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Background: The protein kinase Mst1 is activated by oxidative stress, but substrates of oxidatively activated Mst1 are not

known.

Results: Mst1 interacts with Prdx1, an enzyme that regulates cellular H,O,, and inhibits Prdx1 by phosphorylating it at two sites.
Conclusion: Mstl sustains a pro-oxidative state by inactivating Prdx1.
Significance: These results help us understand how Mst1 exerts its tumor suppressor activity.

The serine/threonine protein kinases Mstl and Mst2 can be
activated by cellular stressors including hydrogen peroxide.
Using two independent protein interaction screens, we show
that these kinases associate, in an oxidation-dependent manner,
with Prdx1, an enzyme that regulates the cellular redox state by
reducing hydrogen peroxide to water and oxygen. Mst1 inacti-
vates Prdx1 by phosphorylating it at Thr-90 and Thr-183, lead-
ing to accumulation of hydrogen peroxide in cells. These results
suggest that hydrogen peroxide-stimulated Mstl activates a
positive feedback loop to sustain an oxidizing cellular state.

Mammalian sterile twenty (Mst)l and Mst2 are closely
related serine/threonine-specific protein kinases that have an
important and highly conserved role in tumor suppression in
metazoa (1-3). In many organisms, Mst1/2 regulates organ
size, chiefly through effects on cell proliferation and survival (1,
2,4). The cellular functions of Mst1 are not fully known, in large
part due to our limited information regarding the regulation
and substrates of this kinase.

We know very little about how Mst1/2 are regulated, partic-
ularly in mammalian cells. In Drosophila, the Mstl ortholog
Hippo is thought to relay signals from cytoskeletal proteins
such as Expanded, Kibra, and Merlin, polarity proteins such as
Crumbs, Lgl, and atypical PKC, as well as by atypical cadherin
proteins such as Fat, but the biochemical links between these
proteins, especially in mammalian cells, remain elusive (5). In
mammalian cells, Msts are also positively regulated by the
phosphatase PH domain and leucine rich repeat protein phos-
phatase (PHLPP) (6, 7) and by binding partners such as
RASSF1A (8-10) and in flies, they are negatively regulated by a
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protein phosphatase 2A (PP2A) protein phosphatase complex,
Striatin interacting phosphatase and kinase (STRIPAK) (11).

In mammalian cells, early studies established that Mstl is
strongly activated by oxidative stress stimuli, such as H,O, (12,
13). How such oxidative stress activates Mst1 is unknown. Lev-
els of cellular H,O, are maintained by a variety of oxidase and
reductase systems. The latter include glutathione peroxidase,
catalase, and peroxiredoxins (14—17). Interestingly, peroxire-
doxin-1 (Prdx1),®> a cysteine-containing, highly conserved
enzyme that reduces H,O, to H,O and O,, was recently found
to interact with Mst1 (18). Knockdown of Prdx1 was reported
to be associated with loss of Mst1 activity, suggesting that Prdx1
participates in the activation of Mst1 by H,O,.

Among the known targets of Mst1/2 are cardiac troponin I,
histones H2B and H2AX, the protein kinase large tumor sup-
pressor (LATS) (as well as Mobl, a binding partner of LATS),
the transcription factor FOXO3, and the adaptor protein
WW45 (13, 19-23). Mstl-catalyzed phosphorylation of these
proteins affects cell proliferation, growth, survival, and motility,
and together likely accounts for a large portion of the tumor-
suppressive activity of Mst1.

In this work, we sought to better define the role of Mstl in
cells under oxidant stress. To do so, we carried out two inde-
pendent screens to identify Mstl interactors: a yeast two-hy-
brid screen, with LexA-Mstl as bait, and a co-immunoprecipi-
tation screen, using doubly tagged Mstl as bait in basal or
oxidatively stressed mammalian cells. Both screens identified
Prdx1 as a prominent interactor, especially in cells grown under
conditions of oxidative stress. Furthermore, we also established
that Mst2, in addition to Mst1, interacts with Prdx1 in an H,O,-
dependent manner, that Mstl phosphorylates, and thereby
inactivates Prdx1 in vitro, and that these events increase H,O,
levels in cells. These findings establish a potential feedback
stimulation system to sustain an oxidizing state in cells.

