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receptor blocker, protected the heart against ischemia-
reperfusion injury in dogs [1] and also improved both
symptoms of CHF and ventricular remodeling in the clin-
ical setting [16]. Although the maximum inotropic effects
of substances acting through cAMP were decreased in
diseased myocardium [6], famotidine, a histamine H,
receptor blocker, exerts negative effects on cardiac per-
formance [13], the roles of the histamine would have
remained unclear in the state of heart failure,

In addition, it is still unclear whether histamine H,
receptor blockers have a protective effect against CHF by
reducing the myocardial accumulation of cAMP and whe-
ther there is an additive effect of histamine H, receptor
blockade in the presence of S-adrenergic receptor blockade.

Therefore, we investigated the effect of a histamine H,
receptor blocker on cardiac performance and myocardial
cAMP accumulation in dogs with pacing-induced heart
failure, and also investigated whether there was an additive
effect of combined histamine H, receptor blocker and
B-blocker therapy on cardiac performance.

Methods
Materials

The histamine H, receptor blocker famotidine was kindly
provided by Astellas Pharma Inc. (Tokyo, Japan). Carvedilol,
a f-adrenergic receptor blocker, was obtained from Sigma
(St. Louis, MO, USA). Rabbit polyclonal anti-histamine
antibody was obtained from Progen (Queensland, Australia).

Animal preparation

Beagle dogs (Oriental Yeast Co. Ltd., Tokyo, Japan)
weighing 8—10 kg were sedated with intravenous sodium
pentobarbital at a dose of 25 mg/kg. After intubation with a
cuffed endotracheal tube, anesthesia was maintained with
0.5-1% isoflurane and an equal mixture of air and oxygen.
Ventilation was provided with a tidal volume of 22 mL/kg
at a rate of 15 times per minute. A bipolar pacing lead
(Model BT-45P, Star Medical Inc., Tokyo, Japan) was
advanced under fluoroscopic guidance through the right
jugular vein to the right ventricular (RV) apex and was
connected to an external programmable pacemaker (VOO
mode; Model SIP-501, Star Medical Inc., Tokyo, Japan)
that was implanted in a subcutaneous pocket in the neck.
The success of this procedure was confirmed by electro-
cardiography. Antibiotics were given after surgery, and the
dogs were allowed to recover fully. Then heart failure was
induced by rapid right ventricular pacing at a rate of
230 beats/min for 4 weeks as the model mimicking heart
failure in human, as reported previously [22, 23, 27].
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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 ethical committee for laboratory animal use of the
National Cardiovascular Center in Japan.

Echocardiography

Transthoracic echocardiography was performed by using
an echocardiographic system equipped with a 2-4 MHz
phased-array transducer (SONOS 5500, Hewlett Packard,
Massachusetts, USA) in conscious dogs before pacemaker
implantation and 30 min after the cessation of RV pacing
at 4 weeks. Good two-dimensional short-axis views of the
left ventricle were obtained at the level of the papillary
muscles for guided M-mode measurement of the left ven-
tricular (LV) end-diastolic dimension (LVDd), LV end-
systolic dimension (LLVDs), LV fractional shortening
(LVES), and LV ejection fraction (LVEF). All measure-
ments were made by two observers, who were blinded to
the source of the tracings.

Hemodynamic studies

LV pressure and mean aortic pressure were measured by
pressure amplifiers connected to a pig tail catheter (5F,
Terumo Co. Ltd., Tokyo, Japan) that was inserted into the
left ventricle from the left femoral artery. Pulmonary
capillary wedge pressure (PCWP) was measured with a 7
Fr Swan-Ganz catheter (American Edwards Laboratories,

~ California, USA). LV dP/dt was analyzed using software

(Data viewer, Yokogawa Electric Corporation, Tokyo,
Japan). These studies were performed both before and after
4 weeks of RV pacing or 4 weeks after pacemaker
implantation in the sham group. '

Measurement of the myocardial cAMP level

The myocardial cyclic AMP (cAMP) level was measured
as described previously [8]. Briefly, a sample of frozen
cardiac muscle was homogenized mechanically in 500 mL
of frozen hydrochloric acid (0.1 N) with. a mechanical
homogenizer. The homogenate was thawed and centrifuged
at 5,000xg at room temperature for 15 min and then a
100 mL aliquot of the supernatant was employed to mea-
sure cAMP with a sensitive radioimmunoassay (cyclic
AMP kit; Yamasa Shoyu Co., Choshi, Japan).

Immunohistochemical analysis
Immunohistochemical analysis was performed as described

previously [24]. Briefly, myocardial tissue samples were
fixed in 10% formalin and embedded in paraffin. Then
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S-um-thick sections were cut and preincubated with 3%
hydrogen peroxide. Rabbit polyclonal anti-histamine anti-
body (1:1,000 dilution) was added, and incubation was
done at room temperature overnight. Next, the sections
were incubated with biotinylated anti-rabbit immunoglob-
ulin for 30 min and subsequently with horseradish perox-
idase-labeled streptavidin solution for 30 min. The slides
were rinsed in tris-buffered saline after each incubation
step. Peroxidase activity was visualized by incubation with
diaminobenzidine hydrochloride solution.

Experimental protocols
Protocol 1: effects of famotidine on cardiac performance

and myocardial cAMP accumulation in dogs with pacing-
induced heart failure

After pacemaker implantation, the dogs were randomly -

assigned to a sham group (z = 6) without pacing, a control
group (n = 7) with pacing only, and a famotidine group
(n = 5) with pacing plus the daily oral administration of
famotidine (1 mg/kg per day). The dose of famotidine was
chosen on the basis of previous reports [30, 36]. Echo-
cardiography and measurement of hemodynamic parame-
ters were performed before and 4 weeks after pacemaker
implantation. After the measurement of hemodynamic
parameters, myocardial tissue samples were obtained and
quickly placed into liquid nitrogen for storage at —80°C
until measurement of cCAMP levels.

Protocol 2: effects of famotidine on cardiac performance
in dogs with pacing-induced heart fatlure
under fB-adrenergic receptor blockade

Next, we examined the additive effect of histamine Hj
receptor blockade on the development of CHF. After
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Fig. 1 Mast cell density and histamine expression in the failing heart.
a Mast cell density in the heart. Values are the mean + SEM.
*p < 0.05 versus the sham group. b Immunostaining with an anti-
histamine antibody. a Representative staining of a heart from the

Sham

pacemaker implantation, the dogs were randomly assigned
to a carvedilol group (n = 6) that received daily oral
administration of carvedilol (0.1 mg/kg per day) or a car-
vedilol + famotidine group (n = 6) that received daily
oral administration of both carvedilol (0.1 mg/kg per day)
and famotidine (1 mg/kg per day).

Statistical analysis

Results are expressed as the mean = SEM. Comparison of
time-course changes between the groups was performed by
two-way repeated measures analysis of variance
(ANOVA). For comparison of mast cell counts and cAMP
levels between the groups, the Mann—~Whitney U test was
performed. A p value < 0.05 was considered to represent
statistical significance.

Results
Mast cells and histamine expression

Mast cells were detected in the myocardium by toluidine
blue staining. Consistent with previous reports [8, 26], we
observed an increase of mast cells in the failing hearts
compared with the number of cells in the sham group
(Fig. 1a). Immunohistochemical analysis showed an
increase of histamine expression indicating increased
degranulation of mast cells in failing hearts compared with
the level in the sham group (Fig. 1b).

Effect of famotidine on cardiac performance
and myocardial cAMP in dogs with pacing-induced
heart failure

Both mean aortic pressure and heart rate before pacing
were similar in the control group (104 £ 5 mmHg and

Control

Negative control

sham group. b Representative staining of a heart from the control
group. ¢ Negative control section incubated without the primary
antibody. The scale bars indicate 50 pm
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Fig. 2 Effects of famotidine on Control

Famotidine

echocardiographic and
hemodynamic parameters and
myocardial cAMP levels.

a Representative 2D
echocardiograms.

b Quantitative analysis of
echocardiographic parameters
in the control and famotidine
groups. Open and closed circles
indicate the control group and
the famotidine group,
respectively. ¢ LVEDP and
mean PCWP in the control and
famotidine groups.

d Myocardial cAMP levels in

A Pre-Op

Post 4 weeks-Op

Pre-Op

Post 4 weeks-Op
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117 & 7 bpm, respectively), and the famotidine group
(101 = 3 mmHg and 115 + 8 bpm, respectively). These
parameters did not significantly differ among the groups. LV
dP/dt was 3,592 4 512 mmHg/s in the control group and
3,981 & 528 mmHg/s in the famotidine group. Four weeks
after surgery, neither hemodynamic nor echocardiographic
data showed any changes compared with the preoperative
values in the sham group (data not shown). Four weeks
after rapid RV pacing, an administration of famotidine sig-
nificantly limited the increase of both LVDd and LVDs, as
well as the decrease of both LVES and LVEF (334 +
0.8 mm, 27.4 £+ 1.2 mm, 185 & 2.6% and 45.4 £+ 4.8%,
respectively), compared with the findings in the control
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group (37.0 & 1.4 mm, 334 &£ 1.4 mm, 99 £+ 1.0% and
26.7 & 2.4%, respectively) (Fig. 2a, b). Four weeks after
RV pacing, LV end-diastolic pressure (LVEDP) and PCWP
of the famotidine group (16 £2 and 11 £ 1 mmHeg,
respectively), were both significantly lower compared with
the values in the control group (21 & 2 and 19 4= 2 mmHg
and, respectively) (Fig. 2c). LV. dP/dt after RV pacing was
significantly preserved higher in the famotidine group
(2,601 £ 216 mmHg/s) compared with that in control
group (2,077 £ 124 mmHg/s) (p < 0.05).

The myocardial cAMP level was significantly higher in
the control group (796 % 111 pmol/g wet weight) com-
pared with that in the sham group (597 & 77 pmol/g wet
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weight), while it was significantly lower in the famotidine
group (577 £ 28 pmol/g wet weight) compared with the
control group (p < 0.05) (Fig. 2d).

Additive effects of famotidine and a f-blocker
on cardiac performance in dogs with pacing-induced
heart failure

Before pacing, mean aortic pressure and heart rate were both
similar in the carvedilol group (101 7 mmHg and
111 =% 8 bpm, respectively), and the famotidine + carvedi-
lol group (93 + 2 mmHg, 106 £ 7 bpm, respectively), and
these parameters did not significantly differ among the
groups. LV dP/dr was 3,672 & 417 mmHg/s in the carvedilol
group and 3,941 4 284 mmHg/s in the famotidine 4 car-
vedilol group. After rapid RV pacing for 4 weeks, both LVDd
and LVDs were decreased and both LVES and LVEF were
increased (33 £ 04 mm, 25 £ 0.7 mm, 28 =+ 2%, and
54 + 3%, respectively), in the famotidine 4 carvedilol
group compared with the respective values in the carvedilol
group (34 £ 1 mm, 28 & 1 mm, 23 + 1%, and 38 + 5%,
respectively) (Fig. 3a).

Four weeks after RV pacing, LVEDP and PCWP of the
carvedilol + famotidine group (12 & 3and 10 = 4 mmHg,
respectively), were both significantly reduced compared
with the respective values in the carvedilol group (16 £ 2 and

15 + 1 mmHg, respectively) (Fig. 3b). LV dP/dt after RV
pacing was preserved higher in the famotidine + carvedilol
group (3,382 £ 252 mmHg/s) compared with that in car-
vedilol group (2,740 £ 321 mmHg/s) (p < 0.03).
Furthermore, the myocardial cAMP level was signifi-
cantly lower in the carvedilol + famotidine group
(488 4 45 pmol/g wet weight) compared with that in the
carvedilol group (615 4= 28 pmol/g wet weight) (Fig. 3¢).

Discussion

In the present study, we demonstrated that (1) myocardial
histamine expression was increased by pacing-induced
heart failure, (2) the histamine H, receptor blocker famo-
tidine improved cardiac performance (gauged by echocar-
diographic and hemodynamic parameters) along with a
reduction of myocardial cAMP accumulation, and (3) there
was an additive effect of combined histamine H, receptor
and f-adrenergic receptor blockade on cardiac perfor-
mance in dogs with pacing-induced heart failure.

Impact of histamine blockade on cardiac failure

Histamine is one of the autacoids, and is stored and released
by mast cells in the human heart, as well as in other organs or

Fig. 3 Additive effect of A :
famotidine and carvedilol on 40 LVDd (mm) 0 LVDs (mm)
cardiac performance. ]

a Quantitative analysis of 30 30 E:
echocardiographic parameters 20 20 D/j
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indicate the carvedilol group Pre After 4w pacing Pre After 4w pacing
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tissues [8]. Recently, the number of mast cells and the
myocardial histamine level were found to increase in the
hearts of patients with idiopathic dilated cardiomyopathy or
ischemic cardiomyopathy [26]. Histamine modulates vari-
ous cellular functions via the activation of four different
G-protein-coupled receptors (H,_4 receptors) [29]. As is
well known, histamine H, receptors located on gastric cells
promote the production of gastric acid [10] and histamine H,
receptor blockers have been widely used for the treatment of
peptic ulcer. Interestingly, histamine H, receptors are also
expressed in canine and human ventricular myocardium {14,
18], although the expression levels were different among
species [18]. Consisted with the previous studies, we con-
firmed the presence of histamine H; receptor in the canine
heart using quantitative reverse-transcriptase PCR (data not
shown).

In the present study, the precise locations of histamine
receptors in myocytes or vessels in the canine hearts
remained unclear. However, since famotidine did not
decrease blood pressure in this study, the accumulating
lines of evidence would suggest that histamine H, blockers
did not have the potent effect on the vessels compared with

cardiomyocytes. On the other hand, since histamine H;

receptors are abundantly expressed in the vessels in most
animal species [29], histamine H,; receptor blocker has the
effects on vessels. In addition, stimulation of H, receptors
transduces the intracellular signals via Gs protein, as does
the stimulation of f-adrenergic receptors. Moreover, his-
tamine has a positive inotropic effect on human ventricular
myocardium and has been suggested to have a role in
cardiovascular diseases [3, 11]. Although it was reported
that the maximum inotropic effects of histamine receptor
stimulation were less than those mediated by beta-adren-
ergic receptors [5, 35], the roles of histamine receptor
blockade have remained unclear compared with those of
beta-adrenergic receptor.

Based on these backgrounds, we previously proposed
that histamine H, receptor blockers could provide a novel
therapeutic strategy for heart failure, and we have reported
that histamine H, blocker treatment may have a cardio-
protective effect in patients with chronic heart failure [16].
In the present study, we found that myocardial histamine
expression was increased in dogs with pacing-induced
heart failure compared with that in sham dogs on immu-
nohistochemical analysis. Also, the histamine H, receptor
blocker, famotide, prevented the development of heart
failure induced by rapid RV pacing and lessened the
myocardial accumulation of cAMP. These findings suggest
that histamine H, receptor blockade exerts a cardiopro-
tective effect along with the amelioration of myocardial
cAMP accumulation. Recently it was reported that
increased cardiac adenylyl cyclase expression is associated

@ Springer

with mortality after myocardial infarction in rats [31]. It
has been controversial for the role of myocardial cAMP in
the heart failure [17]. Although increased cAMP acutely
induced the improvement of ventricular function, several
trials with either beta-adrenergic agonists or PDE inhibitors
have revealed an increase in mortality [17, 20]. In the
present study, in the dogs with the drugs that decreases
myocardial cAMP levels, the development of heart failure
was substantially attenuated, however further investigation
will be needed to solve the roles of cAMP in the onset and
progression of heart failure.

Additive effects of histamine H, blocker and fS-blocker .
therapy on cardiac performance

B-Blockers have long been established as useful agents for
chronic heart failure [2, 7, 25, 32]. These drugs act by
preventing intracellular Ca overload, because f-adrenergic
stimulation promotes Ca overload via Gs protein [34].
Histamine H, receptor blockade also prevents Ca overload
[28], so we hypothesized that the combination of a hista-
mine H, receptor blocker and a f-blocker would exert a
stronger cardioprotective effect than either agent alone.
Almost all of the patients in our earlier study, which
showed that histamine H, receptor blockers were effective
for the treatment of CHF, were also on jS-blocker therapy
[16], suggesting that there was an additive effect of hista-
mine H; receptor and f-adrenergic receptor blockade in
patients with CHF. In the present study, we demonstrated
that the combination of a histamine H, receptor blocker
and a f-blocker prevented the development of heart failure
compared with f-blocker monotherapy. Thus, histamine H,
receptor blockers have a potential clinical role in the
treatment of CHF.

Rationale of the present study

The present study provided strong experimental evidence
that histamine H, receptor blockade improves the patho-
physiology of CHF. We have already reported about the
beneficial effects of famotidine in patients with heart fail-
ure [16]. However, clinical research may be confounded by
unexpected errors due to (1) the influence of other drugs
being used by patients with CHF, (2) variation in the
severity of CHF between patients, and (3) variation in the
duration of CHF. Therefore, it was important to prove that
histamine H, receptor blockade improves CHFE in a con-
trolled experimental setting (canine cardiomyopathy
model) to support the clinical use of famotidine for CHF.
Furthermore, to determine the merit of famotidine in heart
failure patients, the present study would be a basis to
design a prospective randomized double-blinded study.
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Limitations

There are several limitations in this study. First, carvedilol
blocks alpha,-, beta;-, beta,- receptors, decreased the car-
diac effects of norepinephrine, and has additional antioxi-
dant and antiproliferative effects {4, 19]. In the present
study, we did not address that carvedilol has the pleiotropic
effects and is not just a beta-blocker.

Second, we did not measure cardiac output as a cardiac
contractive index in the present study. However, we have
previously reported that our tachycardia-induced heart
failure model in dogs using the same procedure of the
present study, revealed the low output state that mimics
heart failure in human [27], Our untreated dogs in the heart
failure group were strongly suggested in the low output
state because of decreased the level of ejection fraction as
much as our previous study. In the present study, we
analyzed the values of dP/dt as the index of contractility by
measuring L'V pressure using a pig tail catheter.

In summary, despite these limitations, we demonstrated
that the histamine H, receptor blockade preserves cardiac
systolic function in dogs with pacing-induced heart failure,

even in the presence of f-adrenergic receptor blockade.

This finding strengthens the rationale for the beneficial
effects of histamine H, blockers in the treatment of heart
failure.
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Three mammalian isoforms of heterochromatin protein 1
(HP1), o, B, and v, play diverse roles in gene regulation. Despite
their structural similarity, the diverse functions of these isoforms
imply that they are additionally regulated by post-translational
modifications. Here, we have identified intermolecular disulfide
bond formation of HP1 cysteines in an isoform-specific manner.
Cysteine 133 in HP1e and cysteine 177 in HP1y were involved in
intermolecular homodimerization. Although both HPle and
HP1y contain reactive cysteine residues, only HP1vy readily and
reversibly formed disulfide homodimers under oxidative condi-
tions. Oxidatively dimerized HP1y strongly and transiently
interacted with TIF1, a universal transcriptional co-repressor.
Under oxidative conditions, HP1y dimerized and held TIF18in
a chromatin component and inhibited its repression ability. Qur
results highlight a novel, isoform-specific role for HP1 as a sen-
sor of the cellular redox state.

Heterochromatin protein 1 (HP1) was originally character-
ized as an abundant protein that binds pericentric heterochro-
matin (1). HP1 acts as a scaffold-like molecule, which is com-
posed of two conserved domains as follows: the chromodomain
(CD)? and the chromoshadow domain (CSD). The variable
hinge region separates these two domains (2). The CD recog-
nizes methylated lysine 9 of histone H3 (H3K9), which recruits
HP1 to specific sites within the genome (3-5). The CSD pro-
motes HP1 homodimer formation and provides a surface for
interaction with a variety of other chromatin proteins (6, 7).
Although genetic experiments previously revealed that HP1
works as a repressor of gene activation by propagation of a
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heterochromatin structure, emerging evidence has elucidated
its diverse functions other than gene silencing (8). Some of
these functions are regulated in an isoform-specific manner (9).

