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The cardiac sarcolemma Na/Ca exchanger is a key
ystem for controlling the intracellular calcium levels
uring the excitation–contraction coupling. Here, we
est the hypothesis that the heart tissue contains a
utative endogenous factor having a capacity to mod-
late the Na/Ca exchanger and muscle contractility.
he concentrated cardiac extracts inhibit the Nai- or
ai-dependent 45Ca uptakes in isolated cardiac sarco-

emma vesicles as well as the Nao-dependent Ca efflux,
onitored by extravesicular Ca probe fluo-3. The in-
ibitory activity has been purified ;2000-fold by nor-
al and reversed-phase HPLC procedures. The inhib-

tory activity is eluted from the Sephadex G-10 in the
ange of 350–550 Da, suggesting that the inhibitory
actor is a low-molecular-weight substance. The mass
pectra analysis shows a number of signals within m/z
80–560; however, it is not clear at this moment
hether these recordings represent the mass of puta-

ive inhibitory factor or irrelevant impurities. The en-
ogenous inhibitory factor of Na/Ca exchange does not
esemble the properties (HPLC retention time, mass
pectra, amino acid analysis, etc.) of autoinhibitory
IP peptide. The addition of inhibitory factor to mus-
le strip of guinea pig ventricles induces 2- to 5-fold
nhancement of isometric contractions, thereby ex-
ibiting a strong positive inotropic effect. This effect

s a dose-dependent phenomenon, which can be re-
ersed by washing the inhibitory factor from the or-
an bath. Assuming a molecular weight of 350–550 Da,
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e <1026 M. Therefore, the present findings demon-
trate that the mammalian heart contains a low-
olecular-weight factor that can inhibit Na/Ca ex-

hange and enhance the cardiac contractility. © 2000
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The cardiac sarcolemma (cell membrane) Na/Ca ex-
hanger protein (NCX1) is a key system for regulating
he Ca-extrusion during the action potential (1, 2).
lthough it is widely accepted that the Na/Ca ex-
hanger is actively involved in excitation-contraction
oupling, the underlying regulatory mechanisms are
oorly understood. The cardiac Na/Ca exchanger
NCX1) contains an intrinsic inhibitory sequence of
0-amino acids (3), which represents the “calmodulin
inding” domain, originally found in the sarcolemma
a-ATPase (4). The synthetic analog (the XIP peptide)
f the autoinhibitory sequence inhibits Na/Ca ex-
hange (5). We found that molluscan “cardioexcitatory
FMRFa-type) peptides” (6) and their synthetic analogs
nhibit the mammalian Na/Ca exchange (7–9). Inter-
stingly, no small FMRFa-peptides have been found in
ammal (10). All these peptides inhibit Na/Ca ex-

hange from the cytosolic side and they can be success-
ully used in patch-clamp and vesicular preparations.
nfortunately, the usage of synthetic peptide inhibi-

ors is limited in physiological experiments because of
heir low permeability to the membrane.

Recent molecular studies clearly show that in animal
odels of hypertrophied heart and in failing human

earts, the RNA and protein levels of NCX1 increase,
hile the amount of the SR Ca-ATPase is reduced (11,
2). Although these mechanisms of cardiac remodeling
ay represent an adaptive response of the cell for

voiding the Ca overload in sarcoplasmic reticulum,
hese changes could be dangerous for the cell function.
or example, the increase of inward depolarizing cur-
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ong-lasting slow inward current, which may contrib-
te to the lengthening of the action potential and may
reate arrhythmogenic ion currents. It has been shown
hat the peptide blocker, FRCRCFa, inhibits the ar-
hythmogenic transient inward currents generated by
a/Ca exchange in ventricular myocytes from hyper-

rophied rat hearts (13).
If the overexpression of the Na/Ca exchanger is so

angerous one may propose that some intrinsic mech-
nisms might counterbalance this elevated exchanger
ctivity. One possibility is that the Na/Ca exchanger
an be down regulated by cytosolic factor(s) the iden-
ity of which is not known yet. With this in mind we
ested here the hypothesis that the cardiac ventricles
ontain an endogenous inhibitor that can modulate
a/Ca exchange and muscle contractility. We partially
urified a low molecular weight endogenous factor and
emonstrated its positive inotropic effect on muscle
trip. Although the molecular identity of endogenous
nhibitor is not known yet, it does not resemble the
roperties of any known inhibitor.

