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The liver plays an important role in the cl by diated endocyiosis, of ci g glycop It has
been demonstrated that tissue kallikreins, which are aud glycoproteins, circulate in plasma, where they are poorly
inhibited by plasma proteins. We have shown that the liver is the main organ that clears fissue kailikreins from the
circulation. We now report the identification of i in this cl Using a p rat-liver system,
and as models, pig pancreatic (PPK) and horse urinary (HoUK) kallikreins, we have found that: (a) the binding of PPK
to the perfused liver was inhibited by 50 mM methyl a-D-mannoside and 20 pM mannan, was partially inhibited by 50
mM and was ff d by 1.5 M asialof (b) binding of HoUK to the perfused liver was inhibited by
1.5 pM asialofetuin, 50 mM galactose and 50 mM lactose and was unaffected by 50 mM mannose; (c) the clearance
rate of both kailikreins followed the equation y = a+x% (d) their binding was Ca’*-dependent and their clearance was
inhibited by 3 mM quine and 10 mM methylamine. Using isolated liver cells and tritiated HoUX, we calculated
that 500000 receptors / cell were present and the Scatchard plot showed that there wcie two apparent affinity constants:
0.24+10° 1 /M )(high-affinity) and 0.3 - 10® 1/M (low-affinity). These results show that PPK is recognized by a liver
mannose receptor and HoUK by the galactose receptor. The liver uptake of native and circulating tissue kallikreins thus

emerges as 2 mechanism by which their levels in plasma are regulated.

Introduction

Tissue kallikreins are glycoproteins which act as
serine proteinases and exhibit a strict specificity in their
proteolytic actions [1,2). They are characterized by their
abllny to release vasoactive pepudes (kxmns) from

These are d in the regu
lation of blood flow and in water and electrolyte bal-
ance [3]. Although the tissue kallikreins, by definition,
hydrolyse kininogens of plasma to yield kinins, it has
become clear that their physiologically significant pro-
teolytic action is unrelated to or independent of this
property [4]. They are found in the tissue and secretions
of exocrine glands, as well as in kidney and urine.
Tissue kallikreins, at least in humans, are identical in

their protein part; kallikreins from different tissues are
assumed to vary in their carbohydrate moieties. Their
presence in plasma has already been demonstrated and
a physiological role in the contre! of blood circulation
has been suggested [5]. Although tissue kallikreins are
found in blood plasma, they are innefficiently inhibited
by plasmatic inhibitors [6]. Borges et al. [7.8] have
shown that, in vivo, the liver is the main organ to clear
tissue kallikreins from circulation and that native HoUK
as well as native PPK are cleared by perfused rat liver.
These two tissue kallikreins, which have similar amino-
acid composition and catalytic properties, show dif-
ferences in their carbohydrate content [9,10]. Using
these two enzymes as models, we now report the identi-
fication of receptors involved in the fiver clearance of
circulating tissue kallikreins.

ials and Method:

Abbreviations: HoUK, horse urinary PPK, pig
kallikrein; BSA, bovine serum albumin; EGTA, ethylene glycol-
bis(B-aminoethyl ether)-N,N,N’, N -tetraacetic acid; SDS. sodium
dodecylsulphate; pNA, p-nitroanilide.

Correspondence: D.R. Borges, Caixa Postal 20 239, 04034 S3o Paulo,
Brazil.

Materials

The following materials were obtained from commer-
cial sources: BSA (fraction V), fetuin, neuraminidase,
a-L(—)- and a-D{+)-fucose, D(+)- and L-galactose, a-
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D(+)- and B-D(+)-glucose, n(+)-mannose mehblose
mannan, N-acetylgal N-acety]

methyl ide, lactose and methyl. hydro-
chloride (Sigma Chemical Co.); glutaraldehyde (Merck);
HD-Val-Leu-Arg-pNA (8-2266) (Kabivitrium, Sweden).
Acetyl-Phe-Arg-pNA was synthesized and purified by
Dr. L. Juliano Neto, Department of Biophysics, Escola
Paulista de Medicina, Sao Paulo, Brazil and chloroquine
was from Fundacdo do Remedio Popular, Sio Paulo,
Brazil. Asialofetuin was obtained, from fetuin, as de-
scribed in Ref. 11. PPK (1168 kU/mg protein) was
obtained from Bayer Werb Elberfeld (lot SMU 2564 II)
and contained a mixture of the two forms (A and B) of
the B enzyme. The forms A and B contain 5.6 and
11.5% sugar posed of (residi 'mol): gal .75
and 1.5), N-acetylplucosamine (3.8 and 9.3), mannose
(3.2 and 5.6) and fucose (0.51 and 1.1), respectively.
HoUK was purified as described in Ref. 12 and con-
tains 15. 9% sugar composed of (residues/mol): galac-
tose (5.2), 1 ine (10.3), (4.1),
fucose (1. 2), N-acetylglucosamme (36) and N-
acetylneuraminic acid (2.0). In the liver perfusion ex-
periments, a preparation of HoUK with a specific activ-
ity of 1.4 U Ac-Phe-Arg-pNA /mg protein was used; a
homogeneous preparation (SDS/PAGE with reduction
at pH 8.7 and pH 4.8) with a specific activity of 3.7 U
Ac-Phe-Arg-pNA /mg protein was tritiated [7]. The
specific radioactivity was 0.7 mCi/mg protein and this
[*H]HoUK was used in the binding assay with isolated
cells. The SDS-PAGE and autoradiography of
[*HJHoUK showed a single band; preliminary experi-
ments showed that labelled and unlabelled HoUK were
similarly cleared by perfused rat liver.

