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Proteasome regulates diverse cellular functions by eliminating ubiquitinated proteins. Protein kinase A [PKA)
is a key regulator of proteasome activity. However, it remains unknown how PKA regulates proteasome
activity and whether it controls proteasome activity in in vivo hearts. Both the in vitro peptidase assay and
the in-gel peptidase assays showed that the treatment with PKA for 30 min dose-dependently activated
purified 265 proteasome. Simultaneously, PKA treatment enhanced phosphorylation and assembly of
Keywords: purified 265 proteasome evaluated by non-reducing native polyacrylamide gel electrophoresis, either of
Proteasome which was blunted by the pretreatment with a PKA inhibitor, H-B9. In in vivo canine heans, proteasome
PKA assembly and activity were enhanced 30 min after the exogenous or endogenous stimulation of PKA by the

Phosphorylation intracoronary administration of isoproterenol or forskolin for 30 min or by ischemic preconditioning (IP)
Assembly with 4 rimes of repeated 5 min of ischemia The intracoronary administration of H-89 blunted the
Ubiquitinated protein enhancement of proteasome assembly and activity by IP. Myocardial proteasome activity at the end of
lschemia/repetfusion ischemia was decreased compared mlh lhe cuntml however, it did not differ from the control in dogs with
e dmem-d the acc lation of ub d proteins in the canine ischemia/reperfusion myocardium,
which was E i by the i y administration of a p inhibitor, epoxomicin. However,
profeasome activation by IP was not involved in its infarct size-limiting effects. ﬂu-se findings indicate that
PKA rapidly enhances proteasome assembly and activity in in vivo hearts. Further investigation will be
needed to clarify pathophysiological roles of PKA-mediated proteasome activation in ischemia/reperfusion

hearts.
© 2008 Elsevier Inc. All rights reserved.
1. Introduction better understanding the regulation of the ubiquitin-proteasome

system may lead to new therapies for cardiac diseases. However, it

The ubiquitin-proteasome system plays a major role in intracel-
lular protein degradation and subsequently regulates cellular func-
tions in various cells [1-4]. 265 proteasome is composed of 208
proteasome as its “core” catalytic unit capped on each end by 19S5
regulatory complex [5,6]. 265 proteasome is a cylinder-like structure
containing 4 concentric rings, each containing 7 subunits. We have
previously reported that impairment of proteasome activity may
contribute to the progression of cardiac dysfunction dlong with the
accumulation of ubiquitinated proteins in the pressure-overipaded
heart of mice [7]. In addition, Bulteau et al. clearly demonstrated the
deactivation of proteasome and the subsequent accumulation of
ubiquitinated proteins in ischemia/reperfusion myocardium |8
These findings suggest that impairment of the ubiquitin-proteasome
system may be closely associated with cardiac diseases. Therefore, a

* Corresponding author. Tel: +81 6 6879 3635: fax: +81 6 B&79 3473,
E-mail address; miramino@medone med osaka-wac jp (T. Minamino |

0022-2828/(5 - see front matter © 2008 Elsevier Inc. All nghts reserved
dod: 100016/ yjmee 2008 11.001

remains largely unknown how proteasome is regulated in in vivo
hearts.

There are several possible mechanisms thar could regulate 265
proteasome activity, including 1) changes in protein levels of pro-
teasome subunits, 2) post-translational modification of proteasome
subunit such as phosphorylation/dephosphorylation. and 3) assem-
bly/disassembly of proteasome subunits [9,10]. Recently, protein
kinase A (PKA) is reported to be one of the key regulators of protea-
some activity in the in vitro studies [11.12]. PKA increases proteolytic
activities of the cardiac proteasome [11] and phosphorylation of the
195 proteasome subunit by PKA correlates with increased proteasome
activity [12]. However, it remains to be resolved whether PKA
Increases proteasome activity by altering the status of proteasome
assembly or by phosphorylating proteasome subunits. Thus, in the
present study, we first investigated phosphorylation, assembly and
activity of purified proteasome when it was treated with PKA. Next,
we investigated proteasome assembly and activity in in vivo canine
hearts when cardiac PKA was stimulated endogenously and
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exogenously. We also checked the rime-course changes in proteasome
activity during ischemia/reperfusion period in dogs with and without
endogenous PKA stimulation. Finally, we investigated the role of PKA-
mediated proteasome activation by IP in the accumulation of
ubiquitinated proteins and myocardial infarct size using a proteasome
inhibitor.

2. Methods
2.1. Marerials

Epoxomicin (a proteasome inhibitor), PKA, isoproterenol, for-
skolin and 2.3,5-triphenyltetrazolium chloride (TTC) were obtained

from Sigma (St Louis, MO, USA). A purified 265 proteasome from
human erythrocyte and Suc-Leu-Leu-Val-Tyr-7-amino-4-methylcou-

453

marin (proteasome peptidase substrates) were obtained from
Biomol International (Plymouth Meeting, PA, USA). H-89 (a
selective PKA inhibitor) and an antibody against serine/threonine
phosphorylated proteins were obtained from Upstate (Lake Placid,
NY, USA). Antibodies directed against ubiguitinated proteins (clone
FK2) and proteasome subunits (Rpt5, a7, and B5) were purchased
from Biomol International. Clone FK2 recognizes both mono- and
poly-ubiquitinated proteins but not free ubiquitin, so the extent of
protein ubiguitination could be determined.

2.2, Measurement of 265 proteasome activity
2.2.1. In vitro peptidase assay

The purified erythrocyte 265 proteasomes  treated  with
various units of PKA with and without 100 pmol/L H-89

265 proteasome activiny
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Fig 1. Experimental protocols in canine model. | Prorocol |) Effects of the imracoronary administranon of saling (n=4). isoproterenol (i="5) of forskolin | =5 {an exogenous simulant
of PKA} on proteasome activity in canine hearts. (Protocol 1) Effects of ischemic preconditioning (1) (an endogenous stimulant of PKA) with the intracoronary administration of
sabine (1= 8 10 LAD-perfused myocardium and n=5 in LOx-perfused one ) or H-89 (n=5)(a PKA inhibitor | on proteasome activity in canine hearts {Protocol 1) Time-course changes in
proteasome activity during ischemia/reperfusion petiod with and without 1P {n=5 per each group ). The triangle indicates the timing for myncardial biopsy. (Protocol IV) Effects of
proteasome activation by IP on the accumularion of ubiquitinated proteins and infarct size in canine hearts. Sham operation was performed in 3 dogs. 1/R and Epo indicate ischemia/
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normakized to confrols.