3 The abbreviations used are: Prdx1, peroxiredoxin-1; carboxy-H2DCFDA,
6-carboxy-2’,7’'-dichlorodihydrofluorescein diacetate; DCFDA, dihydro-
fluorescein diacetate; EV, empty vector; LATS, large tumor suppressor;
MEF, mouse embryonic fibroblast; Mst, mammalian sterile twenty; PHLPP,
PH domain and leucine rich repeat protein phosphatase; STRIPAK, striatin
interacting phosphatase and kinase.
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EXPERIMENTAL PROCEDURES

Reagents, Antibodies, and Cell Culture—Antibodies to Mst1
and Prdx1 were obtained from Abcam, antibodies to actin, HA
tag, phospho-Thr, and Mst2 were from Cell Signaling Technol-
ogies, antibody to phospho-H2AX (Ser-139) was from
Millipore, and Myc tag antibody was from Santa Cruz Biotechnol-
ogy. Anti-HA-agarose was purchased from Sigma, and Strep-
Tactin beads were from IBA Technologies. 6-carboxy-2’,7'-
Dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA)
and PDGF-BB were from Invitrogen. Recombinant Mst1 was
purchased from ProQinase and recombinant Prdx1, thiore-
doxin, thioredoxin reductase, and NADPH were from Sigma.
PreScission protease and glutathione-Sepharose beads were
obtained from GE Healthcare. Blasticidin was from Calbi-
ochem, and hygromycin was from Cellgro. Prdx1 siRNA was
obtained from Dharmacon.

Yeast Two-hybrid Screen—Human Mstl cDNA from pJ3H-
Mstl1 (24) was cloned in-frame to /exA into pEG202-92, a high
copy yeast vector containing HIS3 as the selectable marker and
lexA under control of the constitutive ADHI promoter (25).
This construct and pSH18 —34 (which contains eight lexA oper-
ators fused to a lacZ reporter) and a human fetal brain cDNA
library in pJG4 -5 (a high copy yeast vector containing a human
c¢DNA library fused to an acidic activation domain and under
control of the inducible GALI promoter) were used to trans-
form yeast strain EGY48 (ura3 trp1 his3 lexA operator, LEU?2)
(25). Approximately 4 X 10° independent transformants were
obtained and screened. Transformants were grown in minimal
medium with galactose as the carbon source. Interaction was
assessed by two methods: 3-galactosidase activity and the abil-
ity of transformants to grow in the absence of leucine. The
library inserts from individual yeast colonies were retrieved by
colony PCR and sequenced. These inserts were purified and
retransformed, along with EcoRI/Xhol-digested pJG4 -5, into
yeast to reconfirm the phenotype.

Tandem Affinity Purification—Mstl cDNA was cloned into
the pcDNA5/FRT/TO/SH/GW destination vector (obtained
from M. Gstaiger (26)) by gateway cloning to generate a tetra-
cycline-inducible SH-tagged (streptavidin-binding peptide and
HA tag) version of Mstl. Flp-In HEK-293 cells (Invitrogen)
were co-transfected with Mstl-pcDNA5/FRT/TO/SH/GW
and a Flp recombinase-expressing plasmid to allow integration
of Mstl in Flp-In HEK-293 genome. After 2 days of transfec-
tion, cells were selected in 100 ug/ml hygromycin for 2—3 weeks
to generate stable cell line (supplemental Fig. S1A). Mstl
expression was induced by 1 ug/ml tetracycline and was con-
firmed by HA antibody (supplemental Fig. S1B).

To identify Mst1 interactors, double affinity purification was
performed as described (26). Briefly, Mst1-Flp-In 293 cells were
grown to 90% confluence in ten 15-cm dishes. Mst1 expression
was induced by the addition of 500 ng/ml tetracycline for 4 h.
Mstl protein complex was purified in two steps using strep-
Tactin beads (IBA Technologies) and anti-HA-agarose (supple-
mental Fig. S1C). The purified complex was precipitated with
trichloroacetic acid, and the peptides were analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) at
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the Taplin Mass Spectrometry Facility (Harvard Medical
School).

Co-immunoprecipitation—WT-Mstl, KD-Mstl (kinase
dead), and WT-Mst2 were cloned in pCMV6 vector to append
a Myc tag to the N terminus. WT-Prdx1 and C52S/C173S
Prdx1 were cloned in pPCDNA5/FRT/TO to tag them with HA
tag. These constructs were transfected in HEK-293 cells. After
48 h, cells were lysed, and the proteins were immunoprecipi-
tated using anti-HA-agarose overnight at 4 °C. The agarose
beads were then washed four times with lysis buffer and ana-
lyzed by immunoblot.

RNA Interference—The siRNA duplexes targeted to Mstl
comprised a mixture of four different oligonucleotides
(SMARTpool). Equal amounts of sense and antisense RNA oli-
gonucleotides were mixed and annealed according to the man-
ufacturer’s instructions. HEK-293 cells were transfected with
10 nM siRNA for Mst1 or the control siRNA duplex using Lipo-
fectamine siRNA max reagent for 72 h.

