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Peroxiredoxins (Prxs) are versatile enzymes that demonstrate various cell functions as peroxidases,
protein chaperones, functions of signal modulators and binding partners. It is well established that Prxs can
interact with multiple proteins in cells, such as ASKI, Cdk5-p35, JNK, MIF, PDGF, TKR4 and others. In this
study, we attempted to evaluate a possible association between ubiquitous Prx II and ATP/ADP buffering
enzyme - brain-type creatine kinase (CKBB). Our co-immunoprecipitation (Co-IP) results from the A549
and HelLa cell lysates with overexpressed HA-Prx Il and Flag-CKBB have demonstrated strong association
between two proteins under non-stressed conditions. This protein interaction was enhanced by the heat treat-
ment with further HA-Prx Il precipitation to the immobilized Flag-CKBB depending on the temperature in-
crease. Temperature induced oligomerization of Prx Il may contribute to the formation of Prx Il conglomera-
tes, which in turn, can associate with CKBB and increase signal intensities on the blotted membranes. Thus,
such association and oligomerization of Prx Il could take part in recovery and protection of the CKBB enzyme
activity from inactivation during heat-induced stress.
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eroxiredoxins are molecules that possess
P peroxidase and chaperone protein functions

[1, 2]. They are ubiquitous peroxidases that
reduce harmful peroxides and peroxinitrites based
on the thiol active center. The conserved cysteine
(Cys) amino acid common for all Prx species is the
catalytically active residue of paramount impor-
tance. Depending on the number of Prx subunits,
position and number of Cys residues, family of
peroxiredoxins may be divided into two sub-fami-
lies: 1-Cys Prxs and 2-Cys Prxs, whereas the 2-Cys
Prxs include two classes known as the “typical” and
“atypical” [3]. Mammalian cells express six isoforms
of Prx named respectively from Prx I to Prx VI. Ho-
modimeric Prx I to Prx IV belong to the “typical”
2-Cys sub-group, Prx V to the “atypical”, and Prx
VI to the 1-Cys sub-group [4].

With more than 70% of aminoacid sequence
identity, four 2-Cys sub-family members possess
conserved N-terminal and C-terminal cysteine resi-
dues giving, therefore to each homodimer two pairs
of “peroxidatic” and “resolving” cysteines [5]. The
role of “peroxidatic” Cys that locates at the N-ter-

minal region is to reduce peroxides (H,0,, ROOH,
ONOO") with further transformation to a sulfenic
acid derivative (S,-OH). Oxidized SP, in turn inte-
racts with the resolving (S,) Cys of the other mono-
mer in the dimer to form an intermolecular disulfide
bond. On condition of excessive peroxide generation,
Cys-S,OH can react with a second H,O, molecule
that makes it transit to a hyperoxidized state of Cys
sulfinic acid (Cys-S,0,’) [6, 15]. In order to reduce
an oxidized peroxiredoxin with S-S_ disulfide bond,
cells possess a Trx system, composed of Trx, thiore-
doxin reductase, and NADPH. On the other hand, an
overoxidized sulfinic derivative can be reversed to a
sulfenic form by the Sulfiredoxin (Srx) enzyme, in
the presence of MgATP [7, 8].

Peroxiredoxin II (Prx II, EC 1.11.1.15)
belonging to the 2-Cys Prx sub-family is a cytosolic
enzyme, which consists of 199 residues. Levels of
Prx II expression are elevated in various cancers
(mesothelioma, breast, and head cancers) and shown
to affect diverse cellular processes [9, 10, 11]. Over-
expression of Prx II grants drug resistance to leuke-
mia and stomach cancer cells, while down-regulation
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of Prx Il makes head-and-neck cancer cell sensitive
to radiation [12, 13]. Prx II was observed as preven-
ting agent against the development of hemoglobin
aggregation in hemolytic anemia [14].