ATERIALS AND METHODS

Materials and general procedures. Deoxyribonuclease I (type
N-25, obtained from bovine pancreas), protease inhibitors (PMSF,
epstatin, leupeptin, aprotenin), histidine peptides (carnosine, an-
erine, carcinine), polyamines (putrescine, spermidine, spermine)
nd EGTA were purchased from Sigma (St. Louis, MO). Sephadex
-10, G25 and G-50 were from Pharmacia (Uppsala, Sweden). The
lass microfiber filters (GF/C Whatman) were from Tamar (Jerusa-
em, Israel). 45CaCl2 (10–30 mCi/mg) was purchased from DuPont
EN (Boston, MA). BAPTA and free calcium calibration kit were

rom Molecular Probes, Inc. (Eugene, OR). Fluo-3 was from Teflabs
Austin, TX). The scintillation cocktail Opti-Fluor for radioactivity
ounting was from Packard (Groningen, The Netherlands). The XIP
eptide was a generous gift of Dr. Philipson, K.D. (UCLA, School of
edicine). All other reagents used in this work were of analytical or

eagent (.99.9%) grade purity. The solutions were prepared with
eionized water (18 MOhm/cm).

Preparation of sarcolemma vesicles and Na/Ca exchange assays.
arge-scale preparations of cardiac sarcolemma vesicles were ob-
ained from fresh calf hearts in the presence of DNase and protease
nhibitors (7, 14) according to modified procedure of Jones (22). At
70°C the isolated sarcolemma vesicles retain their Na/Ca exchange
ctivity for 6 months at least. The Nai-dependent 45Ca-uptake
Na/Ca exchange) and Cai-dependent 45Ca-uptake (Ca/Ca exchange)
ctivities were measured by filtration of sarcolemma vesicles on the
F/C filters (23, 24). The reaction time of 45Ca uptake was controlled
y automatic injection of quenching solution containing the EGTA
uffer (7, 14–17). The standard medium (0.5 ml) for Na/Ca exchange
r Ca/Ca exchange assay contained 20 mM Mops/Tris, pH 7.4, 0.25 M
ucrose, 35–40 mM 45CaCl2 (105–106 cpm/nmol) and 100–150 mg
rotein of sarcolemma vesicles. Blanks were measured with 160 mM
aCl in the assay medium and subtracted from the total 45Ca signal

23). Ethanol-free aliquots of heart extracts or purified fractions were
yophilized, dissolved in water and corrected for pH if necessary by
oncentrated Tris buffer. At all stages of purification procedures the
oncentrated fractions can be stored at 270°C without any detect-
ble loss of inhibitory activity at lest for 4–5 months. The samples
10–20 ml) of concentrated fractions were added to the assay medium
bout 2030 min prior the experiment. The 45Ca-uptake assay was
139
he assay medium at 37°C.
The reverse mode of Na/Ca exchange (Nao-dependent Ca efflux)
as monitored at 37°C in the SFM-3 stopped-flow machine (Bio-
ogic, Grenoble, France) by using the extravesicular Ca probe, fluo-3

12,18). In stopped-flow experiments, 50 ml of Ca-loaded vesicles,
reequilibrated with the MTS buffer (20 mM Mops/Tris, pH 7.4, and
.25 M sucrose) were mixed with 50 ml buffer containing 6 mM fluo-3,
0 mM Mops/Tris, pH 7.4, 320 mM NaCl and 0.6 mM BAPTA.
onspecific signals were recorded and subtracted as described pre-
iously (12). The stopped-flow signals were monitored with TC-
00/15 cuvette (40 ml volume with 10 mm light path) by fixing a high
oltage power supplier at 700–750 V. Fluo-3 was excited at a lex of
75 and fluorescence emission was monitored at a lem of .495 nm
GG-495 long path filter). The SFM-3 stopped-flow system is
quipped with three syringe/two mixer device, MOS-200 optical sys-
em (mercury–xenon lamp, monochromator with fiber optics and
igh-voltage supplier) and Hamamatsu R-376 photomultiplier. The
topped-flow conditions (mixing volume, flow rate, etc.) were con-
rolled by the MPF program and the recorded traces were averaged
nd analyzed with the BioKin 0.14 program, equipped with the
ade-Laplace and Simplex modules (BioLogic, Grenoble, France).