In vertebrates, three isoforms of HP1 exist as follows: «, B,
and v, all of which share highly conserved domains. Tethering
any HP1 isoform upstream of a promoter equally triggers gene
silencing concomitant with local chromatin condensation and
an increase in H3K9 methylation (10-12), indicating their
common silencing ability. However, nonredundant functions
(13, 14), different binding affinities to other proteins (15-17)
and different localizations in tissues (18, 19), of these three HP1
isoforms imply that «, 3, and y are functionally diverse. Fur-
thermore, recent evidence clarified apparently opposite func-
tions of HP1 isoforms, e.g a role in transcriptional activation or
in transcriptional elongation (20, 21). One mechanism that
could account for such functional diversity of HP1 isoforms is
post-translational modification, which could cause conforma-
tional changes in the molecule. In fact, reversible modifications
of HP1 (eg phosphorylation) can modulate its function in
response to various stimuli or cellular environments, suggest-
ing an active role for HP1 beyond its known function as a
marker of heterochromatin (17, 22). However, the precise mod-
ulatory mechanism across three HP1 isoforms that leads to
functional differences remains to be elucidated.

Here, we identified isoform-specific disulfide bond forma-
tion as a novel post-translational modification of HP1. We ana-
lyzed the biochemical and functional characteristics of this oxi-
dative modification. These data may offer a new insight into a
novel role for HP1 during the cellular response to oxidative
stress.

EXPERIMENTAL PROCEDURES

Materials—We used the following commercially available
materials for Western blotting: anti-HPla (H2164, Sigma;
19s2, Millipore); anti-HP13 (MAB3448, Chemicon); anti-HP1y
(4252, Millipore); anti-FLAG M2-peroxidase antibody (Sigma);
anti-histone H3 (ab1791, Abcam); anti-GAPDH (MAB374,
Chemicon); and anti-TIF18 (4123, Cell Signaling). We also
used anti-FLAG M2 affinity gel for immunoprecipitation. We
used menadione (Sigma), H,0, (Wako), and hydroxytamoxifen

(4-OHT) (Sigma) for cell treatment.

Cell Fractionation—Cells were lysed with hypotonic lysis
buffer (10 mm HEPES, pH 7.9, 1.5 mm MgCl,, and 10 mm KCI)
with 0.5% Nonidet P-40 and centrifuged at 20,000 X gfor 5 min.

JOURNAL OF BIOLOGICAL CHEMISTRY 31337

232

"

- 25

1102 '€} 8uNp U ‘18juUaD Jejnoseaoipied feusiieN 1e B10°aql mmm woly pepeojumod



Isoform-specific Oxidative Modification of HP1

The supernatant was collected as the cytosolic fraction. Extrac-
tion buffer (20 mm HEPES, pH 7.9, 1.5 mnm MgCl,, 0.42 M NaCl,
0.2 mM EDTA, 25% glycerol) was added to the pellet, and ultra-
sonic agitation was performed (30-s sonication with 30-s interval,
4-6 times at 0°C; Bioruptor, CosmoBio). The suspension was
incubated for 15 min at 4 °C and centrifuged at 20,000 X g for 10
min. The supernatant was collected as the nuclear extract.

Column Chromatography—For anion exchange, whole cells
were lysed with buffer A (20 mu Tris, pH 8.0, 5% acetonitrile)
containing 5 mM EDTA and 1% Nonidet P-40 and incubated at
4°C for 15 min. The lysate was centrifuged at 20,000 X g for 5
min, and the supernatant was filtered and loaded onto an
anion-exchange column (Q-Sepharose High Performance, GE
Healthcare) pre-equilibrated with buffer A. After unbound
samples were washed, protein was eluted with a linear gradient
(0-100%) of buffer B (buffer A with 1.0 m NaCl). For reverse-
phase HPLC, purified protein samples and nuclear extracts
were prepared with 0.3% trifluoroacetic acid (TFA) and 20%
acetonitrile and applied to a phenyl reverse-phase column
(4.6 X 250 mum; Nakalai Tesque). Bound proteins were eluted
by a segmented linear gradient of increasing concentrations of
buffer B (acetonitrile and 0.1% TFA) in buffer A (0.1% TFA) ata
flow rate of 0.5 ml/min. Buffer B was increased at a rate of
1.0%/fraction (fast gradient) or 0.2%/fraction (slow gradient).
Collected fractions were dried by a centrifugal evaporator and
reconstituted with SDS sample buffer with or without 2.5%
2-mercaptoethanol (reducing or nonreducing conditions,
respectively).

Triton Extraction—Triton extraction was carried out as
described previously with modification (23). Cells were lysed
with a hypotonic lysis buffer with 0.5% Nonidet P-40 and cen-
trifuged at 20,000 X g for 5 min (as described above). The pellet
was lysed in extraction buffer with 0.2% Triton X-100, incu-
bated on ice for 30 min, and centrifuged at 20,000 X g for 5 min.
The supernatant was kept as a Triton-soluble fraction. The
remaining pellet was lysed in SDS sample buffer (250 mm Tris,
5% SDS, and 5% glycerol) with or without 2.5% 2-mercaptoeth-
anol (reducing or nonreducing conditions, respectively), and
ultrasonic agitation was performed as described above. After
centrifugation at 20,000 X gfor 5 min, the supernatant was kept
as a Triton-insoluble fraction.

RNAi Knockdowns and Generation of HEK293T Stable Cells—
Lentiviral particles derived from the pLKO.1-puro-containing
shRNA sequence were purchased from the Mission shRNA
library (Sigma). The oligonucleotide sequences of the shRNA
were as follows: sShRNA-6, CGACGTGTAGTGAATGGG-
AAA; and shRNA-7, GCGTTTCTTAACTCTCAGAAA. Len-
tiviral particles were used to transduce human umbilical vein
endothelial cells (HUVECs) or HEK293T cells in the presence
of 8 ug/ml Polybrene. To generate a HEK293T stable cell line,
the infected cells were selected with 1 pg/ml puromycin. The
stable cells in which HP1ly was almost completely depleted
were next transfected with pEF-DEST51 HP1y-FLAG WT or a
C177S mutant (cloned from murine ¢cDNA and resistant to
shRNA), and the stable cells were selected with 5 ug/ml
blasticidin. .

GAL4-luciferase Reporter Assay—pC3-ERHBD-GAL4 or
pC3-ERHBD-GAL4-KAP1 (TIF1B) with pGL4.31-PSV40-

31338 JOURNAL OF BIOLOGICAL CHEMISTRY

GALAUAS were transfected using Lipofectamine 2000 into
subconfluent HEK293T stable cells that were passaged 1 day
before transfection. After 24 h, 0.04% ethanol or 4-OHT (500
nM) was added to the culture medium. Forty eight h after trans-
fection, luciferase activity was measured by a luminometer
(Lumat LB9507). Intranuclear mRNA levels of luciferase were
measured as follows. Twenty four h after transfection, 4-OHT
(500 nu) was added to the culture medium. Forty eight h after
transfection, cells were lysed with a hypotonic lysis buffer with
0.5% Nonidet P-40 and centrifuged at 20,000 X g for 5 min (as
described above). From the nuclear pellet, total RNA was iso-
lated using RNA-Bee (Cosmo Bio). Total RNA was treated with
DNase (Turbo DNA-free, Applied Biosystems) and was
reverse-transcribed using a high capacity cDNA reverse tran-
scription kit (Applied Biosystems). Luciferase mRNA levels
were measured by real time quantitative PCR (SYBR Green ER,
Invitrogen). Firefly luciferase ¢cDNA was amplified using the
following primers: 5'-TACCCACTCGAAGACGGGAC-3'
and 5'-ACTCGGCGTAGGTAATGTCCACCTC-3". Human
18 S ribosomal RNA was measured using the following primers:
5-GTAACCCGTTGAACCCCATT-3' and 5 -CCATCCAA-
TCGGTAGTAGCG-3'. The relative levels of luciferase mRNA
were normalized to the mRNA levels of 18 S ribosomal RNA.

RESULTS

HPla Forms Dimers via Disulfide Bonds through Cysteine
133—During purification of HPla in our previous work (24),
we found that endogenous HP1« separates into two peaks by
fractionation using reverse-phase HPLC. To confirm this find-
ing, we fractionated whole cell lysates from HEK293T cells
using two-step column chromatography (Fig. 14). Endogenous
HPla was eluted at a salt concentration ranging from 0.3 to
0.35 M on a Q-Sepharose anion-exchange column (Fig. 1D, fop
panel). We applied this single peak to a reverse-phase column.
After elution with a fast gradient, HP1e was still detected as a
single peak (Fig. 1D, 2nd panel). However, when eluted with
a slow gradient, HP1a separated into two peaks representing a
hydrophilic and a hydrophobic form (Fig. 1D, 3rd panel), Two
other HP1e antibodies against different epitopes also detected
both bands (data not shown), suggesting that these were bio-
chemically different forms of HP1«, Even after direct fraction-
ation of the nuclear extract, which includes the bulk of HP1«
protein (Fig. 1B), endogenous HP1a showed a similar bimodal
distribution (Fig. 1D, 4th panel). In other primary cells
(HUVECs, neonatal rat cardiomyocytes, and rat cardiac fibro-
blasts), similar bimodal peaks were observed (supplemental
Fig. S1). In contrast, recombinant HP1« expressed in Esche-
richia coli (Fig. 1C) exhibited only one peak with elution char-
acteristics similar to those of the hydrophilic peak under the
same separating condition used for the endogenous protein
(Fig. 1D, bottom panel). These data suggest that two different
forms of HP1e endogenously exist in multiple cell types and
that the late-eluted hydrophobic species may be a post-transla-
tionally modified form.

To further elucidate the molecular characteristics of these
two forms of HP1e, we used recombinant FLAG-tagged HP1«
(HP1la-FLAG). As with endogenous HPle, HPla-FLAG
existed mainly as a nuclear protein (Fig. 1E) and exhibited the
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FIGURE 1. Endogenous HP1a shows a bimodal distribution after protein purification by reverse-phase HPLC. The late-eluted fraction of HP1ais
oxidatively modified to form a disulfide bond. A, schematic representation of HP1a purification from cell lysates using sequential column chromatog-
raphy. B, equal quantities of cytosolic and nuclear fractions from HEK293T cells were resolved by SDS-PAGE and probed with the indicated antibodies.
C, GST-HP1a expressed in E. coli was purified and cleaved by Factor Xa (upper panel) and detected with anti-HP1a antibody {lower panel). D, HEK293T cel!
lysate was fractionated by a Q-Sepharose HP anion-exchange column. Eluted fractions were resolved by reducing SDS-PAGE and probed with anti-HP1«
antibody (top panel). The x axis at the upper edge indicates salt concentration. HP1a fractions eluted from the anion-exchange column were next applied
to a phenyl reverse-phase column. The fractions were eluted by a fast gradient (buffer B, 1.0% increase of acetonitrile concentration/fraction, 2nd panel
from the top) or by a slow gradient {buffer B, 0.2%/fraction, 3rd panel fram the top). Nuclear extraction from HEK293T cells (4th panel from the top) or HP 1«
purified from £. coli (bottom panel) was fractionated with the same slow gradient. The eluted fractions were resolved by reducing SDS-PAGE and probed
with anti-HP1« antibody. £, equal quantities of cytosolic and nuclear fractions from HEK293T cells expressing HP1a-FLAG were resolved by SDS-PAGE
and probed with the indicated antibodies. F, nuclear extract from HEK293T cells expressing HP1a-FLAG was directly applied to a reverse-phase column,
and the eluted fractions were resolved by reducing SDS-PAGE and probed with the indicated antibodies. G, diagrams of the representative deletion
mutant or point mutant of the HP1a protein during stepwise mutation analysis (left column). Nuclear extractions from HEK293T cells expressing each
mutant protein were fractionated by reverse-phase HPLC, resolved by SDS-PAGE, and probed with anti-FLAG antibody (right column). H, endogenous
HP1e was purified from the HEK293T cell lysate as shown in A. The fractions eluted from the reverse-phase column were resolved by SDS-PAGE under
nonreducing conditions and probed with anti-HP 1« antibody. /, nuclear extract from HEK293T cells was incubated with 2 mm DTT or 2.5% 2-mercap-
toethano! (ME) for 30 min at 4 °C and then applied to a reverse-phase column. The eluted fractions were resolved by SDS-PAGE and probed with
anti-HP1a antibody. D and F-/, the x axis at the lower edge indicates fraction numbers. )
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same bimodal distribution after reverse-phase HPLC (Fig. 1F).
Thus, we concluded that HP1a-FLAG undergoes the same
modification as endogenous HP1e, validating the use of the
tagged protein for further analysis. Initially, we attempted to
detect the specific modification directly by matrix-assisted
laser desorption/ionization and time-of-flight mass spectro-
metry (MALDI-TOF/MS) (supplemental Fig. 52, A-(). Although
we detected peptide masses from both fractions corresponding
to ~75% of the entire HP 1« sequence (supplemental Fig. $2B),
we did not detect any distinct features in the mass spectra
under two different digestion conditions (trypsin or Asp-N)
(supplemental Fig. S2C). We next tried to detect a modified
residue by making multiple, stepwise mutations throughout the
entire HP1a molecule. We hypothesized that HP1a-FLAG
lacking the modified residue would fractionate into a single
peak by reverse-phase HPLC. First, we thoroughly screened the
CD and hinge region, both of which are reported to be post-
translationally modified (17, 22). However, we could not deter-
mine any specific amino acid residue from the mutational anal-
ysis (supplemental Fig. $2D). Second, we screened the CSD
(supplemental Fig. S2E) and found that a deletion mutant lack-
ing residues 119 ~150 (A119-150) was eluted as a single peak.
We further narrowed down the deleted sequence 119~150 and
finally found that a mutant in which cysteine 133 (Cys-133) was
replaced by alanine (C133A) was eluted as a single peak (Fig.
1G). These data suggest that the single cysteine 133 residue is
responsible for the separation of the hydrophobic fraction of
HPle.

Among post-translational modifications of cysteine, oxida-
tion is a common feature. The thiol side chain can be oxidized
to sulfenic acid {(-SOH), sulfenyl amide (—SN), a disulfide bond
(~SS~) or an irreversibly oxidized form (25). We examined the
electrophoresis pattern of the two separated fractions of HP1e
under nonreducing conditions and found that the hydrophobic
form of HP1a shifted to a molecular weight twice its size, indi-
cating that this HP1a formed a homodimer (Fig. 1H). In con-
trast, the mobility of the hydrophilic HP1a was unchanged.
Because this dimer was nondissociable both under the strong
acidic conditions of the reverse-phase HPLC and under the
denaturing conditions during SDS-PAGE, it seemed to be
linked by a covalent bond. Pretreatment with reducing agents,
such as 2 mM DTT or 2.5% 2-mercaptoethanol, completely
abolished the hydrophobic fraction (Fig. 11). Taken together,
these data suggest that endogenous HPla dimerizes by inter-
molecular disulfide bond formation via Cys-133.

HPla and HP1vy Both Possess an Isoform-specific Cysteine
" Residue for Disulfide Bond Formation—The sequence identity
among the three HP1 isoforms is remarkably high (Fig. 24),
with up to 80% homology in the CSD. However, Cys-133 is
specific to HP1e and is replaced by a serine in HP18 and HP1y
(highlighted in red in Fig. 2A4). Therefore, we evaluated whether
this oxidative modification was specific for HP1. Endogenous
HP1p was fractionated as a single peak by reverse-phase HPLC.
However, endogenous HP1ywas isolated as two separate peaks
(Fig. 2B). Both the hydrophilic and the hydrophobic fractions of
HP1+y were eluted independently of those of HP1a suggesting
that these two isoforms did not interact with each other during
reverse-phase HPLC fractionation. Similar to HP1e, the hydro-
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phobic form of HP1y also dimerized (Fig. 2C). HP1 contains
only two cysteines, both of which are conserved among the
isoforms (Cys-59 and Cys-160 of HP1o; highlighted in blue in
Fig. 2A). HP1y has three cysteines, and one of the cysteines,
Cys-177, is an isoform-specific residue located in the C termi-
nus of the CSD. This residue is replaced by tyrosine in HPla
and HP1p (highlighted in red in Fig. 24). Mutational analysis of
these cysteine residues revealed that only isoform-specific Cys-
133 of HP1a@ and Cys-177 of HP1y were involved in dimeriza-
tion (Fig. 2D). Mutating the corresponding residues of HP18,
Ser-129 (matched to Cys-133 of HP1e) or Tyr-173 (matched to
Cys-177 of HP1vy), to cysteines created the late-eluted hydro-
phobic form (Fig. 2E). These hydrophobic forms of HP183
dimerized similarly with HP1e and HP1y (Fig. 2F). The other
two HP18 mutants, S141C and §162C, did not form disulfide
bonds. Together, these data suggest that even though their
overall structures are highly conserved, endogenous HP1e and
HP1+v possess isoform-specific cysteine residues involved in the
intermolecular disulfide bond formation. These two positions
of the disulfide-linked cysteines are structurally sensitive to oxi-
dation within the CSD.

HP1vy Is More Sensitive to Oxidation than HPlea in Vitro—
We tested whether the differences in the positions of the mod-
ified cysteine residues between HPlcx and HPly influenced
their sensitivity to oxidation in vitro. Under mild oxidative con-
ditions, only a low level of dimerized HP1a was detected even
after a long exposure to air oxidation (Fig. 34, left panels). In
contrast, under the same conditions, HP1y was easily oxidized
to form disulfide bonds (Fig. 34, right panels). Treatment with
DTT reversed the disulfide formation of HP1y. These data indi-
cate that HP1y is more sensitive to oxidation and more readily
forms a disulfide dimer in vitro.

Using purified and oxidized HP1y-FLAG, the intermolecular
disulfide bond was confirmed by MALDI-TOF/MS analysis.
The late-eluted dimerized fraction of HP1y-FLAG was resolved
by nonreducing SDS-PAGE, and the excised band was divided
into two samples. One sample was reduced, carbamidomethy-
lated with iodoacetamide, and digested by trypsin. The other
sample was directly digested without pretreatment. The ex-
pected digested peptide, including Cys-177, consisted of the C
terminus of HP1vy and lysine residue within the linker peptide
(Fig. 3B). The mass spectrum peak of 3084.32, which was
detected only in the nonreduced sample, corresponded to the
estimated mass of the dimeric peptide connected by a disulfide
bond via Cys-177 (3084.35) (Fig. 3C, upper panel). In contrast,
the peak at 1600.68, which was detected only in the reduced
sample, corresponded to the estimated mass of the monomeric
peptide, including carbamidomethylated Cys-177 (1600.71)
(Fig. 3C, lower panel). No other significant mass spectral peaks
from the intermolecular disulfide bond were detected.