Human brain creatine kinase (BCK, monomer,
CKBB, dimer) is a cytosolic homodimer protein
with molecular weight of one subunit of ~42 kDa.
The enzyme is mainly expressed in the brain tis-
sue, where it catalyzes the reversible transfer of
the y-phosphoryl group of ATP molecule to crea-
tine, resulting in generation of phosphocreatine and
ADP, which play a role of ‘temporal energy buffer’
according to [16]. It has been reported that CKBB
is a major target of oxidative stress and the activity
level of enzyme is gradually reduced in the brain
affected by neurodegenerative diseases [17, 18].
Also, it was suggested that a posttranslational modi-
fication may cause a decrease of CKBB activity in
Alzheimer’s patients [18]. Therefore, the impaired
CKBB activity levels may greatly facilitate as an
accurate biomarker to improve early detection of
neurodegenerative diseases [19].

Specific interactions are common for all mem-
bers of Prx family, where the number of identified
clients increases annually. Prx I and Prx II show
high plausibility to directly associate with various
binding clients [4]. Recent study shows that Prx II,
which is present at high concentration in the cyto-
plasm along with Prx I, can interact in hyperoxidised
state with a member of protein disulfide isomerase
family [20]. In this study, we present results indica-
ting the protein-protein interaction of Prx II with
brain type creatine kinase. CKBB was identified
as a co-binding partner of exogenously expressed
Prx II from both A549 and HeLa cell lines. To
study whether the interaction is susceptible to out-
er stressors, the A549 and Hel.a were treated with
various elevated temperatures. Our results suggest
that Prx II has markedly higher binding affinity un-
der heat treatment than physiological conditions in
A549 and HeLa cells.

Materials and Methods

Cell culture. A549 and HeLa cells were ob-
tained from American Type Culture Collection.
A549 cells were maintained with RPMI 1640 me-
dium, and HeLa cells in Dulbecco’s modified Eagles
medium (WelGENE). Both were supplemented with
10% [v/v] fetal bovine serum (WelGENE, Daegu,
Korea), and 1% antimycotic antibiotic (Invitrogen).
The growth temperature was 37 °C with 5% in-
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jection of CO,. Cells were passaged every 48 h at
70-80% confluence and harvested by centrifuga-
tion. The physiological condition was maintained at
37 °C. Thermal inactivation was carried out by in-
cubating the A459 and HelLa cell dish for 30 min in
a thermostat with the set temperatures of 42, 46, and
50 °C. Harvested cells were sonicated and washed
with 100% acetone. Finally, dry cells were dissolved
in a lysis buffer.

Co-immunoprecipitation (Co-IP). A549 and
HeLa cells were transfected with pPCMV-FLAG and
pCMV-HA plasmids harboring CKBB and Prx II
genes. The hybrid pCMV-HA/Prx Il and pCMV-
FLAG/CKBB plasmids were kindly presented by the
Professor Chae’s laboratory. Cell lysate with pCM V-
FLAG and pCMV-HA was precipitated with the Red
Anti-Flag M2 Affinity Gel (Sigma, USA) according
to manufacturer’s manual. The immobilized pro-
teins were collected by centrifugation, washed with
TBS buffer (50 mM Tris-HCI, 150 mM NaCl), and
solubilized by cooking the affinity gel beads with
2x SDS-PAGE sample buffer. The cooked samples
were analyzed with 12% SDS-PAGE, followed by
immunoblotting.

One-dimensional SDS-PAGE. For SDS-
PAGE protein samples were prepared with 2x sam-
ple buffer (0.5 M Tris-HCI, pH 6.8, 4% SDS, 10%
B-mercaptoethanol, 20% glycerol, 0.1% bromphe-
nol blue) and heated at 95 °C for 5 min. Samples
were run on 5% stacking gel and 12% acrylamide
separating gel. Electrophoresis was carried out at a
70-150V range (Power Pack 1000, Bio-Rad) using
1x SDS-PAGE buffer (0.5M Tris-HCI, pH 6.8, 2%
SDS, 5% B-mercaptoethanol, 10% glycerol, 0.1%
bromphenol blue).