Extraction of endogenous inhibitory activity of Na/Ca exchange
rom calf ventricles. Fresh calf hearts (1.9 kg), obtained from the
losest slaughterhouse, were freed from fat and sliced in small
ieces. The frozen tissue was immediately lyophilized. 390 g of dry
aterial was passed through the meat grinder yielding a fine pow-

er. 5 liters of chloroform was added to the powder and then stirred
or 15 min at room temperature. This mixture was filtered through
he gauze and the filtrate was discarded. The remained pellet was
issolved in 2 liters absolute ethanol and stirred at room tempera-
ure for 15 min. The washed pellet was resuspended in 95% ethanol
3l) and homogenized (10 3 30 s) in Polytron PT-3000 (Kinematica
G/Polytron, Lucerne, Switzerland). The homogenized mixture was
tirred at room temperature for 1 h and then centrifuged at 12,000g
or 15 min (GS3 rotor of Sorvall RB5C centrifuge). The pellet was
xtracted with 95% ethanol once again (as described above) and
ollected supernatants were evaporated in the hood to remove etha-
ol. Finally, 500 ml solution was lyophilized to give a final volume of
5–40 ml and all insoluble materials were removed by centrifugation
t 50,000g for 30 min (SS34 rotor of Sorvall RB5C) following a
ltration through the 0.2-mm filter FP30/0.2CA-S (Schleicher &
chuell GmbH, Dassel, Germany). This preparation was used for

urther purification (see below).

Purification procedures of inhibitory factor. Lyophilized fractions
f cardiac ethanol/water extract were dissolved in minimal volume of
ater and applied on the Sephadex G-10 column (5.5 3 70 cm),
reequilibrated with water. The fractions (10 ml) were collected at a
ow rate of 2 ml/min by using a Pharmacia GradiFrac chromatogra-
hy system, equipped with fraction collector, UV-1 optical unit, elec-
rically controlled mixer–injection valves and recorder REC-102. The
ollected fractions were lyophilized, dissolved in minimal volume of
ater, and analyzed for peptide content (fluorescamine test) and

nhibition of Na/Ca exchange. The HPLC separations were per-
ormed by computerized (Millennium software) Waters system,
quipped with two M616A pumps, an automatic sample injector
Rheodyne 7725i) and Waters-996 diode array spectrophotometer
hich can picture the spectra (190–700 nm) of each fraction. The
-ml injection loop was used in all preparative HPLC runs, while 20-,
0-, or 200-ml injection loops were used for analytical columns. Par-
ially purified material was applied on reverse-phase YMC-Pack C30
YMC Co., Ltd., Japan) preparative column (20 3 250 mm, 16 mm
article size). The column was washed with water for 30–40 min and
hen a linear 0–100% acetonitrile gradient applied for 10–20 min.
ractions were collected at a flow rate of 5 ml/min. The fractions
ontaining highest inhibitory activity were collected and loaded on
ation-exchange Dowex 50W 32 column (3.5 3 40 cm) preequili-
rated with 0.1% TFA. A pH gradient was generated with HiLoad
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ith 10 mM pyridine (pH 7.8). The fractions were lyophilized and
nalyzed as described above. Active fractions were lyophilized, dis-
olved in water and analyzed for peptide content and inhibitory
ctivity. The lyophilized material was dissolved in 75% acetonitrile
or acetonitrile) and then loaded on the preparative column (21.5 3
00 mm, 5 mm particle size) of normal phase TSK-gel Amide-80
TosoHaas, Ltd., Japan), preequilibrated with 75% acetonitrile. The
nhibitory activity was eluted at a flow rate of 5 ml/min by decreasing
he acetonitrile concentrations from 75 to 35%. The active fractions
ere lyophilized, dissolved in 50–63% isopropanol. This solution was
pplied on the same TSK-gel Amide-80 column and the inhibitory
ctivity was eluted under isocratic conditions either with 50 or 75%
sopropanol. Retention time of purified preparations of endogenous
nhibitory factor were examined on the analytical reversed phase
olumn, mBondapak Waters (4.6 3 250 um, 5 mm particle size). The
olumn was flashed with water at a flow rate of 0.3 ml/min for 10-20
in and then a linear gradient of acetonitrile (0-100%) was applied