Liver perfusion in situ
The rat liver was perfused at 18°C as previously

Amidolytic assay

The amidolytic activity of perfusates were assayed by
incubating aliquots (50-100 gl) at 37°C in a final vol
of 0.2 ml of 0.05 M Tris-HCi (pH 9.0)/1.0 mM EDTA
[14]. Two chromogenic substrates were used: HD-Val-
Leu-Arg-pNA (0.35 mM) for PPK assays and Ac-Phe-
Arg-pNA (0.35 mM) for HoUK. The reactions were
stopped by adding 0.8 ml! 15% acetic acid and the
products were measured at 405 nm. 1 U corresponded
to the release of 1 pmol of p-nitroaniline per min.

Isolated hepatic cells

Prefixed hepatic cells (about 35% hepatocytes) were
obtained after perfusion of the exsanguinated rat liver
with 0.7% (v/v) glutaraldehyde as described in Ref. 15.

Binding assay
Prefixed and isolated cells (0.5-10° cells) were
at room for 60 min in a final vol
of 0.5 ml Krebs-Henseleit bicarbonate (pH 7.4) contain-
ing 1 mg/ml BSA with [*HJHoUK (96 ng, 3 pmol),
aftes a pre-incubation period of 30 min in the presence
of inhibitors. The tubes were then centrifuged at 10000
X g for 3 min, the supernatants were discarded and the
cells washed once with 0.5 ml of Krebs-Henseleit bi-
carbonate/BSA. The supernatants were discarded and
the cells transferred to scintillation fluid and the
[*HJHoUK bound to hepatic receptors was determined
im a LS-100 Beckman scintillation counter. Nonspecific
binding of [*HJHoUK was obtained by using a Krebs-
Henseleit bicarbonate solution prepared without Ca2*
and containing 1.0 mM EDTA.

Results

Liver perfusion

1

described in Ref. 13 with a flow rate of 28-30 ml/m.m
and a consequent perfusion pressure of 12-16 cm of
water. Following exsanguination with 200 ml of Krebs-
Henseleit bicarbonate solution (pH 7.4) the livers of
280-330 g Wistar albino rats were perfused with 30 ml
of recirculating Krebs’ solution containing 1 mg/ml
BSA. After 2 min of recirculation, the peristaltic pump
was turned off and the desired kallikrein added to the
perfusion medium in its reservoir; after 1 min of homo-
gexuzauon and collection of aliquot ‘0 the perfusion
was 1. Some sut d pro-

of both tissue kallikreins occurred in
two phases: a rapid uptake was followed by a slow one
(Fig. 1). To better characterize this behaviour, we
analysed the clearance rate data by four equations:
linear, logarithmic, exponential and potential. The best

p fitting of experi 1 data was given by the
potential equation y=a-x" (Table I). The uptake of
both tissue kallikreins employed was inhibited by the
addition of EDTA, chloroquine and methylamine to the
perfusion medium but unaffected by the inclusion of
excess of fetuin. The uptake of HoUK was almost

teins) were added to or omitted from the perfusion
medium prior to the addition of the desired kallikrein.
Aliquots of the perfusate were then collected (between 2
and 80 min); after centrifugaiion, the amidolytic activ-
ity was determined and the clearance of the ligand
calculated. When EDTA was added to the perfusion
medium, a ‘Krebs-Henseleit bicarbonate’ solution pre-
pared without Ca®* was used.

letely inhibited by ey 1 and
laclose The uptake of PPK was not affected by asialo-
fetuin and was only weakly inhibited by galactose; this
uptake was, however, inhibited by mannose, by methyt
a-p-mannoside and by mannan (Table II).

Isolated cells
The binding of tritiated HoUK to prefixed and iso-
lated hepatocytes was inhibited (two experiments) by



TABLE 1

Experimental and calculated (by the equation y = a-x") clearance rates
of HoUK and PPK by perfused rat liver

The initial concentrations of the enzymes in the perfusion medium
were 236 nM (HoUK) and 38.5 nM (PPK). The coefficients of
determination, r2, for the potential equation y =a-x” were 0.999
and 0.997 for HoUK and PPK, respectively. The number of experi-
ments were five for HOUK and four for PPK.