Expression and Purification of WT and Mutant Prdxl—
Prdx1 was subcloned into a Prdx1-pcDNA5/FRT/TO/SH/GW
(SH-Prdx1) mammalian expression vector. Alanine and aspartic
acid mutants of Prdx1 were generated by site-directed mutagene-
sis, and the mutated Prdx1 was cloned in pDEST15 bacterial
expression vector by gateway cloning or by conventional cloning
into pGEX-4T. The WT and mutant Prdx1 plasmids were trans-
formed in BL21 cells, and proteins were purified by standard puri-
fication methods using glutathione-agarose.

In Vitro Kinase Assay—Recombinant Prdx1 was incubated
with recombinant Mst1 in kinase buffer containing 20 um ATP
and 2 uCi of [y-**P]ATP for 30 min at 30 °C. The reaction was
terminated by the addition of 2X SDS sample buffer and boiling
for 10 min.

Immunoprecipitate Kinase Assay—Mstl immunoprecipi-
tates were incubated with 2 ug of myelin basic protein in kinase
buffer containing 20 um ATP and 2 uCi of [y-**P]ATP for 30
min at 30 °C. The reaction was terminated by the addition of 2X
SDS sample buffer and boiling for 10 min.

Identification of Prdx1 Phosphorylation Sites—Recombinant
Prdx1 (2 pg) was phosphorylated by recombinant Mstl (400
ng) by incubation in kinase buffer in the presence of 20 um ATP
for 30 min. The proteins were separated by SDS-PAGE, and the
Prdx1 band was excised and analyzed by LTQ-Orbitrap mass
spectrometer at the Taplin Mass Spectrometry Facility (Har-
vard Medical School).

Purification of Phosphorylated Prdx1—Recombinant Prdx1
(500 ug) was phosphorylated by recombinant Mst1 (20 ug) by
incubation in kinase buffer in the presence of 1 mm ATP for 2 h.
After phosphorylation, the reaction mixture was dialyzed in 50
mwm Tris-HCl, pH 8.5, and 20 mm NaCl to remove residual ATP.
Phosphorylated Prdx1 and unphosphorylated Prdx1 were sep-
arated by applying the dialyzed solution to a MonoQ-Sepharose
column equilibrated with 50 mm Tris-HCI (pH 8.5). The pro-
teins were eluted by increasing concentration of NaCl and were
collected in 500-ul fractions. The fractions were analyzed for
unphosphorylated and phosphorylated proteins by immuno-
blot analysis with anti-phosphothreonine antibodies.

Peroxidase Assay—For peroxidase assays, the GST tag was
removed by incubating GST-Prdx1 (WT and mutant) bound to
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the glutathione-Sepharose beads (GE Healthcare) with Pre-
Scission protease (GE Healthcare). Peroxidase activity of Prdx1
was determined by coupling H,O, reduction by Prdxl to
NADPH oxidation. Briefly, H,O, (100 um) was added as a sub-
strate in a reaction mixture containing 50 mm HEPES (pH 7.0),
5 pg of thioredoxin, 50 nm thioredoxin reductase, 0.2 mm
NADPH, and 2 ug of Prdx1. To calculate Prdx1 activity, the rate
of NADPH oxidation was measured as a decrease in absorbance
at 340 nm at 30 °C.

Construction of Prdx1~"~ Stable Cell Lines—Immortalized
Prdx1~/~ MEFs (27) were infected with retrovirus containing
empty vector, WT-Prdx1, T183A-Prdx1, or T183D-Prdxl.
After 2 days of infection, cells were selected with 4 ug/ml puro-
mycin for 2 weeks to generate Prdxl1 /Y, Prdx1 /'~ W7,
Prdx1~/~"'834 and Prdx1~/~ "' MEFs.

Intracellular Hydrogen Peroxide—Intracellular H,O, was
measured with a fluorescent dye, carboxy-H2DCFDA. MEFs
were grown to 40-50% confluence in a 6-cm dish. They were
serum-starved overnight and were stimulated with platelet-de-
rived growth factor (5 ng/ml) for 10 min in minimum Eagle’s
medium without phenol red. They were then washed with PBS
and stained with carboxy-H2DCFDA at a final concentration of
10 uMm. Cells were incubated with carboxy-H2DCFDA at 37 °C
for 30 min. Cells were then washed twice with ice-cold PBS and
scraped in 500 ul of ice-cold PBS. Carboxy-H2DCFDA fluores-
cence was determined for 10,000 events/sample using flow
cytometer. All the samples were run in triplicate.