were incubated in assay buffer (50 mmol/l Tris-HQ, pH 7.5,
20 mmol/l. MgCl. | mmol/l. DTT. 50 pmol/L ATP) at 35 °C
for 30 min. Then, they were incubated with proteasome
activity assay buffer (50 mmol/L HEPES{(pH 75), 5 mmaol/L
MgCl2, and | mmol/L DTT, 50 wpmol/lL ATP, 40 pmol/L
LIVY-AMC) for 2 h at 37 "C. The fluorescence of each solution
was measured by spectrophotometry .(HitachF-2000; Hitachi
Instruments, Tokyo, Japan) with excitation at 390 nm (Ex) and
emission at 460 nm (Em). All readings were standardized relative
to the fluorescence intensity of an equal volume of free 7-amino-
4-methylcoumarin (Sigma) solution (40 wmol/L).

2.22. In-gel peptidase assay

The purified 265 proteasome with different treatments were
separated by non-reducing native PAGE using a modification of
the method described previously [13]. We used a four gel layer
consisting of equal amounts, from the bottom up, of 75, 5, 4,
and 3% polyacrylamide. Non-reducing gels were run at 125 V
for 25 h. The gels were incubated on a rocker for 1 h at 37 °C
with 15 mlL of 0.4 mmol/L Suc-LLVY-AMC in buffer (50 mmol/L
Tris-HA, pH 75, 5 mmol/L MgCl,, 50 pmol/l. ATP). Proteasome

bands, whose density indicates 265 proteasome activity, were
visualized on exposure to UV light and were photographed.

2.3. Evaluation of proteasome phosphorylation and assembly in vitro

MThe purified 265 proteasome with different treatments were
separated by non-reducing native PAGE described above. Proteins on
the non-reducing gels were transferred (110 mA) for 15 H onto
polyvinylidene difluoride membranes. Western blotting analysis was
camied out sequentially for detection of changes in phosphorylation
state with anti phospho-serine/threonine antibody and for detection
of 265 proteasome with anti RptS or a7-subunit antibody. Antigens
were visualized by a chemiluminescent horse-radish peroxidase
method with the ECL reagent A parallel reducing gel was used to
confirm the total amount of 265 proteasome.

2.4. Animal instrumentation
Beagle dogs (Oriental Yeast, Osaka, Japan) weighing 8 to 12 kg

were anesthetized with sodium pentobarbital (30 mg/kg, intrave-
nously), and were prepared as previously described [14]. Briefly,
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Fig. 3. PKA enhanced the phospharylation and assembly of purified 265 proteasome. Representative example (A) and quantitative analysis {B) of 265 proteasome phosphorylation by
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status of 265 proteasome assembly was evaluated by Western blotting analysis with an anti-RplS or anti-a7 antibody. Equal amounts of samples were loaded onto reducing and non-
reducing gels. *p < 0.05 vs. control, #p<0.05 vs PKA (1 Ujpg) n=5 per each group. Values are normalized to controls

the trachea was intubated and each dog was ventilated by using
room air mixed with oxygen. The chest was opened through the
left fifth intercostal space, and the heart was suspended in a
pericardial cradle. After heparinization (500 U/kg), the proximal
portion of the left antenor descending coronary artery (LAD) was
cannulated and perfused with blood via the carotid artery through
an extracorporeal bypass tube. Both the coronary perfusion
pressure (CPP) and heart rate (HR) were monitored during the
experiments. In all expenments, CPP and HR were set at about
100 mmHg and 130 beats per min, respectively. This model was
used to allow selective administration ol agents to the LAD and
reproduction of ischemia/reperfusion by clamping the bypass tube
[15-17]. To examine the effects of PKA on proteasome activity in
vive, we employed isoproterenol or forskolin for exogenous
stimulation of PKA and ischemic preconditioning (IP) for endo-
genous stimulation because PKA was reported to be activated by
IP in canine hearts [15]. All procedures were performed in
conformity with the Guide for the Care and Use of Laboratory
Animals (NIH Publication No, 85-23, 1996 revision) and were
approved by the Osaka University Committee for Laboratory
Animal use.

2.5. Amimal study protocols

2.5.1. Protocol I: Effects of isoproterenol or forskolin on proteasome
activities in canine hearts

To assess the effects of exogenous PKA stimulation on proteasome
activity, we selecovely administrated saline (n=4), isoproterenol
(n=5) or forskolin (n=5) into the LAD for 30 min in dogs. We prelimi-
narily confirmed that the dose of 150 (10 pmol/L) used increased cAMP
levels in the myocardium perfused by the LAD, but not in the
myocardium of the left circumfllex coronary artery (LCx) (data not
shown). We determined the dose of forskolin (0.3 pg/kg/min) that
activates PKA in canine hearts according to the previous report [18].
After administration, we rapidly sampled myocardial tissue from the
LAD- and LCx-perfused myocardium as saline- or drug-treated
myocardium and control one, respectively. Samples were placed into
liquid nitrogen and stored at =80 “C (Fig. 1).

2.5.2, Protocol II: Effects of IP on proteasome activity in canine hearts
To assess the effect of endogenous PKA stimulation on the

proteasome activity, we performed 4 cycles of 3 min coronary artery

occlusion and a subsequent 5-minute period of reperfusion (II") with
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the intracoronary administration of saline (n=8) or H-89 (1.35 pg/kg
per min) (n=5] for 50 min in dogs. The dose of H-89 was selected
because the previous study showed this dose of H-89 inhibited the
PKA activity in canine hearts [15,16]. At 30 min after IF, we rapidly
sampled tissues from the LAD- and LCx-perfused myocar-
dium, placed the samples into liquid nitrogen, and stored them
at =80 ‘C. To confirm that proteasome activation by IP was not
dependent on the myocardial area, we also performed the same IP
protocol in LCx-perfused myocardium instead of LAD-perfused one
in 5 dogs (Fig. 1).

25.3. Protocol II; Time-course changes in proteasome activity during
ischemia/reperfusion period in canine hearts

To assess the time-course changes in proteasome activity
during ischemiafreperfusion period in canine hearts, we under-
went 90 min of ischemia followed by 6 h of reperfusion with and
without IP in 10 dogs. Myocardial biopsy specimens were taken
from LAD-perfused myocardium in each canine at 4 rime-points:
at the control, just before ischemia (pre-ischemia), at the end of
90 min ischemia (post-ischemia) and 6 h of reperfusion (post-
reperfusion) (Fig. 1).

