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Figure 1.  Profiling procedures of the Peptidome database.
Peptides are separated by the 2D-HPLC, and each fraction is submitted to the MS
analysis. Major peaks are further analyzed by the tandem mass spectrometers.

the physiocochemical properties of peptides along with other related information [1].

Results and Discussion

Pig and mouse brain were collected immediately after sacrifice, diced and
boiled in water for more than 5 min to inactivate proteases. After cooling, peptides
were homogenized and extracted with 1 M acetic acid. The crude peptide fraction
was prepared by the batch-wise treatment with C-18 resin and SP-Sephadex columns,
which was separated by Sephadex G-50 gel filtration to remove remaining proteins.
The peptide fraction was devided into two fractions of Mr<3,000 and 3,000<Mr<6,000.
Each fraction was separated into 70 fractions by SP-2SW ion exchange HPLC with a
linear gradient elution of HCOONH, (pH 3.8) from 10 mM to 1.0 M in the presence of
10% CH;CN. Seventy fractions thus obtained were each subjected to reverse phase
HPLC on a C-18 column with a linear gradient elution of CH;CN in the presence of
0.1% trifluoroacetic acid (or formic acid), and separated into 75 fractions. By this
2D-HPLC system, peptides were separated into about 5,000 fractions, and an aliquot
of each fraction was submitted to MALDI-TOF mass spectrometric (MS) analysis and
peak lists of the peptides were stored. For de novo sequencing of the peptides,
another aliquot was submitted to ESI-Q-TOF or MALDI-TOF-TOF MS analysis, and
these data were stored in the database (Fig. 1).

In the course of the separation and analysis, degrees of hydrophobicity, net
positive charges and molecular masses of the peptides are determined and estimated,
which are employed as major parameters to register the peptide information in the
Peptidome database, in addition to their sequences and names [1]. To normalize the
2D-HPLC system, we use a series of synthetic peptides of 11 amino acids with
different numbers of positive charges and different hydrophobicity as standards. The
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Figure 2. Analysis data for the pig brain peptides of 3,000<Mr<6,000.
The peptides were separated by 2D-HPLC (a), analyzed by the mass spectrometers (b),
and finally shown in the virtual 3D-space (c).

positive charge is estimated based on the elution times of the standard peptides, and
the hydrophobicity is expressed as a percent CH;CN concentration where the peptide
is eluted.

In Fig. 2, the analysis data for the pig brain peptides of 3,000<Mr<6,000 are
indicated step by step. Fig. 2a shows the 2D-HPLC profile of the peptides prepared
from 5 g equivalents of the tissue. The absorbance at 210 nm is indicated by the
density. Fraction 30 eluted at 60-62 min was then separated by reverse phase HPLC
and each fraction was analyzed by the MALDI-TOF. MS analysis data of each
fraction are serially plotted against m/z in Fig. 2b, and the density indicates the ion
count. Bands with different density indicate the peptides. By accumulating 70
figures like the middle panel, all peptides are drawn in the virtual 3D-space composed
of hydrophobicity, positive charge and molecular mass, as shown in Fig. 2¢. By the
aid of the software, we can freely rotate, zoom in and out this 3D drawing. If you
click one ball, you will be able to check the peptide data and information so far as it
has been sequenced and annotated.

In the case of pig brain peptides, we analyzed 2 g equivalents of the tissue, and
detected 6,573 and 10,215 peptides in the Mr<3,000 and 3,000<Mr<6,000 fractions,
respectively. As for about 25% of the detected peptides, the structural information is
assumed to be obtained by the MS analysis, although a portion of them has been
determined. In the case of mouse brain, we have so far analyzed the peptides in the
Mr<3,000 fraction using 0.8 g equivalent of the tissue and detected 4,058 peptides.
Among them, about 500 peptide sequences have been determined, and these data are
available through the web page of the Peptidome project (www.peptidome.org).

In the case of mouse brain peptides, about 20% of the sequenced peptides are
derived from the peptide hormone precursors and the secretory proteins. However,
most of other peptides are derived from cytoplasmic, nuclear, mitochondorial,
membrane proteins and so on. Several examples of the peptide/precursor relationship
are shown in Fig. 3. The peptides derived from proenkephalin A, protachykinin and
proopiomelanocortin are considered to be cleaved by prohormone convertases (PC), i.e.
cleaved at the consecutive basic amino acids. In the cocaine- and amphetamine
regulated transcript (CART), the peptide cleaved at the single arginine residues is
observed, and many possible degradation products are detected in the case of
procholecystokinin. We found that the regular secretory protein is processed in a
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Figure 3. Examples of the peptides identified in the mouse brain extracts.
Most peptides derived from the hormone precursor are cleaved by the PCs,
but some unique processing patterns are also observed in other cases.

manner similar to that of the peptide hormone precursor. In another case, a unique
peptide is present with high abundance but is not flanked by typical processing signals.
Although it is necessary to confirm whether these peptides are endogenously present, 1
am sure that these data will help elucidate endogenous molecular forms and processing
profiles of peptides and proteins.

To measure the biological activity, more amounts of peptides are required as
compared with those used for the MS analysis even if the highly sensitive screening
system is employed. We also separated the pig brain peptides by the large scale
2D-HPLC under the conditions identical to the peptide analysis. An aliquot of each
fraction was submitted to the screening, and another aliquot was subjected to the MS
analysis to confirm the elution positions. By utilizing the normalized 2D-HPLC as a
common platform, data for endogenous peptides, biological activity and their related
information can be accumulated, which is expected to increase the chance of discovery
of the new bioactive peptides [2,3].

