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ABSTRACT

This report deals with the effects of binding between two enzymatically
active proteins: catalytic subunit of protein phosphatase type 2A (PP2Ac)
and nucleoredoxin (NRX). We hypothesized that the PP2Ac constitutes a
substrate for NRX, aswe aready detected their interaction in several inde-
pendent experimental settings®. To distinguish the effect of binding of the
NRX to its substrate from its action as an enzyme, we measured the phos-
phatase activity in the presence and absence of NRX anditsartificial cofac-
tor DTT. NRX inhibited activity of recombinant catalytic subunit by 35 to
40% in dose dependent manner, whereas the C terminus of the NRX (AN-
NRX) dlightly activated phosphatase activity. Upon addition of DTT the
activity of recombinant catalytic subunit of protein phosphatase 2A was
inhibited by 60% and in the presence of NRX the inhibitory effect was
enhanced up to 80%. A chimera of HA-PP2Ac-PR65/A was rapidly acti-
vated (up to 3.2 nmol/minxml) upon exposureto H,O,, whereas HA-PP2A-
PR65/A-myc-NRX activity was unaffected. In conclusion, we found that
the activity of recombinant PP2Ac islowered by DTT and NRX and that
oxidation of PP2Ac upon purification procedure results in formation of
internal disulfide bridge, which isatarget of NRX inin vitro assays.
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INTRODUCTION

Reversible phosphorylationiscatalyzed by set of
kinases and phosphatases that respond in cascades of
intracellular signaing and lead to changesin genesex-
pression and/or to gpoptos gnecrosisdeath™. Themain
subjectsof studiesinthisfield aretemporary modifiers
of phospho-proteinsknown asprotein kinasesand pro-
tein phosphatases. Those enzymes modify approxi-
mately 30% of cellular proteins, and their genes oc-
cupy about 3% of human genome. One of the major

known enzymesinvolvedinthose processesisprotein
phosphatasetype 2A (PP2A)1. It belongsto serine/
threoni ne phosphatases, PPP group of metal oenzymes,
which catal yzes dephosphoryl ation of phosphoserines
and phosphothreonines. Typica PP2A holoenzymeis
made of two components: the constant one (AC) - a
heterodimer of catalytic (PP2Ac/C) and regulatory
(PR65/A) subunitsand variable ong®®l. Thevariable
subunitsfal intothree, structuraly unrelated, classes of
B subunits. Apart fromtypica varigblesubunits, thecore
dimer can associate with multitude of so-called acces-
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sory proteins, which number reached over 70 geneti-
cally unrelated polypeptides. In general, both types of
proteins. variable subunitsand accessory proteinsare
being thought to regulate PP2A locdization and sub-
drate specificity. However, themechanismsunderlying
such regulatory functionsare till not e ucidated. Pre-
viously, we had shown that nucleoredoxin bound to
phosphatase dimer and i nteracted predominantly with
PP2Ac, ininvitro experiments®. Over-expressed HA -
tagged nucleoredoxin bound to approximately 2-5%
of tota PP2Acinexponentialy growingHEK 293 cdlls.
NRX wasinitidly discovered in mouseembryos, and it
belongsto thefamily of oxidoreductases. Itscellular
substrates have not been found by now!®, andinin
vitro assaysit is potent reducer of insulin disulfide
bridges. We made a hypothesisthat PP2Ac wasasub-
stratefor NRX, and we have designed aset of experi-
mentsto determine whether the presence of freeradi-
calshasany effect on theamount of PP2Ac bound to
nucleoredoxin, aswell ason phosphatase activity mea:
sured asvelocity of the dephosphorylation of its sub-
strate, aphosphorylasea.

MATERIALSAND METHODS

All constructsand antibodiesused in thisstudies
weredescribed previoudy®, apart from pCMV 5-myc-
NRX, which was cloned by PCR with primers: . All
antibodies used in this study were gift from dr B.A
Hemmings, FMI, Basdl, Switzerland.

Cdll culture, transfections

Human embryonic kidney 293 cellswere main-
tainedin Dulbecco’s.