Fig. 5. PXA stimulation did not alter total protein levels of proteasome subunit in canine hearts. Representarive enmpk and quantitative analysis of Western blotting .malym of

protein levels for 195 proteasome subunit RptS as well as 208 proteasome subunits a7 and B5 in canine hearts after aline (AL isop
g (IP) (D), 1P wirh H-89 (IP+H-89) (E) 1P was performed in the LOx-perfused myocardium (F) instead of LAD-perfused one. CON and MW

(FOR) (CL tschemic p
indicate control and mnlmihr weight, rﬁpn'tlvrly.

| (150) (B). f
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2.5.4, Protocol IV: Effects of proteasome activarion by IF on the
accumulation of ubiquitinated proteins and infarct size in canine hearts

To assess pathophysiological roles of the proteasome in the
ischemiafreperfusion myocardium, we intracoronarilly adminis-
tered saline (n=9) or a proteasome inhibitor (epoxomicin at
25 w/kg) (n=7) for 50 min and then we performed 90 min of
ischemia followed by 6 h of reperfusion in dogs. To assess
pathophysiological roles of the proteasome activation by IP in
the ischemic/reperfused myocardium, we intracoronarilly admi-
nistered a proteasome inhibitor {epoxomicin at 2.5 pglkg) for
50 min with (n=7) and without IP (n=9) and then we
performed 80 min of ischemia followed by 6 h of reperfusion
in dogs. We preliminarily confirmed that this dose of epox-
omicin reduced 265 proteasome activity by 43.0:62% (n=3) in
the LAD-perfused myocardium compared with that in the LCx-
perfused one. After 6 h of reperfusion, we rapidly sampled LAD-
perfused myocardium, stored the samples at -80 “C, and
investigated the level of the ubiguitinated proteins. We also
evaluated the area at risk and the necrotic area after 6 h of
reperfusion by Evans blue/TTC staining as described previously
[19]. Myocardial infarct size was expressed as the necrotic area/
area at risk (Fig 1),

26 Purificarion of cardiac proteasome

Proteasome was purified from canine hearts according the
method reported previously [20]. The pepridase assay was
performed using the cyrosolic fraction from the LAD- and LCx-
perfused myocardium of canine hearts or the fractions containing
265 proteasomes separated on a 10-40% glycerol gradient centri-
fugation according to the method described above.

2.7. Western blotting analysis

Western blotring analysis was performed as described pre-
viously [21]. Immunoreactive bands were quantified by densitometry
(Molecular Dynamics).

2.8 Sraristical analysis

Data are expressed as the mean +SEM, Proteasome activities in
LAD- and LCx-perfused myocardium were compared by the paired
t-test, The time-course changes in proteasome activity during
ischemiafreperfusion myocardium were analyzed by the two-way
repeated analysis of variance (ANOVA) followed by Fisher's test.
Other results were compared by the one-factor ANOVA followed by
Fisher's test. In all analyses, p<0.05 was accepted as statistically
significant.

3. Results

3.1, PKA enhanced the activity of purified 265 proteasome

The in vitro peptidase assay (Fig. 2A) and the in-gel peptidase
assays (Figs. 2B, C) showed that the treatment of purified 265
proteasome with PKA enhanced 265 proteasome activity in a dose-
dependent manner, while this effect was blocked by the pretreatment
with H-89.

3.2, PKA enhanced the phosphorylation and assembly of purified
265 proteasome

Western blotting analysis of non-reducing gels probed with the
antibody against serine/threonine phosphorylated proteins showed
that PKA dose-dependently enhanced the phosphorylation of purified
265 proteasome (Figs. 3A. B). The phosphorylation of 26S proteasome
was blocked by the pretrearment with H-89 (Figs. 3A, B). Interestingly,
Western blotting analysis of non-reducing gels probed with the
antibody against Rpt5 or a7 revealed that PKA dose-dependently
increased either protein level that corresponded to 26S proteasome,
which was blunted by H-89 (Figs. 3C, D upper panel ). Western blotting
analysis of reducing gels showed that the purified 265 proteasome
were equally loaded to each lane (Figs. 3C, D lower panel). These
results suggest that PKA enhanced the phosphorylation and assembly
of proteasome, which may lead to the increase in proteasome activity.

3.3 PKA snimulation increased 265 proteasome activity in caning hearts

We found no differences in the proteasome activity in the saline-
treated (LAD-perfused) and the control (LCx-perfused) myocardium
(Fig. 4A). In contrast, exogenous and endogenous PKA stimulation by
the selective intracoronary administration of isoproterenol or for-
skolin and IP, respectively, significantly increased 265 proteasome
activity in LAD-perfused myocardium compared with that in LCx-
perfused one (Figs. 4B, C. D). The selective intracoronary administra-
tion of a PKA inhibitor, H-89, blocked proteasome activation by IP
(Fig. 4E). We confirmed that proteasome activation by IP in LCx-
perfused myocardium was the same as that in LAD-perfused one
(Fig. 4F), These results suggest that exogenous and endogenous PKA
stimulation increased 265 proteasome activity in canine hearts.

3.4. PKA stimulation did not alter total protein levels of proteasome
subunits in canine hearts

We found no differences in the total protein levels of proteasome
subunits in the saline-treated (LAD-perfused) and the control (LCx-
perfused) myocardium (Fig. 5A). Then, we examined the changes in
protein levels of the proteasome subunits such as RptS, a7 and 5 in
LAD- and LCx-perfused myocardium when proteasome was activated
by exogenous and endogenous PKA stimulation in canine hearts.
Impartantly, there were no differences in the total protein levels of 3
proteasome subunits (Rpt5, @7, BS) in groups tested (Figs. 5B-F),
These results suggest that exogenous and endogenous PKA stimula-
tion did not alter rotal protein levels of proteasome subunits in the
in vivo canine hearts.

1.5. PKA stimulation ent
canine hearts

ed 265 pr activity and assembly in

Since we found 265 proteasome activity of canine hearts mainly in
the fractions 17-19 after glycerol gradient centrifugation (Figs. 6A-F,
upper panels), samples from fractions 15-21 in the LCx- and LAD-
perfused myocardium were immunoblotted with antibodies against
Rpt5, @7 or B5 (Figs. 6A-F, lower panels). Consistently, Western
blotting analysis with SDS-PAGE gel showed that proteasome subunit
Rpt5, a7 or B5 was found mainly in fractions 17-19 (Figs. 6A-F, lower
panels).