Perfusion Clearance rate (pmol /min per g liver)

n HoUK PPK
(min) -
(mean+S.E) (mean +S.E.)

2 - - 8.3(+06) 81
10 28.7(£06) 285 26(+02) 28
20 181(+05) 181 18(x0) 18
40 112(x06) 114 1.2(£0.02) L1
80 74(£03) 74 0.7(£002) 07
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Fig. 1. Tissue kallikreins clearance by perfused rat liver. HoUK (o)
and PPK (9) were perfused by rat liver at 18°C with an initial
concentration of 236 nM and 38.5 nM, respectively. Aliquots of the
perfusate were taken at determined times (between 0 and 80 min) and

excess of u,labelled HoUK as well as by 1 mM EDTA.
In the pres.nce of uniabelled HoUK, the nonspecific
binding of tritiated HoUK was 16%. The binding char-
acteristics of tritiated HoUK to liver cells are shown in
Table 11I: D-galactose, a-D(+)-fucose and melibiose
were the most effective inhibitors tested. N-Acetylga-
! and asialof also inhibi binding,
whereas a-L(—)-fucose and L-galactose partially in-
hibited the binding of [?’HJHoUK to the isolated hepatic
cells. From the other carbohydrates tested, N-
acetylglucosamine, mannose, methyl a-D-mannnside,
a-p(+)- and B-D{+)-glucose, ail used at 0.1 M, in-

TABLE Il

their amidolytic activity assayed. Each point represents the mean of at
least three experiments and the bar its standard error.

hibited less than 15%
the hepatic ceils.

of the binding of [*HJHoUK to

Kinetics of binding

The maximum amount of binding of [*H]HoUK was
achieved with approx. 13.3 ng (0.42 pmol) (Fig. 2A).
The Scatchard plot (Fig. 2B) of these data was best
interpreted as curvilinear (correlation coefficient of
0.996), suggesting the presence of at least two classes of
binding site with different affinities for HoUK. The
apparent affinity constants calculated were 0.24-10°
1/M (high-affinity) and 0.3 - 10* 1/M (low-affinity). The

Effect of various additions on the binding of HoUK and PPK to perfused rat liver
HoUK (236 nM) and PPK (38.5 nM) were perfused through the rat liver at 18°C at a flow rate of 28-30 mi/min: aliquots of the perfusate were

collected between 0 and 80 min. The

i activity

after a 20 min i

at 37°C. using Ac-Phe-Arg-pNA (0.35 mM) and

HD-Val-Leu-Arg-pNA (0.35 mM) as substrates for HOUK and PPK, respectively (see Materials and Methods).

Additions to the Molar HoUK PPK
perfusion medium concentration number of Ginhibition number of Finhibition *
observations observations

None (control) - a ) 4 )
EDTA 1107 2 9% 3 %0
Chloroquine 3 .10 2 56 1 19
Methylamine 1 -107* 1 31 1 66
Fetuin 15.1076 1 0 2 0
Asialofetuin 15-107 3 ” 2 0
D-Galactose 5 1072 3 76 2 26
Mannose 5 1072 1 s 3 66
Mannan 2 107 nd.® - 2 83
Lactose 5 1072 1 87 nd. -
N-Acetylglucosamine 5 1072 nd. - 2 32
Methyl a-p-mannoside 51072 nd. - 2 6

* The percentage of inhibition was calculated on the basis of the binding of kallikrein in the absence of inhibitors, and was considered significant
when greater than 15% {In the four control perfusions the variation of the kallikrein clearance was less than 15%.)

* nd., not determined.
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number of receptors on the isolated hepatic cells was
calculated to be 500000 per cell, corresponding to
400000 binding sites of low affinity and to 100000 sites
of high affinity.

Discussion

Tud

Many ligands, i p!
are cleared from circulation by the liver lhrough recep-
tor-mediated endocytosis [16]. This process has been
recognized as a general specific mechanism by which
ligands bound to receptors are transported from the cell
surface to its mtenor (endocyuc companmems) [171.
The uptake of glycop involves the of
specific sugars by receptors localized in the plasma
membrane [18). The galactose or asialoglycoprotein re-
ceptor is the most studied receptor in mammalian liver
and less is known about the other carbohydrate—speclﬁc
receptors specific for
fucose and 6-phosphate [19,20). Recently,
Borges et al. [8] have observed that various tissue kal-
likreins perfused into rat liver were cleared in their
native form, i.e., without any ex-vivo modification, such
as removal of terminal sialic acid. In the present paper
we have studied some characteristics of the uptake of
two tissue kallikreins by the perfused rat liver as well as
by isolated liver cells. The liver was perfused at 18°C at

TABLE Il
Birding characteristics of *H-HoUK to isolated hepatic cells

‘The incubations, with 96 nM [*HJHoUK and 500000 cells, were done
in duplicate and the values represent the average of two or three
experiments. Two controls were always carried out: one in which only
[*H]JHOUK was added (maximum binding) and another which con-
tained [°HJHoUK and 1 mM EDTA (nonspecific binding). The
specific binding was obtained by subtracting the nonspecific of the
maximum binding; the value obtained for the specific binding, con-
sidered as 100%, was used to calculate the percentage of inhibition.