Immunoblotting. For immunoblot analysis,
the gel from SDS-PAGE was carefully soaked in a
transfer buffer (25 mM Tris, 192 mM glycine, 20%
MeOH). Nitrocellulose blotting membrane (3 M)
of gel size was assembled into sandwich using the
tank cassette and placed into the blotting tank. The
transfer was conducted under 100V during 50 min.
The blots were washed for 10 min in TBS-T (25 mM
Tris, 150 mM NaCl, 0.1% tween-20, pH 8.3) with
5% horse serum or skim milk. Blotted nitrocellulose
membrane was precipitated with primary polyclonal
either with anti-Prx II or anti-CKBB antibody over-
night at 4 °C and then washed four times in a TBS-T
for Smin/wash. The rabbit polyclonal anti-Prx II and
anti-CKBB antibodies were kindly presented by
the Professor Chae’s laboratory. The nitrocellulose
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membrane was incubated with the secondary horse-
radish peroxidase-conjugated goat anti-rabbit poly-
clonal antibody (Abcam 97051) for 1 h at room tem-
perature and again washed four times in a TBS-T for
5 min/wash. At last, the blot was immersed in 10 ml
of AP buffer (100 mM NaCl, 100 mM Tris, 5 mM
MgCl,, pH 9.5) and visualized using NBT (0.5 g/ml
in 70% dimethylforamide) and BCIP (0.25 g/ml in
100% dimethylforamide) system.

Results and Discussions

2-Cys Prxs show high specificity toward target
proteins with regard to the site-specific association.
Apoptosis signal-regulating kinase 1 (ASK1) under
resting conditions interacts with the NH -terminal
Trx-binding domain of Prx I with marked enhance-
ment of the ASK1-Prx I binding affinity under H,O,
stimulation [21]. In addition, it has been demonstra-
ted that a molecular complex of Cdk5/p35 and en-
dogenous Prx II can be formed in vivo with conse-
quent phosphorylation of Prx II at Thr* residue and
inhibition of its peroxidase activity [22]. Another
example proves that Prx I can specifically bind the
MIF-interacting protein in vivo, where the conserved
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[23].

In order to assess the interaction of Prx II with
CKBB, we performed co-immunoprecipitation as-
say using lysates from A549 cells transfected with
Flag-CKBB and HA-Prx II or empty vector alone
as negative control. In A549 cells, the level of Prx II
is established to be at very low concentrations [24].
As shown in (Fig. 1, 4, WCL; bottom panel) western
blot analysis on the whole cell lysates the levels of
Flag-CKBB or HA-Prx II were detected in the trans-
fected A549 cells, indicating successful expression
of proteins. After immunoprecipitation with anti-
Flag M2 affinity gel, we confirmed that Flag-CK BB
interacts with exogenous HA-Prx II (Fig. 1, 4, IP;
upper panel).

Further, we evaluated whether the binding of
CKBB to Prx II can be affected by the heat-induced
stress conditions. After cell transfection, they were
incubated for 30 min at 42, 46 and 50 °C followed
by co-immunoprecipitation using anti-Flag M2 af-
finity gel. SDS-PAGE analysis of A549 cell lysates
with overexpressed plasmid constructs demonstrated
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Fig. 1. Interaction of Prx Il with CKBB in A549 (4) and HeLa (B) cells under physiological conditions. Cul-
tured cells were transfected with the plasmids harboring Flag-CKBB and HA-Prx II. Cell lysates were sub-
Jected to the co-immunoprecipitation assay with anti-Flag resin. Immune complexes were separated on the
SDS-PAGE gel, where Prx I and CKBB proteins were visualized with polyclonal anti-Prx Il and anti-CKBB
antibodies respectively. The GAPDH level was used as a loading control
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Fig. 2. Interaction of Prx Il with CKBB in A549 (A) and Hela (B) cells under heat stress. A549 and HelLa
cells were transiently transfected with the plasmids encoding Flag-CKBB and HA-Prx II constructs. Prior
to harvest, cells were exposed to the thermal stress with indicated temperatures for 30 min. Cell lysates were
co-immunoprecipitated with the anti-FLAG resin according to the manufacture’s protocol. The samples were
separated using SDS-PAGE, followed by immunoblotting with anti-Prx Il and anti-CKBB antibodies
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complex formation of HA-Prx II with Flag-CKBB.
Prx II interacted with Flag-CKBB under normal
growth conditions (37 °C) and their interaction was
enhanced by the temperature increase from 37 °C
to 50 °C (Fig. 2, 4, IP; upper panel). The peak of
interaction strength was registered at 46 °C with re-
duction of interaction capacity at 50 °C.