Fig 6. Exog and e

enhanced 2685 proteasome assembly in canine heants. Representative analysis of 265 pioteasome activity (upper panel) and

Wesern blotting analysis al‘ pmnmm subunits (lower panel) in the control and treated myocardium. The number Indicated fractions separated on a 10-40% glycerol gradient

centrifugation. (A) saline, (B) isop | (150}, (C) fr

(FOR). (D) ischemic preconditioning (IPL (E) IP with H-89 (IP+H-89), (F) IP in LCx-perfused myocardium, (G)

Quantitative analysis of 265 proteasome activity in canine hearts, Proteasome activity was expressed 45 the summation of proteasome activity in fractions 17-19 in the treatment
myocardium which were divided by that in the same fractions in the control one (n=4 to 8 each). (H) Quantitative analysis of proteasome assembly in canine hearts. Proteasome
assembly was expressed as the summation of RptS protein levels in fractions 17-19 in the treatment myocardium which were divided by that in the same fractions in the control ones

(n=4 108 each). *p- 0.05 vs sham. #p-0.05 vs IP+H-89.
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l’-i; 7. Time-mourse changes in proteasome activity during ischemsa/reper fusion period
Proteasome actvity duning ischermajreperfusion penod with and withour IP. Myocar-
dhal biopsy specimens were taken ar the control. just before ischemia ( pre-ischemial, at
the end of 90 min of ischemia ( post-ischemia) and 6 h of reperfusion (post- reperfusion
Proteasome activity i IP+I/R and I/R groups was normalized to the cormesponding
control ones. IP+l/R and R indicate ischemiajreperfusion with and without IF,
respectively, *p= 005 v control at the cormesponding group.

Fig. 6 showed the representative proteasome activity and assembly
using the myocardial sample of canine-1 in each groups in Fig. 5. Since
we confirmed that the total amount of proteasome subunits were
same in the control and treated myocardium, the alteration in protein
levels of proteasome subunits in proteasome enriched fractions 17-19
indicate the alternation in the status of proteasome assembly. No
differences were found in protein levels of proteasome subunits in the
saline-treated (LAD-perfused) and the control (LCx-perfused) myo-
cardium (Fig. 6A). Importantly, along with the increase in proteasome
activity, the exogenous and endogenous PKA stimulation by isopro-
terenol, forskalin and IP significantly increased the protein levels of 3
different proteasome subunits in fractions 17-19 in the LAD-perfused
myocardium compared with those in LCx-perfused one (Figs. 68-D).
Mareaver, the selective administration of H-89 blunted the increases
in protein levels of 3 different proteasome subunits and proteasome
activation by 1P in fractions 17-19 in the LAD-perfused myocardium
(Fig. 6E). We also confirmed that the same findings were induced by IP
in LCx-perfused myocardium (Fig 6F), Quantitative analysis also
showed that PKA enhanced proteasome activity and assembly, both of
which were expressed as the summation of proteasome activity and
Rpt5 protein levels in fractions 17-19 in the treatment myocardium
which were divided by that in the same fractions in the control one,
respectively (Figs. 6G, H). These results suggest that PKA stimulation
enhanced 265 proteasome assembly and activity in canine hearts
without alteration of total protein levels of proteasome subunits.

3.6 Time-course changes in proteasome activity dunng
ischemig/reperfusion period with and withour IP

The analysis of consecutive myocardial biopsy samples also
revealed that IP increased the proteasome activity in the LAD-
perfused myocardium in the same dog (Fig. 7). In canine hearts with
IP, the proteasome activities at the post-ischemia and post-reperfu-
sion were significantly lower than that at the pre-ischemia (= just after
IP), but they did not differ from the control. In canine hearts without
IP, the proteasome activity at the post-ischemia was significantly
decreased compared with that at the control or pre-ischemma (Fig. 7).
Myocardial proteasome activiry at the post-reperfusion did not differ
from that at the post-ischemia in groups with and without IP (Fig. 7).

3.7. IP blunted the accumularion of ubiquitinated proteins in
ischemia/reperfusion myocardium

To examine the pathophysiological role of proteasome activation
by IP. we investigated effects of IP on the accumulation of ubiqui-
tinated proteins, which may predict recovery of postischemic cardiac
function [22], in the ischemiafreperfusion myocardium in canine

ar and Cellular Cordiology 46 (2009 ) 452467

model Western blotting analysis revealed that ubiquitinated proteins
were increased in ischemia/reperfusion myocardium, while their
accumulation was attenuated by IP (Figs. 8A, B). The reduction in
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accumulated ubiquitinated proteins by IP was blunted by a protea-
some inhibitor, epoxomicin. These results indicate that proteasome
activation by IP alleviated the accumulation of ubiquitinated proteins
in canine ischemia/reperfusion hearts.

1.8 Proteasome inhibition did not alter infarcr size in canine hearts with
and without IP

Fig. 8C showed the infarct size for each group in protocol [V. The
ntracoronary administration of epoxomicin before ischemia did not
alter infarct size in this canine model. Consistent with the previous
reports [15]. we found that IP reduced myocardial infarct size. The
infarct size-limiting effects of IP were not affected by the intraco-
ronary administration of epoxomicin during IP procedure.

4. Discussion

4.1. PKA rapidly enhances phosphorylation, assembly and activity of 265
purified proteasome

Proteasome regulates cellular functions by eliminating ubiquitinated
proteins [1-4] Proteasome activity is enhanced by an increase in the
levels of proteasome subunit proteins and their assembly, as well as by
the post-translational modification of proteasome subunit through
processes such as phosphorylation/dephosphorylation [9,10]. Recent
studies have shown that PKA can phosphorylate several sites and increase
proteasome activity in vitro [11,12). Furthermore, although the involve-
ment of PKA is not shown, the phosphorylation of proteasome subunits
alters the status of proteasome assembly [23,24]. In the present study, we
firstly showed that PKA activation enhanced the proteasome assembly,
which contributed to the increase in proteasome activity. These findings
suggest that altering proteasome subunit configuration through directed
assembly by PKA may lead to the increase in proteasome activity,
although we cannot exclude the possibility that PKA-mediated phos-
phorylation of proteasome subunits directly activates proteasome.
Further investigation will be needed to clarify what subunit of
proteasome is phosphorylated by PKA and the direct association between
phosphorylation and assembly.