or 20–30 min. Collected fractions were analyzed for peptide content
20) and inhibitory activity. Lyophilized fractions were dissolved in
ater and stored at 270°C until use.

Effect of endogenous inhibitory factor on cardiac strip contractility.
he guinea pig right ventricles were placed in Krebs–Henseleit so-

ution equilibrated with O2/CO2 (95%/5%). Before every experiment
he tension of the muscle strip was adjusted to 0.6 g and left for 30
in to equilibrate. To measure contractile force isometrically, about

-mm-length strips were placed between two platinum-wire elec-
rodes (2 mm apart) embedded in a Lucite holder, and attached to a
orce transducer (Grass FT03C) by surgical thread (25). The strip
as immersed in a 10 ml capacity organ bath connected to an
xternal reservoir with Krebs–Henseleit solution. The temperature
37°C) in the organ bath and reservoir was controlled by thermostat
llowing several consecutive washes of muscle strip at constant
emperature. The organ bath and reservoir were continuously gassed
ith a mixture of O2/CO2 (95%/5%). The muscle strip was stimulated
t 0.5 Hz, 10 V (10 ms pulse duration) providing the optimal condi-
ions for supramaximal stimulation. For testing the inhibitor in-
uced effects on muscle contractility, 10- to 100-ml aliquots of puri-
ed preparations were added to the organ bath to give 103- to 104-fold
ilutions of initial stock solutions.

Mass spectra, NMR and amino acid analysis. 1H NMR spectra
ere recorded on 500 MHz AMX-Bruker NMR machine (responsible
erson Dr. Shiner, H.) by using D2O as a solvent. Mass spectra
nalysis was performed on VG Autospec M250 machine (Fisons
nstruments), equipped with digital data system (responsible person
r. Kugicaro, M., Bar-Ilan University). Mass spectra signals were
btained by using either the positive or negative modes of fast atomic
ombardment (FAB) method (26). Amino acid analysis were done by
sing the amino acid analyzer LC 5000 Biotronic (customer services
ere provided by Aminolab Ltd., Weizmann Science Park, responsi-
le person Dr. Harduf, Z.).

n the GF/C filters (see Materials and Methods). The reverse mode of
a/Ca exchange (Nao-dependent Ca efflux) was continuously de-

ected by monitoring the fluorescence changes of extravesicular
uo-3 in the stopped-flow machine (C). Equal volumes (50 ml) of
a-loaded vesicles (syringe A) were mixed with NaCl/BAPTA/fluo-3
uffer (syringe B) to give final concentrations of 160 mM NaCl.
topped-flow signals of Nao-dependent Ca efflux were recorded in the
bsence (trace a) or presence (traces b, c, and d) of endogenous
nhibitory factor. Each injection (50 ml) from syringe B included 2 ml
trace b), 5 ml (trace c), or 10 ml (trace d) of concentrated calf heart
xtracts. Each trace represents an average of at least 5–7 mixings.
FIG. 1. Effect of cardiac extract on the time course of Na/Ca and
a/Ca exchange in sarcolemma vesicles. The ethanol/water extracts
f calf ventricles were lyophilized and dissolved in water to give
bout 100- to 300-fold concentration compared to the initial extract
see Materials and Methods). The concentrated cardiac extracts were
ested for their capacity to inhibit the forward mode of Na/Ca ex-
hange (A) and its partial reaction the Ca/Ca exchange (B) as well as
he reverse mode of Na/Ca exchange (C). The forward mode of Nai-
ependent 45Ca uptake (A) and Cai-dependent 45Ca uptake (B) were
easured in the absence (‚, E) or presence (Œ, F) of cardiac tissue