HP1Iy, but Not HP1c, Readily Forms Disulfide Bonds under in
Vivo Oxidative Conditions—We assessed whether this oxida-
tive modification was promoted under in vive oxidative condi-
tions using a pro-oxidant agent, 2-methyl-1,4-naphthoquinone
{(menadione), which caused oxidative stress in cells (Fig. 44)
(26). Menadione treatment caused a dose- and time-dependent
increase in the disulfide bond formation of HP1yin COS7 cells
(Fig. 4B, left two panels). The disulfide dimerization of HP1y
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FIGURE 2. Both HP1« and HP 1y possess isoform-specific cysteine residues that are oxidatively modified to form disulfide bonds. A, amino acid
sequence alignment among mouse HP1 isoforms. Crosswise two-headed arrows indicate the N-terminal CD and C-terminal CSD. The bold biue arrow and
bold white line along the CSD indicate B-sheetand a-helix, respectively. Blue highlights represent the following: two cysteine residues conserved among
the HP1 family (Cys-59 and Cys-160; HP1a). Red highlights represent the following: position of the cysteine residue specific to HP 1« (Cys-133) or HP1y
(Cys-177). The arrowhead indicates the position of the mutated HP1 serine residue (shown in E). B, nuclear extract from HEK293T cells was directly
applied to a reverse-phase column, and the eluted fractions were resolved by SDS-PAGE and probed with anti-HP1¢, -8, or -v antibodies. The immu-
noblotting procedure was performed by consecutive stripping and reprobing with each antibody of the same membrane. The upper band of fraction 20
in the bottom panel (arrowhead) indicates the residual signal from hydrophilic HP1a. C, hydrophobic fractions of HP1y purified from HEK293T cells {as
shown in Fig. 1A) were resolved by SDS-PAGE under reducing or nonreducing conditions and probed with anti-HP1+y antibody. D, nuclear extract from
HEK293T cells expressing each HP1a-FLAG (top three panels) or HP1y-FLAG (bottom three panels) with a cysteine-to-serine mutation was fractionated by
reverse-phase HPLC, resolved by SDS-PAGE, and probed with anti-FLAG antibody. £, nuclear extract from HEK293T cells expressing HP18-FLAG with
each serine-to-cysteine or tyrosine-to-cysteine mutation was fractionated by reverse-phase HPLC, resolved by SDS-PAGE, and probed with anti-FLAG
antibody. F, late-eluted hydrophobic fraction of the HP1B-FLAG mutant (5129C or Y173C} was resolved by reducing or nonreducing SDS-PAGE and
probed with anti-FLAG antibody. B-£, the x axis at the lower edge indicates fraction numbers.
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FIGURE 3. HP1+y is more sensitive to oxidation than HP1« in vitro. MALDI-TOF/MS analysis confirms the disulfide bond formation of HP1y via Cys-177.
A, HP1a-FLAG or HP1y-FLAG expressed in COS7 cells was purified by an anion-exchange column and further fractionated by reverse-phase HPLC. The HPLC
absorption pattern profiles at 214 nm are shown. Black or white arrowheads indicate the fraction of hydrophilic (monomer) or hydrophobic (dimer) forms of
HP1, respectively. HP1a-FLAG was fractionated by reverse-phase HPLC immediately after anion exchange (left top} or after air oxidation at 4 °C for 48 h or 14
days. HP1y-FLAG was fractionated immediately after anion exchange (right top) or after air oxidation at 4 °C for 48 or 96 h. The HP19-FLAG oxidized for 6 days
was incubated with 2 mm DTT at 4 °Cfor 1 h and fractionated by reverse-phase HPLC (right bottom). B, C-terminal structure of HP14-FLAG. Arrowheads indicate
the trypsin digestion positions. C, mass spectra from MALDI-TOF/MS analysis of nonreduced (upper panel) or reduced, carbamidomethylated {fower panel)
HP1y-FLAG. The expected sequence and estimated mass (m/z} of the digested peptide are shown.

was rapidly formed within minutes and was only formed via
Cys-177 (Fig. 4C). The I165E mutation, which inhibits both
noncovalent e-helix dimer formation and proper nuclear local-
ization (6—7), decreased, but not completely, the amount of
disulfide dimers of HP1vy (supplemental Fig. S34). These data
suggest that the oxidative dimerization of HP1ly requires the
proper localization and formation of constitutive, noncovalent
dimers.

In contrast to HP1v, an increase in dimerized HP1a was not
observed under the same in vivo oxidative conditions (Fig. 4B,
right panel). The dimerized forms of HPla and HP1y under
basal conditions were almost undetectable without using the
large scale purification shown in Fig. 1 because of their rela-
tively low abundance before oxidant treatment. Menadione
treatment promoted HP1y dimerization in various cells, but
the extent of dimerization varied among cell types (supple-
mental Fig. S3B), suggesting that the reactivity of HP1yto reac-
tive oxygen species stimulation varied according to cell type.
In each cell, an increase in dimerized HP1a was not observed

31342 JOURNAL OF BIOLOGICAL CHEMISTRY

(data not shown). These results demonstrate that there is a
clear difference in oxidation sensitivity among HP1 family
members. Although both HPla and HP1y have oxidation-
sensitive cysteines in their sequences, HP1vy perceives oxida-
tive conditions and is able to more readily form a disulfide
dimer than HPla.

In HEK293T cells, the dimerized HP1y was subsequently
reduced to the monomer form after removal of the oxidant (Fig.
4D, upper panel), but HP1vy remained dimerized when contin-
uously exposed to the oxidants (Fig. 4D, lower panel), suggest-
ing that this oxidative modification was reversible.

H,0,, known as an endogenous source of reactive oxygen
species, also promoted dimerization of HP1y (Fig. 4E). This
effect of H,O, was relatively weak in HEK293T cells when com-
pared with the treatment of menadione. However, the same
concentration of H,O, substantially increased the amount of
dimerized HP1y in HUVECs (Fig. 4E, lower panel). Therefore,
we further examined the molecular characteristics of the disul-
fide dimerization of HP1vy using HUVECs,
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FIGURE 4. HP 1, but not HP 14, readily forms disulfide bonds under oxidative conditions. A, after treatment with DMSO or 50 um menadione for 15 min,
COS7 cells were stained with 20 um dihydroethidium for 30 min and monitored by fluorescence microscopy. Bar, 100 um. B, COS7 cells treated with DMSQ or
menadione under the indicated conditions were lysed, resolved by nonreducing (upper panel) or reducing {lower panel) SDS-PAGE, and probed with anti-HP 1y
antibody. The same membrane was reprobed with anti-HP 1 a antibody (right panel). C, COS7 cells expressing each cysteine-to-serine mutant HP1y-FLAG were
treated with 50 um menadione for 15 min. Lysates were resolved by reducing {left panel) or nonreducing (right panel} SDS-PAGE and probed with anti-FLAG
antibody. D, HEK293T cells were treated with 75 v menadione for 15 min. Subsequently, the culture medium was exchanged for fresh medium (upper panel)
or kept unchanged {lower panel). After incubation for the indicated time, cell lysates were resolved by nonreducing SDS-PAGE and probed with anti-HP1y
antibody. £, HEK293T cells and HUVECs were treated with H,0, under the indicated conditions. Cell lysates were resolved by SDS-PAGE and probed with
anti-HP1yantibody. B-£, cells were lysed with a buffer (10 mam Tris-HCl, pH 7.2, 150 mm NaCl, 1 mm EDTA, and 1% Nonidet P-40) containing 100 mm maleimide,
a thiol-alkylating agent, to prevent artifactual oxidation.
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Under Oxidative Conditions, HP1vy Strongly and Transiently
Interacts with TIF1{3 and Holds It in a Chromatin Component—
The CSD of HP1, which includes Cys-177 at its C terminus,
creates a binding surface for other proteins (27). Therefore,
disulfide modification of HPly may affect the interactions
between HP1 and HP1-binding proteins. Because many candi-
date effectors that bind to HP1 exist (8), we screened the
interacting proteins of HP1+y under oxidative conditions using
metabolically radiolabeled HUVECs expressing recombinant
HP1y-FLAG transduced with adenovirus. Among the co-im-
munoprecipitated proteins, one protein band was detected
after treatment with H,0, (Fig. 54, arrowhead). The bound

OCTOBER 8, 2010+ VOLUME 285-NUMBER 41

protein was purified and analyzed by MALDI-TOF/MS. The
amino acid sequence of the digested peptides corresponded to
TIF1p (also known as TRIM28 or KAP1), which is a universal
co-repressor of gene transcription and is a well known interact-
ing partner of HP1 (28 -31). Co-immunoprecipitation analysis
showed that endogenous HP1y strongly interacted with TIF13
in’ a dose-dependent manner after H,O, treatment (Fig. 55).
TIF18 did notinteract with HP1ywith a C177S mutation under
oxidative conditions, suggesting that the disulfide bond forma-
tion of HP1vy enhanced the interaction of these proteins (Fig.
5C). When the oxidant was removed, TIF13 dissociated again
from HP1, suggesting that this enhanced endogenous interac-
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FIGURE 5. HP1y strongly interacts with TIF18 and promotes translocation of TIF13 to a chromatin component when dimerized under oxidative
conditions. A, HUVECs expressing HP1y-FLAG (transduced by adenovirus) were metabolically labeled with {35S]cysteine and -methionine for 6 h. Nontrans-
duced cells were also labeled as a negative control. Forty eight h after transduction, the cells were treated with 100 um H,0, or control (water) for 10 min, lysed,
and immunoprecipitated with anti-FLAG M2 affinity gel. Bound samples were resolved by reducing SDS-PAGE and visualized by autoradiography. The arrow
indicates the protein band co-immunoprecipitated with HP 1y-FLAG only under the oxidative conditions. B, lysates from HUVECs treated with control (water)
or H;0, for 10 min were immunoprecipitated (/P} with anti-HP1+y antibody. Bound samples were resolved by SDS-PAGE and probed with the indicated
antibodies. C, HUVECs expressing WT or C1775 HP1v-FLAG (transduced by adenovirus) were treated with 100 um H,O, for 10 min. Lysates were immunopre-
cipitated with anti-FLAG M2 affinity gel, and bound samples were resolved by SDS$-PAGE and probed with the indicated antibodies. D, HUVECs were transiently
treated with 100 um H,0,. Lysates were immunoprecipitated with anti-HP 1y antibody, and bound samples were resolved by SDS-PAGE and probed with
the indicated antibodies. £, structure of HP1 CSD noncovalent homodimer (biue and cyan) and PXVXL motif (yellow) complex (Protein Data Bank code
1s4z, modified using the WEB tool (43)). The position of Cys-177 in HP1yis highlighted in red (black arrows). F, HUVECs were transiently treated with 100
pi H,0,. Soluble and insoluble nuclear fractions were obtained using Triton extraction. Each sample was resolved by SDS-PAGE and probed with the
indicated antibodies. G, HUVECs were transduced with lentivirus expressing shRNA against HP 1y and adenovirus expressing shRNA-resistant HP1y-
FLAG WT or C177S mutant. Triton-insoluble fractions from these cells after H,0, treatment were resolved by SDS-PAGE and probed with the indicated
antibodies.

C1778

+Ad-HP1;-FLAG

tion was transient (Fig. 5D). Structurally, disulfide dimerization
via Cys-177 is formed at the C terminus of the CSD, just adja-
cent to the binding interface for the PXVXL motif, which is a
well characterized binding sequence in HP1-interacting pro-
teins, including TIF18 (Fig. 5E) (7).

We next examined the localization changes of these proteins
before and after oxidant treatment. No remarkable change in
localization was detected by immunostaining (data not shown).
However, biochemical analysis using Triton extraction verified
the TIF1B translocation. HP1y existed mainly in the Triton-
insoluble chromatin component, whereas TIF18 was distrib-

31344 JOURNAL OF BIOLOGICAL CHEMISTRY

uted both in the soluble and the insoluble components (Fig. 5F).
Under oxidative conditions, HP1y dimerized and was main-
tained in the insoluble components. Concomitant with HP1vy
dimerization, the insoluble component of TIF18 transiently
increased. The knockdown of endogenous HP1ly combined
with the replacement by a C177S mutant of HP1y inhibited the
translocation of TIF1f, suggesting that HP1y held TIF18 on
chromatin only when oxidized via Cys-177 (Fig. 5G). These
data suggest that the intracellular redox state is transduced to
the conformational and localization change of the repressor
complex via oxidative modification of HP1vy.
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FIGURE 6. Dimerized HP 1y under oxidative conditions inhibits the repression ability of TIF1. A, lysates from HEK293T cells treated with DMSO, 75 um
menadione, water, or 200 um H,0, for 15 min were immunoprecipitated (/P) with anti-HP1yantibody. Bound samples were resolved by SDS-PAGE and probed
with the indicated antibodies. B, HEK293T cells stably expressing shRNA for HP1+y and shRNA-resistant recombinant FLAG-tagged HP1+y were treated with
DMSO or 75 pum menadione for 15 min. Cell lysates were resolved by nonreducing or reducing SDS-PAGE and probed with anti-HP 1y antibody. D indicates
DMSO, and M indicates 75 um menadione. C, lysates from HEK293T stable cells transfected with an ERHBD-GAL4 or ERHBD-GAL4-TIF1 3 fusion protein were
resolved by SDS-PAGE and probed with the indicated antibodies (Jeft panel). HEK293T stable cells were transfected with the plasmids encoding ERHBD-GAL4
or ERHBD-GAL4-TIF18 with the reporter plasmids. Twenty four h after transfection, 4-OHT was added to culture medium (500 nm). Forty eight h after
transfection, luciferase activity was measured {right panel). The relative value was corrected by the value of the cells transfected with ERHBD-GAL4 without
4-OHT induction. Student’s t test; ¥, **, p < 0.01. D, HEK293T stable cells expressing ERHBD-GAL4-TIF 13 were treated with DMSO or 75 um menadione for 15
min. Lysates were immunoprecipitated with anti-FLAG affinity gel. Bound samples were immunoblotted with anti-GAL4 antibody. D indicates DMSO, and M
indicates 75 um menadione. E, under the same conditions as C, luciferase transcription levels were determined both by protein enzymatic activity and
intranuclear mRNA levels measured by quantitative PCR. Student’s t test; *, **, p < 0.01. F, HEK293T stable cells expressing ERHBD-GAL4-TIF1 8 with 500 nm
4-OHT induction were treated with DMSO for 60 min or 75 um menadione for the indicated time. Intranuclear fuciferase mRNA levels at each time point were
measured by quantitative PCR. The relative value was corrected by the value of the cells treated with DMSO. Two-way repeated measure analysis of variance;
* p < 0.05.The means * S.D. as indicated by the error bars were determined from three independent experiments.

Dimerized HP1vy under Oxidative Conditions Inhibits the Re-
pression Ability of TIFIB—To clarify whether the repression
ability of TIF1p was promoted or inhibited when trapped by
HP1vyunder oxidative conditions, we used a GAL4-based tran-
scriptional reporter assay. In HEK293T cells, menadione treat-
ment promoted the disulfide dimerization of HP1vy and the
interaction between HP1+y and TIF18 more prominently than
H,0, treatment (supplemental Fig. S3B and Figs. 4F and 64).
Therefore, we used menadione treatment for further analysis in
HEK293T cells. We generated HEK293T cells stably expressing
shRNA for HP1y and shRNA-resistant recombinant FLAG-
tagged HP1y WT or C1775 mutant. In these cells, endogenous
HP1vy was almost completely depleted and was replaced by the
dimerizable or undimerizable recombinant proteins (Fig. 6B).
To evaluate the transcriptional repression ability of TIF1pB, we

A CEVEN
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transfected the plasmids encoding ERHBD-GAL4 as a control
or ERHBD-GAL4-TIF1p fusion protein with the reporter plas-
mids in these cells (12, 32). The transcriptional regulatory activ-
ity of the ERHBD fusion protein is post-translationally con-
trolled by the addition of 4-OHT to the culture medium (12).
In our experimental conditions where ERHBD-GAL4 and
ERHBD-GAL4-TIF1B were equally expressed (Fig. 6C, left
panel), only ERHBD-GAL4-TIF18 repressed transcription of
luciferase with 4-OHT (500 nM) in the HEK293T stable cells
(Fig. 6C, right panel). The extent of repression was similar
between the cells expressing either the HP1y-FLAG WT or the
C177S mutant under nonoxidative conditions. When the cells
were treated with menadione, HP1y-FLAG WT strongly inter-
acted with ERHBD-GAL4-TIF1f as was similarly observed
with endogenous proteins (Fig. 6D). To examine the transcrip-
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tional change of the luciferase gene under oxidative conditions,
we measured the intranuclear mRNA levels of luciferase by
quantitative PCR instead of luciferase protein enzymatic a¢tiv-
ity (Fig. 6E). We chose this end point because the oxidation of
HP1vywas too rapid to properly evaluate its effect on luciferase
transcription by measuring luciferase protein enzymatic activ-
ity. Under these conditions, menadione treatment relieved the
levels of luciferase transcription repressed by ERHBD-GAL4-
TIF1B in the cells expressing HP1y-FLAG WT but did not
relieve the levels in the cells expressing the C177S mutant (Fig.
6F). These data suggest that dimerized HP1y under oxidative
conditions inhibits the repression ability of TIF18.

It remained unclear whether the intranuclear redox-sensing
mechanism through the oxidative modification of HP1yplays a
role in the cellular response to extrinsic oxidative stress.
Therefore, we assessed the effect of this modification on cell
survival under oxidative conditions using HEK293T cells stably
expressing shRNA against HPly (supplemental Fig. S44).
Depletion of HP1vy using shRNA uniformly decreased cell via-
bility under oxidative conditions induced by menadione treat-
ment (supplemental Fig. S458). For a rescue experiment, these
stable clones were transduced with an adenoviral vector encod-
ing WT HP1y-FLAG or C177S HP1y-FLAG. Both HP1vy vec-
tors were cloned from murine ¢DNA and were resistant to
shRNA against human HP1vy. Transduction of both adenovi-
ral constructs at a multiplicity of infection of 20 resulted in
nearly equal expression of recombinant HP1y with endoge-
nous HP1vy and yvielded a similar disulfide dimerization pat-
tern (supplemental Fig. S4C). Under these conditions, WT
HP1vy-FLAG rescued cell viability after menadione treatment
in each stable clone, but the C177S HP1y-FLAG mutant did not
rescue cell viability (supplemental Fig. 34D). These results sug-

gest that HP1y disulfide dimerization plays a pivotal role in cell .

survival under oxidative conditions.

DISCUSSION

In this study, we identified isoform-specific disulfide bond
formation, which is a novel post-translational modification of
HP1, using a.unique column chromatography method. Bio-
chemical analysis revealed two isoform-specific reactive cys-
teine residues, cysteine 133 in HPla and cysteine 177 in HP1v.
In particular, HP1ly readily and reversibly formed disulfide
dimers under oxidative conditions. Dimerized HP1y strongly
interacted with TIF1J and held it in a chromatin component.
The GAL4 tethering repression assay revealed that the tight
interaction of the repressor proteins had a reversing effect for
transcriptional repression.

Several post-translational modifications of HP1 have been
reported. Specifically, the linker region between the CSD and
CD is highly amenable to post-translational modifications,
especially phosphorylation that affects silencing activity or
nuclear location of HP1 (17, 33—35). Also in the CD, Thr-51 of
HP1pB has been shown to be phosphorylated in response to
DNA damage (22). More recently, a comprehensive proteomic
analysis revealed that all HP1 isoforms are highly modified by
phosphorylation, acetylation, methylation, and formylation
both in the CD and in the CSD (36). Prior to this study, however,
no oxidative modification of HP1 had been identified. Because
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oxidative modifications at cysteine residues would be easily dis-
rupted under reducing conditions, such modifications may be
detected only by the unique HPLC-based method used in this
study and not by ordinary mass spectrometry analysis.

Both isoform-specific cysteines involved in forming disulfide
bonds reside in a structurally flexible region of the CSD. Cys-
133 of HP1a lies in the long loop between the 81 and 2 sheets,
and Cys-177 of HP1vylies in the C-terminal region. Introducing
cysteine residues into these flexible sites of HP18 conferred the
ability to form disulfide bonds, suggesting that these sites have
specific structures in the oxidative center. Although both cys-
teines were reactive, a distinct difference of sensitivity to oxida-
tion existed. Each location of reactive cysteines and the sur-
rounding structure might determine the sensitivity of HP1a
and -y to oxidation. Under both in vitro and in vivo oxidative
conditions, HP1y readily formed disulfide bonds. In contrast,
only minimal disulfide formation of HP1e by oxidation was
observed under our experimental conditions. The reactivity of
HPIe under oxidation might be observed under different con-
ditions. Nonetheless, the isoform specificity and functional
importance of Cys-133 in HP1« has been reported previously
(15). :

HP1 has been reported to form dimers via the CSD, but these
dimers are not mediated by disulfide bonds or other covalent
bonds (6, 37, 38). Thus, HP1 dimerizes in at least two ways. The
interface of the noncovalently linked dimer involves a symmet-
rical interaction on helix a2 of the CSD (27) and creates a non-
polar groove structure, which is a binding site for the PXVXL
motif in HP1-interacting proteins, such as TIF1f (Fig. 5E) (7).
Because reactive cysteine 177 in HP1vy is located in the C ter-
minus adjacent to the groove structure, disulfide bond forma-
tion at this site likely affects the binding affinity of HP1y.
Indeed, HP1vy strongly and transiently interacted with TIF18
and promoted its translocation to a chromatin component
stringently depending on the oxidative status of cysteine 177.
This rapid reacting mechanism to transduce cellular redox
state to a conformational change like a clear “on-off switch”
suggests that HP1vy is a functional redox sensor.