Recently, three groups reported that comprehensive analysis of peptides in the
cell, tissue and body fluid can provide valuable information of the endogenous
peptides [4-6]. Accumulation of these data in the common database will give us the
solid basement for discovery of unidentified endogenous and bioactive peptides.
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Calcitonin receptor-stimulating peptide-1 regulates ion transport
and growth of renal epithelial cell line LLC-PK;
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Abstract

Calcitonin receptor-stimulating peptide-1 (CRSP-1) is a peptide recently identified from porc{rie brain by monitoring the cAMP
production through an endogenous calcitonin (CT) receptor in the renal epithelial cell line LLC-PK,. Here we investigated the
effects of CRSP-1 on the ion transport and growth of LLC-PK, cells. CRSP-1 inhibited the growth of LLC-PK, cells with a higher
potency than porcine CT. CRSP-1 enhanced the uptake of *Na* into LLC-PK, cells more strongly than did CT and slightly
reduced the **Ca®* uptake. The enhancement of the *Na* uptake was abolished by 5-(N-ethyl-N-isopropyl) amiloride, a strong
Na*/H* exchanger (NHE) inhibitor for NHEL, even at a concentration of 1 x 10~% M, although other ion transporter inhibitors
did not affect the **Na™ uptake. These results indicate that CRSP-1 enhances the >*Na™ uptake by the specific activation of
NHEI. Taken together, CRSP-1 is considered to be a new regulator for the urinary ion excretion and renal epithelial cell growth.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Calcitonin receptor-stimulating peptide; Calcitonin; Calcitonin receptor; cAMP; LLC-PK,‘ cell; Na*/H* exchanger; S-(N-Ethyl-N-iso-

propyl) amiloride; cAMP-dependent protein kinase

Calcitonin receptor-stimulating peptide-1 (CRSP-1)
is a strong and specific agonist for the calcitonin (CT)
receptor, its stimulatory activity for the cAMP produc-
tion is 10-fold and more than 100-fold stronger than
porcine CT in LLC-PK cells and COS-7 celis expressing
the CT receptor, respectively [1].

Measurement of CRSP-1 concentration in various
porcine tissues by radioimmunoassay showed that the
pituitary gland and thyroid gland contain the highest
levels of CRSP-1 in the pig, although this peptide is
widely distributed throughout the central nervous sys-
tem. In the in vivo experiment, the bolus administration

of CRSP-1 into rats significantly reduced the plasma.

Ca®" level. We assumed that the CRSP-1 secreted from
the pituitary gland and thyroid gland into the systemic
circulation stimulated the CT receptor and regulated
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the physiological events in the kidney and the bone.
Thus, we focused on the effect of CRSP-1 on the renal
function in this study. LLC-PK; is one of the most char-
acterized renal tubular epithelial cell lines [2—4]. This cell
line abundantly expresses the CT receptor [5] and is of-
ten used for the analysis of the cell physiological func-
tion of CT in the renal epithelial cells. As CRSP-1
stimulates the cAMP production in LLC-PK, cells more
potently than does CT, we examined the effect of CRSP-
1 on LLC-PK, cells to elucidate the cell physiological
function of CRSP-1 in the renal epithelial. In this study,
therefore, we investigated the effects of CRSP-1 on ion
uptake into LLC-PK, cells and their growth.

Materials and methods

Materials. Synthetic CRSP-1 and salmon CT were prepared and
purchased as described previously [1]. 1251 labeled deoxybromouridine
(*¥1-DU), *NaCl, and $CaCl, were purchased from Amersham
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Biosciences (Buckingham, UK). Benzthiazide, furosemide, 4-acetami-
do-4'-isothiocyanostilbene-2,2’-disulfonic acid (SITS), bumetanide,
and S5-(N-ethyl-N-isopropyl) amiloride (EIPA) were purchased from
Sigma (St. Louis, MO, USA).

Cell culture. LLC-PK, cells and opossum kidney (OK) cells were
cultured with Dulbecco’s modified Eagle’s medium (DMEM) and
minimum essential medium, respectively, supplemented with 10% fetal
bovine serum (FBS), 100 pg/ml penicillin, and 100 U/ml streptomycin
in a humidified atmosphere of 95% air-5% CO; at 37 °C.

Measurement of cAMP production in LLC-PK; cells. LLC-PK,
cells were harvested, seeded at a density of 1 x 10° cell/well on 48-well
plates, and cuitured for 24h. The cells were washed twice with
DMEM/Hepes (20 mM, pH 7.4) containing 0.5 mM of 3-isobutyl-1-
methyl xanthine (IBMX, Sigma) and 0.05% bovine serum albumin
(DMEM/Hepes/IBMX solution), and were incubated in the same
medium for 30 min at 37 °C. The incubation medium was then re-
placed with 150 ul medium, in which the sample of interest was dis-
solved, and further incubated at 37 °C for another 30 min. Aliquots
(100 pl) of the incubation media were succinylated, evaporated, and
then submitted to radioimmunoassay for cAMP, as reported previ-
ously (1).