xtracts in the assay medium. Before the experiment 10-ml aliquots
1–2 mg peptide) of concentrated tissue extracts were diluted (50-
old) in the standard assay medium (see Materials and Methods).
he Nai-dependent 45Ca-uptake or Cai-dependent 45Ca-uptake reac-

ions were initiated by rapid dilution of Na-loaded (160 mM) or
a-loaded (0.25 mM) sarcolemma vesicles in the assay medium. At

ndicated times the 45Ca-uptake reaction was arrested by rapid in-
ection of EGTA-containing buffer in the assay medium and the
ntravesicular 45Ca was measured by filtration of quenched solutions
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Cardiac extracts, added to the assay medium, inhibit
a/Ca exchange. Lyophilized samples of ethanol/
ater extracts were dissolved in water and then tested

or their effects on Na/Ca and Ca/Ca exchange reac-
ions by using the preparation of isolated sarcolemma
esicles (for details see Materials and Methods). The
xtracts were added to the assay medium prior the
xperiment and the Nai or Cai-dependent 45Ca-uptake
eactions were initiated by diluting the Na- or Ca-
oaded vesicles in the assay medium. At various times
t 5 5–180 s) the 45Ca-uptake reactions were arrested
y automatic injection of EGTA containing buffer. As
an be seen from Fig. 1, the cardiac extracts inhibit the
orward mode of Na/Ca exchange (Fig. 1A) as well as its
artial reaction the Ca/Ca exchange (Fig. 1B). In par-
llel set of experiments, the reverse mode of Na/Ca
xchange (Nao-dependent Ca efflux) was continuously
onitored in the stopped-flow machine by detecting

he fluorescence changes of extravesicular Ca-probe
uo-3 (see Materials and Methods). In this experi-
ents the reaction of Nao-dependent Ca efflux was

nitiated by mixing the Ca-loaded vesicles (syringe A)
ith NaCl/BAPTA buffer (syringe B) containing in-

reasing amounts of extract (traces b, c, and d, Fig. 1C).
n control experiments, the cardiac extract was absent
n the syringe B (trace a, Fig. 1C). Increasing amounts
f crude cardiac extracts inhibit the reverse mode of
a/Ca exchange in a dose-dependent manner (Fig. 1C).
hese data suggest that the interaction of putative

nhibitory factor to its binding site may represent a
econd-order reaction that may occur within millisec-
nds.
It is known for a long time that mammalian cardiac

issue contains large quantities of histidine dipeptides
nd polyamines (28,29). In light of present findings
ome of these compounds were tested on Na/Ca ex-
hange as related to the endogenous inhibitor in ques-
ion. These tests show that millimolar concentrations

ater (A). The lyophilized active fractions were dissolved in water
20 ml) and 5-ml portions were applied on the reversed phase YMC-
ack C30 column (20 3 250 mm) in four independent runs. After
pplication of material the column was washed with water (40 min)
nd then a linear gradient of acetonitrile (0–100%) was applied for
0 min (B). The fractions containing highest inhibitory activity were
ollected, concentrated to 15 ml and loaded on Dowex 50W 32
olumn (3.5 3 40 cm). The pH gradient was generated by mixing
.1% TFA (pH 2.5) with 10 mM pyridine (pH 7.8) and lyophilized
ractions were analyzed for peptide content (fluorescamine assay)
nd for Na/Ca exchange inhibition (C). Lyophilized active fractions
ere dissolved in 75% isopropanol and subjected to normal phase

hromatography on the TSK-gel Amide-80 column (21.5 3 300 mm).
he inhibitory activity was eluted under isocratic conditions with
5% isopropanol (D). Isocratic rechromatography of active fractions
as performed on the same column with 50% isopropanol (E). Fi-
ally, the lyophilized active fractions were resuspended in water and
tored at 270°C until use.
FIG. 2. Chromatographic profiles of Na/Ca exchange inhibition
y endogenous factor. Cardiac extracts were successively purified on
he Sephadex G-10 (A), YMC-Pack C30 (B), Dowex 50W 32 (C), and
SK-gel Amide-80 (D and E) columns and the effluents were tested