RESULTS

Mstl and Mst2 Associate with Prdx1—We used human Mst1
fused to the DNA-binding domain of LexA as bait and a human
fetal brain cDNA library fused to the B42 activation domain as
prey. Seventy-one Leu (+)/lacZ (+) clones (CC1-CC71)
expressing putative Mstl interactors were selected. Inserts
from these putative interactors was recovered, recloned into
pJG4 -5, and retested for interaction with Mst1 in yeast. Twen-
ty-one inserts, representing 16 distinct cDNAs, conferred
growth on Leu (—)/galactose plates (supplemental Table S1).
The most frequently recovered inserts (4 of 21) encoded partial
or full-length versions of Prdx1, an enzyme that reduces H,O,
in cells (28). Other notable interactors found in this screen
were WW45, Mobl, and Mstl itself, which is known to
homodimerize (29), as well as another enzyme involved in
redox regulation, manganese superoxide dismutase (30, 31).
Other interactors represented proteins that are frequent false
positives in yeast two-hybrid screens (ubiquitin, ribosomal pro-
teins, AAA ATPase), proteins that seem unrelated to Mstl
function, or uncharacterized open reading frames.

As a second, independent screen for potential Mst1 interac-
tors, we performed tandem affinity purification followed by
mass spectrometry analysis (supplemental Fig. SIA). We trans-
fected 293-Flp-in cells, which allow for defined, single site inte-
gration into the genome of HEK-293 cells with a suitable vector
(26) that confers tetracycline-regulated control of Mst1 expres-
sion. Mstl was doubly epitope-tagged at its N terminus with
consecutive streptavidin and hemagglutinin (HA) tags to allow
for tandem affinity purification (commonly referred to as “tap
tagging”). We chose a 4-h induction time for tagged Mstl
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because it closely matched endogenous Mst1 levels of expres-
sion (Fig. 1D). Because Mst1 is known to be activated in cells
grown under conditions of oxidative stress, we purified protein
complexes from cells under non-stress or oxidative stress con-
ditions using a sequence of streptavidin and anti-HA-agarose
column chromatography. In Mstl-complexes purified from
non-stressed cells, mass spectrometry analysis revealed a num-
ber of known Mstl interactors, including WW45, Rassfl,
Rassf2 (9, 32, 33) and, interestingly, Mst2, implying the exis-
tence of Mstl/2 heterodimers in cells. Thus, our tap-tagging
procedure was effective in capturing many known Mst1 inter-
actions from cells cultured under basal conditions. We then
compared the identity of Mstl interactors from non-stressed
cells versus those identified from cells cultured under condi-
tions of oxidative stress. Extracts were prepared from control
and H,O,-treated Mstl1-Flp-In 293 cells, and purification of
Mstl and associated proteins was carried out. Although all
interactors identified in non-stressed cells were also identified
in cells grown under oxidative stress, Prdx1 uniquely was found
to interact with Mstl only in cells cultured under oxidative
stress conditions (supplemental Tables S2 and Table S3). As
Mstl is known to play a role in regulating liver size and tumor-
igenesis (1-3), we further confirmed this redox-regulated
Mst1/Prdx1 interaction in a second cell line, human hepatocar-
cinoma HepG2 cells (supplemental Table S4).

To validate the finding of our tandem affinity purification
and mass spectrometry analysis, we performed co-immunopre-
cipitation experiments. HEK-293 cells were co-transfected
with Myc-Mstl and HA-Prdx1 and treated with H,O,. HA-
Prdx1 was then immunoprecipitated from cell lysates, and the
immunoprecipitates were immunoblotted with anti-Myc anti-
bodies. Myc-Mstl was found to co-immunoprecipitate with
HA-Prdx1, and this interaction was strongly induced by H,O,
(Fig. 1A). We also confirmed interaction between overex-
pressed Mstl and endogenous Prdx1 and vice versa (Fig. 1, B
and C). To further confirm this interaction, we induced our
Mst1-Flp-In 293 cells with tetracycline for 4 h to express SH-
Mstl at levels equivalent to endogenous Mstl and stimulated
these cells with H,O,. We used streptavidin beads to pull down
SH-Mstl and probed the protein complex with anti-Prdx1 anti-
bodies. Detection of Prdx1 in the protein complex confirmed
interaction between endogenous Prdxl and SH-Mstl ex-
pressed at endogenous levels (Fig. 1E). Interestingly, the
streptavidin-captured protein complex also contained endoge-
nous Mstl, perhaps as a result of dimerization between SH-
Mstl and endogenous Mstl. The association between Prdx1
and Mstl is direct, as shown by the interaction of recombinant
GST-Mstl and recombinant Prdx1 in vitro (supplemental Fig.
S2). To further characterize this association, we investigated
whether the catalytic activities of Mst1 and Prdx1 are required
for binding. We co-expressed Myc-Mstl with WT-Prdx1 or
C52S/C173S Prdx1, a catalytically inactive form of Prdx1 (Fig.
1F). Forty-eight hours after transfection, we treated these cells
with 100 uM H,O, for 30 min and immunoprecipitated Prdx1.
We found that WT-Prdx1, but not the C52S/C173S Prdx1
mutant, interacted with Mstl in an oxidative stress-inducible
manner (Fig. 1F). Next, we co-transfected cells with Prdx1 and
WT-Mstl or Mstl K59R, a kinase-dead form of Mst1 (29). Co-
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IP-Strep beads
A B c EV SBP-Mstl