Measurement of "> I-DU uptake into LLC-PK; cells. The cells were
harvested, seeded at a density of 2 x 10 cell/well on 24-well plates, and
cultured for 48 h. The cells at 70% confluence were washed with 0.5 ml
serum-free DMEM, replaced with DMEM containing 10% FBS and
the peptide of interest, and incubated for 2 h at 37 °C. Then, '**I-DU
(4 % 10° cpm/50 pl in the DMEM) was added and further incubated for
5h at 37 °C. Following the incubation, the cells were washed twice
with ice-cold phosphate-bufiered saline, incubated on ice for 30 min
with 5% trichloroacetic acid, washed twice with 99.5% ethanol, and
then solubilized in a buffer containing 0.1 M NaOH, 2% Na»CO;, and
1% SDS (500 pl/well). The radioactivity in each well was counted using
a y counter (ARC-1000, Aloka, Tokyo, Japan).

Measurement of intracellular cAMP accumulation in OK cells. OK
cells were harvested, seeded at a density of 2 x 10° cell/well on 24-well
plates, and cultured for 24 h. Porcine CT receptor cDNA ligated into
pcDNA 3.1 expression vector (Promega, Madison, WI, USA) was
transfected into the OK cells using Lipofectamine Plus (Invitrogen,
San Diego, CA, USA) according to the manufacturer’s protocol, and
further incubated for 24 h. The cells were washed twice with DMEM/
Hepes/IBMX solution and incubated in the same medium for 30 min
at 37°C. The incubation medium was then replaced with 250 pl
medium, in which the sample of interest was dissolved, and further
incubated at 37 °C for another 10 min. Following the incubation, the
medium was replaced with 99.5% ethanol, and the cells were frozen at
—80 °C for 24 h. The cells were lysed by repeated pipetting, and the
debris of the lysate was removed by centrifuging at 12,000g for 5 min.
The supernatant was evaporated, and the resulting pellet was dissolved
in DMEM/Hepes/IBMX solution. Aliquots (100 pl) of the incubation
media were succinylated, evaporated, and then submitted to radioim-
munoassay for cAMP as reported previously [1].

Measurement of ** Ca®* uptake into LLC-PK; cells. LLC-PK, cells
were harvested, seeded at a density of 2 x 10° cells on 6-well plates, and
cultured for 2 days. The cells were washed twice with a calcium-free
Hanks’ solution, and replaced with the calcium-free Hanks’ solution
containing **Ca>* (37 kBq/ml), in the absence or presence of CRSP-1
at a concentration of 1 x 107% M. Following incubation at 37 °C for
10 min, the cells were washed three times with ice-cold washing buffer
(140 mM KCl, 5 mM MgCl,, 20 mM Hepes (pH 7.4), 80 mM sucrose,
and I mM EGTA), and the radioactivity incorporated into the cells
was measured using a Topcount scintillation counter (Packard, Mer-
iden, CT, USA).

Measurement of > Na* uptake into OK cells and LLC-PK ; cells. OK
cells expressing recombinant CT receptor or LLC-PK, cells were
harvested, seeded at a density of 2 x 106 cells/well on 6-well plates, and
cultured for 2 days. The cells were washed twice with a Hanks’-choline
chloride solution (137 mM choline chloride, 5.4 mM KCl, 4.2 mM

NaHCO;, 3 mM Na,HPO,, 0.4 mM KH,PO,, 1.3 mM CaCl,, 0.5 mM
MgCl, 0.8 mM MgSO,, 10 mM glucose, and 5 mM Hepes, pH 7.4).
Then, the Hanks'-choline chloride-*>Na* (37 kBg/ml) solution con-
taining CRSP-1 {1x10® —1 x 10 M) alone, one of ion transporter
inhibitors (I x 10 M) alone, CRSP-1 (1x 10 M) and one of ion
transporter inhibitors (1 x 10 M), or CRSP-1 (1 x 10 M) and EIPA
{1 x 10 —1 x 10"® M) was administered. Following incubation at 37 °C
for 10 min, the cells were washed three times with ice-cold saline, and
the Na* uptake into the cells was measured using a y-counter (Cobra
5003, Packard).

Statistical analysis. Statistical analysis was performed using a one-

‘way analysis of variance with repeated measurements, combined with a

multiple comparison (Scheffe’s F test). These analyses were carried out
using StatView 5.01 (SAS Institute, Cary, NC, USA). The data are
expressed as means + SEM. P values less than 0.05 were considered
significant.

Results
Fig. 1A shows the dose-dependent elevation of cAMP

levels in the LLC-PK, cells stimulated with porcine
CRSP-1, salmon CT, and porcine CT. CRSP-1, as well
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Fig. 1. Effects of CRSP-1, salmon CT, and porcine CT on cAMP
production (A) and '**I-DU uptake (B) into LLC-PK,, cells. The cells
were stimulated with porcine CRSP-1 (closed circle), salmon CT (open
square) or porcine CT (open circle). (A) Dose-dependent increase of
cAMP concentration in the culture medium of LLC-PK, cells. (B)
Dose-dependent reduction of '*I-DU uptake into LLC-PK; cells.
Each point represents the mean+ SEM of three separate
determinations.
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as salmon CT and porcine CT, stimulated the cAMP
production, and the potency order of the three peptides
in the stimulatory activity of cAMP production was
salmon CT > CRSP-1 > porcine CT. Since the increase
of the intracellular cAMP concentration induces a
change in growth of a variety of cell types, we next eval-
uated the effect of these peptides on the growth of the
LLC-PK, cells by measuring the '*’I-DU uptake into
chromosomal DNA. Parallel to the dose-dependent ele-
vation of the cAMP production, these three peptides re-
duced the '*I-DU uptake into LLC-PK,, cells with the
order of potency being salmon CT > CRSP-1 > porcine
CT (Fig. 1B).