During the cellular response to oxidative stress, an increase
in oxidants can trigger alterations in transcription levels
through direct activation or by promoting a change in the sub-
cellular localization of transcription factors by oxidizing reac-
tive cysteine residues (25). Among these oxidative responses,
the disulfide dimerization of HP1y demonstrated in this study
appears to be one of the most rapid transcriptional regulatory
mechanisms. TIF1 is a universal co-repressor for the Kriippel-
associated box domain containing the zinc finger protein
(KRAB-ZNF) family of transcription factors, and it is the major
protein binding the CSD of HP1 (28 —31). TIF1 also works as a
scaffold for the repressor complex, and its interaction with HP1
is essential for its repression activity (12, 39-41). Recent find-
ings have revealed that the binding of HP1 to TIF13 is essential
for their coordinated function on the promoter of the endoge-
nous genes (42). Therefore, the reversing effect for the repres-
sive ability of TIF1B caused by HP1vy disulfide dimerization
might be required for a short period of adaptation against oxi-
dative stress. Downstream genes regulated by these scaffold
complexes remain to be clarified in the future analysis.
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In conclusion, our study suggests that HP1 potentially acts as

a rapid redox sensor, and it may connect the intracellular redox
state with transcriptional regulation under various physiologi-
cal conditions.
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Protein kinase C (PKC) is considered crucial for hormonal
Na*/H* exchanger (NHEL1) activation because phorbol esters
(PEs) strongly activate NHE1. However, here we report that
rather than PKC, direct binding of PEs/diacylglycerol to the
NHE1 lipid-interacting domain (LID) and the subsequent
tighter association of LID with the plasma membrane mainly
underlies NHE1 activation. We show that (i) PEs directly inter-
act with the LID of NHEL ix vitro, (ii) like PKC, green fluores-
cent protein (GFP)-labeled LID translocates to the plasma mem-
brane in response to PEs and receptor agonists, (iii) LID
mutations markedly inhibit these interactions and PE/receptor
agonist-induced NHE] activation, and (iv) PKC inhibitors inef-
fectively block NHE1 activation, except staurosporin, which
itself inhibits NHE1 via LID. Thus, we propose a PKC-indepen-
dent mechanism of NHE1 regulation via a PE-binding motif pre-
viously unrecognized.

Tumor-promoting phorbol esters (PEs)? have been used to
validate the involvement of protein kinase C (PKC) in the func-
tions of many proteins and in cellular processes (1, 2). The ubig-
uitous Na*/H* exchanger (NHEL isoform) is a well-docu-
mented PE-activated membrane protein (3-5) that has long
been believed to be activated via PKC (6). NHEL1 catalyzes elec-
troneutral Na*/H™ exchange and is an important regulator of
intracellular pH (pH,), Na™ concentration, and cell volume
(6-10). NHE1 is activated in response to various stimuli,
including hormones, growth factors, and mechanical stress,
and thereby optimizing the intracellular ionic environment for
many cellular functions including cell proliferation, cell migra-
tion, and volume regulation (6—10). Furthermore, this activa-
tion is also thought to be involved in the pathogenesis of dis-
eases, such as cancer and heart failure (11-13). Regulation of

* This work was supported by a Grant-in-Aid for Scientific Research on Priority
Areas 18077015 and Grants-in-Aid for Scientific Research (B) 19390089, a
grant for the Promotion of Fundamental Studies in Health Sciences from
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2 The abbreviations used are: PE, phorbol ester; FRET, fluorescence resonance
energy transfer; SAPD, sapintoxin D; PC, phosphatidylcholine; PEt, phos-
phatidylethanolamine; PG, phosphatidylglycerol; PA, phosphatidic acid;
Pl, phosphatidylinositol; PIP,, phosphatidylinositol 4,5-bisphosphate; Ch,
cholesterol; SM, sphingomyelin; LID, lipid-interacting domain.
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NHE1 is thought to occur through the interaction of multi-
ple signaling molecules with the carboxyl (C)-terminal cyto-
plasmic domain of NHEL1, their post-translational modifica-
tions, and subsequent conformational changes in the amino
(N)-terminal transmembrane domain responsible for cata-
lyzing the Na™/H™ exchange reaction (6, 10) (sec Fig. 14 for
membrane topology). Furthermore, this regulation is attrib-
utable to a change in the affinity for intracellular H* (6, 14,
15). Of the signaling molecules, calcineurin B homologous
protein 1 (CHP1, a ubiquitous isoform of CHPs) was sug-
gested to play an essential role in maintaining the structure/
function of NHEL1 as an obligatory subunit (16, 17). However,
neither NHE1 nor CHP1 is phosphorylated by PKC in vitro.?
Thus, at present, conclusive evidence for PKC involvement
and the detailed molecular mechanism underlying NHE1
activation remain elusive.

We predicted that NHEL is activated through PXC-inde-
pendent mechanisms such as direct interaction with PE/diacyl-
glycerol (DAG). The NHE1 region adjacent to the CHP-binding
site (18, 19) was reported to bind phosphatidylinositol 4,5-
bisphosphate (PIP,), a membrane phospholipid, and to be crit-
ical for maintaining basal exchange activity (20, 21). Because
this ~60-residue region (Fig. 14), which includes the PIP,-
binding site, is also essential for hormonal NHE1 activation (6,
22, 23), we hypothesized that change in the interaction of this
region (lipid-interacting domain, LID) with cell membranes
may be critical for regulation of NHEL. Here, we investigated
the biochemical properties of LID, and found that it contains a
novel PE/DAG-binding domain, which plays a critical role in
NHE1 regulation.

EXPERIMENTAL PROCEDURES

Molecular Biology—The template plasmid carrying ¢DNA
coding for the NHE1 human isoform with some unique restric-
tion sites cloned into the pECE mammalian expression vector
has been described previously (24). All the constructs were pro-
duced by a polymerase chain reaction (PCR)-based strategy as
described previously (24). In brief, PCR products generated
using forward and reverse primers were inserted into the

“appropriate restriction sites of expression vectors. For con-

struction of GFP- or mCherry-tagged wild-type and mutant
LID, the cytoplasmic region (amino acids 542-598) of NHE1
was amplified by PCR using pECE constructs as templates and
inserted into mammalian expression vectors, pEGFP-C1 or
pmCherry-C1l (BD Biosciences Clontech, Palo Alto, CA),

3 5. Wakabayashi, unpublished observations.
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respectively. For construction of mCherry-PKC8-Cla, PKC8-
Cla domain (amino acids 159-208) of cloned human PKCS
was amplified and inserted into pmCherry-C1 vector, and for
construction of MARCKS-GFP, the entire coding region of
cloned human MARCKS was inserted into pEGFP-N1 vector.
The ¢DNA coding for mouse al-adrenergic receptor was pur-
chased from Invitrogen and cloned into the expression vector
pT-REx-DEST30 (Invitrogen). GFP-labeled PLCS-PH domain
(25) was kindly provided by Dr. Tobias Meyer (Stanford Uni-
versity). The DNA sequences of the PCR fragments were
confirmed wusing an Applied Biosystems Model 3130
autosequencer.

Confocal Microscopy—Exchanger-deficient PS120 cells (26)
or PS120 cells stably expressing the wild-type NHE1 (our basic
confocal observations described in this report did not differ
across these two cell types) were co-transfected with GFP- or
mCherry-labeled LID and other constructs for 6 -8 h by Lipo-
fectamine 2000 (Invitrogen, CA). Cells were trypsinized and
plated onto glass-bottom 35-mm dishes. Fluorescent signals
were observed by confocal microscopy with an Olympus Fluo-
view FV1000 confocal microscope 16 —24 h after trypsinization.
Various reagents such as PMA, OAG, and receptor agonists
were added directly to dishes at 22-25 °C. Imaging data were
usually taken each 15 or 30 s over 10—~20 min. Changes in fluo-
rescence intensities around plasma membranes (Figs. 1C and
6D) were analyzed using Image-Pro Plus software (Media
Cybernetics Inc.). Fluorescence intensities in areas including
plasma membranes and the whole cells were measured after
these areas were selected by eye through an experimental series.
Statistical analysis of colocalization was performed using soft-
ware included with the confocal system (Fig. 1D). For co-trans-
fection with mCherry-LID and GFP-PLC8-PH (supple-
mental Figs. S5 and S6), line scanning of fluorescence intensity
was performed at each cell, and fluorescence intensities in
plasma membrane (I,,,,) and cytosol (I.,,) were measured
using Image-Pro Plus software (Media Cybernetics, Inc.). The
relative membrane-localization index (Inem — I/ (Imem +
L) was calculated as described (25).

Transfection of NHE1 Variants—In this experiment, we first
stably transfected PS120 cells with mouse al-adrenergic recep-
tor under selection with G418, The cDNAs encoding the wild-
type and mutant NHE1 variants were transfected by Lipo-
fectamine 2000 (Invitrogen) into either PS120 or PS120 cells
expressing al-adrenergic receptor. Stable cell populations with
Na*/H™ exchange activity were selected by acid-killing selec-
tion procedure as previously described (22).

Measurement of pH, Change—Extracellular stimuli-induced
change in pH; was measured using the dual-excitation ratio-
metric pH-indicator BCECF/AM, as previously described (27).
Briefly, cells expressing NHE1 variants were serum-depleted
more than 2 h and loaded for 3 min with 0.3 uM BCECF/AM
(Invitrogen) at room temperature in HEPES-buffered saline
(HBS) containing: 140 mm NaCl, 5 mm KCl, 2 mm CaCl,, 1 mm
MgCl,, 5 mm glucose, and 20 mm Hepes/Tris (pH 7.0). Cells
were then placed in a flow chamber connected to a perfusion
system and superfused (0.6 ml/min} with HBS at 35 °C. We mea-
sured fluorescence at 510530 nm with alternating excitations
at 440 and 490 nm through a 505-nm dichroic reflector. Images
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were collected every 10-20 s using a cooled CCD camera
(ORCA-ER, Hamamatsu photonics K.K., Japan) mounted on an
inverted microscope (IX 71, Olympus) with a X20 objective
(UApo/340, Olympus), and processed with AQUACOSMOS
software (Hamamatsu Photonics). Change in pH; was moni-
tored by switching perfusions from normal medium to HBS
containing various reagents. The resting pH; was calibrated
as previously reported, using a high [K™] solution contain-
ing: 140 mm KCl, 2 mm CaCl,, 1 mm MgCl,, and 0.005 mm
nigericin, and adjusted to various pH values ranging from 7.0
to 7.5. The change in pH, was also measured by the [**C]ben-
zoic acid-equilibration method (22, 28). In this experiment,
serum-depleted cells were preincubated for 30 min in bicar-
bonate-free HEPES-buffered DMEM (pH 7.0), and then
incubated in the same medium containing {**C)benzoic acid
(1 nCi/ml) and various agents for 15 min at 37 °C. In some
experiments, cells were preincubated in HEPES-buffered
DMEM containing wortmannin (10 um) or PKC inhibitors (1
M) and then switched to radioisotope medium containing
PMA or phenylephrine and each inhibitor. After washing
four times with ice-cold phosphate-buffered saline, the cel-
lular uptake of **C-radioactivity was measured. The change
in pH; was calculated according to the following equation:
ApH; = log o (*C y;m/ *C gy where C,,, and 1*C_; are
the intracellular **C-radioactivity in the presence or absence
of extracellular stimuli, respectively.

Measurement of **Na™ Liptake—"*Na™ uptake activity was
measured by the K* /nigericin pH; clamp method as described
previously (29). In brief, serum-depleted cells in 24-well plates
were preincubated for 30 min at 37 °C in a Na*-free choline
chloride/KCl medium containing: 20 mm HEPES/Tris (pH 7.4),
1.2-140 mm KCl (adjusted to total 140 mm by choline chloride),
2 mM CaCl,, 1 mm MgCl,, 5 mM glucose, and 0.005 mM nigeri-
cin. *Na* uptake was initiated by adding the same choline
chloride/KCl solution containing **NaCl (37 kBq/ml; final con-
centration, 1 mMm), 1 mM ouabain, and 0.1 mM bumetanide. In
some wells, the uptake solution contained 0.1 mm EIPA. One
min later, cells were rapidly washed four times with ice-cold
phosphate-buffered saline to terminate *?Na™ uptake. pH; was
calculated from [K*]/[K*], = [H']/[H*], by assuming an
intracellular [K*] of 120 mm. EIPA-inhibitable **Na™ uptake
was fitted by nonlinear least squares analysis to a Hill equation
using GraphPad Prism software (GraphPad Software Inc.), as
shown in Equation 1,

EIPA-sensitive ?Na* uptake = V,/[1 + 10 P9 (g0 )

where V,,_, is the maximal uptake activity at very low pH,, K'is
the dissociation constant for H*, and # is the Hill coefficient.
Data were plotted against pH; after normalization to the V.
value. In some experiments, calphostin C (1 uM) or stauros-
porin (1 um) was included throughout the preincubation and
#Na™ uptake periods. The data were normalized based on the
protein concentration, which was measured using a bicincho-
ninic assay system (Pierce), using bovine serum albumin as a
standard.

Measurement of PE Binding to Peptides—Binding of the fluo-
rescent PE, SAPD, to peptides was quantified essentially as
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FIGURE 1. Plasma membrane translocation of LID. 4, topology model of NHE1 and amino acid sequence of
LID. Positions of two mutant constructs (LI1 and LI2) are represented. Leu-562 and lle-563 in Li1 and Leu-573
and lle-574 in L12 were replaced with two alanine residues. B, PMA (1 um) facilitates translocation of GFP-labeled
LID {GFP-WT-LID) to the plasma mernbrane, in a similar time course as mCherry-labeled PKC8-Cta domain.
Note that fluorescence signals detected in the nucleus decreased and accumulated in the plasma membrane.
C, time courses for the accumulation of two fluorescent probes in the plasma membrane within the same cells.
Means *+ S.E. (n = 7). D, colocalization efficiency was analyzed for a cell in B before and 10 min after PMA
addition. High Pierson’s coefficient (0.918) was observed with PMA. £, PMA does not promote the plasma
membrane translocation of the 27 N-terminal residues of LID. OAG (100 um) {F) and phenylephrine (Phe) (1 um)
(G) facilitate plasma membrane translocation of LID. In G, a1AR was stably expressed. H, PMA does not promote

plasma membrane translocation of two LID mutants.
described previously (30) by measuring the fluorescence reso-

nance energy transfer (FRET) from tryptophans to the 2-(N-
methylamino)benzoyl fluorophore attached at the 12-position
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of the phorbol moiety. The fluores-
cence intensities, obtained upon
excitation of the tryptophan fluoro-
phore at 280 nm, were determined
using a spectrofluorimeter (Hitachi,
FL4500) at 340 and 440 nm, corre-
sponding to the emission maxima of
tryptophan and SAPD, respectively.
Peptides used in the experiments
contain one tryptophan residue
(Trp-546 of NHE1 for GP57 and
GC20, Trp-663 of NHEL1 for IL54).
The solution (0.5 ml) consisted of
100 mM Tris/HCL, pH 7.4, 1 mM
dithiothreitol, and 10 M each pep-
tide. In one experiment, liposomes
(0.17 mg) consisting of 89% PC, 5%
PS, 5% PA, and 1% PIP, (weight %)
was added to the cuvette. In some
experiments, PMA, 4a-PMA, and
OAG were added at the indicated
concentrations. SAPD was titrated
from stock solutions of the re-
quired concentration prepared
from a Me,SO solution. To isolate
the fluorescence signal resulting
from FRET, the observed fluores-
cence intensities at each SAPD con-
centration were corrected for vol-
ume changes incurred during the
titration procedure and normalized
for the contribution from the direct
excitation of the SAPD fluorophore
according to Equation 2,

FRET = (F,.p — Fip) — (Fo,+P

— Fo—p) (Eq.2)
where F, ,p and F;_; are the fluo-
rescence intensities measured

after each SAPD addition in the
presence and absence of peptides,
respectively, and F, ., and F,
are the fluorescence intensities
measured in the absence of SAPD
in the presence and absence of
peptides, respectively. The data
were fitted by nonlinear least
squares analysis to a Hill equation,
as shown in Equation 3,
FRET = (Fmax - Fmin)/[(Kd/cSAPD)n + 1]
(Eq.3)

where F_, and F_,, are the maxi-
mum and minimum corrected FRET

signals, K, is the binding constant for SAPD, cSAPD is the concen-
tration of SAPD, and # is the Hill coefficient. In the presence of
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FIGURE 2. PEs directly interact with LID in vitro. A, emission spectra at 280-nm excitation. FRET signals were
observed between a tryptophan residue of peptide GP57 spanning-LID (10 um) and the fluorescent PE ana-
logue SAPD (20 um). B, difference emission spectra. In peptides GC20 and IL54, FRET signals (increment in
fluorescence intensity at 440 nm) were not cbserved. C, FRET signals were considerably reduced in the pres-
ence of high concentrations of PMA (100 um). D, liposomes increased SAPD affinity (see Table 1).£, PMA (10 um),
OAG (100 um), and 4a-PMA (100 um) decrease the apparent affinity of GPS7 for SAPD, suggesting that they
competitively interact with GP57. F, two mutations, particularly LI2, markedly reduced FRET signals.

TABLE1
Summary of FRET data obtained with GP57

Concentration dependence of SAPD on FRET signals was measured in the presence
or absence of additional chemicals. The apparent dissociation constant K, for
SAPD was obtained by curve-fitting to a Hill equation as described under “Experi-
mental Procedures.” Using the K, ., value for SAPD in the absence of other chem-
icals, intrinsic K¢ for the added competitors was calculated by assuming compe-
tition. Data are expressed as the best-fit values = S.E.

Calculated K. for

Added chemicals K, for SAPD added competitors Hill coefficient
s Y

None 165 %31 1.36 = 0.25

PMA (10 ) 24.0 = 3.8 22.3 1.90 = 0.42

OAG (100 pm) 26.0 £ 6.4 174.7 230+ 0.81

40-PMA (100 uM) 243 %51 2134 1.83 =049

Liposomes 8.07 = 1.1 116 £ 0.16

competitive chemicals, the data were fitted by the competitive
binding equation, as shown by Equations 4 and 5,

FRET = (F max Feaind/| [(Kd,app/cSAPD)n + 1:I

Kaapp = Kasapol1 + /Ky

{Eq.4)
(EqQ.5)

where K, is the apparent binding constant for SAPD in pres-
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ware (Media Cybernetics Inc.).
The relative amount of peptides
bound to liposomes was calculated
by subtracting the amount of pep-
tides remaining in the supernatant
from the initial input as follows in
Equation 6,

Lipid binding (%) = (P, — P,) X 100/P, (Eq.6)

where P, is the amount of total peptide without lipids, while P,
is the amount of peptide in the supernatant after centrifugation.

Reagents—In this study, the following N-terminally biotin-
ylated peptides corresponding to the cytoplasmic regions of
NHE1 were synthesized with >85% purity by GL Biochem Ltd.:
GP57, GHHHWKDKLNRFNKKYVKKCLIAGERSKEPQLIA-
FYHKMEMKQAIELVESGGMGKIP; GP57-LI1, GHHHWK-
DKLNRENKKYVKKCAAAGERSKEPQLIAFYHKMEMKQA-
IELVESGGMGKIP; GP57-L12, GHHHWKDKLNRENKKYV-
KKCLIAGERSKEPQAAAFYHKMEMKQAIELVESGGMG-
KIP; GC20, GHHHWEKDKLNRFNKKYVKKC; and IL54,
IRKILRNNLQKTRQRLRSYNRHTLVADPYEEAWNQMLLR-
RQKARQLEQKINNYL.