IP-Anti-HA Lysate (1%)
H,0, - -+ - + IP- strep beads Lysate
Endog-
Myc-Mstl 4+ + + + o+ o+ H,0, - -+ - - 4 i
HA-Prdx1 . 4 SBP-Prdxl - + B

SBP-Mst1

+
Mstl
IB.P'dXI - -MA.P"dXI SBP.PrdXI - -

Induction time (in hrs - Lysate
D duction time (in hrs) E IP-strepbeads ~ __Llysate
Tet 0 2 4 8 H,0, + + + +
SH-Mst1 Tet - + -
F WT C52/173S SH-Mst1 SH-Mst1
- -« + - + H0, Endog-Mst1 Endog-Mst1 | 1B-Mst1
+ + + + + Myc-Mstl
Myc-Mst1 G H IP-Anti-HA Lysate (1%)
H,0, - - + - - +

IP-Anti-HA
— Myc-Mst2 + +  + + o+ o+

WT Mstl KD Mstl
I
HA‘Pfdxl Myc-MStz _ -

- +

i unpUt) s _ HAprd - -

1B- Mstl Lysate

FIGURE 1. Both Mst1 and Mst2 undergo stress-inducible interaction with Prdx1. A, HEK-293 cells were transfected with the indicated combinations of
plasmids. Cells were stimulated with H,O, for 30 min. Cell lysates were immunoprecipitated (/P) with anti-HA antibodies. The resulting immunoprecipitated
proteins were immunoblotted (/B) with anti-Myc antibodies. B, HEK-293 cells were transfected either with EV or with SBP-Prdx1. Cells were stimulated with H,0,
for 30 min. Cell lysates were immunoprecipitated with streptavidin beads (IP-strep beads). The immunoprecipitated proteins were immunoblotted with
anti-Mst1 antibodies. C, HEK-293 cells were transfected either with EV or with SBP-Mst1. Cell lysates were immunoprecipitated with streptavidin beads. The
immunoprecipitated proteins were immunoblotted with anti-Prdx1 antibodies. Endog-Prdx1, endogenous Prdx1. D, time-dependent SH-Mst1 expression.
Cells were treated with 500 ng/ml tetracycline for different time points as indicated. Expression of SH-Mst1 and endogenous Mst1 (Endo Mst1) was monitored
by immunoblotting using anti-Mst1 antibodies. E, Mst1-Flp-In 293 cells were treated with 500 ng/ml tetracycline (Tet) for 4 h followed by treatment with H,0,
for 30 min. The cell lysates were immunoprecipitated with streptavidin beads, and the resulting immunoprecipitated proteins were probed with anti-Prdx1
antibodies. F and G, HEK-293 cells were transfected with the indicated combination of plasmids. Cells were stimulated with H,O,. The cell lysates were
immunoprecipitated with anti-HA antibodies and probed with Mst1 antibodies. C52/173S, C525/C173S. H, HEK-293 cells were transfected with the indicated
combinations of plasmids. Cells were stimulated with H,O, for 30 min. Cell lysates were immunoprecipitated with anti-HA antibodies. The resulting immuno-
precipitated proteins were immunoblotted with anti-Mst2 antibodies.

immunoprecipitation experiments indicated that the kinase affectendogenous Mstl expression (Fig. 2). Mst1 kinase activity
activity of Mst1 was not required for interaction with Prdx1;in  was slightly elevated by Prdx1 knockdown in non-stressed cells,
fact, when corrected for differences in protein expression, but this effect was not noted in cells treated with H,O,. Thus,
kinase-dead Mstl showed slightly increased binding to Prdx1  we found that Mst1 kinase activity was not dramatically altered
(Fig. 1G). We also tested whether Mst2, which is similar to Mst1l by loss of Prdx1.

in structure and function, can associate with Prdx1. Co-immu- Mst1 Phosphorylates Prdx1—Having confirmed the interac-
noprecipitation experiments revealed that Mst2 also displayed tion between Mstl and Prdx1, we asked whether Prdx1 can
oxidative stress-inducible interaction with Prdx1 (Fig. 1H). serve as a Mst1 substrate. We performed an in vitro kinase assay

Mstl Activity Is Not Dependent on PrdxI—To determine using recombinant Prdx1 and Mstl in the presence of increas-
whether Prdx1 is required for efficient Mstl activation by ing concentrations of hydrogen peroxide. This experiment
H,0,, we knocked down Prdx1 in HEK-293 cells and assayed showed that Prdx1 was phosphorylated by Mstl and that the
for activity of endogenous Mst1 in cells grown under basal or level of phosphorylation was not affected by hydrogen peroxide
oxidant-stressed conditions. Prdx1 was efficiently knocked- in vitro (Fig. 3A). Next, we sought to identify the site(s) at which
down by a pool of siRNAs, and reduced Prdx1 levels did not Mstl phosphorylates Prdx1. Recombinant Prdx1 was subjected
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[32P)-MBP