We next investigated the effects of CRSP-1 on ion
transport. The effect of CRSP-1 on the **Ca’®* uptake
into LLC-PK, cells is shown in Fig. 2. CRSP-1 signifi-
cantly but weakly reduced the “>Ca®* uptake at a con-
centration of 1x 107 M, and the effect of CRSP-1 on
the reduction was weaker than that of salmon CT. A sig-
nificant reduction of “*Ca** uptake was not observed
when LLC-PK, cells were stimulated with CRSP-1 at
a concentration of 1 x 107’ M (data not shown).

Fig. 3A shows the time course of 2Na* uptake into
LLC-PK; cells in the absence or presence of CRSP-1.
The ?*Na™ uptake into LLC-PK, cells was observed even
at0.1 min and reached a plateau at 60 min. When the cells
were stimulated with CRSP-1 at a concentration of
1 x 1077 M, the *Na™ uptake was significantly enhanced
at 5min and the enhancement reached a maximum at
10 min. Based on this result, we incubated the LLC-PK,
cells with peptides and **Na™ for 10 min, and observed
the enhancement of *Na™ uptake into the cells (Fig.
3B). CRSP-1 enhanced the ?Na™ uptake into LLC-PK,
cells from a concentration of 1 x 1078 M. The potency or-
der of the 2Na% uptake-increasing activity was salmon
CT > CRSP-1 > porcine CT and was in agreement with
that of cAMP production. Thus, we studied the effect of
CRSP-1 on the *Na™ uptake in greater detail.

To verify that the activation of the CT receptor by
CRSP-1 induces *?Na* uptake, porcine CT receptor
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Fig. 2. Effects of CRSP-1, salmon CT, and porcine CT on Bea?t
uptake. The cells were incubated with *3Ca* only (control), with
#3Ca®* and salmon CT (sCT, 1 x 1078 M) or porcine CRSP-1 (CRSP-
1,1x107¢ M). Each bar represents the mean + SEM of three separate
determinations. *P < 0.05; **P < 0.001.
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Fig. 3. Time course and dose-dependent enhancement of 2Na™
uptake into LLC-PK, cells. (A) LLC-PK, cells were incubated with
22Na* in the absence (closed triangle) or presence of 1x 10~ M of
CRSP-1 (closed square) for 0.1, 5, 10, 30, 60, and 120 min. (B) LLC-
PK, cells were incubated with **Na* only or with **Na* and the
indicated concentrations of porcine CRSP-1 (closed circle), salmon CT
(open square), and porcine CT (open circle) for 10 min. Each point
represents the mean +SEM of three separate determinations.
*P <0.05; **P <0.001.

cDNA inserted into mammalian expression vector
(pcDNA-CTR) was transfected into OK cells, and the
22Na™ uptake into the cells was measured in the presence
of CRSP-1. CRSP-1 stimulated the cAMP production in
OK cells, only when pcDNA-CTR was transfected into
the cells (Fig. 4A). Parallel to the elevation of cAMP
production, the *Na* uptake into OK cells was en-
hanced with CRSP-1 (Fig. 4B). These results confirm
that CRSP-1 actually enhanced the *Nat uptake
through the CT receptor-cAMP pathway.

To determine which Na™ transporter is activated with
CRSP-1, we administered various transporter inhibitors,
such as furosemide (Na*/K*/Cl~ cotransporter inhibi-
tor), benzthiazide (Na™/Cl™ cotransporter inhibitor),
EIPA (Na*/H* exchanger inhibitor), SITS (Cl~/bicar-
bonate exchanger inhibitor), and bumetanide (Na*/K*/
CI™ cotransporter inhibitor), into the culture medium of
LLC-PK, cells at a concentration of 1x107¢M, and
measured their effects on the CRSP-1-induced **Na* up-
take. Although furosemide, bumetanide, benzthiazide or
SITS did not alter the *Na™ uptake, EIPA abolished the
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Fig. 4. Effects of CRSP-1 on the intraceliular cAMP level (A) and the
2Na* uptake (B) into intact OK cells and OK cells transfected with
porcine CT receptor. (A) OK cells transfected with porcine CT
receptor cDNA (closed circle) and blank vector (closed square) were
stimulated with the indicated concentrations of CRSP-1 for 10 min. (B)
OK cells transfected with porcine CT receptor cDNA (closed circle)
and blank vector (closed square) were incubated with 22Na* and the
indicated concentrations of CRSP-1 for 10 min. Each point represents
the mean &+ SEM of three separate determinations. **P < 0.001.

effect of CRSP-1 on the *Na™ uptake into LLC-PK,, cells
(Fig. 5C). These results indicate that the CRSP-1-induced
enhancement of **Na™ uptake is mediated by a Na*/H*
exchanger (NHE).

