3y IO3BOJIWIA I1AeHTH(IKYBaTH TIOHAM]
2100 KoAnpoBaHMX OUIKIB Y KITITHHAX, IO TUTATAIH Jii
OKCHIATHBHOTO 200 MeTabOoIIYHOrO CTpecy. BusiBieHo, 1o
Gararo rporeinkinas € KoAnpoBannmu, BKITI09HO 3 S6K 1.
Y oMy AoCTiDKeHH] OyII0 BUKOPUCTAHO i1 Sifu proximity
ligation mMeTon Ut AEMOHCTpALlii 3HAYHOTO 301LIBIICHHS
piBast KoAmoBannst SOK 1 32 yMOB OKCHIaTHBHOTO CTPECY
TIOPIBHSHO 3 KIIITHHAMH 32 HOPMAJIbHUX YMOB.

Knw4uogi caosa: KoA, S6 kinaza 1, in situ proximity
ligation meTox, MOCT-TpaHCIIAIIHA MOAN(IKAITisI, OKCH-
JIATUBHUH CTPEC, Iepeiada CUrHaiy, KOHPOKaJIbHA MiKpO-
CKOITisl, PiCT KJIITHH, aHTHUTLIA.
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