4.2 PKA stimulation enhances assembly and activity in in vivo canine
hearts without affecting the total protein levels of proteasome subunits

Since proteasome activity is regulated by the multiple factors such
as intracellular ATP levels and post-translational modification of
proteasome [9,10], the in vitro findings of proteasome regulation are
not always applied in the vivo model. Thus, to clarify whether the in
vitro findings were also valid in vivo, we examined whether PKA
stimulation could modulate proteasome assembly and activity in
canine hearts. We employed two maneuvers o activate PKA in vivo,
which were isoproterenol and forskolin as an exogenous stimulant of
PKA [18.25] and IP as an endogenous stimulant [15]. We confirmed
that both exogenous and endogenous stimulation of PKA enhanced
265 proteasome activity at 30 min after administration without
changing the total protein levels of proteasome subunits in in vivo
canine hearts. To our knowledge, the present study is the first to show
the intervention to increase proteasome activity In Vivo, suggesting
that the pathophysiological conditions due to proteasome dysfunction
in hearts could be treated.

. We have found both 20§ (a7 and B5) and 195 (Rpt5) subunit
proteins in fractions where proteasome activity was detected,
indicating that 265 proteasome was indeed eluted in these fractions.
We confirmed that exogenous and endogenous PKA stimulation
increased the protein levels of proteasome subunits in these fractions
without changing total amount of proteasome subunits. These findings
suggest that PKA stimulation enhanced 265 proteasome assembly as
well as activity in in vivo canine hearts.

4.3. Time-course changes in proteasome activity during
ischemia/reperfusion period with and without IP

To examine the time-course changes in proteasome activity during
ischemia/reperfusion period, we performed myocardial biopsy at 4
time-points during ischemia/reperfusion period: at the control, just
before ischemia (pre-ischemia), at the end of 90 min ischemia (post-
ischemia) and 6 h of reperfusion {post-reperfusion). Previous study
indicated that proteasome activity was decreased after ischemia/
reperfusion (8], Consistent with the previous report, the proteasome
activity ar the post-ischemia was significantly decreased compared
with that at the control or pre-ischemia in groups without 1P. Mean-
while, the proteasome activity at the post-ischemia was significantly
lower than that at the pre-ischemia (=just after IP), however, it did not
differ from the control in groups with IP (Fig. 7). These findings suggest
that stimuli during ischemic period decreased myocardial proteasome
activity and that proteasome activation by IP during ischemic period
may play an important role in the protein turnover and cellular
functions in ischemia/reperfusion hearts. Myocardial proteasome
activity at the end of reperfusion did not differ from that at the end
of ischemia in groups with and without IP, suggesting that stimuli
during reperfusion did not significantly affect proteasome activity.
Unfortunately, due to the small volume of biopsy samples, we could not
check the time-course changes in the status of proteasome assembly.

4.4. IP blunts the accumulation of ubiquitinated proteins in
ischemia/reperfusion myocardium

Recently, the ubiquitination of proteins is important post-
translational processes that modify the functions of many proteins.
We and others have reported that the accumulation of ubiquitinated
protein in hearts was associated with the progression of cardiac
dysfunction due to apoptosis [7.26). In addition, the injured
myocardium by ischemia/reperfusion is concomitant with a reduced
proteasome activity [8]. Consistent with these previous reports, we
found the decreased proteasome activity and the accumulation of
ubiquitinated proteins in the ischemiafreperfusion myocardium.
Interestingly, we found the less accumulation of ubiquitinated
proteins in ischemia/reperfusion myocardium, which may be
attributable to the 40% increase in proteasome activity by endoge-
nous PKA stimulation. Since the accumulation of ubiquitinared
proteins may predict recovery of postischemic cardiac function
|21], the removal of damaged proteins due to proteasome activation
by IP may contribute to improve postischemic cardiac function,

4.5. Proteasome inhibition did not alter infarct size in conine hearts with
and without IP

Finally, we examined whether proteasome activation by IP
contributed to its infarct-size limiting effects in the canine model.
The infarct-size limiting effects of IP were not prevented by the
intracoronary administration of epoxomicin, a proteasome inhibitor,
at the dose that reduces proteasome activity by 43%. These findings
suggest that proteasome activation by IP was not involved in the
infarct-size limiting effects of IP in the acute phase. Future studies will
be required about the pathophysiological role of proteasome activa-
tion in the chronic phase after myocardial infarction. Moreover, the
intracoronary administration of epoxomicin itself could not reduce the
infarct size in this model. This data was inconsistent with the previous
ones that the inhibition of proteasome could reduce myocardial
infarct size in rats and pigs [27.28]. The discrepancy between the
previous and our studies might be due to the differences in animals
used, experimental protacols and the drugs used. Further investiga-
tion will be needed to clarify whether reduced proteasome activity is
beneficial or detrimental in the ischemiafreperfusion injury in the
acute phase.
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In conclusion, the present study demonstrated that PKA rapidly
enhances proteasome activity and assembly in the in vivo heart.
Modulation of proteasome activity and assembly might be a
promising new therapeutic approach for cardiovascular diseases.
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Abstract

TNF2 has multiple important cellular functions both in normal cells and in tumor cells. To explore the role of TNFa, we iden-
tified NUAK family, SNFI-like kinase 2 (NUAK2), as a TNFu-induced kinase by gene chip analysis. NUAK2 is known to be
induced by various cellular stresses and involved in cell mortality, however, its substrate has never been identified. We developed
original protocol of de nove screening for kinase substrates using an in vitro kinase assay and high performance liquid chromatog-
raphy (HPLC). Using this procedure, we identified myosin phosphatase target subunit 1 (MYPTI1) as a specific substrate for
NUAK2. MYPTI] was phosphorylated at another site(s) by NUAK2, other than known Rho-kinasc phosphorylation sites
(Thr696 or Thr853) responsible for inhibition of myosin phosphatase activity. These data suggests different phosphorylation and

regulation of MYPT1 activity by NUAK2.
© 2007 Elsevier Inc. All rights reserved.