To identify which isoform of NHEs is responsible for
the ?Na* uptake that is enhanced by CRSP-1, we trea-
ted the cells with different concentrations of EIPA from
1x107% to 1 x 107 M (Fig. 6). The inhibitory effect of
EIPA was observed even at a concentration of
1x 107% M. When CRSP-1 and EIPA were administered
together at concentrations of 1x107° M, the effect of
CRSP-1 on the **Na™ uptake into LLC-PK; cells was
abolished, and the 2?Na* uptake was reduced to that le-
vel when only EIPA had been added to the medium.

Discussion

The effects of CT on renal epithelial cells are known
to be mediated by the CT receptor-cAMP pathway [4].

In preceding studies, we demonstrated that porcine
CRSP-1 is a more potent and specific agonist for the
CT receptor. In the present study, therefore, we investi-
gated the effect of CRSP-1 on the cell physiological
events that were induced by the elevation of the cAMP
production in the renal epithelial cell line, LLC-PK,.

Fig. 1 shows the anti-proliferative effect of CRSP-1,
as well as its stimulatory effect on cAMP production
in LLC-PK, cells, and these effects were 10-fold stronger
than those of porcine CT. CT inhibits the growth of
LLC-PK, cells by increasing the intracellular cAMP
concentration [6,7]. Jans et al. [6] reported that the
growth of LLC-PK; cells having a mutation in the
cAMP-dependent protein kinase (A-kinase) was not
inhibited with salmon CT or a vasopressin analogue.
Taking these results together, CRSP-1 was deduced to
suppress the proliferation of LLC-PK; through the
cAMP-A-kinase pathway.

CRSP-1 and salmon CT reduced **Ca** uptake into
the LLC-PK, cells (Fig. 2). Several in vivo studies have
revealed that urinary Ca®* reabsorption is regulated by
the balance between the passive Ca®* influx across the
apical membrane via an electrochemical gradient and
the active Ca®" extrusion across the basolateral mem-
brane induced with Ca’* pumps and Na‘/Ca®*
exchangers [8]. Although we cannot specify the target
of the CRSP-1-induced suppression of Ca®* uptake, this
result raises the possibility that CRSP-1 reduces the
plasma Ca®* concentration by inhibiting urinary Ca®*
reabsorption into the renal epithelial cells in the kidney.

The “*Na* uptake into LLC-PK, cells was enhanced
with CRSP-1 (Fig. 3A). The **Na™ uptake into OK cells
was enhanced only when the cells expressed recombi-
nant CT receptors (Fig. 4), confirming that CRSP-1 en-
hances the *Na™ uptake into the renal epithelial cells
through the CT receptor. As for the mechanism of the
CRSP-1-induced enhancement of *?Na‘ uptake into
LLC-PK, cells, this effect was abolished by treating with
EIPA, an inhibitor of NHE (Fig. 5) [9]. Two isoforms,
NHE1 and NHE3, are expressed in LLC-PK; cells
[10,11], and A-kinase is reported to enhance the
NHE]-dependent Na™ uptake and to suppress the
NHE3-dependent Na™ uptake [12,13]. Based on these
reports, we at first assumed that the effect of CRSP-1
on the Na™ uptake shown in Fig. 3 was the summation
of the enhancement of the NHEI1-dependent Na* up-
take and the suppression of the NHE3-dependent Na™
uptake. However, Fig. 6 indicates that CRSP-1 selec-
tively activates NHE] and enhances Na* uptake, which
can be explained by the different 50% inhibitory concen-
trations of EIPA on NHEI (approximately 1 x 1078 M)
and NHE3 (more than 1x 1076 M) [14-17]. At a con-
centration of 1x 107 M, EIPA can inhibit 30-40% of
the ?Na™ uptake through NHEI and cannot inhibit it
through NHE3, while at a concentration of 1 x 107°M
EIPA can inhibit more than 95% of the **Na™* uptake
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Fig. 5. Effects of ion transporter inhibitors on CRSP-1-induced *Na™ uptake into LLC-PK, cells. LLC-PK; cells were incubated for 10 min with
none (open bar), 1 x 1078 M of each ion transporter inhibitor (hatched bar), 1 x 1076 M CRSP-1 (dotted bar), or I x 107 M CRSP-1and 1 x 10~ M
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Fig. 6. Dose-dependent inhibitory effect of EIPA on CRSP-1-induced
2Nat uptake into LLC-PK; cells. LLC-PK, cells were incubated for
10 min with *Na™* only (hatched bar), or with 2Na* and the indicated
concentrations of CRSP-1 and/or EIPA (open bars). Each bar
represents the mean+ SEM of three separate determinations.
**P <0.001.

through NHE1 and approximately 10% of it through
NHE3 {14). EIPA actually inhibited the CRSP-1-in-
duced enhancement of the *’Na® uptake into the

LLC-PK; cells by about 30% at a concentration of
1x107*M and abolished it at a concentration of
1x107®M (Fig. 6). This evidence indicates that
CRSP-1 enhanced the **Na* uptake into LLC-PK; cells
by activating NHE! and not by suppressing NHE3 un-
der the present experimental conditions.

NHE] is localized at the basolateral membrane of the
epithelial cells [18,19], and elicits many kinds of cell
physiological activities, including the regulation of intra-
cellular pH, cell growth, differentiation, cell migration,
and cytoskeletal organization [20]. The data obtained
in this study confirmed that CRSP-1 regulates NHEI
activity via the CT receptor-A-kinase pathway in the
LLC-PK, cells, suggesting that this peptide can induce
NHE]-mediated cell physiological events in the renal
epithelial cells.