or Na/Ca inhibition and peptide content. In all chromatograms the
ashed bars indicate the inhibitory activity of Na/Ca exchange (see
aterials and Methods). 30 ml of concentrated cardiac extract was

oaded on the Sephadex G-10 column (5.5 3 70 cm) and eluted by
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f examined histidine peptides (carnosine, anserine,
arcinine) and polyamines (putrescine, spermidine,
permine) do not have any significant effect on Na/Ca
xchange activity (not shown). Therefore, the tested
ipeptides and polyamines cannot be related to cur-
ently found endogenous inhibitor of Na/Ca exchange.

Partial purification of endogenous inhibitory factor of
a/Ca exchange. The inhibitory activity of crude car-
iac extracts has been purified by 5–6 successive pu-
ification steps including the gel filtration, cation-
xchange chromatography, reversed phase HPLC and
ormal phase HPLC (Figs. 2A–2E). From the Seph-
dex G-10 column the inhibitory activity is eluted in
he range of 350–550 Da, suggesting that the endoge-
ous inhibitory factor of Na/Ca exchange might be a
mall molecule (Fig. 2A). Similar results were obtained
y using the Sephadex G-25 and G-50 columns (not
hown). From the reversed phase HPLC column (YMC-
ack C30) the inhibitory activity is eluted by water

Fig. 2B), indicating that the putative inhibitory factor
s highly soluble in water. Two fluorescamine sensitive
icks are eluded from the Dowex 50W 32 column by
H gradient, while only the first one contains the in-
ibitory activity (Fig. 2C). The elution of the active pick
t pH 2.5 is typical for small neutral or acidic peptide
ut not for cationic one. The inhibitory activity is re-
ained on the normal phase TSK-gel Amide-80 column
nd can be eluted by 30–50% organic solvents like
cetonitrile, ethanol or isopropanol (not shown). Iso-
ratic chromatography (Fig. 2D) and rechromatogra-
hy (Fig. 2E) on the TSK-gel Amide-80 column results
n a sufficient separation of the inhibitory activity. The
luted inhibitory activity overlays with peptide content
rofile (detected by fluorescamine), suggesting that the
nhibitory factor may be a peptide in nature.

For estimating the yield and specific activity of
a/Ca inhibition at various steps of purification, we
efined an arbitrary unit for inhibition (under stan-
ard assay conditions one inhibitory unit inhibits the

Total and Specific Activities of Endogenous In

Fraction
Total peptide content

(mg)

thanol extract 2,300
hephadex G-10 73
30 51
owex 50W 3 2 40
SK Amide-80 75% acetonitrile 2
SK Amide-80 50% acetonitrile 0.34

Note. The inhibitory activity was extracted from the calf cardiac tis
nd Methods). The Nai-dependent 45Ca uptake was measured in vitr
ee Materials and Methods). Standard conditions for Nai-dependen
eptide content was determined by fluorescamine assay, while for qu
xternal probe. By definition, one inhibitory unit inhibits 1% of Nai-
142
ai-dependent 45Ca-uptake by 1%). Table 1 shows that
he specific inhibitory activity (number of inhibitory
nits/mg peptide) is about 1600 times higher in puri-
ed preparations compared to crude extracts. The in-
rease of specific inhibitory activity correlates with
760-fold decrease in total peptide content (Table 1).
oreover, the preparation of purified inhibitory factor

hows high yield (20–25% of initial units), meaning
hat there is no significant loss or irreversible inacti-
ation of the inhibitor during the purification.