SAPD was purchased from Calbiochem, PMA and 4a-PMA
from Sigma, OAG and other membrane lipids from Avanti
Polar Lipids (Alabaster, AL), and **NaCl and [**C]benzoic acid
from PerkinElmer Life Science Inc. All other chemicals were of
the highest purity available.
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Hormonal Activation of NHE1

RESULTS

PEs Facilitate the Translocation of LID to the Plasma
Membrane—We first determined whether PEs modulate the
interaction of LID with the plasma membrane. Green fluores-
cent protein (GFP)-labeled LID expressed in fibroblasts
(exchanger-deficient PS120 cells) targeted the plasma mem-
brane and was located within cells (Fig. 1B). Interestingly, phor-
bol-12-myristate-13-acetate (PMA) greatly facilitated the
translocation of LID to the plasma membrane (Fig. 1B and
supplemental movie S1), which is also a characteristic of the
PKC regulatory domain C1, where direct PE binding facilitates
anionic membrane interactions (31). We also observed that
GFP-LID and mCherry-PKC8-Cla translocated to the plasma
membrane in response to PMA over a similar time course
within the same cells (Fig. 1, B and C) and finally colocalized in
the plasma membrane (Fig. 1D). Such translocation did not
occur in the case of the GFP-labeled 27 N-terminal residues
(amino acids 542-568) of LID (Fig. 1E and supplemen-
tal movie S2), indicating that the C-terminal region is required
for this phenomenon. Furthermore, LID accumulated in the
plasma membrane in response to a membrane-permeable DAG
analogue, l-oleoyl-2-acetyl-sn-glycerol (OAG) (Fig. 1F and
supplemental movie $3), thrombin (supplemental Fig. S1), and
al-adrenergic receptor (alAR) agonist phenylephrine only
when its receptor was expressed (Fig. 1G and supple-
mental movie $4). These results strongly suggest that PEs and
the endogenous second-messenger DAG directly bind LID,
thereby increasing the latter’s affinity to plasma membranes,

PEs Directly Bind LID in Vitro—To study the LID-PE inter-
action in vitro, we determined whether fluorescence resonance
energy transfer (FRET) occurs between the two. We synthe-
sized a 57-residue peptide (GP57, Gly-542—Pro-598) spanning
LID and examined whether FRET occurs between the trypto-
phan residue (Trp-546) of GP57 and the fluorescent PMA ana-
logue, sapintoxin D (SAPD), as described previously (32). Inclu-
sion of GP57 markedly increased the fluorescence intensity of
SAPD with a slight blue-shift at the maximal emission wave-
length of SAPD (440 nm), indicating clear FRET from trypto-
phan to the 2-(N-methylamino)benzoyl fluorophore of SAPD
(Fig. 24). FRET was not observed in the 20 N-terminal residues
(GC20, Gly-542—Cys-561) of LID or in a control peptide (IL54,
Ile-631—Leu-684 of NHE1) (Fig. 2B), and was greatly reduced
by competition with 100 umM non-fluorescent PMA (Fig. 2C),
suggesting that LID, particularly its 37 C-terminal residues,
directly interacts with PEs. The affinity of GP57 for SAPD
increased in the presence of liposomes (K, from 16.5 to 8.1 um)
(Fig. 2D and Table 1), suggesting that PEs may bind LID with
higher affinity in membranes. Competition experiments revealed
that OAG and even the inactive PE analogue 4a-PMA interact
with LID, though with lower affinity (Fig. 2E and Table 1).

Besides these lipophilic compounds, we also examined the
interaction of LID with membrane lipids by testing for direct
binding. GP57 was incubated with liposomes consisting of var-
- ious membrane lipids and then centrifuged; the unbound
supernatant was analyzed using gel electrophoresis followed by
Coomassie Brilliant Blue staining. We found that LID interacts
with multiple membrane lipids, particularly, acidic phospholip-
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 FIGURE 3, Multiple phospholipids can interact with LID. A, CBB-stained

patterns of peptide GP57 spanning LID. Liposomes containing various lipids
(weight %, adjusted to 100% with PC) were mixed with GP57 and centrifuged.
Peptides before centrifugation (total) and an aliquot of each supernatant
were subjected to PAGE. it was difficult to obtain the reliable data for interac-
tion of DAG with peptides using this method because DAG inhibited the
stable liposome formation. B, relative amount of GP57 bound to liposomes
was calculated as described under “Experimental Procedures.” GP57 prefer-
entially binds to acidic phospholipids such as PS, PG, P, PIP,, and PA. Approx-
imately 50% of peptides also bind to liposomes consisting of only PC under
these conditions, suggesting that GP57 is capable of binding various mem-
brane lipids. C, binding of peptides containing replaced residues to PC or
PC + PS liposomes. CBB-stained patterns of peptides GP57-L11 and GP57-LI2
from total input and the supernatant. Summarized data are represented in
the lower panel. One amino acid substitution (GP57-L12) markedly inhibited
lipid binding, whereas another substitution (GP57-L11) had a small inhibitory
effect. Means = S.D. (n = 3-4). %, p < 0.05 versus GP57.

ids such as PIP,, phosphatidylserine (PS), and phosphatidic acid
(PA) (Fig. 3, A and B). GP57 exhibited the following order of
binding strength: PIP, > PS, phosphatidylinositol (PI), PA >
phosphatidylglycerol (PG) > phosphatidylcholine (PC) (sup-
plemental Fig. 52).

Mutations in LID Abolish PE- and Hormone-induced Activa-
tion of NHEI—To study the role of LID in the regulation of
NHE1 activity, we generated alanine-scanning mutations. Six
mutations of conserved residues (Fig. 14 and supplemen-
tal Fig. S3) abrogated PE-promoted translocation of LID to the
plasma membrane (Fig. 1H and supplemental Fig. S3 and
movie S5), suggesting that the whole region of LID is important
for membrane interaction. Mutations (particularly LI2, in
which Leu-573 and Ile-574 were replaced with two alanine res-
idues) also markedly inhibited the interaction of LID with PEs
and phospholipids (Figs. 2F and 3C). Rapid and persistent cyto-
plasmic alkalinization, a consequence of increased cytosolic H™
affinity, has been used as a reliable indicator of NHE1 activa-
tion (3, 28). PMA, OAG, and SAPD induced such alkaliniza-
tion in cells expressing wild-type full-length NHE1 (Fig. 4,
A~-C). PE-induced alkalinization occurred at relatively low
concentrations (>0.03 um SAPD) (Fig. 4C). Phenylephrine
also induced alkalinization only in cells co-expressing @1 ARs
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pH,) even when PIP, re-synthesis is
blocked by wortmannin (Fig. 4, A
and B, supplemental Fig. $6 and
movie S7), suggesting that basal
activity is preserved even under
conditions of reduced PIP,, possibly
because of interactions between
LID and predominant acidic lipids

2RO T

S,

+1AR 11 Eg 2%5¢ o ,
i 014238 837 g within membranes. Thus, the broad
5 7 ohe ;hez_‘“"‘ 173 s 2% ga lipid specificity of LID may facilitate
70 2min AR o o ® rapid NHEL1 activation after recep-

tor stimulation.

C . D PKC Inhibitors, except Stauros-
0.3 porin, Are Ineffective in Blocking
. F1004 NHE1 Activation—We next exam-
:EM: $ 801 ined the possible involvement of
EXTR S 50 1 PKC in NHE1 regulation by using
- L2 w5 09 PKC inhibitors. PMA induced the
0 ZF 20 translocation of myristoyl alanine-
o] 5833238 22 = g 0 PR Y e 762'3"7— rich protein kinase C substrate
SAPD (uM) pH; {(MARCKS) from the plasma mem-

FIGURE 4. Effect of LID mutation on NHE1 activity and regulation. A, change in pH; was measured using the
pH; indicator BCECF-AM. PS120 cells were stably transfected with WT NHE1 (upper), WT + o1AR (lower Jeft), or
LIT + o1AR {lower right). Cells were stimulated with PMA (1 um), OAG (100 um), or phenylephrine (Phe) (1 um).
In one experiment, cells were preincubated for 15 min with wortmannin (wort) (10 usm) and then stimulated
with phenylephrine in the presence of wortmannin. Means = S.E. (n > 20 cells). B, change in pH, 15 min after
stimulation was measured using the [**Clbenzoic acid equilibration method. Means % S.D. (n = 3). C, SAPD-
induced cytoplasmic alkalinization measured in cells expressing WT or mutant NHE1 by using the "*C-benzoic
acid equilibration method. This alkalinization was abolished by mutations in LID. Means = S.D. (n = 3). D, LID
mutations induced an acidic shift of pH; dependence (decreased cytosolic H™ affinity).

TABLE 2

Summary for 2*Na™ uptake activity (Fig. 4D) measured in cells
expressing the NHE1 variants

The EIPA-inhibitable *Na* uptake was fitted by nonlinear least squares analysis to
a Hill equation. V,,,,, is the **Na* uptake activity at a very low pH, and normalized
by the amount of total protein expression. Mutation LI2 reduced both V,,, and pX
values, while L11 reduced the pK value. Data are the best-fitted values  S.E,

Expression-normalized

Mutant Vaax pKforpH, Hill coefficient
max
amol/mg/min %
wWT 30,0+ 1.0 100 =34 6.69 = 0.03 141+ 012
L1 12005 88238 6.49 = 0.03 1.38 = 0.10
L2 109 £04 369* 14 630 = 0.06 133 £ 0.17

(Fig. 4, A and B). Interestingly, such alkalinization was dra-
matically inhibited by LI1, LI2 (Fig. 4, A-C), and other muta-
tions (supplemental Fig. S3) incorporated into the entire
NHE1 molecule, suggesting that the PE/DAG-promoted
interaction of LID with the plasma membrane may be essen-
tial for NHE1 activation.

Moreover, these mutations decreased cytosolic H™ affinity
for NHEL1 as shown by the acidic shift of pH, dependence (Fig.
4D and Table 2) as well as the maximal activity at acidic pH,
(supplemental Fig. 54), thus reducing the basal exchange activ-
ity particularly in neutral pH, range. These observations suggest
that LID-membrane interaction is also required for optimal
NHE1 function in the resting state. PIP, would be the most
important lipid for this function (20, 21). However, under rapid
PIP, breakdown after receptor stimulation, most LID probes
remain in the plasma membrane (supplemental Fig. S5 and
movie 56), and exchange activity is uninhibited (no decrease in
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brane to the cytoplasm (Fig. 54) in
response to PKC-mediated phos-
phorylation (33), and five known
PKC inhibitors almost completely
inhibited this PMA-induced MARCKS
translocation, indicating that the
test compounds could inhibit PKC.
However, under similar conditions,
bisindolylmaleimide I, calphostin C,
Go-6976, and Ro-32- 0432 had only a marginal inhibitory effect
on alkalinization, but staurosporin completely inhibited alka-
linization (Fig. 5B). These results suggest that PKC is not
majorly involved in PE- or hormone-induced NHE1 activation.
We next determined why only staurosporin completely inhib-
ited NHE1 activation. Similar to LID mutations and unlike cal-
phostin C, staurosporin by itself decreased cytosolic H™ affinity
(Fig. 5C and Table 3), suggesting that staurosporin directly acts
on the NHE1 molecule. Furthermore, staurosporin completely
blocked PMA-induced translocation of LID to the plasma
membrane, possibly through competition with PMA at LID
(Fig. 6, A and D and supplemental movie $8). Similar inhibition
by staurosporin was observed in the case of OAG- and phe-
nylephrine-induced translocation of LID (data not shown). In
contrast, calphostin C, which does not inhibit NHE1, had no
effect on LID, although it completely inhibited PMA-mediated
PKC3-Cla translocation (Fig. 6, B and D and supplemen-
tal movie 59). The opposing translocation effects of staurosporin
and calphostin C on PKC8-Cla are attributable to their different
competition sites; staurosporin binds to the ATP-binding site of
PKC, whereas calphostin C binds to the PKC8-Cla domain. Stau-
rosporin itself at least partly reduced membrane localization of
LID (supplemental Fig. S7), suggesting that it can inhibit lipid
binding of LID. These results indicate that both staurosporin-in-
duced reduction in H* affinity and abolishment of NHE1 activa-
tion occur via interactions between staurosporin and LID,
not via inhibition of PKC. Like staurosporin but with a
weaker effect, the PE analogue 4a-PMA inhibited both
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FIGURE 5. Effect of PKC inhibitors and 4-PMA on PE-induced NHE1 acti-
vation. A, effect of PKC inhibitors on the translocation of myristoylated
alanine-rich C kinase substrate (MARCKS) from the plasma membrane to
the cytoplasm. Cells transiently expressing the MARCKS-GFP protein were
preincubated with PKC inhibitors (1 um each) for 15 min, and then PMA (1
um) together with these inhibitors were added at time 0. These PKC inhib-
itors almost completely abrogated the translocation of MARCKS from the
plasma membrane to the cytoplasm, confirming that they inhibited PKC.
BIM, bisindolylmaleimide I; CalC, calphostin C; Go, Go-6976; Ro, Ro-32-
0432; and St, staurosporin, Scale, 10 um. B, under conditions similar to
those in the experiment of MARCKS translocation, the effect of PKC inhib-
itors on PMA- or phenylephrine (Phe}-induced NHE1 activation was exam-
ined. Except for staurosporin (St), all other PKC inhibitors tested had only
a marginal inhibitory effect on NHE1 activation. C, staurosporin, but not
calphostin C, decreased cytosolic H™ affinity in WT-NHE1-expressing cells.
D, 4a-PMA competitively inhibited PMA-induced cytoplasmic alkaliniza-
tion. ¥, p < 0.05; **, p < 0.01.

TABLE3

Summary for *?Na™ uptake activity (Fig. 5C) measured in cells
expressing wild-type NHE1 in the presence of calphostin Cor
staurosporin

The EIPA-inhibitable **Na* uptake was fitted by nonlinear least squares analy-
sis to a Hill equation. V,, is the Na™ uptake activity at a very low pH, and
normalized by V. in the absence of inhibitors. Although calphostin C and
staurosporin did not affect V., St significantly reduced the pK value. Data are
the best-fitted values = S.E.

Treatment Vaax  Normalized V., pK for pH, Hill coefficient
nmol/mg/min %

None 30104 100 £ 1.3 6.62+£003 146%013

Calphostin C  29.8x 1.1 993 £ 3.7 670 +002 1.70+0.10

Staurosporin 298 £ 2.9 993 %97 640004 170021

PMA-induced NHE1 activation and LID recruitment to the
plasma membrane, apparently in competition with PMA
(Figs. 5D and 6, C and D and supplemental Fig. $7 and
movie $10). Partial inhibition of PMA-induced translocation
was also observed for Go-6976 structurally related compound
of staurosporin (supplemental Fig. S7), which appears to
slightly inhibit NHE1 activation (Fig. 5B).

26658 JOURNAL OF BIOLOGICAL CHEMISTRY

DISCUSSION

We analyzed the biochemical properties of LID, a critical
regulatory region of NHE], to gain insights into the molecular
mechanism underlying the hormonal activation of NHE1. We
found that (i) PEs directly interact with the LID of NHE1 in
vitro, (if) GFP-LID translocates to the plasma membrane in
response to PEs, OAG, and «1AR agonists, suggesting that the
direct interaction of PEs/DAG with LID increases LID affinity
to the plasma membrane. Furthermore, mutations affecting
LID (particularly LI2) markedly inhibit the above interactions
and abolish PE- or «1AR agonist-induced NHE1 activation,
supporting the view that NHE1 is activated through the direct
interaction of LID with PEs/DAG, followed by stronger inter-
action with the plasma membrane (see Fig. 6E for the schematic
model). Compared with LI2, LI1 mutation had a weak inhibi-
tory effect on lipid binding (Fig. 3C), but resulted in complete
abrogation of NHEL1 activation (Fig. 4, B and C). NHE1 activa-
tion may occur via multiple sequential steps including PEs/
DAG binding, conformational change of LID and subsequent
increased association of LID with membranes. LI1 mutation
partially inhibited PE binding and completely inhibited mem-
brane translocation of LID. Thus complete abrogation of NHE1
activation would be due to an overall consequence resulting
from inhibitions of multiple events by LI1 mutation.

Experimental evidence indicated that the C terminus (~40
residues) of LID is required for its interaction with PEs. Further,
we observed that the N-terminal peptide of LID (GC20) prefer-
entially interacted with acidic lipids (data not shown), support-
ing a previous report that positive charge clusters in the LID N
terminus may be important for electrostatic interactions (20).
However, the interaction of LID with the plasma membrane
was abrogated by mutations in the C terminus (LI2 etc.) as well
as those in the N terminus (mutations of basic residues, etc., see
supplemental Fig. $3), indicating that the entire region encod-
ing the LID is important for the association of this domain with
cell membranes. Further experiments will be required for elu-
cidating whether LID is separated into several functional sub-
domains and how PEs/DAG increase the interaction with
membrane lipids via possible structural coupling between these
subdomains. ;

We identified several residues, for example, Leu-573 and Ile-
574 that were important for the binding of PEs to LID. Unlike
LID, the C1 domains of PKC and other “nonkinase” proteins
such as chimerins and Muncl3 coordinate two Zn** ions with
conserved cysteine and histidine residues (34, 35). Although the
amino acid sequences of the LID and PKC-C1 domain exhibit
partial homology, LID does not possess residues coordinating
Zn** jons (supplementary Fig. S8). Thus, LID is a previously
unrecognized motif of PE binding. Because of the marked dif-
ferences between the LID sequence and the sequences of
known PE targets, the existence of this domain may have been
overlooked in many membrane proteins, despite its functional
importance. PE binding to LID occurs at micromolar concen-
trations of PEs, at least, i vitro. Thus, the affinity of PEs to LID
may not be sufficiently high for their interaction with NHE1 in
cells. However, we observed that despite the apparent low
affinity, submicromolar concentrations of PEs were capable
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FIGURE 6. Differential effects of lipophilic compounds on plasma membrane translocation of LID. 4, stau-
rosporin (5t) inhibits PMA-induced LID {upper), but not PMA-induced PKC8-C1a (Jower), plasma membrane
translocation. B, in contrast, calphostin C {CalC) does not inhibit PMA-induced LID (upper) translocation, but
does inhibit PKC8-C1a (fower) plasrna membrane translocation. C, similar to staurosporin, 4a-PMA partly inhib-
its LID, but not PKC8-C1a, plasma membrane translocation. D, relative change (%) in the fluorescence intensity
of GFP-LID localized in the plasma membrane before and after {10 min) the addition of PMA and/or other
reagents. Means = S.E.(n = 5-7). %, p < 0.05 versus PMA alone. £, schematic models for NHE1 regulation (upper)
with LID (Jower). In the resting state, physiological NHET activity is preserved by interaction of LID with mem-
brane phospholipids. Upon PE or receptor stimulation, PE/DAG binds to LID (probabily its C-terminal portion),
induces a conformational change to increase its affinity for membrane lipids, and thereby increases H™ affinity,
leading to NHE1 activation. Mutations or interaction with some lipophilic compounds such as staurosporin

Hormonal Activation of NHE1

domain of NHEL1 in the early phase
(~1 min) after receptor stimulation
(37, 38). In addition to such regula-
tion, our present findings indicate
that DAG directly contributes to the
prolonged activation of NHEL. It
should be noted that NHE1 activity
is not inhibited even under the con-
ditions of reduced PIP, levels after
receptor stimulation. This finding
can be best explained by the broad
lipid specificity of LID and the pre-
dominant presence of acidic phos-
pholipids like phosphatidylserine in

" the inner leaflet of the plasma mem-

brane (39). By interacting with dif-
ferent lipids, LID would be able to
preserve basal exchange activity and
render NHE1 further activatable
despite PIP, breakdown. However,
this hypothesis appears to contra-
dict previous findings that NHE1
activity is robustly inhibited under
conditions of PIP, depletion either
by cellular ATP depletion (20) or
overexpression of lipid phosphatase
from salmonera (40). We cannot
rule out the possibility that receptor
stimulation produces different ef-
fects on PIP, hydrolysis from those
produced by ATP depletion or
treatment with exogenous phos-
phatase: for instance, some local-
ized PIP, bound to NHE1 may not
be completely hydrolyzed upon
receptor stimulation and thus the
NHE1 activity may be preserved,
whereas localized PIP, may be
dephosphorylated by other treat-

reduce the affinity of LID to lipids, and thus inhibit NHE1 by decreasing H™ affinity.

of activating NHE1: alkalinization was detectable at 0.03 uMm
SAPD (Fig. 4C). Furthermore, (i) incubation of GP57 with
membrane lipids increased the affinity of PEs to LID (Table
1), and (ii) SAPD fluorescence in the medium was observed
to rapidly and strongly accumulate within the cells (data not
shown). The latter observation suggests that the concentra-
tion of PEs in the cells is much higher than that in the
medium, and that the low concentration of added PEs is
sufficient for PE interaction with the LID of NHE1 within the
cells, despite the low affinity of PEs.

Stimulation of G protein-coupled receptors induces hydrol-
ysis of PIP, by phospholipase C, which in turn produces two
second messengers: DAG, which is a potent PKC activator, and
inositol 1,4,5-triphosphate, which releases the calcium stored
in the endoplasmic reticulum (36). We previously reported that
the released calcium activates NHE1 through the direct binding
of calcium/calmodulin to the autoinhibitory cytoplasmic

CEVEN

AUGUST 20, 2010-VOLUME 285-NUMBER 34

ments, leading to robust inhibition

of NHE1 activity.
Although many studies have used PKC inhibitors to validate
the involvement of PKC in NHE1 regulation (41~ 44), the effec-
tiveness of these inhibitors are variable. Therefore, in this study,
we assessed NHE1 regulation by using only those inhibitors
that completely inhibited MARCKS translocation under simi-
lar conditions. Our data suggest that PKC is not largely involved
in either PE- or hormone-induced NHE] activation; however,
we cannot rule out the involvement of PKC isoforms that do not
phosphorylate MARCKS. In this study, we identified stauros-
porin as a new type of NHE1 inhibitor. Interestingly, stauros-
porin inhibited NHE1 activity only by reducing its affinity to
H™ without altering the maximal exchange activity at acidic
pH, (Table 3), in sharp contrast to amiloride derivatives, which
completely inhibit NHE1 activity. Importantly, the NHE1 inhi-
bition by staurosporin was mediated through LID, which is
distant from the putative amiloride-binding sites, the trans-
membrane-spanning segments (45, 46). This observation is
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consistent with our previous findings that the juxtamembrane
cytoplasmic domain including LID is crucial for pH, sensing
(22, 47).