Modified Eagle’smedium supplemented with 10%
fetal calf serum. Cellswere seeded at 0.5x107 per 65-
mm dish and transfected by the DNA-calcium phos-
phate co-preci pitation method after 20h. 1 microgram
of plasmid DNA per ml mediumwasapplied. 24 h post-
trandfection, cellswerelyzed inbuffer contaning IXTBS,
0.1mM EDTA, 0.2% Triton X-100, 1 mM PMSF, 2
mM benzamidine, and 100 pg/ml N-tosyl-L-
lysinechloromethyl ketone(TLCK). Cytoplasmicfrac-
tionsused for immunopreci pitations, wereincubated
with protein A—agarose conjugated to 12CA5 mono-
clonal antibodiesdirected against the HA epitope. For
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Immunopreci pitations, 50-250 microgramsof tota pro-
tein was used and experiments were done as previ-
ously described®8. Immunodetection was performed
with antibodiesagainst PP2A co, PR650/Accand NRX.
For H,O, experiments cells were transfected and
starved for 20 hoursin DMEM serum free medium.

Antibodiesand immunodetection

Polyclond antibodiesagainst peptidesderived from
PP2A subunitswere described previoud y®. Anti-rab-
bit IgG coupled to dkdine phosphatasewere purchased
in Sigma Westernbl otting and immunodetection were
performed aspreviously described(® 7.

Phosphatase activity measur ements

Protein phosphatase 2A activity inthecell extracts
was measured with *?P-phosphorylaseaasasubstrate
inthe presence of protamine (30 microgram/ml) and
ammonium sulfate(16 mM), asprevioudy described®7.
The same conditionswere used for the activity assays
with PP2A inimmunopreci pitates. Recombinant PP2Ac
activity wasmeasured in the buffer without protamine
and ammonium sulfateand in the presence of 10fold
excess of GST-NRX, GST and GST-AN-NRX.

H,O, treatment of cells

HEK 293 cdllswere maintained/transfected asde-
scribed previously. 20 hoursbefore experiment cells
wereplacedin DMEM medium. Freshly prepared stock
of H,O, was used to the final concentration of 500
micromolar, and cellswerestimul ated for the period of
timeranging from 2.5 to 60 minutes.

RESULTS

We have been interested to explain thefunction of
the complex of NRX and PP2A, and sinceNRX isa
cytoplasmic protein, then we focused on the activity
changes of PP2A-NRX complex versus PP2A adone.
Our first observation wasthat in the HEK 293 cells
lyzates, thetotal phosphatase activity and 10 nanomolar
okadacacid sengtiveactivity aredecreasngwhen HA-
NRX is overexpressed’?. This effect was dose-de-
pendent, and with the low dose of expressed HA-
NRX the okadaic acid sensitive activity was 70% of
the control, and the higher amount of HA-NRX re-
sulted in inhibiting the okadai c acid sensitive phos-
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phataseto 50%, and a soinfluenced total phosphatase
activity, reducingit to two-third of the control value.
Thedataareshown onthefigure 1, anditincludestwo
additional controlsaswewanted to seeif theexpres-
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Figure 1: In vitro activity measurements of endogenous
phogphataseactivity in exponentially growingHEK 293 cdls
Cdlsweretransfected with indicated cDONAsand assayed
for theexpression of HA tagged proteins. 1 and 2 micro-
gramsof total protein wasassayed in sandar d phosphatase
buffer plus30 micrograms/ml of protamineand 16 micro-
grams/ml of ammonium sulfate. Sampleswer etr eated with
okadaicacid tofinal concentration of 10 nmol/ml
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sonof other PP2Acinteracting protein, HA-eRF-1 has
any effect on phosphatase activity, and whether theex-
pression of constant parts of PP2A like HA-PP2Ac
and HA-PRG65/A affected the overall phosphatase ac-
tivity. The overexpression of HA-PP2Acresulted in
similar inhibition of total phosphatase activity, yet the
okadai c acid sengitive activity asinhibited only to 70%
of themock control. Expression of HA-eRF-1 did not
significantly changed theval ues of phosphatase activi-
ties. Aswe noticed theHA-NRX caused dose depen-
dent inhibition of PP2A like activity wedecided tore-
movethemost of the variablesfrom the experiment
and focusoninvitro studies, where the set of condi-
tionsisdefinable. We have used recombinant purified
PP2A c and first determined whether any of the most
often used thiol reactive reagents affect phosphatase
activity. Asshown on figure 2A and 2B the addition of
DTT totheincubation buffer caused significant inhibi-
tion of PP2Ac activity, down to 40% of the control
value. 100 micromolar of H,O,exerted similar effect
on PP2Ac activity asDTT, and addition of recombi-
nant GST-?N-NRX or GST-NRX had opposite ef-
fects. Whenthefull length NRX waspresent inthere-
actiontheinhibitory effect exerted by it was additive
withinhibitory effectsof H,0,,2-MEand DTT (figure
2A), dthoughwhenweused aC termind part of NRX
protein, which possessesthereductase activity but lacks
the coiled coil motif and one of three direct repeats,
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Figure2: Invitro measurementsof recombinant PP2Ac activity upon addition of 1mM DTT, 0.1% 2-M E and 100
mM H,O,. Assayswerecarried out in thepresenceof A:GST-AN-NRX and B: GST-NRX in thestandar d phosphatase
assay buffer. Prior addition of recombinant proteins, phosphatasewaspreincubated for 5 minuteswith thiol reactive
reagents. Experiment representsoneout of 5, samplesareprepared in duplicated
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Figure3: Invitro phosphataseactivity measur ementsof
chimericHA-PP2Ac-PR65/A and HA-PP2Ac-PRE5/A-
myc-NRX after immunoprecipitation with anti HA
antibodies from HEK 293 cells treated with 500 mM
hydrogen per oxide. Pointsrepresent triplicate measur e-
ments, which originatefrom one pool of 12CA5- Protein
A-Sepharoseand wer e split beforelast wash, thefourth
part of theimmunopr ecipitated material wasseparated on
10% SDSPAGE and blotted against PP2Ac, PR65/A and
NRX