On the other hand, the NHE3-dependent Na* uptake
into LLC-PK, (clone 4) cells was reported to be reduced
with salmon CT [21], which indicates that CRSP-1 can
reduce NHE3 activity by stimulating the CT receptor.
In the LLC-PK, cells used in this study, however, we ob-
served only the stimulatory effect of CRSP-1 on the
NHET activity instead of observing its inhibitory effect
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on the NHE3 activity, probably due to their much lower
NHES3 activity than that of NHEL. As NHE3 is local-
ized at the apical membrane of the epithelial cells and
is mainly involved in natriuresis, CRSP-1 may be able
to regulate the urinary sodium concentration via
NHES3 being expressed in the renal epithelial cells.

In conclusion, we investigated the effects of CRSP-1
on the renal epithelial cell line LLC-PK,, and showed
that CRSP-1 enhances the Na™ uptake mainly through
NHEI, reduces the Cat uptake, and inhibits the
growth of this cell line. Furthermore, these effects of
CRSP-1 are stronger than those of porcine CT, which
is in agreement with their potencies toward the CT
receptor. While the tissue concentration of CRSP-1 in
the thyroid gland is estimated to be about 1/10 that of
CT [1,22], CRSP-1 is present at a high concentration
in the pituitary gland where CT was not detected. These
data indicate that the CRSP-1 secreted from these
glands can regulate renal epithelial cells in vivo.
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Abstract

In this study, we isolated a peptide eliciting a potent stimulatory effect on cAMP production in LLC-PK, cells from acid extracts of porcine
brain. By structural analysis, this peptide was determined to be a C-terminal glycine-extended form of calcitonin receptor-stimulating peptide-
1 (CRSP-1-Gly). Synthetic CRSP-1-Gly enhanced the cAMP production in COS-7 cells expressing calcitonin (CT) receptor as strongly as
CRSP-1. Measurement of immunoreactive (IR) CRSP-1-Gly by radioimmunoassay using the specific antisera against CRSP-1-Gly showed that
a relatively high level (>1 pmol/g wet weight) of IR-CRSP-1-Gly was detected in the midbrain, hypothalamus, anterior and posterior lobes of
pituitary, and thyroid gland, and the ratio of IR-CRSP-1-Gly to total IR-CRSP-1 varies from 0.02 to 0.35 in each tissue. These results suggest that
CRSP-1-Gly is actually present in the tissues as one of major endogenous molecular forms of CRSP-1, and can regulate the cells expressing the
CT receptor both in the central nervous system and peripheral tissues in a manner similar to that of CRSP-1. IR-CRSP-2 and IR-CRSP-3 are also
present in the brain and other tissues, but their tissue concentrations are 33% on average and less than 3% that of total IR-CRSP-1, respectively.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Calcitonin receptor-stimulating peptide; Glycine-extended form of calcitonin receptor-stimulating peptide; Isolation; Calcitonin receptor; cCAMP;

Radioimmunoassay

1. Introduction

We have reported the structure, tissue expression and bio-
logical activity of three calcitonin receptor-stimulating pep-
tides (CRSPs) in the pig [10,12]. Among them, the biological
features of CRSP-1 have been characterized in greater detail.
CRSP-1 exists in the central nervous system (CNS), pitu-
itary and thyroid gland, and stimulates the calcitonin (CT)
receptor about 100-fold more potently than CT. These facts
indicate that CRSP-1 is a strong and specific ligand for the
CT receptor expressing both in the CNS and peripheral tis-
sues. :

* Corresponding author. Tel.: +81 6 6833 5012x2507,
fax: +81 6 6835 5349.
E-mail address: minamino@ri.ncve.go.jp (N. Minamino).

0196-9781/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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CRSP-1 was isolated from acid extracts of porcine
brain by monitoring cAMP production through the endoge-
nously expressing CT receptor expressed in LLC-PK; cells
[9,12,15]. In the preceding study of CRSP-1 purification, six
major peaks of the cAMP producing activity were observed
in CM-52 ion exchange chromatography of the strongly
basic peptides prepared from the porcine brain extracts [12].
Among them, CRSP-1 was isolated from the sixth peak of
the cAMP producing activity, while we have identified the
first three peaks as calcitonin gene-related peptide (CGRP)
and its related peptides by further purification and structural
analysis. In the present study, we successfully purified a new
biologically active peptide from the fractions correspond-
ing to the fifth peak of the cAMP producing activity in the
CM-52 ion exchange chromatography, and determined it to
be a glycine-extended and non-amidated form of CRSP-1
(CRSP-1-Gly) by structural analysis. Here we report the



T. Katafuchi et al. / Peptides 26 (2005) 2616-2623 2617

purification and biological activity of CRSP-1-Gly. Tissue
concentrations of immunoreactive (IR) CRSP-1-Gly in the
porcine tissues were also measured using a specific antiserum
and compared with those of IR-CRSP-1, IR-CRSP-2 and IR-
CRSP-3.

2. Materials and methods
2.1. Peptides

CRSP-1 was synthesized as described previously [12].
CRSP-1-Gly, N-Tyr-CRSP-1{30-38]-Gly and N-Cys-CRSP-
1[30-38]-Gly were custom synthesized by American Peptide
Company (Sunnyvale, CA). N-Tyr-CRSP-2[29-37)-NHz, N-
Cys-CRSP-2[29-37}-NH;, N-Tyr-CRSP-3{29-37]-NH; and
N-Cys-CRSP-3[29-37])-NH; were custom synthesized by
Peptide Institute (Osaka, Japan). The purity and amino acid
sequence were evaluated and confirmed using C;g reverse
phase HPLC, amino acid analyzer and protein sequencer.