Keywords: NUAK family, SNF1-like kinase 2 (NUAK2); Myosin phosphatase target subunit 1 (MYPTI); TNFa; Myosin phosphatase; In vitro kinase

assay

Tumor necrosis factor (TNFux) has multiple cellular
functions both in normal cells and in tumor cells, TNFx
not only induces apoptotic cell death but also enhances
various gene expressions mediated by NFxB family tran-
scriptional factors. Endothelial cells express TNFux recep-
tors, and its NFxB-mediated signals induce various
chemokine related molecules and cell adhesion molecules.
These molecules enhance attachment of mononuclear cells
and help these cells to enter into inflammatory tissues
through endothelial cell barrier. TNFu also induces chemo-
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tactic molecules of endothelial cell, indicating that cell
mobility induced by TNFa signal is mediated by as yet
unidentified molecular mechanisms [1],

In the current study, we demonstrated that NUAK fam-
ily, SNFI-like kinase 2 (NUAK2) was identified as a
TNFa-induced kinase in endothelial cells by gene chip
analysis. NUAK2 was originally identified in a PCR-based
screen designed to identify a novel protein kinase [2], Sub-
sequent studies indicated that NUAK2 was induced by var-
ious cellular stresses such as ER stress, elevation of cellular
AMP, hyperosmotic stress, and ultraviolet [3]. High expres-
sion of NUAK2 was also confirmed in various tumor cell
lines [4], and overexpression of NUAK?2 was reported to
render tumor cell resistance under apoptotic stimuli. Such
inductions and expressional mechanisms of NUAK2 have
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been well reported, however its substrate has never been
identified.

Diverse effects of kinases in various tissues depend on
specific substrates. To reveal the function of kinase it is
essential to purify its substrate. Here, we identified
myosin phosphatase target subunit 1 (MYPTI) as a spe-
cific substrate for NUAK2 using unique purification pro-
cedure. This method was designed to purify target
substrates by combination of an in vitro kinase assay
and high performance liquid chromatography (HPLC).
NUAK2 phosphorylated MYPT1 at a distinct site(s)
other than known Rho-kinase (ROCK) phosphorylation
sites (Thr696 or Thr853) responsible for inhibition of
myosin phosphatase activity, suggesting different phos-
phorylation and regulation of MYPT] actvity by
NUAK2.

Materials and methods

Cell lines and reagents. Human umbilical vein endothelial cells
(HUVECs) and human aortic smooth muscle cells (AoSMCs) were
obtained from Clonetics. They were cultured in endothelial and smooth
muscle cell medium (Clonetics) and used up to passage 5. HEK293T cells
and HeLa cells were cultured in DMEM with 10% FBS. The following
antibodies were purchased: anti-Flag (M2Ab; Sigma). anti-V3 (Inwitro-
gen), anti-Myc (Invitrogen), anti-Tubulin (Cell Signaling), ant-NUAK2
(Abgent), anti-MYPTI (BD Biosciences), anti-phospho-MYPT]1 { Thr696)
(Upstate Biotechnology), and anti-phospho-MYPT] (Thr853) (CycLex).
The following reagents were purchased: Trypsin (Promega), Llpofect-
amine 2000 (Invitrogen), Flag peptide {Sigma), and h rece

PCR conditions were 2min at 50°C, 10 min at 95 °C, and 40 cycles of
153 at 95°C and | min at 60°C. Data were normalized to 18S ribo-
somal RNA or GAPDH level. Each sample was analyzed in duplicate
and the experiments were replicated three times. For 185 ribosomal
RNA, GAPDH and NUAK2, primers and probes were obtained using
TagMan Assays-on-Demand gene cxpression products (Applied
Biosystems).

Cloning, plasmid construction. and mutagenesis In this experiment,
all construction was performed using the Gateway system (Invitrogen)
according to the manufacturer’s instructions. Human NUAK2 cDNA
was solated from HUVECs ¢DNA using the following sense and
anlisense pnmers: seénse 5' caccalggagicgctggtiticg and antisense §'
tcaggigagettigageagacce. With PCR primer designed to include stop
codon of NUAK2, the amplified {ragment was inserted into pENTR/D-
TOPO (Invitrogen), named pENTR/NUAK2. To generate N-terminal
Flag-tagged NUAK2 (Flag-NUAK2), Flag cpitope (DYKDDDDK)
was introduced into just before the N terminus of NUAK2 by PCR-
based mutagenesis using pENTR/NUAK?2 as a template. The NUAK2
constructs were recombined (o mammalian expression  vector,
pcDNA3L vector (Invitrogen). We also generated N-terminal Myc-
tagged NUAK2 (Myc-NUAK2) using the same protocol. cDNA
encoding human MYPTI] was generated by RT-PCR with RNA from
HUVECs. The mammalian expression vectors for MYPT] were con-
structed using pENTR/D-TOPO (pENTR-MYPT!), To identify the
binding site on MYPT! for NUAK2, pENTR-Flag-MYPT1 DI lacking
aa 11-286, pENTR-Flag-MYPT! D2 lacking aa 287-514, pENTR-
Flag-MYPT! D3 lacking aa 515-799 or pENTR-Flag-MYPT1 D4
lacking aa 800-1020 were generated by PCR using pENTR-MYPTI as
a wemplate. An Escherichia coli expression vector for GST-MYPT! was
constructed using the expression vector., pGEXSX-1 (Pharmacia) and
cDNA encoding MYPT1 protein. Expression plasmids for mutated
NUAK2 and mutated MYPT] were generated using the QuickChange
site-directed mutagenesis kit (Stratagene) following the manufacturer's

TNFa (R&D Systems, Inc.).

cDNA microarray analysis. To determine the effect of TNFa on
gene expression profile, we treated cultured HUVECs without or with
TNFa (20ng/ml) for 2h. and then performed cDNA microarray
studies, Total RNA was prepared from HUVECs using RNA-Bee-
RNA Isolation Reagent (Tel-Test Inc.) according to the manufac-
turer's instructions. Microarray hybridization was performed n tnpli-
cate using Affymetnx Human Genome 133A gene chips (HG-UI33A).
After synthesinng double-stranded ¢cDMNA from the total RNA, an
in vitro transcription reaction was done to produce biotin-labeled
cRNA from cDNA, and the ¢RNA was fragmented before hybrid-
ization. Hybridization, probe washing, staining and probe armay
scanning were performed following the protocols provided by
Affymetnx. Data were analyzed using Genespring 6 software [5]
Normalization was done by a combination of three steps: rewriting
negative values as 0.01, normalizing to the 50th percenule per chip
and non'nahzmg to the median per gene. We filtered data using a

of parameters such as signal confidence (‘presemt’ flagj,
fald change (> 3] minimum acceptable signal intensity (average dif-
ference =50 in at least one of the two’groups). Indicated gene
accession numbers were derived from the GenBank database.