then wenoticed dight activation of theenzyme,(up to

35% of thecontrols) or lack of effect whenthe2ME

was present inthebuffer (figure 2B).

Such experiments suggested that NRX isatypical
inhibitory protein, yet, we had to takeinto account that
our recombinant PP2A c displayed unique enzymatic
properties in the sense that contrary to the yeast re-
combinant PP2A c subunit it wasinhibited and not acti-
vated by DTT or 2ME. When we take into account
that both reagents are thought to prevent oxidation of
SH groupsinthe proteinsand areroutinely added to
the purified enzymestoincreasetheir stability and pro-
tect them from oxidation, then we concluded that our
protein was purified in an oxidized statewith at |east
onedisulfidebridgeformed internally. Asthereducing
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reagents caused the decrease of PP2A activity, thenit
seemsthat reversibleand controlled formation of the
disulfide bridge might beaway to regulatethisenzyme
inthe cells. To provethat such fluctuations of PP2A
activity arehappeninginthecells, we started the ex-
perimentsdesigned to answer thequestion of what hap-
penswith PP2A activity when thereisachange of the
oxidizing potential of the cytoplasm. We used PP2Ac
chimericenzymesimmuno-purifiedfromHEK 293 cells
to assay the activity changes upon exposureof cellsto
500 micromolar of H,O,. Wehavereasoned that if we
use hydrogen peroxide asareagent to dicit the oxida-
tion of the SH groupsin thecytoplasmic proteins, then
we can assay the activity changes of HA-PP2Ac con-
taining enzymesin the presence or absenceof any other
cofactor. Figure 3 showsthe experimental results, of
A-immunodetection of corePP2A proteinsinimmuno-
precipitatesfrom HEK 293 cellswhich overexpress
HA-PP2Ac; B- immunodetection of core PP2A pro-
teins in immunoprecipitates from HEK 293 cells
overexpressing HA-PP2Ac; and myc-NRX; C- the
chimeric HA-PP2A c-PR65/A and HA-PP2A c-PR65/
A-myc-NRX activity curvestaken during exposure of
HEK 293 cells onto the 500 micromolar H,O,,

At first weused quiescent HEK 293 cellsand mea-
sured thechangesin PP2A activity within 0-60 minutes
of H,O, treatment. Thereason to use 500 micromolar
concentration of H,O, wasthat at this concentration
wenoticed maxima stimulation of PP2A activity inthe
cdl lyzates, whereashigher concentrationswereinhibi-
tory and lower concentrations did not stimulate phos-
phatase activity. Figure 3 presents the amount of the
chimeric PP2A dimer proteins, which wereimmuno-
precipitated from H,O, treated cells and the corre-
sponding activity measurements. Thereisanrapidin-
crease of phosphatase activity withinfirst 10 minutesof
thestimulation and theactivity isalmost doubled (1.69
versus 3.2 nmol/min/ml) whereastheamount of thecata-
lytic subunit detected with anti HA antibody seemsto
be onthesamelevd throughout thewhol e experiment.
Asthegartingmaterial and theamount of antibody was
constant at each point of experiment the changes of
activity must beattributed to theenzymemodifications,
preferable oxidation of SH groups. Whenweadd myc-
NRX to such experiment and immunopreci pitate chi-
meric complex the phosphatase activity doesnot fluc-
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tuate (the difference between zero point to the highest
messured activity is0.35 nmol/min/ml what mekes23%
of thezero point value) and NRX actsasastabilizer.