HPLC retention time, mass-spectra and amino acid
nalysis. The inhibitory factor retains its inhibitory
ctivity when exposed (for 10–15 min) to acidic (pH
–3) or boiling conditions (not shown). The FAB mass
pectra analysis of purified preparations shows a num-
er of m/z signals in the range of m/z 380–560 (Fig.

itory Factor at Various Stages of Purification

al inhibitory units
nhibitory units)

Specific inhibitory activity
(inhibitory units/mg peptide)

Yield
(%)

170,000 74 100
150,000 2,055 88
80,000 1,570 47
66,000 1,650 39
40,000 20,000 24
40,000 118,000 24

and purified as described in the legend to Fig. 2 (see also Materials
y using the preparation of isolated sarcolemma vesicles (for details
Ca uptake assay are described under Materials and Methods. The
itative calibration of fluorescence signals the glycine was used as an
endent 45Ca uptake.

TABLE 2

Amino Acid Analysis of Endogenous Inhibitory Factor
of Na/Ca Exchange

Amino acid
Fractional content

by weight (%)
Molar content

(nmol)

Aspartic 14.29 0.76
Threonine 1.51 0.09
Serine 3.41 0.23
Glutamic 45.09 2.17
Glycine 22.06 2.08
Alanine 2.89 0.23
Isoleucine 2.59 0.14
Leucine 2.78 0.15
Histidine 3.51 0.16
Lysine 1.86 0.09

Note. The preparation of endogenous inhibitory factor of Na/Ca
xchange was obtained as described in the legend to Fig. 2. The
amples were hydrolyzed by acidic treatment and then subjected to
mino acid analysis according to the established procedures (see
aterials and Methods). The samples were injected in the cation-

xchange column of LC 5000 Biotronic amino acid analyzer and the
mino acids were eluted by pH/salt gradient.
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B). It is not clear at this moment whether these data
tand for structural properties of the inhibitory factor
r they exemplify structural entities of irrelevant sub-
tances. A precaution has to be taken that the present
reparations of inhibitory factor do not seem represent
homogeneous fraction. For example, 1H NMR analy-

is shows that the purified preparations contain detect-
ble amounts of unidentified mono and/or disacchar-
des (not shown), so their contribution to inhibitory

FIG. 3. HPLC-retention time and mass-spectral analysis of purifi
nhibitory activity of Na/Ca exchange was purified as described in Fi
nd mass-spectra profile (B) was determined. The purified preparat
nalytical mBondapak Waters column (4.6 3 250 mm) in two indepen
in and then a linear gradient of acetonitrile (0–100%) was applied
uorescamine (E) and for inhibition of Na/Ca exchange activity (da
amples of endogenous inhibitory factor were dissolved in a glycerol
as utilized for recording the mass spectra (B).
143
ctivity cannot be excluded at this moment. Unfortu-
ately, even most advanced HPLC techniques (30–32)
annot guarantee at this moment a complete separa-
ion of water-soluble (low molecular weight) peptides
rom simple sugars. A combination of chemical modifi-
ation and mass-spectral analysis is perhaps required
o overcome this problem.

In light of present findings one may suggest that
ndogenous proteolytic enzymes may cleave the auto-

reparations of endogenous inhibitory factor of Na/Ca exchange. The
(see also Materials and Methods) and the HPLC-retention time (A)

of Na/Ca exchange inhibitor or the XIP peptide were loaded on the
nt runs. In both cases the column was flashed with water for 10–20
20 min (A). Collected fractions were analyzed for peptide content by
ed bars). The arrow indicates the elution position of XIP. Purified
trix solution and positive mode of FAB1 (fast atomic bombardment)
ed p
g. 2
ion
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nhibitory XIP domain of NCX1 yielding a soluble in-
ibitory peptide (MW 2557 Da) or its derivative. There-
ore, one should examine a possible relation of found
ndogenous inhibitor with the XIP peptide. First, the
ndogenous inhibitory activity is eluted by water from
he analytical C18 column showing a retention time of
.3 min, while the XIP peptide is eluted with 38–40%
cetonitrile from the same column (Fig. 3A). Second,
he computer simulated FAB profiles (26, 27) of XIP
and its possible derivatives) do not fit at all with the
bserved FAB signals of endogenous inhibitor (Fig.
B). Finally, the amino acid analysis shows an enrich-
ent of purified preparations with Asp, Glu and Gly