[32P]-Mst1
Lysate Prdx1
Lysate Mstl

FIGURE 2. Prdx1 is not required for Mst1 activation by H,0,. HEK-293 cells
were transfected with control or Prdx1-specific siRNA pools. Seventy-two h
after transfection, the cells were exposed to H,O, for 30 min. The cells were
then lysed, and Mst1 wasimmunoprecipitated with anti-Mst1 antibodies. Cell
lysates were analyzed for expression of Prdx1 and Mst1, and the Mst1 immu-
noprecipitates were analyzed for kinase activity using myelin basic protein
(MBP) as substrate.

to in vitro phosphorylation by Mstl, and the phosphorylation
sites of Prdx1 were identified by mass spectrometry. We iden-
tified five phosphorylation sites: Thr-18, Thr-90, Thr-111, Thr-
156, and Thr-183 (Fig. 3B), with the highest apparent stoichi-
ometry of phosphorylation at Thr-90 and Thr-183 (data not
shown). Notably, the Thr-90 and Thr-183 sites closely match
the optimal consensus sequence for Mst substrates, as defined
by peptide arrays (34). We also aligned the sequences of these
phosphosites from Prdx1 from different species to assess the
degree to which they are conserved. We found that of the five
identified phosphorylation sites, only Thr-183 is invariant from
yeast to man (Fig. 3C).

To determine the predominant site(s) at which Mst1 phos-
phorylates Prdx1, we individually mutated these five threonine
residues to alanine, alone or in tandem. The mutant proteins
were produced in and purified from bacteria and then subjected
to in vitro kinase assay with Mstl. All five single site mutants
showed slight changes in phosphorylation when compared
with WT Prdx1, but none showed significant reduction (Fig.
3D). These results suggest that under routine in vitro condi-
tions, Mstl phosphorylates Prdx1 at several sites. To further
analyze the phosphorylation sites, we made combination
mutants of Prdx1, termed 2T (T18A/T90A), 3T (T18A/T90A/
T183A), 4T (T18A/T90A/T156A/T183A), and 4T’ (T18A/
T90A/T111A/T183A). When subjected to in vitro kinase assay
with Mstl, the 3T and 4T Prdxl mutants showed the most
significant reduction in phosphorylation when compared with
WT-Prdx1, suggesting that Thr-18, Thr-90, and Thr-183 are
the predominant sites that are phosphorylated by Mst1 in vitro
(Fig. 3, E and F).

Prdx1 Is Inactivated by Mstl-mediated Phosphorylation—
Next, we asked whether phosphorylation by Mst1 affects the
peroxidase activity of Prdx1. We determined the conditions for
maximal phosphorylation of Prdx1 by phosphorylating Prdx1
with different amounts of Mst1 and for different time periods.
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For all studies of Prdx1 activity, the GST leader sequence was
removed from GST-Prdx1 fusion proteins by protease cleavage.
For maximum Prdx1 phosphorylation, we used 40 ng of Mst1/1
pg of Prdx1 and performed the kinase assay for 2 h. Following
the kinase reaction, we separated phosphorylated and unphos-
phorylated Prdx1 using anion exchange chromatography (Fig.
4A). It should be noted that we attempted to produce specific
anti-phospho Thr-183 antibodies, but each of these attempts
yielded antibodies that recognized phospho-Thr-containing
peptides irrespective of the surrounding amino acid sequence.
After separating these proteins, the H,O, peroxidase activity of
the phosphorylated and unphosphorylated Prdx1 was moni-
tored by measuring decreases in NADPH levels in a coupled
assay (35). In this assay, the unphosphorylated form of Prdx1
showed 4-fold greater activity than that of phosphorylated
Prdx1, suggesting inactivation of Prdx1 upon phosphorylation
by Mstl (Fig. 4, B and C).