DISCUSSION

Thedatapresentedinthisstudy pointsout two mgor
features of the NRX-PP2A complex. Oneisthat in
vitro, nucleoredoxinisaninhibitor of the phosphatase
activity. Thisinhibitionisenhanced whentheartificia
cofactor of NRX, likeDTT finetunesthereduction of
the catalytic subunit of PP2A by NRX, asthecataytic
cycle of NRX cannot be completed without redox
equivaentswhich reduceitscatal ytic center. Contrary
tothefull length protein, the C terminusof NRX which
isredox active but lacksthethe protein-protein inter-
actionmotif, dightly activatesthe protein. In HEK 293
cells, which produce chimeric PP2A-NRX complexes,
theinhibition of PP2A like activity depends on the
amount of theNRX. Prolonged stimulation of thecells
withH,O,, resultedin PP2A activation by thefactor of
2 within10 minutesof stimulation. Whenwe assayed
thechimerictrimer of myc-NRX boundto HA-PP2A-
PR6E5/A it had ahigher basal activity (1.69 nmol/min/ml
versus2.1 nmol/min/ml) and thereisno further activa-
tion. Thissuggestsat | east two possible explanations,
first that theNRX binding siteoverlapswith H,O, sen-
stivemoieties, after thecomplex formsthe SH groupis
protected and cannot be oxidized, or that NRX actu-
aly actsasredoxinintherea timeof H,O, treatment.
Thelast possibility givesthe explanation for both type
of experiments, invitroand invivo. It suggests, that
PP2Achasapotentid toform aninternd disulfidebond
which enhanceitsactivity towards phosphorylasea, and
which makesan opportunity for enzymebased regula-
tion of PP2A activity inthemodul ative way.

Further question, which wewould be keen to an-
swer, iswhat isthe binding siteof NRX to PP2A and
whether thereisany additional component of such red-
ox regulatory system. During the catalytic cycleanen-
zymatic center of redoxin hasto bereduced by itsre-
ductase, otherwisetheenzyme makesasingleturnand
it gopsbeinglocked intheinactiveconformation. NRX
support systemismissingin invitro studiesand may
not befunctiona inHEK 293 cells, thereforethe DTT
athoughit proved an efficient NRX cofactor hasto be
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replaced by the other enzymatic activity to open the
real biological pathway for the PP2A regulationvia
opening and closing adisulfide bond. Our dataareonly
theintroduction of the problem and they did not an-
swer one of the most interesting questioniswhat are
thebiologically rdlevant processesin which theel evated
oxidative potentia of the cytoplasm pushes PP2A ac-
tivity higher and wheredoesthisoxidativepotentia origi-
natefrom. In the protein tyros ne phosphatases (PTPs)
field, for instance, thereisalot of dataabout their irre-
verg bleinactivation by reectiveoxygen gpedies, yet there
areno enzymatic mechanismswhichwould counteract
suchinactivation***2, Tyrosinephosphatasesdiffer from
serine/threonine onesin the catal ytic mechanism, and
inPTPs, thecrucid catayticresidueisasnglecysten,
whereas PPPsareutilizing histidines, asparticacid and
water -coordinated metal ionsto break the phosphate
bond™3 initssubstrates. What wefound instead, is
that the overall activity of PP2Ac dependsontheintra
molecular disulfide bonding and that the presence of
such bond increasestheactivity by 60%. We had found
an enzymati cactivity, which bindsand modulates PP2A
activity invitro and invivo, and is potent reducer of
disulfidebridgesin polypeptides, fe. insulin. Other stud-
Ies suggested that few out of 10 cystein residuesare
targets of chemical modifications, yet the method of
detection of those changeswas based onthe massdif-
ference, and the mass difference between two SH
groups and one disulfide bond istoo small to be de-
tected in such approach!*®. Thereforewefind our re-
port interesting, asit showsthat thereisprotein-based
mechanism of correcting thedterationsof PP2A redox
gatus. Thequestionisleft wherethisdisulfidebridgeis
formed and theanswer isthat it can beformed inthe
C-terminal groove of the PP2A ¢ between the 269 and
272 cysteind*” as judged from computer model of
PP2A ¢ subunit. We would be very interested to an-
swer thisquestionin the next set of experiments.
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