Addition to the Molar %Inhibition
incubation medium concentration
Asialofetuin 4-10°° 84
N-Acetylgalactosamine 1-10! 82
Dp-Galactose 1-103 0
1-1072 51
5-1072 100
L-Galactose 1-1074 19
1-1073 35
11072 36
1-10~! 4
Melibiose 11072 0
1-1072 4
1107} 100
a-1( - -Fucose 1.1072 0
1107} 43
a-D(+)-Fucose 1.10°4 45
1-107° 52
1:1072 75
11e7! 100
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Fig. 2. Binding of HoUK to isolated hepatic cells. Incubations were
carried out in the presence of [*HJHoUK (6-98 nM) and 500000
cells, in a final vol of 0.5 ml of Krebs-Henseleit bicarbonate/BSA.
Each point represents the mean of duplicate determinations. Binding
data were analysed by a computer program; the coefficient of correla-
tion was 0.996 and the standard error of the analysis was 0.0054. (A)
Saturation curve of [*HJHoUK binding 10 isolated hepatic cells at
room temperature. The specific binding was calculated considering
the nonspecific binding that occurs in the calcium-free medium (sec
Materials and Methods); in this situation less than 20% of labelled
kalliksein binds to the liver cells. (B) The Scatchard plot of these data.
The association constants (K,) and binding site capacities for the
high- and low-affinity [*HJHoUK binding sites were: 0.24-10° I/M,
and 0.09-10~'2 M, and 0.3-10® 1/M and 0.33-10~'2 M, respectively.

which point the intact organ is capable of binding and
internalizing but not degrading most protein ligands
[20}. The hver clearance rate of both tissue kallikreins
were biph and d as ob-
served earher for rat plasma kalhkrem [11,21}, and can
be explained by a p ion. The binding of
both tissue kalhkrcms to the perfused rat liver was
Ca?*-dependent, differing from the clearance of plasma
kallikrein which is Ca?*-independent [11]. We observed
that chloroquine and methylamine did not mhlbn the
uptake but p ly did inhibit i Tlu

of both tissue kallikreins. These lysosomotropxc agents
are known to increase the pH inside the endocytic
compartment and lysosomes and to interfere wiwn the
galactose-receptor recycling and ligand processing and
degradation [22]. These results indicate that both tissue
kalhkrems are cleared by the llver through a similar

and that chloroq may ion as z



general inhibitor of the receptor-mediated endocytosis
for glycoproteins. Our results suggest that PPK is recog-
nized by a liver mannose receptor, since its calcium-de-
pendent cl was methy!
a-D-mannoside and mannan (20]. The uptake of PPK
was weakly inhibited by in ag with the
results for the binding of mannan to either isolated liver
cells or purified mannose receptor [23]. Two syslems

that i idues and clear glycop
from the blood m'e known to be operative in lhe rat
liver: one, in phages and sp d
dothelial cells, is for the cl of
minal glycop i [24]; lhe other, local-
ized in | dispt for
and N- acetylglucosamme resndues found in the ‘core’
region of asp d harides and is

known as core-specific lectin [25]. If the structure of the
carbohydrate chain of PPK. proposed by Moriya et al.
[26} is correct, this glycoprotein may be gnized by
the core-specific lectin. The addition of asialofetuin to
the perfusion medium did not alter the clearance of
PPK, indi that the gal was not
involved in the uptake of this glycoprolem The binding
characteristics of HoUK by the perfused rat liver, as
well as by isolated liver cells, mdlcate that this native
was ized by the g: receptor.
]ts npmke was inhibited by asxa]ofetum D{ +)-galac-
tose, melibiose, a-D(+)-fucose and N-acetylgalactosa-
mine but was unaffected by fetuin or mannose. These
properties are similar to those described for glycop:
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from patients with liver cirrhosis, it has been recently
reported that an increase in circulating tissue kallikrein
occurred [29)]. Although Ashwell and Harford [20] have
postulaled that hepatlc lectins may be involved in the

of bi lly reactive glycoproteins after
they have exerted a particular physiological function, no
examples of such endocytosis have been described. Re-
ceptor-mediated endocytosis of tissue kallikreins may
indeed be a physiological role of the various receptor
systems for circulating glycoproteins that are operative
in the liver.
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