To compare the difference of Prx II interacting
with CKBB, we conducted co-immunoprecipitation
experiments using HeLa cells containing endoge-
nous Prx II and transfected exogenous HA-Prx II.
HelL a cells were previously reported to contain about
3.3 pg Prx II in 1 mg of soluble protein [25]. HeLa
cells were transfected with plasmids encoding Flag-
CKBB, HA-Prx 11, Flag-CKBB and Prx II or empty
vector alone and co-immunoprecipitated using anti-
Flag M2 affinity gel. We observed that exogenous
HA-Prx II interacts with Flag-CKBB under physio-
logical conditions (Fig. 1, B, IP; upper panel) and
their interaction was enhanced by the temperature
treatment in the similar manner with A549 cells
(Fig. 2, B, 1P; upper panel). Therefore, with elevated
temperature treatment in both A549 and HeLa cells
lines we see increase in binding strength, suggesting
possibly more rapid Prx [I-CKBB complexes forma-
tion.

Oxidative modifications of proteins and lipids
have been blamed for progression of many neuro-
degenerative disorders [26]. Using a proteomic ap-
proach, CKBB was identified as one of oxidized
proteins in Alzheimer’s disease (AD) [27]. Conse-
quently, CK activity in the AD brain homogenates
was decreased by 86% [28]. Thus, identification of
CKBB as the interaction partner of Prx Il may pro-
vide an important insight not only into a possible
physiological role of Prxs protein family, but also to
the pathological role of Prx II in the neurodegenera-
tion development associated with AD and CKBB ac-
tivity decrease.

B3AEMO/ISI TPOTEIHIB Prx 11
TA CKBB 3A YMOB TEIIVIOBOI'O
CTPECY B KJIITUHAX A549 TA HeLa
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[lepokcupenokcunan (Prxs) — 11e yHiBepcalbHi
€H3WMH, SKI  JIEMOHCTPYIOTh  PI3HOMAHITTS
KITTHHHUX (QYHKIIA, TakuX SAK: MepPOKCUAA3-
Ha, LIaEpPOHHA, MOIYJATOPIB CHUTHAJIBHHUX MO-
JeKyad Ta MpoTeiHiB-napTHepiB. BcTaHoieHo,
mo Prxs y kiiTHHI B3aeMoOmifOTh 13 OaraTbMma
(YHKIIOHANBHUMH  TNPOTEiHAMH,  HANpPHUKJIA:
ASK1, Cdk5-p35, JNK, MIF, PDGF, TKR4
Ta iH. 3BiJICH TOJOBHOIO METOI Hamoi pobo-
TA OyJlnO MJOCHINTH MOXIJIHBY B3aEMOMII0 MiX
MyTbTH(QYHKIIIOHATPHUM — mpoTeiHoM  Prx I
cimeiictBa Prxs i ATP/ADP Oydepuum eH3zu-
MOM — KpeaTHH(POC(]POKIiHA30I0 TOJOBHOTO MO3KY
(CKBB). 3aBnmsikn peaxiiii KOIMYHOIPEIHITITAIlI{
(Co-IP)  mokazaHO B3a€MOJiI0 HaJIEKCIIPECOBa-
Hnx HA-Prx Il i Flag-CKBB mnpoteiniB y mizarax
kit A549 ta Hela. Taka mporeiH—mporeinoBa
acormiamisi Oyna TOJaTKOBO iHJAYKOBaHa TeMIlepa-
TYPHUM CTPECOM i3 TIOMAJBIIOK IPEIUTTITAIIEI0
CUTHAJy 3aJIeXHO BiJ HiABUILCHHS TEMIIEpaTy-
pu. TemmepaTypHOIHIYKOBaHA OIIirOMepHU3aIlis
Prx 1I, i#moBipHO, crpuse QopmyBaHHIO Prx
II-xoHrNIOMEpaTiB, AKi B CBOI YEPry MOXYThb
3B’s13yBarnck i3 CKBB Ta iHimiroBaTy miBUIIICHAS
IHTEHCUBHOCTI cWTHaNly Ha OioTi. Takum 4mHOM,
acomiais Mmix Prx [ ta CKBB mosxe 6yt os’si3aHa
3 BIJHOBJEHHSM Ta 3aXHUCTOM EH3UMAaTHYHOI
aktuBHOcTi CKBB, sxa Oyma BTpadeHa mijx dbac
IHaKTHUBAII 32 il i JBUIIIEHOT TeMITepaTypH.