LID appears to bind various lipids or lipophilic compounds
with broad specificity and to serve as an essential module to
differentially regulate NHE1 activity, depending on the inter-
acting molecules. For example, 4-PMA was a weak inhibitor of
PMA-induced NHE1 activation (Fig. 5D). Surprisingly, okadaic
acid, a phosphatase inhibitor and known potent NHE]1 activa-
tor (48), promoted LID translocation to the plasma mem-
brane,® probably via direct interaction between the two. This
broad specificity of LID is advantageous for NHEI, which is
regulated by a variety of signals, and explains the diverse regu-
latory mechanisms of different NHE isoforms. For example,
NHE1 and NHE2 are activated by PEs (49), whereas NHE3 and
NHES are inhibited by PEs (49, 50). Despite the relatively high
homology of LIDs among NHE isoforms, subtle differences
exist in the primary structure of these isoforms (sup-
plemental Fig. S8). These differences may lead to differences
between the regulatory effects of PE binding on NHE1/2 and
NHE3/5. This testable hypothesis will be analyzed in the future.

Many studies have reported that NHE1 is regulated by
phosphorylation-dependent pathways (6, 51-54). However,
the role of phosphorylation of the NHE1 molecule itself is
rather controversial; in our hands, no significant inhibition
of PMA- or hormone-induced NHEI activation was detected
upon Ala-substitution mutations of several Ser residues
including the ones reported to be phosphorylated (data not
shown, but see Ref. 23). In conclusion, we propose a novel
phosphorylation-independent mechanism for transporter
regulation via “non-C1”-type PE receptors, which may be
distributed in many membrane proteins. Our findings may
help develop new LID-based therapies for cancer and heart
failure since drugs targeting LIDs are expected to selectively
block increments in NHE1 activity in response to various
stimuli.

Acknowledgment—We thank Prof. Munekazu Shigekawa (Senri Kin-
ran University) for the critical reading of this manuscript.
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Peptide hormones and neuropeptides constitute an important class of naturally occurring peptides
that are generated from precursor proteins by limited proteolytic processing. An important but
unaddressed issue in peptidomics is to pin down novel bioactive peptides in a bulk of peptide sequences
provided by tandem mass spectrometry. Here, we describe an approach to simultaneously screen for
bioactive peptides and their target tissues. The principle behind this approach is to identify intact
secretory peptides that have the ability to raise intracellular calcium levels. In practice, we used nanoflow
liguid chromatography—tandem mass spectrometry to analyze peptides released by exocytosis from
cultured cells. Peptide sequence information was utilized to deduce intact peptide forms, among which
those highly conserved between species are selected and tested on an ex vivo calcium assay using
tissue pieces from transgenic mice that systemically express the calcium indicator apoaequorin. The
calcium assay can be applied to various cell types, including those not amenable to in vitro culture.
We used this approach to identify novel bioactive neuropeptides derived from the neurosecretory protein
VGF, which evoke a calcium response in the pituitary and hypothalamus.

Keywords: peptidomics » proteolytic processing » apoaequorin « secretory peptides s bioactive peptides

Introduction

Peptide hormones and neuropeptides function as cell-to-
cell signaling molecules that mediate many physiological
effects. The generation of these bioactive peptides involves a
series of cleavage events orderly executed by specific proteases,
starting with the endoproteolytic cleavage of precursor proteins

to produce peptides with defined lengths.'? These biosynthetic

cleavages are often accompanied by post-translational modi-
fications on specific residues, such as N-terminal acetylation
and C-terminal amidation.? Resultant peptides, termed major
processing products or “intact” peptides, are subsequently
degraded and inactivated by a variety of proteases.
Peptidomics has been advocated to comprehensively study
these naturally cleaved peptides that are beyond the reach of
conventional proteomics.’* Tandem mass spectrometry tech-
niques enable the sequence determination of peptides present
in complex mixtures for an organism whose genome sequenc-
ing nears completion. Efforts have been made to discover
neuropeptides by analyzing the total peptide complement of

~To whom correspondence should be addressed. Department of Molec-
ular Pharmacology, National Cerebral and Cardiovascular Center Research
Institute, Fujishirodai 5-7-1, Suita, Osaka 565-8565, Japan. Phone: 81 6 6833
5004ex. 2600; Fax: +81 6 6835 5349. E-mail: ksasaki@ri.ncve.go.jp or
minamino@ri.ncve.go.jp.

* National Cerebral and Cardiovascular Center Research Institute.

* Innovative Drug Research Laboratories, Kyowa Hakko Kirin Co., Ltd.

¢ Antibody Research Laboratories, Kyowa Hakko Kirin Co., Ltd.

10.1021/pr1003455 ~ © 2010 American Chemical Society

the hypothalamus and pituitary, which are considered treasure
troves of bioactive peptides.>® However, despite initial enthu-
siasm, it has become clear that intact secretory peptides
account for a relatively small proportion in a tissue peptidome.
Even with known neuropeptides and peptide hormones, most
of the identified peptides are N-terminally or C-terminally
trimmed from intact peptides, implying that bioactive peptides,
present in trace amounts, are difficult to identify in their native
molecular forms.®® Hence, delineating intact peptides emerges
as a key factor in mass spectrometry-based peptidomic ap-
proaches to discovering bioactive peptides.

This “peptide first” approach, however, only leaves behind
many peptide sequences and does not offer information about
bioactivity or target tissues. One solution to the problem is to
focus on post-translational modifications characteristic of
known bioactive peptides, for instance C-terminal amidation,?
Using tandem mass spectrometry, we profiled peptides se-
creted by cultured endocrine cells and identified novel C-
terminally amidated peptides, designated NERP-1 and NERP-
2.'% Since C-terminal amidation does not guarantee that the
peptides are bioactive, we were forced to conduct many hit-
or-miss experiments to demonstrate that they are bioactive.'®
A more efficient method for identifying bioactive peptides
would therefore be desired.

Besides the importance of investigating intact secretory
peptides, we have considered the following common features

Journa! of Proteome Research 2010, 9, 5047-5052 5047
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of known bioactive peptides: (1) strong interspecies homology
at the amino acid level and (2) frequent use of calcium as a
second messenger. In the present study, we describe an
approach to screen for bioactive peptides, independent of
specific modifications. The core part of this approach is to
identify intact peptides released by exocytosis from cultured
cells with secretory granules, followed by testing the ability of
a candidate to raise intracellular calcium levels. We hypoth-
esized that our transgenic mice systemically expressing apoae-
quorin, a calcium-sensitive photoprotein,'!' could be used to
simultaneously screen for bioactive peptides and their target
tissues. In the present study, we examined peptides derived
from the neurosecretory protein VGF, the processing of which
has not been elucidated, aside from the C-terminal region.'?
We used this peptidomic approach to identify two neuropep-
tides, hidden in the precursor sequence, that elicited a calcium
transient in the pituitary and hypothalamus.

Materials and Methods

Peptide Preparation. Monolayer cultures of TT cells'® were
rinsed three times with Hanks medium (Invitrogen). Culture
supernatants of the cells incubated for 15 min after stimulation
with 10 ¢ M forskolin plus 10 4M carbachol were harvested and
rapidly extracted at 4C using an RP-1 solid-phase extraction
cartridge (GL Sciences). Peptide fractions were obtained by
HPLC on a gel filtration column {(G2000SWXL, 21.5 x 300 mm,

TOSOH) at 1.5 mL/min to obtain two fractions named G7-8

and G9—12, which contains peptides around 3000~7000 Da
and smaller peptides (around 1000—3000 Da), respectively.
Both fractions were reductive alkylated and desalted with
Empore C18 cartridges (3M). The resultant samples were
individually reconstituted in solvent A (10 mM ammonium
formate, pH 3.8: acetonitrile (ACN) = 9:1 (v/v)) and applied to
a TSK gel SP-2SW cation-exchange column (1.0 x 50 mm,
TOSOH) and eluted at 50 uL/min with a gradient of 0—100%
solvent B (1 M ammonium formate, pH 3.8: ACN = 9:1 (v/v))
in 30 min. Fraction G7—8 was divided into five fractions
(collected every 5 min, starting 5 min after injection) and
fraction G912 was into nine fractions (collected every 3 min,
starting immediately after injection} using this cation-exchange
HPLC. A total of 14 cation-exchange fractions were individually
desalted with Empore C18 cartridges and analyzed by LC—MS/
MS.

LC—MS/MS. NanoLC—MS/MS experiments were performed
with a Chorus nanoflow system (CTC Analytics) connected to
an LTQ-Orbitrap mass spectrometer (ThermoFisher Scientific)
equipped with a nanoelectrospray emitter (MonoSpray C18
Nano, 100 um x 50 mm, GL Sciences).'* Sample dissolved in
2% ACN and 0.1% formic acid was loaded via a PAL autosam-
pler (CTC Analytics) onto an L column (Chemicals Evaluation
and Research Institute, Japan) and eluted with a linear gradient
from 5% ACN, 0.1% formic acid to 60% ACN, 0.1% formic acid
over 40 min at 500 nL/min. A protonated ion of polycyclodim-
ethylsiloxane with m/z 445.120025 was used for internal
calibration throughout. The mass spectrometer was operated
in a data-dependent mode to automatically switch between MS
and MS/MS acquisitions. After survey full scan (400—1500 m/z
range), five most intense ions (intensity threshold 2 x 10°) were
isolated for MS/MS in the linear ion trap using collision
induced dissociation, with dynamic exclusion onward through-
out the following scans. The resultant product ions were
recorded in the Orbitrap. For each fraction, any precursor m/z
(except for singly charged ions) was subjected to MS/MS and
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excluded thereafter if detected within a mass width of 5 ppm.
Multiple identifications of the same sequence were allowed
given that each identification was derived from a different
precursor charge state. In addition, redundant identification
of the same peptide, which was in most cases caused by
distribution over multiple chromatographic fractions, was also
allowed in this secretopeptidome analysis (Supplemental Table,
Supporting Information).

Data Analysis and Peptide Identification. Peak picking,
deisotoping, and deconvolution of MSMS specura were per-
formed using Mascot Distiller (ver. 2.1.1.0) with the default
parameters for OrbiTrap. Peak lists were searched against 1Pl
Human (76539 entries on March 4, 2009) using Mascot (ver.
2.2.04), with no enzyme specification. Mascot was used with
monoisotopic mass selected, a precursor mass tolerance of 2
ppm, and a fragment mass tolerance of 25 mmu. Pyroglutami-
nation and C-terminal amidation were simultaneously allowed
as variable modifications. The significance threshold was the
Mascot default setting of 5%. Each MSMS spectrum was
checked manually to confirm or contradict the Mascot assign-
ment. The false discovery rate for the identity threshold was
in all cases 0% as estimated by using the Mascot decoy database
function. Only peptides identified with a score above the
Mascot identity threshold were considered in the present study.

Peptide Synthesis. All peptides were synthesized using Fmoc
(N-(9-flnorenyl)methoxycarbonyl) strategy, purified by reversed
phase HPLC (SigmaGenosys), and verified for correct synthesis
by mass spectrometry and amino acid analysis.

Antibody Preparation. Cysteinyl C-terminal peptides of rat
NERP-3 (CESPGPERVW) and AQEE-30 (CEHVLLHRP) were
synthesized and each coupled with maleimide activated key-
hole impet hemocyanin (Pierce). Rabbits were immunized with
each conjugate and antisera were characterized as described.'®

Mass Spectrometric Characterization of VGF-Derived Pep-
tides. Rat whole brain excluding cerebellum was extracted and
condensed with a SepPak C18 cartridge as previously de-
scribed.!® Sephadex G-50 gel filtrated fractions of the rat brain
extract (2,38 and 1.40 g equivalent for NERP-3 and AQEE-30,
respectively) were immunoprecipitated with the antibodies and
analyzed on a surface-enhanced laser desorption ionization
mass spectrometer (Ciphergen) as described.'®

Calcium Assay Using Tissues from Apoaequorin Transgenic
Mice. Assays were performed as previously described with a
few modifications.!* Tissues or organs from the apoaequorin
transgenic mice were cut out as 1-2 mum? pieces and incubated
with coelenterazine for 3 h. They were sequentially treated with
RPMI medium containing 0.01% (w/v) BSA, test peptide (1 zM),
a standard and Triton X-100 (final 2.5%). Triton X-100 was used
to lyse cells and confirm the expression of functionally active
aequorin. The standard refers to one of the following positive
controls: angiotensin IT (1 #M), bradykinin (1 4M) and ATP (100
uM). A positive control that constantly exhibited higher signals
than any other control was used as standard for a given organ,
where bradykinin served as standard for pituitary and uterus,
ATP for hypothalamus, liver and heart, and angiotensin 11 for
adrenal gland. The mean relative luminescent units (RLU)
elicited by the standards from 20 assays (values in parentheses
indicate RLU ranges) for the pituitary, hypothalamus, liver,
adrenal gland, uterus, and heart were 40,000 (23 000-51 500),
880 (200—3950), 160 (100-300), 2020 (120—9200), 11600
(1700—-32 000), and 820 {120—3000), respectively. Signals in-
duced by test peptides were defined as positive in case RLUs
were above 100 for the pituitary or 50 for the others, or above
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Figure 1. VGF processing deduced from identified peptides. Sequenced peptides are shown by gray boxes and detailed in Supplemental
Table {(Supporting Information). Closed arrowheads denote major cleavage sites across the top of the precursor, with basic residues
{pale magenta boxes) and the signal sequence (a stippled box) indicated. Orange boxes, C-terminal amidation; red boxes,

pyroglutamination.

5% of the RLUs induced by each standard in a given experi-
ment. Peptides were dissolved in RPMI containing 0.01%
(w/v) fatty acid-free BSA (Sigma) treated with activated char-
coal. Data for test peptides were obtained from three or four
independent experiments. A given peptide was considered
positive on a tested tissue if positive signals were observed in
at least two experiments, All the peptides were used at 1 uM
throughout due to limited sensitivity inherent in this assay;
endothelin-1, known as a potent vasoconstrictive peptide, did
not produce a positive signal below 0.1 M (data not shown).

Results and Discussion

The human thyroid cell line TT was stimulated with carba-
chol plus forskolin for 15 min to recover peptides secreted in
the medium. The TT secretopeptidome was separated by gel
filration and subsequent cation exchange chromatography into
14 fractions for LC—MS/MS. Among the MS/MS-identified
peptides, we studied peptides derived from VGF, a neurosecre-
tory protein.'?!7 Vgf, expressed in various neurons and endo-
crine cells, encodes a 68-kDa protein of 617 amino acids in
rodents and of 615 in human that bears several consensus
motifs for processing enzymes PC1/3 and PC2 to yield peptides
secreted via the regulated secretory pathway.** Studies of Vgf-
deficient mice received much attention since they are lean,
hypermetabolic, and resistant to various types of obesity.'®
These findings support the view that VGF is a precursor to
multiple bioactive peptides. Major bioactive peptides derived
from VGF are AQEE-30,'® TLQP-62,'° TLQP-21,2° NERP-1 and
NERP-2."° It is hence possible that additional bioactive peptides
are embedded in this precursor sequence.

Consequently, we were able to identify 240 redundant
peptides (155 distinct sequences) that arise from the human
VGF sequence. These peptide sequences were aligned on the
precursor sequence to construct a “peptide alignment map”
(Figure 1 and Supplemental Figure 1, Supporting Information).
Of note, this map is conceptually different from the peptide
coverage map commonly used in proteomics studies. The
peptide alignment map delineated 15 distinct clusters of the
redundant peptides across the entire sequence. Consistent with
the reported signal peptide,’* the N-terminal region of 22
amino acids was not occupied by any peptide sequence (Figure
1). Each cluster consisted of peptides having N- or C-terminal
trimming. The peptide ladders observed are not unique to VGF

and common among different precursors of the regulatory
secretion pathway, such as neuropeptide precursors and chro-
mogranins identified in secretion media of endocrine cells,
presurnably caused by the action of exopeptidases.’®*!

In 12 of 15 clusters, the longest peptide in each cluster was
flanked by basic residue(s) at both ends {Figure 1 and Supple-
mental Figure 1, Supporting Information). Except for 232QARI
MPD237, the boundaries that separate each cluster fit the
consensus motifs for PC1/3 and PC2 ((R/K)XnR/K) where n=
0, 2, 4, or 6).2 While not experimentally verified, the stretch of
six basic residues 479KRKRKK484 may be a bona fide target of
PC1/3, since PC1/3 actually cleaves the corresponding rat
residues 483KRKRKK488.%* Judging from the number of human
peptides identified, APPG-40 (aa 23—62), QQET-30 (aa 177-208),
MPDS-45 (aa 235-279), NERP-1 (aa 282-306, C-terminal
amidation), NERP-2 (aa 310—347, C-terminal amidation), NAPP-
19 (aa 485—503), and AQEE-30 (aa 586—615) were considered
intact peptides released from TT cells. As noted earlier, NERP-
1, NERP-2,'® and AQEE-30'° have been reported as bioactive.
Although not illustrated by redundant identification (Supple-
mental Figure 1, Supporting Information), GGEE-45 (aa 373-417)
also appeared to be an intact peptide.