Narthern blot analysis. Northern blot analysis was performed as pre-
viously described [6]. Briefly, total RNA was isolated and electrophoresed
on 1% agarose gel contamning 2.2 M lormaldehyde. and transferred onto
nylon membranes (Bio-Rad). The membranes were hybridized with “P-
labeled fragments of human ¢DNA corresponding to nucleotides 11887
of NUAK2 cDNA. A BAS photoimaging system (Fuji) was used for
detection,

Quantitative RT-PCR. Total RNA was extracted using RNA-Bee-
RNA [solation Reagent (Tel-Test Inc.). Then. | ug of total RNA was
reverse-transcnibed using Ommscnipt RT (CQhagen) according to the
manufacturer’s protocol. Quantitative RT-PCR was performed with
TaqMan technology using the ABI Prism 7000 detection system
| Applied Biosystems) according to the manufacturer's instructions, RT-

instruct) All constructs were verified by sequencing.

Co-immunoprecipitation assay. HEK293T cells were transfected with
Spg ¢cDNA/60mm dish using Lipofectamine 2000, Two days after
transfection. cells were lysed in lysis buffer (1% Nonidet P40, 0.15M
NaCl, 20 mM Tris, pH 7.2, and 2 mM EDTA including protease inhibitor
cocktail (Nacalai)). We then incubated with anti-VS. anu-Myc or anti-
Flag agarose for | h at 4 °C, After exiensive washing, immunoprecipitated
samples were subjected 1o SDS-PAGE and immunoblotting was per-
formed as described previously (7]

In vitro kinase assay. The following recombinant proteins were pur-
chased: human NUAK2 (Cell Signaling), and ROCK-II. human active
{Upstate Biotechnology). Bacterially purified glutathione S-iransferase
(GST) fusing proteins were used as subsirates. Recombinant proteins were
equilibrated in kinase buffer [0.15M NaCl, 20 mM MOPS (pH 7.0),
10 uM MgCl,, 10% glyeerol, and | mM DTT). and then incubated with
10 uCi of [v-"* P] ATP (Amersham) and substrates at 30 °C for 60 min.
Each sample was boiled in SDS sample buffer for 3 min. and eluted pro-
temns were analyzed by SDS-PAGE. The gel was dried and autoradio-
graphed. ROCK-T1. human active (0.317 pmol) and NUAK2 11.33 pmol)
were used in this assay

Identification of a NUAK2-binding protein | pl30) We used HEK293T
cells expressing pcDNAS. 1-Flag-tagged-NUAK2, lvsed them with | ml of
lysis buffer and immunoprecipitated them with anti-Flag antibody fol-
lowed by elution with Flag peptide (100 pg/ml). An in vitro kinase assay
was performed with the eluate in the presence of [v-"P] ATP followed by
SDS-PAGE, and the radioactivity was detected by a BAS imaging ana-
lyzer (Fuji). The FLAG peptide eluate was injected onto a phenyl-reverie
phase —HPLC column (4.6 x 250 mm, Nacalai) equilibrated with 0.1%
tnfluoroacetic acid and 5% acetonitrile. Fractions were eluted with a linear
gradient of 35-45% acetonitrile at a flow rate of | mi/min. Each fraction
was lyophilized and d by SDS-PAGE. Radioactivity was detected
by BAS imaging system.

Dara analysis. Statistical significance was assessed with ANOVA using
the Fisher's post hoc test. A value of p < 0.05 was considered 1o be sta-
ustically significant.
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Table 1

Expression levels and fold change of the upregulated genes by TNFa in HUVECs (top 20)

Gene name Accession No. Control group TNFa group Fold change (TNFa/Control)
CCL20 NM_004591.1 0.04 7.33 168.20
E-selectin NM_000450.1 0.08 5.11 70.63
IL-8 NM_000584.1 0.16 B.16 50.35
Coagulation factor 111 NM_001993.2 0.29 717 2496
TNFAIP3 NM_006290.1 0.21 4.08 19.05
VCAMI NM_001078.1 0.16 303 18.95
CXCL3 NM_002090.1 0.27 5.07 18.46
CXCL2 NM_002089 0.34 499 14.68
TNFAIP2 NM_006291.1 0.26 1.55 13.52
CXCLI NM_001511.1 032 370 11.70
CXCR7 NM_020311 037 4,02 10.77
ICAMI NM_000201.1 0.23 236 10.34
TNFAIPS NM_014350.1 0.50 5.01 9.95
Ephrin-A| NM_004428.1 0.26 .24 8.63
CD6Y antigen NM_001781.1 053 3.93 7.43
CX3CLI NM_002996 0.36 246 6.75
RNDI NM_014470 032 204 6.37
PMAIPI NM_021127.1 0.73 4.58 6.26
NUAK2 NM_030952.1 0.31 1.91 6.24
ccCL2 NM_002982 042 247 5.87

HUVECs were stimulated with TNFa (20 ng/ml) (TNFx group) or medium only (Control) for 2 h. Every time. u pair of TNFx and Control was used for
cDNA mucroarray examination, which was repeated for three times in different date. Data are mean for the three times. Only the genes that were
upregulated by TNFa for more than 3-folds every times were included in this table. The expression levels were normalized intensity (linear scale).