Phosphorylation at Thr-90 and Thr-183 Contributes to Prdx1
Inactivation—To identify the phosphorylation sites that con-
tribute to Prdx1 inactivation, we mutated the three predomi-
nant phosphorylation sites (Thr-18, Thr-90, and Thr-183) to
aspartic acid to mimic phosphorylation, as well as to alanine, to
enforce the unphosphorylated state. We produced these
mutants in bacteria (supplemental Fig. S3) and, following puri-
fication and removal of GST leader sequences, performed per-
oxidase assays in the presence of 100 um H,O,. One of the
mutants, Prdx1 T18D, did not express well and could not be
used for the peroxidase assay. Prdx1 T90D was inactive in this
assay (Fig. 5, A and B), consistent with previous studies demon-
strating that phosphorylation of Prdx1 Thr-90 by Cdc2 kinase
results in inactivation of Prdx1 (36). Interestingly, the T90A
mutant also showed reduced peroxidase activity, similar to the
findings of Chang et al. (36), who reported that TOOA mutant
also has reduced peroxidase activity when compared with WT-
Prdx1. The T183D mutant showed very low peroxidase activity
when compared with WT-Prdx1, suggesting that phosphoryla-
tion at Thr-183 causes inactivation of Prdx1 (Fig. 5, C and D).
As expected (and unlike the T90A mutant), the T183A mutant
showed nearly normal activity when compared with WT-Prdx1
(Fig. 5, Cand D). These results suggest that reversible phosphor-
ylation of Thr-183 by Mst1 contributes to Prdx1 inactivation.

Phosphorylation of Prdx1 at Thr-183 Regulates Hydrogen
Peroxide Level in Cells—To understand the physiological rele-
vance of Prdx1 inactivation by Mstl, we tested the effects of
Prdx1 phosphosite mutants on the cellular redox state. The
most important function of peroxiredoxins is to catalyze the
reduction of H,0, in cells (14, 15). We reasoned, therefore, that
phosphorylation and inactivation of Prdx1 by Mst1 would lead
to increase in H,O, level in cells. For these reasons, we mea-
sured H,O, levels in Prdx1~’~ MEFs that had been infected
with empty vector (EV) or WT, T183A, or T183D versions of
Prdx1, respectively. To measure intracellular H,O,, we used
carboxy-H2DCFDA, an oxidation-sensitive fluorescent dye
(37). Cells were stimulated with platelet-derived growth factor,
which has been shown to induce H,O, production (38), fol-
lowed by carboxy-H2DCFDA to image H,O, levels and allow
measurement by flow cytometry (37). As shown in Fig. 64, WT
and mutant forms of Prdxl were equally expressed in the
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FIGURE 3. Prdx1 is phosphorylated by Mst1 predominantly at Thr-18, Thr-90, and Thr-183. A, recombinant Prdx1 (2 ug) was subjected to in vitro
kinase assay with Mst1 in the presence of [y->?P]ATP and increasing concentration of H,0,. Phosphorylated Prdx1 and phospho-Mst1 were visualized
by autoradiography. B, mass spectrometry results showing all the phosphorylation sites identified for Prdx1 and the corresponding phosphopeptides.
C, sequence alignment of Prdx1 from different species. D-F, both single and combination alanine mutants of Prdx1 were incubated with Mst1 in the
presence of [y->2P]ATP at 30 °C for 30 min. Proteins were separated by SDS-PAGE; phosphorylated Prdx1 was visualized by autoradiography, and total

Prdx1 by Coomassie Blue stain.

Prdx1~'~ cells. Flow cytometry data showed a marked shift in
the histogram corresponding to empty vector and T183D cells,
suggesting higher H,O, levels in these cells when compared
with WT and T183A cells (Fig. 6B). Quantification of these
results revealed 30% higher DCFDA fluorescence in empty vec-
tor and T183D cells when compared with WT and T183A cells
(Fig. 6C). These results suggest that phosphorylation at Thr-
183 inactivates Prdx1, resulting in increased levels of H,O, in
cells.

If Prdx1 is inactivated by phosphorylation at Thr-183, then
cells expressing a Prdx1 T183D mutant should be more suscep-
tible to DNA damage induced by H,O,. To test this idea, we
transfected Prdx1~'~ MEFs with EV or WT, T183A, or T183D
versions of Prdx1 and then treated the cells with different con-
centrations of H,O, and measured DNA damage using YH2AX
antibodies. As expected, PrdxI '~ cells expressing EV showed
higher yH2AX signal at both 100 uMm and 200 um H,O, when
compared with cells expressing WT-Prdx1 (Fig. 6D). Similarly,
Prdx1~'" cells expressing the inactive mutant of Prdx1 T183D
showed much higher yH2AX signal when compared with cells
expressing the T183A mutant (Fig. 6D). These results indicate
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thatincrease in H,O, level upon Prdx1 phosphorylation at Thr-
183 leads to increased DNA damage.

DISCUSSION

In this work, we sought to better define Mst1 substrates in
cells under oxidant stress. It has been established that Mst1
is activated by a variety of apoptotic and stress stimuli,
including oxidative stress induced by the addition of H,O,
(12, 13). We carried out two screens: a yeast two-hybrid
screen, with LexA-Mst1 as bait, and a co-immunoprecipita-
tion screen, using doubly tagged Mstl in basal and stressed
mammalian cells as bait. Both screens revealed Prdx1 as a
Mstl interactor. In mammalian cells, we showed that the
Mst/Prdx1 interaction is greatly augmented in cells grown
under conditions of oxidative stress.