The limited number of human VGF-derived peptides re-
ported in cerebrospinal fluid peptitomics studies®*® does not
suffice to elucidate an overall processing pattern of the precur-
sor (Supplemental Figure 2, Supporting Information). In the
present study, however, we were able to identify most, if not
all, of potential processing sites of the precursor (Figures 1 and
2). While some of the clusters are represented by relatively few
peptides (Figure 1), this might be caused by poor presentation
of acidic peptides in positive ion mode, as exemplified by
GGEE-45 with a calculated pl of 3.8. Otherwise, some regions
may not have been appreciably converted to peptides in TT
cells. For instance, the cleavage site 553RPRITLQ558 (corre-
sponding human sequence 551RPRITLQ556) for the recently
reported rat TLQP-21 as well as TLQP-62, an abundant C-
terminal peptide in rat brain,*® did not emerge in the TT
secretopeptidome analysis. Since TT cells are of thyroid C-cell
origin, the lack of identification might reflect the difference in
cell type-specific precursor processing that involves multiple
processing enzymes.?® In two human pancreatic neuroendo-
crine cell lineswe examined, we gotevidence that 551 RPRITLQ556
represented a major processing site (data not shown). To the
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1

Rat MKTFTLPASVLFCFLLLIRGLGAAPPGRSDVY PPPLGSEHNGQVAEDAVSRPKDDSVPEVREARNSEPQDQ
Mouse MKTFTLPASVLFCFLLLIQGLGAAPPGRPDVFPPPLSSEHNGQVAEDAVSR PKDDGVPEVRAARNPEPQDO
Human MKALRLSASALFC-LLLINGLGAAPPGRPEAQPPPLSSERKEPVAGDAVPGPRDGSAPEVRGARNSEPQDE
* x k kk kdkk Fhkdkhk AtAXhkrhx ik kkxx thk & ok ok kK * k% dkkk *hkk *hkkk
Signal peptide
71
Rat GELFQGVDPRALAAVLLQALDRPASPPAVPAGSQQGTPEEAREALLTESVRSQTHSLPASETQASAVAPPR
Mouse GELFQGVDPRALASVLLQALDRPASPPSVPGGSQQGT PEERAEALLTESVRSQTHSLPAPEIQAPAVAPPR
Human GELFQGVDPRALAAVLLQALDRPASPP - APSGSQQGPEEEAREALLTETVRSQTHSLPAPESPE- PAAPPR
AT KT TXAFXHEARY KXk kAR IR R AT X kkkAxk KhkkkkhkhkhkkE hkhwkhbhkhbhkkhd * * Kk Wk
140
Rat PQTQDNDPEADDRSEELEALASLLQELRDFSPSNAKRQOETARAETETRTHTL TRVNLES PGPERVWRASH
Mouse PQTQDRDPEEDDRSEELEALASLLQELRDFSPSNAKRQQETAAAETETRTHTLTRVNLES PGPERVWRASH
Human PQTPENGPEASDPSEELEALASLLQELRDFSPSSAKRQQETAARETETRTHTLTRVNLES PGPERVHRASH
* k% * % * kkwkkhkkhkkkdkdhkk bbbk bdkd Thddbkkhrhkhkbhkdrhbddrrrhbdbhrr bk drerbrkihkhd
NERP-3
211
Rat GEFQARVPERAPLPPSVPSQFQARMSENVPLPETHQFGEGVSS PRTHLGETLTPLSKAYQSLSAPFPKVRR
Mouse GEFQARVPERAPLPPPVPSQFQARMSESAPLPETEQFGEGVSS PKTHLGETLT PLSKAYQSLGGPFPKVRR
Human GEFQARVPERAPLPPPAPSQFQARMPDSGPLPETHRFGEGVSSPRTHLGEALAPLSKAYQGVAAPFPKARR
de e de ol koK Rk ke %k kok dok ok EE 2 22 2 2 ek d FThhkhkhhdkdhrdodtd k& dkhdrkhrr *khkrk XA
282
Rat LEGSFLGGSEAGERLLQQGLAQVEAGRRQAEATRQAAAQEERLADLASDLLLQYLLOGGARQRDLGGRGLY
HMouse LEGSFLGGSEAGERLLQOGLAQVEAGRROAEATROARAQEERLADLASDLLLOYLLOGGARQRDLGGRELQ
Human PESALLGGSEAGERLLQQGLAQVEAGRRQAEATRQAAAQEERLADLASDLLLOYLLOGGARQRGLGGRGLQ
* KAKKRKAFEF AR AT I T AT AR A AR T AR IR A AT A AR AR A AR A A XA A AR AT SR FET® *hkxx *x
NERP-1 NERP-2
353
Rat ETQQERENEREEE- AEQERRGGGEDEVGEEDEEAAEAEAEAEEAERARQNALLFAEEEDGEAGAEDKRSQE
Mouse ETQQERENEREEE- AEQERRGGGEDDVGEEDEEAAEAEAEAEEAERARQNALLFAEEEDGEAGAEDKRSQE
Human EAAEERESAREEEEAEQERRGG- EERVGEEDEEAAEAEAEAEEAERARQNALLFAEEEDGEAGAEDKRSQE
* * kR dkkdk hhkkhkhhkkhk ¥ KKk Ahkhkhkhdhhdhhhrdhahdhhhrddhd bbbk rbhtrthdi
423
Rat EAPGHRRKDAEGTEEGGEEDDDDEEMDPQTIDSLIELSTKLELPADDVVSI IEEVEEKRKRKRKNAPPEPVE
Mouse EAPGHRRKDAEGAEEGGEEDDDDEEMDPQTIDSLIELSTKLHLPADDVVSI IEEVEEKRKRKKNAPPEPVP
Human ETPGHRRKEAEGTEEGGEEEDD- EEMDPQTIDSLIELSTKLHLPADDVVSI IEEVEEKRKRKKNAPPEPVP
O Khkh kA Rk k Ak A RAEIRNT kAR A A Ak AR IR A I IR AT R TR N kA A AR AR AR A I AR AN AT A&
493
Rat PPRAAPAPTHVRSPQPPP- - PAPARDEL PDWNEVLPPWDREEDEVFPPGPYHPFENY IRPRTLOPPASSRR
Mouse PPRAAPAPTHVRSPQPPP- - PAPARDELPDWNEVLPPHDREEDEVFPPGPYHPFPNYIRPRTLOPPASSRR
Human PPRAAPAPTHVRSPQPPPPAPAPARDELPDWNEVLPPWDREEDEVY PPGPYHPFPNY IRPRTLOPPSALRR
hkhkkhkhkikhkkikdkhkhkdhkih LA R R TR R R S E R R R R Y S R ] *
NERP-4
564 615
Rat RHFHHALPPARHHPDLEAQARRAQEEADAEERRLOEQEELENY IEHVLLHRE
Mouse RHFHHALPPARHHPDLEAQARRAQEEADAEERRLQEQEELENYIEHVLLHRP
Human RHYHHALPPSRHYPGREAQARRAQEEAEAEERRLQEQEELENY I EHVLLRRP

*k dkkkkk ki K Kk Kk kIR TIA®R AI A I v bk kk kb kb hhrrxt *k

AQEE-30
Figure 2. Alignment of rat (IPI00324864}, mouse (IPI00378764), and human {IPI00063058) VGF sequences. Asterisks denote identical
residues. Basic residues and amidation motifs are marked in bold and bold italic, respectively. The calcium assay was performed with
bold underlined peptides. The residue numbering is for the human sequence.

best of our knowledge, this is the first study to demonstrate
that accumulated peptide information contributes to elucida-
tion of the overall processing of a precursor protein.
Bioactivity of a peptide cannot be inferred just from its
sequence. It would be impossible to synthesize all of the
peptides of various lengths revealed by LC—MS/MS. We
therefore need to narrow down the number of candidate
peptides for assessing bioactivity. In the present study, we took
into consideration that peptides with definite biological activity
are structurally conserved between species. Given the overall
processing pattern (Figure 1), as well as interspecies homology
between human and rodent VGF sequences (Figure 2), we
selected QQET-30, hereafter designated NERP-3, and NAPP-
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19, designated NERP-4 (Figure 2). At the amino acid level, they
are completely identical between human and rodents. APPG-
40 and HYHH-19 (aa 565—583) were excluded since the location
of internal basic residues is not conserved between rodent and
human sequences (Figure 2). MPDS-45 was disregarded since
rodent corresponding peptides were not so identical. HYHH-
13 (aa 565-577, C-terminal amidation)!* was also excluded
because rodent VGF sequences do not harbor corresponding
amidation sites. The stretch of acidic residues (seven aspartic
and/or glutamic acids in human and eight in rodents) led us
to disregard human EAEG-48 (aa 431-478. calculated pl 3.5).
Also, the presence of multiple proline residues in SPQP-49 (aa
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Peptidomics Strategy for Discovering Bioactive Neuropeptides

Table 1. Calcium Mobilization Induced by Test Peptides in
Tissues from Apoaequorin Transgenic Mice?

hypo- adrenal
ituitary thalamus liver land uterus heart
b Ty 8

NERP-3 +(2/3)  +(2/3) —(©0/3) —-©0/3) —-©/3) —(0/3)
NERP-4 +(3/4)  +(2/3) —(0/3) —~(1/4) —-(0/3) —(0/3)
AQEE-30 +2/4)  +(@2/3) —0/3) - (/4 - (0/3) -(0/3)
NERP-1 +(3/3) +@2/3) ~(©/3) ND ND ND
NERP-1-Gly —(©/3) - (0/3) —(0/3) ND ND ND
NERP-2 + 14373} +(2/3)y - ({0/3) ND ND ND

NERP-2-Gly - (0/3) -~ (0/3) ~(0/3) ND ND ND

“Peptides were tested at a final concentration of 1 @M throughout.
Data were summarized from at least threc separate experiments. The
peptide was considered active on the indicated tissue if positive signals
were observed in at least two experiments. In parentheses, (X/Y)
indicates the occurrence of positive signals (X) in total experiments (Y).
ND, not determined.

505-553) was a reason for not including this peptide in
subsequent assays.

Screening methods for bioactive peptides should be as
comprehensive as possible. Given the presence of numerous
cell types in an organism, a cell-based assay using a limited
number of permanent cell lines or primary cultured cells is not
practical. Since calcium is the most common second mes-
senger, we used transgenic mice systemically expressing apoae-
quorin'! to develop a tissue-based calcium assay. A candidate
peptide is tested for its ability to raise intracellular calcium
levels on selected tissues from the mice in a standardized
analytical platform. Namely, the evoked calcium transient
serves as a marker to report that the peptide is active on a
tested tissue. The assay system was validated by bradykinin
(pituitary) and ATP (hypothalamus, liver, and heart) and
angiotensin II (adrenal gland) in advance. After an induced
calcium transient returned to basal levels, expression of
functional aequorin in the tested tissues was confirmed by
lysing cells with Triton X-100. This treatment liberated intra-
cellular apoaequorin to allow binding to extracellular calcium
in incubation medium. At first, the utility of this assay system
was assessed with the recently reported bioactive peptides
NERP-1 and NERP-2!? on pieces excised from the pituitary,
hypothalamus, and liver. Consistent with their central actions
reported in recent studies,'® they elicited positive responses
in the pituitary and hypothalamus (Figure 3 and Table 1). The
inability of glycine-extended NERP-1 and NERP-2 to evoke the
calcium response was also consistent with the previous report
that NERPs' function is dependent on C-terminal amidation.*®
In this assay, the liver was considered a negative control since
in most cases it does not respond to known bioactive peptides
(data not shown).

NERP-3 and NERP-4, in addition to AQEE-30, were tested
on the tissues including pituitary, hypothalamus, liver, adrenal
gland, uterus, and heart. Aside from the liver, they are
established targets for known neuropeptides and peptide
hormones, including previously reported VGF-derived neuro-
peptides.**?° Positive signals were observed in the pituitary and
hypothalamus in response to NERP-3 and NERP-4 (Figure 3
and Table 1). The observed calcium transient in the hypothala-
mus triggered by AQEE-30 may support a previous view that
the peptide is a neuropeptide whose activity was first reported
in isolated hypothalamic tissue cuitures.'® Overall, we identified
two novel VGF-derived peptides that are functional toward the
pituitary and hypothalamus.

As for human/mouse/rat NERP-3 and mouse/rat AQEE-30,
we were able to prepare antibodies that specifically recognize
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Figure 3. Typical traces of the relative luminescence units (RLU)
evoked in hypothalamic tissues from apoaequorin transgenic
mice. (a} NERP-1, (b} NERP-1-Gly, (¢} NERP-3, and {d) AQEE-30.
Peptides were tested at a final concentration of 1 uM. Medium
(1), peptide (2), ATP (3), and Triton X-100 (4) were sequentially
administered where indicated by arrows.
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Figure 4. Mass characterization of peptides recognized by NERP-3
and {\QEEGO antibodies. Brain extract was immunoprecipitated
with each antibody and analyzed on a surface-enhanced laser
desorption ionization mass spectrometer. Asterisks indicate
doubly charged ions.

the C-terminus of respective peptide as described in Materials
and Methods. Peptides immunoprecipitated from whole rat
brain extract were analyzed on a surface-enhanced laser
desorption ionization mass spectrometer. Major peaks of the
immunoprecipitate coincided with the calculated mass of 3389
Da (NERP-3) and 3672 Da (mouse/rat AQEE-30) (Figure 4),
indicating that NERP-3 and AQEE-30 are actual major process-
ing products also in rat brain. Although antibody was not
prepared, NERP-4 may be a major peptide also in rodents as
deduced by the multiple identifications in the human pepti-
domic data shown in Figure 1. Overall, this assay resulted in
the identification of two VGF-derived peptides, designated
NERP-3 and NERP-4, which are active on the pituitary and
hypothalamus.

Conclusions

We described an approach to discover bioactive peptides and
their target tissues. This approach can be extended to different
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cell culture models. Identification of target organs or tissues
will help to characterize responding cells and receptors.
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Chronic kidney disease as an independent risk factor for
new-onset atrial fibrillation in hypertensive patients
Takeshi Horio?, Yoshio lwashima?, Kei Kamide®, Takeshi Tokudome®,
Fumiki Yoshihara®, Satoko Nakamura® and Yuhei Kawano?®

Objective Chronic kidney disease (CKD) has recently been
recognized to be a powerful predictor of cardiovascular
morbidity and mortality. Atrial fibrillation (AF), which is a
common arrhythmia in hypertensives, is associated with
increased risks of cardiovascular events and death.
However, the association between CKD and the onset of AF
has not been fully elucidated. The present study assessed
the hypothesis that CKD may influence the onset of AF in
hypertensives.

Methods A total of 1118 hypertensive patients (mean age,
63 years) without previous paroxysmal AF, heart failure,
myocardial infarction, or valvular disease were enrolled.
CKD was defined as decreased glomerular filtration rate
(<60 ml/min per 1.73 m?) and/or the presence of
proteinuria 1+).

Results During follow-up periods (mean, 4.5 years), 57
cases of new-onset AF were found (1.1% per year). Kaplan—
Meier curves revealed that the cumulative AF event-free rate
was decreased in the CKD group (log-rank test P<0.001).
By univariate Cox regression analysis, age, smoking, left
atrial dimension, left ventricular mass index, and the
presence of CKD were significantly associated with the
occurrence of AF. Among these possible predictors, CKD
(hazard ratio 2.18, P=0.009) was an independent
determinant for the onset of AF in multivariate analysis.

Introduction

Arrial fibrillation (AF) is the most common clinically
significant arrhythmia in patients with hypertension,
even in the absence of antecedent valvular heart disease
or coronary artery disease. AF is a significant risk factor for
ischemic stroke and heart failure events, and is also
associated with increased risks of total and cardiovascular
death, especially due to stroke [1]. Therefore, the occur-
rence of AF in hypertensive patients not only decreases
their quality of life but also has a considerable influence
on their prognosis and survival. Older age, blood pressure
levels, especially ambulatory systolic blood pressure,
increased left ventricular (LV) mass, and increased left
atrial (LA) size have been known to be risk factors for the
onset of AF in hypertensive patients [2~5]. In particular,
a previous study showed that age and LV mass were
independent determinants of AF incidence in initially
untreated patients with essential hypertension [3].

Renal impairment is a powerful predictor of cardiovas-
cular prognosis. Decreased estimated glomerular filtra-
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Advanced stages of CKD (stages 4 and 5) were strongly
related to the increased occurrence of AF.

Conclusion The present study demonstrated that the
complication of CKD, especially progressed renal
dysfunction, was a powerful predictor of new-onset AF in
hypertensive patients, independently of left ventricular
hypertrophy and left atrial dilatation. J Hypertens 28:1738-
1744 © 2010 Wolters Kluwer Health | Lippincott Williams &
Wilkins.
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tion rate (€GFR) is clearly associated with the increase in
future cardiovascular events {6]. Proteinuria, even micro-
albuminuria, also increases the risk of cardiovascular
events and death [7]. Thus, the involvement of renal
impairment in the development of cardiovascular disease
has recently been noticed. However, no study has shown
the association between the onset of AF and renal impair-
ment in hypertensive patients. To assess the hypothesis
that chronic kidney disease (CKD) may affect the inci-
dence of AF, the present study investigated the influence
of renal impairment and CKD on the new onset of AF
in hypertensives.

Methods

Study participants

From 1263 consecutive hypertensive patients who under-
went echocardiography at the Division of Hypertension
and Nephrology of our hospital between February 1997
and October 2003, 1118 patients (580 men and 538
women; mean age, 63 years) with normal sinus rhythm
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who had had no history of previous paroxysmal AF and in
whom biochemical and urinary data were simultaneously
obrained were enrolled in the present study. Patients
with various cardiac disorders such congestive heart fail-
ure, myocardial infarction, myocardial disease, pericardial
disease, valvular heart disease, LV asynergy, or LV sys-
tolic dvsfunction (fractional shortening <0.25) were
excluded from this study. Individuals after permanent
pacemaker implantation or patients receiving dialysis
were also excluded. Hypertension was defined as a sys-
wlic blood pressure of 140mmHg or more andfor a
diastolic blood pressure of 90 mmHg or more by repeated
measurements or when medication was taken for treat-
ment ‘of hypertension. Diabetes mellitus was diagnosed
according to the American Diabetes Association criteria,
such as a fasting plasma glucose of 7.0 mmol/l or more
andfor a plasma glucose level at 2h after a 75-g oral
glucose load of 11.1 mmol/l or more, or when medication
was taken for treatment of hyperglycemia.

All procedures of the present study were carried out in
accordance with insticutional and national ethical guide-
lines for human studies. All participants enrolled in this
study were Japanese, and all gave informed consent to
participate in this study.

Echocardiography

A comprehensive two-dimensional echocardiography was
performed using a cardiac ultrasound unit (Sonos 5500;
Philips Medical Systems, Andover, Massachusetts, USA)
as previously described [8]. Echocardiographic
parameters were measured by the consensus of two
experienced investigators who were blinded to the
clinical dara of the patients. Measurements included
interventricular septal thickness (IVST), posterior wall
thickness (PWT), LV diameter at end-diastole (LVDd),
LV diameter at end-systole (LVDs), and LA diameter.
LV fractuonal shortening was calculated as (LVDd-
LVDs)/LVDd. LV mass was estimated using the formula
validated by Devereux and Reichek [9]: LV mass
(g)=1.04 x {(IVST +PWT +LVDd)® - LVDd®} - 13.6.
LV mass was normalized for body surface area and
expressed as the LV mass index.

Clinical parameters

At the time of the echocardiographic examination, blood
pressure, heart rate, and body mass were determined.
Blood pressure was measured by a physician in a hospital
outpatient clinic with the patient in a siceing position after
over 10 min of rest, using an appropriate-size arm cuff and
mercury sphygmomanometer. The first and fifth Korotk-
off sounds were used to identify systolic and diastolic
values, respectively, and measurements were taken to the
nearest 2mmHg.

Peripheral blood and urine samples were obtained in the
morning after an overnight fast. The serum creatinine
level was derermined by the enzymartic method and

CKD and atrial fibrillation Horio et al. 1739

e¢GFR was calculated by the formula of the Modification
of Diet in Renal Disease Study with a modified equation
for Japanese [10]: eGFR (mimin per 1.73m% =
194 x age %7 x serum  creatinin” " x 0.739  (if
woman). Urinary protein excretion was assessed by the
dipstick test from spot urine samples.

CKD was defined as decreased eGFR less chan 60 ml/min
per 1.73m? and/or the presence of proteinuria (>14).
The classification of CKD stages was performed accord-
ing o the guidelines of the National Kidney Foundation
classification of CKD [11] as follows; eGFR 90 mi/min per
1.73m% or more with proteinuria (stage 1), eGFR 60—
89ml/min per 1.73m® with proteinuria (stage 2), and
stages 3, 4, and 5 were classified by the levels of eGFR
(30-59, 15-29, and <15ml/min per 1.73 m?, respec-
tively), regardless of the presence of proteinuria.

Follow-up - _
After che initial assessment, all patients visited our hos-
pital periodically (every 1 -2 months) for the treatment of
hypertension and concurrent diseases. The pulse and
heart beatr were checked at every examination. [ndivid-
uals with irregular pulse or cardiac rhrythm and/or patients
with complaint of palpitation or chest discomfort
received 12-lead electrocardiogram and 24-h Holter
recordings. In addition, all patients received standard
12-lead electrocardiogram at least once a year. AF was
defined as absence of P waves before each QRS complex,
irregular atrial elecurical acdvity with fibrillatory waves
varying in size, shape and timing, and completely irre-
gular RR intervals. New-onset AF as the study endpoint
was defined as the first presentation of AF during follow-
up. Transient postoperative AF, occurring as an isolated
episode within one month after surgery, was not counted
as an outcome event. Because newly documented AF, not
the duration or persistence of the arthythmia, was the
outcome event of interest, no distinction was made
between paroxysmal and persistent AF. For patients
without any AF event; the date of censor was that of
the last contact with the patient.