A HUVEC c TNFa

Control TNFax not-starved starved

B Quantitative RT-PCR
20 7 * s
£ . .
g 15 *
c
B 10+
) I
o Lol
0 203060 120 0 20 30 60 120 O 20 30 60 120 (min)
O HUVEC W AoSMC B Hela

Fig. 1. TNFa induces upregulation of human NUAK2 expression. (A) Northern blot analysis. HUVECs were treated with TNFa (20 ng/ml) for 2 h or
control. Total RNA was harvested, electrophoresed, und blotted to the nitrocellulose membrane. The membrane was probed with cDNA for human
NUAK2. Betia actin was used as an internal control for mRNA loading. (B) Time course of NUAK2 mRNA levels. Various cell lines were treated with
TNF= (20 ng/ml) for the indicated times. Each sample was analyzed in duplicate and experiments were performed in triplicate. (C) HeLa cells were either
not starved or starved for 18 h in DMEM containing 0.5% serum. Starved and unstarved cells were then treated with TNFa (20 ng/ml) for indicated times
Cells were lysed and immunoblotting was performed with the indicated antibodies. For panels B, error bars represent SEM. P < 005 versus baseline.
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Results
T'NFx induced NUAK2 mRNA and protein expressions

To identify the specific expression targets of TNFa. the
profiles of mRNA expression extfacted from HUVECs
were analyzed. Triplicate assay of gene chip revealed that
57 genes were enhanced their expressions 2 h after TNFa
treatment, Most of these genes increased more than 3-folds
are chemokines and their related molecules such as their
receptors, adhesion molecules, and transcription factors
(Table 1). Among them, one kinase, NUAK2, was greatly
enhanced its expression by TNFa. No other kinases were
enhanced its expression more than 3-folds, suggesting that
NUAK2 is only a strongly inducible kinase by TNFx sig-
naling in endothelial cells. This result was confirmed by
Northern blot analysis (Fig. 1A). Quantitative PCR
revealed that an enhanced NUAK2 expression after TNFa
treatment was seen not only in HUVECs but also in other
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cell lines in a time-dependent manner (Fig. |B). Increasing
protein level by TNFa was also confirmed by immunoblot-
ting with anti-NUAK2 antibody (Fig. 1C).

NUAK2-associated kinase activity

Since the substrate for NUAK2 has not been identified,
we screened a protein which bound to NUAK2 and was
phosphorylated by NUAK2, We employed a kinase-dead
construct of NUAK2 (Flag-KD-NUAK2) in which
Lys81 was replaced with Arg as a control. HEK293T cells
were transiently transfected with Flag-WT-NUAK2 or
Flag-KD-NUAK2. Immunoprecipitation assay was per-
formed with whole-cell extracts using anti-Flag antibody
followed by elution with Flag peptide. An in vitro kinase
assay was performed with the eluate in the presence of
[v-*P] ATP. NUAK2 was autophosphorylated in vitro
[4]. Besides NUAK2 radioactivity, a phosphorylated band
at the size of 130 kDa (p130) was co-immunoprecipitated
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Fig. 1. Punfication and identification of MYPTL. (A) HEK293T cells were transiently transfected with Flag-WT-NUAK2 or Flag-KD-NUAK2
Immunoprecipitation assay was performed with whole-cell extracts using anti-Flag antibody followed by clution with Flag peptide. An in vitro kinase
assay was performed with the cluate in the presence of [v-"*P] ATP tleft panel). The lysates were immunoblotted with anu-Flag anubody (nght panel). (B)
The compiex of radiolabeled NUAK2 and pl30 was separated by a phenyl reverse-phase column and indicated [ractions were quantified (or
phosphorylauen of the complex (upper panel). These protemns in the indicated fractions were resolved by SDS-PAGE followed by autoradiography
(muddle panel). Large-scale purtfication of the protein complex was done using the same protocol without radioactive material. The punfied products of
the protein complex were resolved on SDS-PAGE and silver stained (lower panel). (C) Amino acid sequence of human MYPT!. The peptides derived
from the purified protein (p130), which fitted with those of human MYPT| us assessed by mass spectrometry, are shown in bold red. (For interpretation of
the references 1o color in this figure legend, the reader is referred 1o the web version of this article.)
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(Fig. 2A). In the control lane, neither NUAK2 nor pl130
could be detected, suggesting that p130 was a NUAK2-
binding substrate.

Purification of NUAK2 substrate

To characterize p130, we applied the Flag eluate to a
reverse phase column. There were two radioactive peaks
(fraction numbers 32-34, 42-44) detected in these fractions
(Fig. 2B, upper panel) and each fraction was electrophore-
sed followed by autoradiography (Fig. 2B, middle panel).
NUAK2 and pl30 were well separated and maitched to
radioactive peak. To identify pl30, we scaled up the puri-
fication procedure using HEK293T cells (4.0 x 107)
expressing Flag-tagged NUAK2 without radioactive mate-
rial. The purified products of the protein complex were
resolved by SDS-PAGE and silver stained. Silver staining
of these fractions detected NUAK2 and pl30 (Fig. 2B,
lower panel). We analyzed the peptides digested from the
p130 band by mass spectrometry. P130 included fragments
of the amino acid sequences of WIGSETDLEPPVVKR,
QWLNSGHINDVR and LAYVAPTIPR that matched

545

human myosin phosphatase targeting subunit 1 (MYPTI)
(Fig. 2C).

MYPTI is associated with NUAK2

To test whether MYPTI is associated with NUAK2,
HEK293T cells were transiently transfected with or with-
out Myc-NUAK2. Protein extracts were subjected to
immunoprecipitation with anti-Myc antibody, followed
by immunoblotting with anti-MYPT! antibody. We con-
firmed direct binding of endogenous MYPT]I to recombi-
nant NUAK2 (Fig. 3A). Next, to identify the binding site
on MYPTI for NUAK2, we constructed several MYPT]1
deletion mutants (Fig. 3B). Mutation analysis revealed that
the NUAK2-binding domain corresponded to the C-termi-
nal domain (amino acids 800-1020) of MYPT! (Fig. 3C).

In vitro phosphorylation of MYPT1 by NUAK2

Recombinant human NUAK2 purified by baculovirus
expression system efficiently phosphorylated E. coli recom-
binant MYPT]I, suggesting that NUAK2 directly phos-
phorylates MYPT1 (Fig. 4A). Rho-kinase (ROCK) is
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Fig. 3. NUAK2 interacts with MYPTL. (A) HEK293T cells were transiently transfected with mock or Myc-tagged NUAK2. Whole-cell extracts were
suhbjected to immunoprecipitation assays using anti-Myc antibody followed by immunoblotting using anti-MYPT 1 antibody. The same filter was reprobed
with anti-Myc antibody. The same lysates were also analyzed by immunoblotting using anti-MYPT1 antibody. (B) Schematic model of the MYPT]
deletion mutants, The numbers are the amino acid number. (C) HEK293T cells were transiently transfected with VS-tagged NUAK?2, Flag-tagged WT or
various truncated MYPTI, alone, or together as indicated. Co-immunoprecipitation assays were performed with whole-cell extracts using anti-V3
antibody, followed by immunoblotting using anti-V3 or anti-Flag antibodies. The same lysates were also analyzed by immunoblotting using anti-Flag

antibody.
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