2.2. Measurement of cCAMP production

COS-7 cells and LLC-PK; cells were maintained as
reported previously [12], plated at 100,000 cells/well on 48-
well plates and cultured for 24 h. The porcine CT receptor
¢DNA ligated into pcDNA 3.1 expression vector (Promega,
Madison, WI) was transfected into the COS-7 cells with Lipo-
fectamine Plus (Invitrogen Life Technologies, Carlsbad, CA)
according to the manufacturer’s protocol [13]. Both LLC-
PK; and COS-7 cells that were recombinantly expressing
the CT receptor were washed twice with Dulbecco’s modified
Eagle’s medium (DMEM)/Hepes (20 mM, pH 7.4) contain-
ing 0.5 mM 3-isobutyl-1-methy! xanthine (Sigma, St Louis,
MO) and 0.05% bovine serum albumin (BSA), and incu-
bated in the same medium for 30 min at 37 °C. The incubation
medium was then replaced with 150 .l of medium, in which
the sample of interest was dissolved, and further incubated at
37 °C for another 30 min. Aliquots (100 pl) of the incubation
media were succinylated, evaporated, and then submitted to
radioimmunoassay (RIA) for cAMP, as reported previously
[12].

2.3. Isolation of CRSP-1-Gly

The basic peptide fraction (SP-III) with molecular mass
of about 3kDa was prepared from porcine brain extracts
as described previously [12]. This strongly basic pep-
tide fraction was subjected to carboxymethyl (CM) ion
exchange chromatography (CM-52, 2.4 cm X 45 cm; What-
man, Clifton, NJ) eluting with a linear gradient elution of
HCOONH;, (pH 6.5) from 9 mM to 0.45 M containing 10%
CH3CN. In the course of the present purification, aliquots
(1/2000) of all fractions were lyophilized, dissolved in 200 .l
of incubation medium, and submitted to the measurement
of the cAMP producing activity using LLC-PK; cells. The

fractions eliciting cAMP-producing activity were pooled and
re-purified by cation exchange high performance liquid chro-
matography (HPLC) (TSK-gel CM-2SW, 7.8 mm x 300 mm;
Tosoh, Tokyo, Japan) eluting with a linear gradient elution
of HCOONHy, (pH 3.8) from 9 mM to 0.9 M containing 10%
CH3CN at a fiow rate of 2 ml/min. The biologically active
fractions were successively separated by reverse phase HPLC
on a Cig column (218TP54, 4.6 mm x 250mm; Vydac,
Hesperia, CA), and on a diphenyl column (219TP5215,
2.1 mm x 150 mm; Vydac) using a linear gradient elution of
CH3CN from 10 to 60% in 0.1% trifluoroacetic acid (TFA) at
flow rates of 1 and 0.2 ml/min, respectively. The amino acid
sequence was analyzed with a Procise cLC protein sequencer
(492, Applied Biosystems, Foster City, CA), and mass spectra
were measured using a single quadrupole mass spectrome-
ter with electrospray ionization source (SSQ 7000, Finnigan,
San Jose, CA) as described previously [12].

2.4. Preparation of antisera against CRSP-1-Gly,
CRSP-2 and CRSP-3

All experimental procedures were approved by the local
animal experiments and care committee. Rabbit antisera
were raised against CRSP-1[30-38]-Gly, CRSP-2[29-37]- .
NH; and CRSP-3[29-37]-NH>, to each of which an N-
terminal cysteine was added to facilitate specific conjugation
to maleimide-activated keyhole limpet hemocyanin through
the sulfhydryl group of cysteine (Pierce, Rockford, IL). New
Zealand White rabbits (Japan SLC, Hamamatsu, Japan) were
immunized by injecting 1 mg of each peptide-keyhole limpet
hemocyanin conjugate emuisified in complete Freund’s adju--
vant, and antibody production was boosted by five additional
injections of the antigen conjugate emulsion at 3-week inter-
vals.

2.5. Measurement of IR-CRSP-1-Gly, IR-CRSP-1,
IR-CRSP-2 and IR-CRSP-3 concentrations in the
porcine brain, pituitary and thyroid gland by RIA

N-Tyr-CRSP-1[30-38]-Gly, N-Tyr-CRSP-1[24-38]-NH,,
N-Tyr-CRSP-2[29-37]-NH; and N-Tyr-CRSP-3{29-37]-
NH; were each radioiodinated by the lactoperoxidase
method, and each monoiodinated peptide was isolated by
reverse phase HPLC. Approximately 1g of porcine tissue
was minced and boiled for 10 min in 5ml of water. After
cooling, water and acetic acid were added to a final volume
and concentration of 10ml and 1M, respectively, and the
boiled tissues were homogenized with a Polytron homoge-
nizer. The homogenates were then centrifuged, and 1 ml of
the resulting supernatant was lyophilized, dissolved in the
1 ml of RIA buffer (50 mM sodium phosphate (pH 7.4), con-
taining 80 mM NaCl, 25 mM EDTA, 0.05% NaNj3, 0.5% BSA
treated with N-ethylmaleimide, and 0.5% Triton X-100). An
aliquot (100 1) of the solution was submitted to each RIA,
which was performed by the procedures described previously
[12].
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2.6. Characterization of IR-CRSP-1 and IR-CRSP-1-Gly
in the porcine brain