Statistical analysis

Statistical analysis was performed using StatView Version
5 Software (Abacus Concepts Inc., Berkeley, California,
USA). Values were expressed as mean + SD. An unpaired
Student’s z-test was used for comparison between the two
groups. AF event-free curves were derived by means
of the Kaplan-Meier method and were compared by
log-rank test. Possible predictors of new-onset AF were
tested by univariate Cox proportional hazards regres-
sion analysis. Then, a multivariate analysis was applied
to identify independent predictors and their predictive
power. Independent predictors of AF incidence were
also evaluated by using a stepwise regression analysis.
A value of P<0.05 was accepted as statistically signi-
ficant.
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Table 1 Clinical characteristics of total participants (1=1118)
Variable
Age (years) . 63+ 11
Sex (men) (%) 52
Body mass index (kg/m®) 243£34
Duration of hyperension {years) 1611
Diabetes mellitus (%) 24
Smokers (current or past) (%) 48
Systolic blood pressure {mmHg) 146:£ 16
Diastolic blood pressure {mmHg} 82+ 11
Heart rate (bpm) 6748
eGFR (mi/min per 1.73m?) 6832
Urinary protein
(=) to () (%) 74
(14) to (24) (%) 16
>(3+) (%) 10
Antihypertensive treatment
Ca channel blockers (36) 69
RAS inhibitors (%) 35
B-blockers (96) 29
Diuretics {96) 17
Others (%) 13
Statin use (%) 29

Values are mean = SD or percentage. eGFR, estimated glomerular filtration rate;
RAS, rennin~angiotensin system,

Results

Patient characteristics ]

The clinical characteristics of all patients are summarized
in Table 1. The average duration of hypertension of the
patients was 16+ 11 years, and they had had history of
antihypertensive treatment of 11 £ 9 years as average. At
baseline, 83% of the study patients were receiving anti-
hypertensive drugs, and 17% were treated with diet and/
or exercise therapy only. Ca channel blockers, rennin—
angiotensin system (RAS) inhibitors (i.e., angiotensin II
recepror blockers and angiotensin-converting enzyme

Fig. 1
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inhibirors), B-blockerss, diuretics, and other classes of
agents were used alone or in various combinations in
69, 35,29, 17, and 13% of the study patients, respectively.

The mean duration of follow-up was 4.5 years (range,
0.1-9.1 years), for a total of 5079 patient-years of obser-
vation. During follow-up, 57 cases of new-onsetr AF were
found, indicating the incidence was 1.1% per year. Of
these 57 AF cases, 39 (68%) were symptomatic and the
other 18 (32%) were asymptomatic at the time of the first
documented event,

Relations of estimated glomerular filtration rate and
proteinuria to the incidence of atrial fibrillation

The effect of eGFR and proteinuria on the incidence of
new-onset AF was evaluated. The cumulative AF event-
free rate was significantly decreased according to the
reduction of basal eGFR (Fig. 1la). Likewise, AF
event-free rate was clearly decreased according to the
increase in urinary protein levels (Fig. 1b). In the Cox
regression analysis, both eGFR (hazard ratio 0.82 per
10 ml/min per 1.73m?, P<0.001) and proteinuria [(1+)
to (24): hazard ratio 2.31, P=0.012; >(3+): hazard ratio
5.07, P <0.001 vs. (=) to ()] were significantly related to
the incidence of AF.

Effect of chronic kidney disease on the incidence of
atrial fibrillation

We divided the present patients into two groups by the
absence or presence of CKD, which was defined as
decreased eGFR less than 60 ml/min per 1.73 m? and/
or the presence of proteinuria (>1+). The participant
group with CKD was associated with older age, higher
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Atrial fibrillation (AF) event-free curves obtained with the Kaplan~Meier method in the respective groups divided by basal estimated glomerular
filtration rate (eGFR, a) or urinary protein levels (U-protein, b). (a) All participants were divided into four groups according to basal eGFR levels.
Cumulative AF event-free rates in the groups with basal eGFR of >60 (n=818), 30-59 (n=128), 15-29 (n="73), and <15 ml/min per 1.73m?>
(n=99) were 93.6, 91.2, 85.3, and 68.2%, respectively (log~rank test, < 0.001). {b) All participants were divided into three groups according to
basal U-protein levels. Cumulative AF event-free rates in the groups with basal levels of U-protein of () to (&) (n=827), (1+) to (2+) (n=183), and
> (3+) {(n=108) were 93.9, 86.7, and 74.7, respectively (log-rank test, P < 0.001).
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Table 2 Comparison of basal characteristics between the two
groups without and with CKD

CKD (~) (n=732)  CKD (+) (n==386)

Age (years) 82411 85+ 11*
Sex (men) (%) 47 61*
Body mass index (kg/m?) 24534 23.8+3.4%
Duration of hypertension (years) 15£10 18£11*
Diabetes mellitus (%) 18 35*
Smokers {current or past) (%) 44 55*
Systolic blood pressure {(mmHg) 144115 150 £ 17*
Diastolic blood pressure (mmHg) 82+11 8111
Heart rate (beats/min) 67 £8 67%8
eGFR {ml/min per 1.73m?) 83+20 40 £30*
Urinary protein
() to (&) (%) 100 25*
(1+4) to (2+) (%) 0 47*
>(3+) (9%0) 0 28*
Antihypertensive treatment
Ca channel blockers (%) 61 83*
RAS inhibitors (%) 32 41*
3-Blockers (95) 26 35*
Diuretics (%) 10 30*
Statin use (%) 26 33
LA diameter (mm) 36%5 37 5%
LV mass index (g/m?) 121 31 145 £44
LV fractional shortening 0.42:+0.07 0.40+0.07*

Values are mean=SD or percentage. CKD, chronic kidney disease; eGFR,
estimated glomerular filtration rate; LA, left atrial; LV, left ventricular; RAS,
rennin—angiotensin system. *P <0.05 compared with CKD (-).

proportion of men, smaller body mass index, and higher
rate of diabetes mellitus and smokers (Table 2). In
addition, the patients with CKD had longer duration of
hypertension, higher systolic blood pressure, and more
use of antihypertensive drugs. As for echocardiographic
parameters, LA diameter and LV mass index were sig-
nificantly greater, and LV fractional shortening was
slightly lower in patients with CKD than in those
without CKD.

Fig. 2
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When comparing the incidence of new-onset AF
between the two groups, the total incidence of AF
through the follow-up periods was markedly higher in
the patient group with CKD, compared to that without
CKD (Fig. 2a). The cumulative AF event-free rate was
also significantly decreased in the CKD group, compared
to the non-CKD group (Fig. 2b).

As several confounding factors might be involved in the
association between CKD and the incidence of AF in the
present participants, we examined the independent pre-
dictors of new-onset AF by Cox regression analysis. In the
univariate analysis, age, smoking, use of diuretic, LA
diameter, LV mass index, and the presence of CKD were
significantly related to the incidence of AF (Table 3).
Among these possible predictive factors, age, smoking,
and the presence of CKD were independent predictors of
new-onset AF by the multivariate analysis. The adjusted
hazard ratio of having CKD for new-onset AF during
follow-up was 2.18 (95% confidence interval 1.21-3.90,
P =0.009). Independent predictors of AF incidence were
re-examined by stepwise regression analysis including all
clinical and echocardiographic variables as possible inde-
pendent factors. The presence of CKD as well as age,
smoking, and LA diameter was an independent predictor
of new-onset AF (age, hazard ratio 1.48 per 10 years,
P=0.008; smoking, hazard ratio 1.92, P=0.037; LA
diameter, hazard ratio 1.43 per 5mm, P=0.015; CKD,
hazard ratio 2.36, P=0.004).

Chronic kidney disease stages and the incidence of
atrial fibrillation

The association of CKD stages with the incidence of AF
was finally examined. In the univariate Cox analysis, the
occurrence of new-onset AF was significantly increased in

—
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(a) Incidence of atrial fibrillation (AF) through the follow-up periods in the two groups without and with chronic kidney disease (CKD). The total rates
of new-onset AF in the patients without and with CKD were 3.4% (0.7% per year) and 8.3% (2.1% per year), respectively {P < 0.001). (b) AF event-
free Kaplan~Meier curves in the two groups without and with CKD. Cumulative AF event-free rates in the non-CKD group and CKD group were 94.1

and 86.3%, respectively (log—rank test, P<0.001).
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Table 3 Predictors of new-onset AF by univariate and multivariate
Cox regression analysis

Hazard ratio
(85% Cl) P
Univariate analysis
Age, 10 years 1.65 (1.24-2.19) <0.001
Sex, men 1.51 (0.89-2.55) 0.128
Body mass index, 1kg/m? 1.01 {0.893~1.09) 0.839
Duration of hypertension, 1 year 1.02 (1.00-1.08) 0.100
Diabetes mellitus, yes 1.34 (0.75-2.40) 0.318
Smoking (current or past), yes 2.23 (1.29~3.84) 0.004
Systolic blood pressure, 10 mmHg 1.06 (0.90~1.25) 0.480
Diastolic blood pressure, 10 mmHg 0.88 {0.69~1.13) 0.316
Heart rate, 1 bpm 0.98 {0.94-1.01) 0.165
Ca channel blocker, yes 1.56 (0.84~2.89) 0.162
RAS inhibitor, yes 0.82 (0.47-1.44) 0.482
B-Blocker, yes 1.38 (0.81-2.385) 0.236
Diuretic, yes 2.23 (1.23-4.03) 0.008
Statin, yes 1.00 (0.57-1.76) 0.990
LA diameter, 5 mm 1.43 (1.10-1.87) 0.008
LV mass index, 10 glm"’ 1.08 {1.03-1.15) 0.004
LV fractional shortening, 0.01 0.98 (0.94~1.02) 0.250
CKD, yes 2.99 (1.77-5.05) <0.001
Multivariate analysis
Age, 10 years 1.54 (1.16-2.04) 0.003
Smoking {current or past), yes 1.78 (1.01-3.15) 0.047
Diuretic, yes 1.23 {0.65-2.32) 0.533
LA diameter, 5 mm 1.26 (0.94-1.68) 0.118
LV mass index, 10 g/m? 1.08 {0.986-1.10) 0.457
CKD, yes 2.18 (1.21-3.80) 0.008

In the multivariate analysis, all variables that had a significant association in the
univariate analysis were included as possible independent factors. AF, atrial
fibrillation; Cl, confidence interval; CKD, chronic kidney disease; LA, left atrial;
LV, left ventricular; RAS, rennin—angiotensin system,

the participant groups with CKD stage 3 and more
advanced stages (Fig. 3a). After adjustment for confound-
ing facrors (i.e., age, smoking, use of diuretic, LA
diameter, and LV mass index) by the multivariate
analysis, CKD stages 4 and 5 were still significantly
associated with the increased incidence of AF (Fig. 3b).

Discussion

The present study has shown that CKD defined as
decreased eGFR andfor the presence of proteinuria is
longitudinally associated with the incidence of new-onset
AF in hypertensive patients. Our results indicate that
antecedent existing CKD has a significant influence on
new-onset AF in hypertensives.

Several clinical and population-based studies showed that
the prevalence of AF was independently associated with
decreased eGFR and increased levels of urinary albumin
[12-14], although these cross-sectional investigations did
not elucidate whether antecedent renal dysfunction
affects the incidence of AF. Prospective observational
studies examining postoperative AF showed that renal
impairment (decreased eGFR or renal failure) was associ-
ated with an increased risk of AF after cardiac surgery
[15,16]: A recent study reported that decreased baseline
eGFR was associated with an increased risk of subsequent
new onset AF in a large scale of communiry-based
cohort [17]. The findings of our study are fundamentally
consistent with these observations. However, previous
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Relation of chronic kidney disease (CKD) stages to the incidence of atrial fibrillation (AF) evaluated by univariate (a) and multivariate (b) Cox
regression analysis. Respective data present hazard ratios (open or solid circles) and the 95% confidence intervals (vertical lines) in the groups
without CKD {n = 732) and with CKD stages 1~2 (S1,2, n=86), 3 (S3, n=128), 4 (S4, n=73), and 5 (S5, n=99). In the multivariate analysis, all
variables that had a significant association in the univariate analysis (i.e., age, smoking, use of diuretic, left atrial diameter, and left ventricular mass
index) were included as confounding factors. 1P < 0.05, *P < 0.01, **P < 0.001 vs. CKD (-).
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studies have shown that many factors are involved in the
development of AF in a general population and patients
with cardiovascular disorders [18—20]. As for hypertensive
patients, it has been revealed that age, systolic blood
pressure, LV mass, and LA size are related to the incidence
of AF [2-5,21]. Thus, there was the possibility that these
factors might mediate the association berween CKD and
AF incidence observed in the present and other studies,
because GFR generally decreases with age, and pressure
and volume load augmented by renal dysfunction directly
increases LV massand LA size. In fact, the present patients
with CKD had older age, higher systolic blood pressure,
and greater LV mass index and LA diameter, compared
with those without CKD. In addition, age, LV mass index,
and LA diameter as well as CKD were relating factors to
the incidence of AF in the univariate Cox regression
analysis of this study. By the multivariate analysis, how-
ever, the association of CKD with new-onset AF was
warranted to be still significant independently of these
confounders, although the adjusted hazard ratio of CKD
for AF incidence was diminished compared to the crude
risk ratio before adjustment. Therefore, the present study
has demonstrated for the first time that the existence of
CKD in hypertensive patients is an independent predictor
of new-onset AF, apart from the effects of aging, LV
hypertrophy, and LA dilatation.

Verdecchia ef @/, [3] showed that age and LV mass were
the sole independent predictors of new-onset AF in a
large cohort of initially untreated patients with essential
hypercension. In our patients with chronically treated
hypertension, LV mass index was not an independent
determinant of the incidence of AF. The exact reason for
the discrepant findings is unclear, but there was a possib-
ility that antihypertensive treatment before the enroll-
ment might have modified LV mass in our study.

In the univariate analysis of our study, basal systolic or
diastolic blood pressure was not significantly related to
the incidence of AF. Previous studies showed that sys-
tolic blood pressure and pulse pressure were good pre-
dictors of incident AF in large cohorts of the general
population [22,23]. In hypertensive patients, however,
there have been discrepant findings concerning the sig-
nificant influence of blood pressure levels on the incident
of AF [2-4,21]. Antihypertensive treatment and changes
in blood pressure during follow-up might have modified
the outcome and have spoiled the possible relation
between systolic blood pressure and incident AF in
our retrospective observational study. Since the present
patients with CKD had a significantly higher systolic
blood pressure than those without CKD, there might
be a possibility that elevated blood pressure in the CKD
group promoted renal dysfunction further, resulting in
contribution of new-onset AF partly.

In the present study, the incidence of new-onset AF was
clearly associated with the decrease in eGFR. In fact,
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CKD stages 4 and 5 were a significant predictor of
incident AF after adjustment for confounding factors
by the multivariate analysis. The incidence of AF was
also increased according to the severity of proteinuria.
Therefore, our findings suggested that advanced renal
dysfunction including massive proteinuria chiefly con-
tributed to the incidence of new-onset AF in the present
hypertensive patients.

T'he causal mechanism by which renal impairment has a
great and parcly cardiac overload-independent influence
on the occurrence of AF in hypertensive patients could
not be drawn from our observational study, but there are
some possible speculations. The increased risk of devel-
oping AF in CKD may be related in part to activation of
signaling pathways of inflammation, because previous
studies have shown that renal insufficiency is associated
with elevations of inflammatory markers such as C-reac-
tive protein [24] and that C-reactive protein predicts
increased risk for developing future AF [25]. Possible
involvement of oxidative stress and endothelial dysfunc-
tion in the development of AF has also been shown
[26,27]. Since the patients with chronic renal failure have
increased levels of oxidative stress markers and impaired
endothelial function [28], oxidative stress and endothelial
dysfunction caused by renal impairment may be involved
in the increased risk of new-onset AF in patients with
CKD. In addition, these mechanisms might be also
involved in the association between smoking habit and
incident AF observed in the present study, because
smoking is known to increase oxidative suess and
deteriorate endothelial funcrion.

Limitations

Screening 24-h electrocardiographic recordings were
not performed in our study, although standard 12-lead
electrocardiograms were periodically done for all the
present patients. Therefore, it is possible that asympto-
matic cases of AF may have gone undetected. In fact,
68% of 57 cases of newly documented AF were accom-
panied by some symptom such as palpitation and chest
discomfort, and the other 32% were asymptomatic cases
in the present study. However, all patients visited our
hospital periodically (every 1-2 meonths) and the pulse
and heart beat were checked at every examination.
Individuals with irregular pulse or cardiac rhythm
received 12-lead electrocardiogram and 24-h Holwer
recordings, even they had no cardiac symptom. In
addition, the incidence of new-onset AF in our study
(1.1% per year) was similar to the incidence rates in other
studies for patients with essential hypertension (0.5~
1.7% per year) [3-5,21] and higher than those in
middle-aged and elderly adults from population-based
studies (0.2—-1.1% per year) [17,18,22,23,29,30]. Thus, it
is less likely that there were a considerable number of
missed AF cases in the present study. Furthermore, since
any misclassification or underderection of incident AF is
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expected to occur at random and independent of renal
function, such misclassification would not overestimate
the true risk of new-onset AF associated with CKD. The
small number of new-onset AF during follow-up, how-
ever, must be considered as a limitation of the study,
especially in comparing AF incidence rates among more
than three groups.

Several studies have revealed that RAS inhibitor treat-
ment and hydroxymethylglutaryl coenzyme A reducrase
inhibitor (statin) use are associated with reduced inci-
dence of AF in patents with cardiovascular disease
[21,31,32]. As another study limitation, therefore, we
must consider the possibility that these treatments might
bias the outcome of the present study.

Moreover, there was a possibility that the obtained find-
ings in this study might be limited to the Japanese
population. Further studies are needed to validate our
results in Western and other racial populations.

In conclusion, the present study demonstrated that CKD
defined as decreased eGFR and/or the presence of pro-
teinuria was associated with an increased risk of new-
onset AF in hypertensive patients, and that the impace of
CKD on the incidence of AF was independent of LV
hypertrophy and LA dilatation. In particular, advanced
stages of CKD were strongly related to the increasing
occurrence of AF. In managing hypertensive patients,
therefore, it may be important to prevent the progression
of renal dysfunction in prevention of the occurrence of
new-onset AF.
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Objectives Hypertension is a powerful independent risk
factor for atherosclerotic cardiovascular diseases; however,
the precise molecular mechanisms whereby hypertension
promotes atherosclerotic formation remain to be
determined. The interaction between oxidized low-density
lipoprotein (oxLDL) and its receptor lectin-like oxidized
low-density lipoprotein receptor-1 (LOX-1) plays a

critical role in atherogenesis. To clarify how hypertension
promotes atherosclerosis, we investigated specific roles of
LOX-1 in acceleration of lipid deposition under a
hypertensive state.

Methods We employed a model of stroke-prone
spontaneously hypertensive rats (SHR-SP) that exhibits
acute lipid deposition in mesenteric artery induced by high
fat and salt loading. These vascular lipid deposition lesions
share similar characteristics with the initial lesions of
human atherosclerosis.

Results The enhanced LOX-1 expression in SHR-SP was
associated with oxidized LDL deposited in vascular wall.
Anti-LOX-1 neutralizing antibody dramatically suppressed
the lipid deposition in vivo in SHR-SP. Vitamin E decreased
serum oxLDL-like LOX-1 ligands, and suppressed the
vascular lipid deposition. The vascular permeability,
evaluated by the leakage of Evans blue, was markedly
enhanced by pretreatment of oxLDL. The enhancement of
vascular permeability induced by oxLDL was suppressed by
anti-LOX-1 antibody.

Introduction

An elevation of either systolic or diastolic pressure is a
powerful independent risk factor for atherosclerotic car-
diovascular discases [1]. Yamori et @/ [2] presented
important findings, soon after the development of spon-
taneously hypertensive rats (SHR). Namely, SHR rapidly
developed arterial lipid deposition in mesenteric artery
and the basilar artery as well as a greater hypercholester-
olemic response within two weeks when fed a high-fat
diet and 1% salt loading in drinking warter {2,3]. This
rapid accumulation of lipids, which is referred to as acute
atherosis, shares similar characteristics with fatty streak
of the inital atherosclerotic lesion. This experimental
model, therefore, is useful and appropriate for analyzing
pharmacological effects of various substances on the
process of atherosclerosis. .
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Conclusion The enhanced expression and activation

of LOX~1 mediated the enhancement of vascular
permeability, which contributed to the vascular lipid
accumulation under hypertensive states. J Hypertens
28:1273-1280 © 2010 Wolters Kluwer Health | Lippincott
Williams & Wilkins.
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Since the proposal of ‘the response to endothelial injury/
dysfunction hypothesis’ [4], the role of endothelial cells
in the pathogenic mechanisms of atherosclerosis have
been well recognized. On the contrary, ‘the response-to-
retention model” in early atherosclerosis [35,6] proposed
that the rétention of lipoprotein in the vessel wall is
essential for atherogenesis. Indeed, it is reported that
the above-mentioned fawy streak lesion can be found
even in young children and infants. The lipid retention,
so-called acute atherosis, is also well documented in the
maternal vasculature of women with preeclampsia [7,8].

Lectn-like oxidized low-densicy lipoprotein recepror-1
(LOX-1) was identified as the receptor for oxidized
low-density lipoprotein (oxLLDL) on endothelial cells
[9]. Since this discovery, accumulating evidence has
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