The main known function of Prdx1 is to catalyze the reduc-
tion of H,O, to maintain appropriate cellular redox levels. A
number of protein kinases have been shown to regulate Prdx1
activity and hence H,O, levels. For example, Cdc2 kinase phos-
phorylates Prdx1 at Thr-90 and inactivates it during mitosis
(36). Prdx1 is also inactivated by phosphorylation at Tyr-194 by
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Src family kinases, resulting in H,O, accumulation and promo-
tion of growth factor signaling (39). In another study, Prdx1
phosphorylation at Ser-32 by T-LAK cell-originated protein
kinase was shown to activate Prdx1, leading to reduced H,O,
accumulation and inhibition of UVB-induced apoptosis (40). In
the present study, we demonstrated that Mstl phosphorylates

8768 JOURNAL OF BIOLOGICAL CHEMISTRY

Prdx1 at several sites and that phosphorylation of Prdx1 at the
highly conserved Thr-183 site results in inactivation of Prdx1
with subsequent increased H,O, levels in cells.
Phosphorylation of Prdx1 at Thr-18 and Thr-183 has previ-
ously been identified in unbiased phosphoproteomic analyses
of rat inner medullary collecting duct cells and HEK-293T cells,
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antibodies.

respectively (41, 42), whereas phosphorylation of Thr-90 has
been identified by Chang et al. (36). We found that phosphory-
lation of both Thr-90 and Thr-183 leads to loss of Prdx1 perox-
idase activity. Because phosphorylation of Thr-90 has already
been reported and the possible mechanism of inactivation has
been described (36), we analyzed the crystal structure of Prdx1
to understand how phosphorylation of Thr-183 might affect
Prdx1 activity. The three-dimensional structure of Prdxl
revealed that the hydroxyl group on Thr-183 is positioned
within 2.6 A of the carboxyl group of Glu-171, forming a hydro-
gen bond with Glu-171 (Fig. 7A). Phosphorylation of Thr-183
would be expected to disrupt hydrogen bond formation and
might also result in electrostatic repulsion between the negative
charges of phosphate group and the carboxyl group of Glu-171.
These interactions are likely to cause conformational changes
in Prdx1 and inactivate the enzyme (Fig. 7A).

We also tested Prdxl association to another Mst family
member, Mst2. Mst2 has 78% sequence homology to Mst1 and
is similar to Mstl both in structure and in function. Accord-
ingly, we found that Mst2 binds Prdx1 under oxidative stress
conditions and phosphorylates Prdx1 in vitro (data not shown).
These observations suggest that Mst2 also regulates Prdx1 in a
manner similar to Mst1.

Similar to our findings, Morinaka et al. (18) recently reported
that Prdx1 interacts with Mstl under conditions of oxidative
stress. In that study, the authors used RNA interference to dem-
onstrate that Prdx1 is required for Mst1 activation by H,O,. We
observed only minor effects on Mst1 kinase activity when Prdx1
was knocked down by siRNA (Fig. 2) orin Prdx1 '~ MEFs (data
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not shown). Itis possible that these differences are related to the
particular substrates and/or cell lines tested, which may express
other members of the Prdx enzyme family with redundant
functions to Prdx1 (43, 44). Thus, our data support the view
that Prdx1 represents a downstream target, rather than an
upstream regulator, of Mstl. In this scenario, Mstl aug-
ments cellular H,0, levels via inactivation of Prdx1 and per-
haps other members of the Prdx family (Figs. 6 and 7B). As
Mstl itself is activated by H,O,, inactivation of Prdx1 might
enforce a feedback stimulation system to prolong or inten-
sify Mstl activation (Fig. 7B). However, the biochemical
mechanism by which elevated levels of H,O, lead to Mstl
activation remains unclear. Some clues may be provided by
the protein kinase Askl, which, like Mstl, is activated by
H,0, and also associates with Prdx1. In this case, H,O, sig-
nals are relayed when oxidized Prdxl forms a transient
mixed disulfide linkage with Askl, which is resolved by oxi-
dation of Askl to a disulfide-linked multimer, representing
the active form of the kinase (45). This mechanism seems
unlikely to apply to Mstl, however, as knockdown of Prdx1
did not appreciably affect activation of Mst1 by H,O, (Fig. 2).

Given our findings that Mstl phosphorylates and inacti-
vates Prdx1, our results suggest that once activated by oxi-
dant stress, Mstl sustains a pro-oxidant state by reducing
the ability of Prdx1 to hydrolyze H,O, (Fig. 7B). Such a feed-
back stimulation system, resulting in higher oxidant levels
and DNA damage, might represent a tumor suppressor func-
tion of Mstl and Mst2 to prevent the accumulation of muta-
tions in cells (Fig. 7B).
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