The SP-III fraction of porcine brain extracts was
lyophilized, dissolved in 60% CH3CN containing 0.1% TFA
and was equally divided into four portions. Each portion
was separated by gel filtration HPLC (TSK-G2000 SWy ,
7.8 mm x 300 mm; Tosoh) eluting with 60% CH3CN con-
taining 0.1% TFA at a flow rate of 0.2 mI/min, and the effluent
was collected into the same tube set. One-fifth of each frac-
tion was lyophilized, dissolved in the RIA buffer, and aliquots
(100 1) were submitted for RIAs for CRSP-1 and CRSP-1-
Gly. The fractions containing IR-CRSP-1 or IR-CRSP-1-Gly
were pooled, divided into two equal portions, and lyophilized.
For the reverse phase HPLC, the half portion was dissolved
in 10% CH3CN containing 0.1% TFA and separated by a
C;3 column (Symmetry 300™ (g5 um, 4.6 mm x 250 mm;
Waters) using a linear gradient elution of CH3CN from 10 to
60% containing 0.1% TFA at a flow rate of 1 ml/min. For the
ion exchange HPLC, another half portion of the sample was
dissolved with 9 mM HCOONH4 (pH 6.5) containing 10%
CH3CN, and separated by CM ion exchange HPLC (TSK-
gel CM-2SW, 7.8 mm x 300 mm; Tosoh) eluting with a linear
gradient elution of HCOONH4 (pH 6.5) from 9mM to 0.9 M
containing 10% CH3CN at 2 ml/min. The whole fractions
were lyophilized, eliminated HCOONH4 by sublimation, dis-
solved in the RIA buffer (1 ml), and aliquots (100 pl) were
submitted to RIAs for CRSP-1 and CRSP-1-Gly.

3. Results

3.1. Isolation and sequence determination of
CRSP-1-Gly

Fig. 1A shows the absorbance and cAMP-producing activ-
ity of each fraction in the CM-52 cation exchange chro-
matography of the basic peptide fraction of about 3kDa
prepared from porcine brain extracts. At least six major peaks
of stimulatory activity in the cAMP production assay were
observed, and we previously purified peptides from peaks 1-3
and 6. Amino acid sequences of the peptides isolated from
peaks 1-3 were determined from the N-termini to more than
the 15th residues, which were identical with that of CGRP,
Based on the sequencing data along with the elution posi-
tions of synthetic CGRP and its methionine sufoxide form

in reverse phase HPLC, we deduced that three peaks elicit--

ing the cAMP-producing activity were a methionine sufoxide
form of CGRP, CGRP and an unidentified CGRP-derived
peptide, respectively. On the other hand, CRSP-1 was iso-
lated from peak 6 as shown in our preceding study [12]. The
biologically active fractions corresponding to peak 5 were
pooled, and first separated by CM ion exchange HPLC on
a TSK-gel CM-2SW column using a buffer of different pH,
and then purified by reverse phase HPLC on a Cqg column.
Final purification was performed by another reverse phase
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Fig. 1. Purification of CRSP-1-Gly from porcine brain extracts. (A) CM
ion exchange chromatography of the basic peptide fraction prepared from
porcine brain extracts. Sample: Basic peptides of molecular masses of 3 kDa
obtained by successive Sephadex G-50 and G-25 gel filtrations from SP-
III fraction of porcine brain extracts. Column, CM-52 (24 mm x 450 mm,
Whatman); fraction size, 20 ml/tube; flow rate, 35 ml/h. Solvent system:
linear gradient elution of HCOONH4 (pH 6.5) from 9mM to 0.45M in
10% CH;3CN (v/v). (B) Final purification of CRSP-1-Gly by reverse phase
HPLC. Sample: Biologically active fraction obtained by C,g reverse phase
HPLC. Column, diphenyl (2.1 mm x 150 mm, Vydac 219TP5215); flow
rate, 0.2 m/min. Solvent system: Linear gradient elution of CH3CN from 10
to 60% in 0.1% TFA (v/v) for 60 min. An aliquot of each fraction of (A) and
(B) was submitted to the bioassay of cAMP producing activity in LLC-PK;
cells.

HPLC on a diphenyl column, and the peptide was purified to
a homogenous state (Fig. 1B).

To determine the amino acid sequence, intact and tryptic
fragments of the purified peptide were subjected to the
N-terminal sequence analysis using a protein sequencer.
Contrary to our expectation, the amino acid sequences of
the intact peptide and tryptic fragments were completely
identical to those of CRSP-1, and the amino acid sequence
of the purified peptide was confirmed up to the 37th residue.
To determine the precise molecular mass, the purified
peptide was analyzed using an ESI mass spectrometer, and
its molecular mass was determined to be 4189.5 = 0.3 Da.
On the other hand, the molecular mass of CRSP-1 purified
from peak 6 was determined to be 4130.6 0.7 Da in the
preceding study as two methionines of CRSP-1 (intact
molecular mass 4098.9 Da) were oxidized to methionine
sulfoxides (plus 16.0 Da x 2). As the difference of molecular