Table 2), but not with Lys, Val, Arg and Tyr as one
ight expect for the XIP sequence. Therefore, at this

tage of available analysis the endogenous inhibitor

FIG. 4. Positive inotropic effect induced by addition of endogen
solated strip of guinea pig right ventricle was placed in temperat

easured by electric excitation (0.5 Hz) of muscle strip (for details see
ndogenous inhibitory factor (see Fig. 2) was directly diluted 103- to 1
n the organ bath (10 ml). By definition, one inhibitory unit inhibits
nder standard assay conditions (see Materials and Methods). The
shown by arrows) by rapid injection of fresh ringer solution at cons
144
oes not resemble the physicochemical properties of
he XIP peptide. Moreover, the properties of endoge-
ous inhibitor also differ from the molluscan FMRFa-
ype peptides (and their synthetic analogs) because the
ormer peptides contain more then one positively
harged amino acid plus aromatic residue (6–8). The
ndogenous inhibitor of Na/Ca exchange seems to be a
ery hydrophilic molecule, so it cannot resemble the
roperties of ‘steroid-type’ endogenous inhibitors of
a/K ATPase either.

Endogenous inhibitory factor can enhance the con-
ractility of ventricle muscle strip. The effects of puri-
ed preparations of endogenous inhibitor were tested
n isometric contractions by using the isolated muscle
trips obtained from guinea pig right ventricles. This

inhibitory factor of Na/Ca exchange to cardiac muscle strip. The
-controlled organ bath (37°C). The isometric contractile force was
terials and Methods). At indicated times, the preparation of purified
old in the organ bath to give 19 (A), 95 (B) or 380 (C) inhibitory units
of Nai-dependent 45Ca uptake in sarcolemma vesicles, determined
ibitory factor was washed from the organ bath at indicated times
t temperature.
ous
ure
Ma

04-f
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inh
tan



preparation is very useful for testing the physiological
e
p
t
m
e
(
p
d
1
T
2
2
w
3
r
s
p
s
f
l
s
t
i
f
c
(
i
p
i
e
p

c
w
N
p
t
p
M
N
l

R

both with calmodulin and with another part of the pump. J. Biol.

1

1

1

1

1

1

1

1

1

1

2

2

Vol. 277, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ffects, because the added substances can rather easily
enetrate through the tissue via gap junctions. In
hese experiments the ventricle muscle strip (im-
ersed with ringer solution in the organ path) was

xcited with short electric pulses at constant frequency
for details see Materials and Methods). The purified
reparations (2 inhibitory units/ml) of inhibitor were
iluted (50- to 1000-fold) in the ringer solution to give
9–380 total inhibitory units in the organ bath (Fig. 4).
he addition of 19 units to muscle strip results in about
-fold enhancement of contraction amplitude within
-3 min (Fig. 4A). Moreover, the muscle contractility
as increased 3-fold and 5-fold when 95 (Fig. 4B) and
80 (Fig. 4C) units were added to the organ bath,
espectively. After the addition of inhibitor to muscle
trip it takes about 2–3 min to rich maximal levels of
ositive inotropic effect (Fig. 4), suggesting that the
ubstance might overcome some diffusion barrier be-
ore it exposes to the interacting site. Assuming a mo-
ecular weight of 350–550 Da, one may calculate that
ubmicromolar (or even lower) concentrations of puta-
ive inhibitor might be effective for generating the pos-
tive inotropic effect. By washing the inhibitory factor
rom the ringer medium the positive inotropic effects
an be expunged to basal levels within few minutes
Fig. 4). Therefore, the present data suggest that the
nhibitor induced positive inotropic effect is a dose de-
endent phenomenon that can be reversed in time. The
nhibitor-induced effects were highly reproducible in
xperiments with seven guinea pigs and three different
reparations of purified inhibitor.
In summary, this work shows for the first time that

ardiac ventricle extracts contain a low molecular
eight factor, which has a capacity to inhibit the
a/Ca exchange activity. The preparation of partially
urified endogenous inhibitor is also able to enhance
he cardiac contractility, thereby exhibiting a strong
ositive inotropic effect on mammalian cardiac tissue.
olecular identification of this endogenous inhibitor of
a/Ca exchange is currently under investigation in our

aboratory.
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