KnouoBi cmoBa: mepokcupenokcun I,
TeMIlepaTypHuil cTpec, kpeaTuHpoc]okiHaza, Be-
CTEpH-OJIOTUHT.
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Ilepoxcupenokcunsl (Prxs) — 3To yHHBEpcab-
HbIE HH3UMBI, KOTOPbIE IEMOHCTPUPYIOT MHOT000-
pasue KJIEeTOUHBIX (YHKIUH, TAKMX KaK: NEPOKCHU-
Jla3Hasi, LIanepoHHasi, MOAYJISTOPOB CHUTHAJIBHBIX
MOJIEKYJ M IPOTEHHOB-IIAPTHEPOB. YCTAHOBJICHO,
910 Prxs B KJeTKe B3aUMOACHCTBYIOT CO MHOTH-
MU (QYHKIHMOHAJBHBIMU NPOTCHHAMH, HaIpUMeEp
ASK1, Cdk5-p35, INK, MIF, PDGF, TKR4 u np.
OTcrofa TIIaBHOM 1eNbI0 Hamiel paboThl OBIIO HC-
CJIEIOBaTh BO3MOYKHOE B3aUMOACHCTBHE MEXKIY
MyJIbTH(QYHKITHOHATBHBIM TIpoTenHOM Prx II ce-
meirictBa Prxs u ATP/ADP OydepabiM 3H3IMOM —
kpearnH(pochokmnHazoi romoBroro mo3ra (CKBB).
bnaromaps peakuuu KOMMMYHONPEHUIHUTALNH
(Co-IP) mokazaHO B3aMMOAEHCTBHAE CHHTE3MPOBAH-
HbIX HA-Prx I u Flag-CK BB npoTenHoB B mu3arax
kieTok A549 u Hela. Takas npoTemH—TIpOTEUHO-
Basl accolMalus Oblaa IOMOJHUTENBHO HHIYIUPO-
BaHA TEMIIEPATYPHBIM CTPECCOM C IOCIEAYIOMIEH
MpeUUNUTALMeH CUTHANA Ha 0JIOTEe B 3aBUCHMOCTH
OT TOBBILICHHS TeMIeparypbl. TemmeparypHOHH-
OyuupoBaHHasi onuromepusanus Prx 11, BeposTHO,
cnocobcTByeT (hopmupoBanmio Prx Il konrmomepa-
TOB, KOTOPBIC B CBOIO OY€pellb MOTYT CBS3bIBATHCS
¢ CKBB u uHMIIMMpOBaTh MOBHIIIEHHE WHTEHCHB-
HocTH curHaia. TakuMm oOpas3om, Takas accolua-
nust mexny Prx II m CKBB moxeT ObITh cBs3aHa
C BOCCTAHOBJICHHEM M 3aLIUTON 3H3MMaTH4YECKOU
aktuBHoctu CKBB, kxoTopas TepsieTcsi BO Bpems
TEMIepaTypHON NHAKTUBALINU.

KnrmoueBbie cinoBa: MNEPOKCHPETOKCUH
II, remniepatypHsIif cTpecc, kpearnHdpochokrnHasa,
BECTCPH-OJIOTTHHT.
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