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Abstract

Glycoprotein 330 (gp330) is an endocytic receptor expressed
in the renal proximal tubules and some other absorptive
epithelia, e.g., in the inner ear. The present study shows that
the antifibrinolytic polypeptide, aprotinin, and the nephro-
and ototoxic antibiotics, aminoglycosides, and polymyxin B
compete for binding of "*I-urckinase-plasminogen activator
inhibitor type-1 complexes to purified rabbit gp330. Half
maximal inhibition was measured at 4 uM for aprotinin,
50 uM for gentamicin, and 0.5 uM for polymyxin B. Drug
binding to gp330 was validated by equilibrium dialysis of
[*H]gentamicin-gp330 incubations and binding/uptake
studies in rat proximal tubules and gp330-expressing L2
carcinoma cells. Analyses of mutant aprotinins expressed in
Saccharomyces cerevisiae revealed that basic residues are
essential for the binding to gp330 and renal uptake. The
polybasic drugs also antagonized ligand binding to the hu-
man a,-macroglobulin receptor. However, the rapid glo-
merular filtration of the drugs suggests kidney gp330 to be
the quantitatively most important target.

In conclusion, a novel role of gp330 as a drug receptor
is demonstrated. The new insight into the mechanism of
epithelial uptake of polybasic drugs might provide a basis
for future design of drugs with reduced toxicity. (J. Clin.
Invest. 1995. 96:1404-1413.) Key words: glycoprotein 330 -
low density lipoprotein receptor—related protein ¢ kidney ¢
aminoglycosides + endocytosis

Introduction

Glycoprotein 330 (gp330)' alias Heymann Nephritis autoanti-
gen (1) and megalin (2) is an ~ 600 kD (2-6) protein ex-
pressed in the renal tubule epithelium and a few other special-
ized epithelial cell types, e.g., retinal and inner ear epithelium
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(7-9). cDNA cloning (2, 10) has demonstrated that gp330 is
a member of the LDL receptor family. This also includes the
homologous 600-kD multiligand a,-macroglobulin receptor
(a;MR) also called LDL receptor—related protein (LRP) (for
review see references 11, 12). Both receptors are anionic pro-
teins and gp330 has an estimated pl at 4.6 (13). In contrast to
gp330, a;MR/LRP is expressed in several cell types facing the
circulation (e.g., mononuclear phagocytes and hepatocytes),
while no expression is observed in gp330-expressing epithelia
in the kidney and inner ear (7-9, 14).

a,MR/LRP and gp330 bind Ca®* and several common li-
gands including plasminogen activators in complex with their
type-1 inhibitor (PAI-1), plasminogen, lipoprotein lipase, and
the 39—-40-kD receptor-associated protein (RAP) (4, 5, 6, 15—
17). Studies on a;MR/LRP suggest that charge interactions
between basic regions of the ligands and negatively charged
complement-type repeats (synonymous to LDL receptor-like
repeats) are essential for ligand/receptor interaction (18, 19).
Studies of the uptake of '*I-labeled RAP and urokinase PAI-1
complexes in perfused rat and rabbit proximal tubules (4, 20)
have established the function of gp330 as an endocytosis-medi-
ating receptor of protein ligands. In addition to this function,
the strong affinity for Ca>* (4) and a suggested function as a
Ca?* sensor in the parathyroid glands (21) might indicate a
role in the Ca®* homeostasis.

The cationic nature of several established ligands to gp330
led us to investigate gp330 binding of three main types of
polybasic drugs known to accumulate in renal cortex.

Aminoglycosides are antibiotics commonly used to treat
gram-negative infections. Unfortunately, they are frequently as-
sociated with severe nephro- and ototoxicity as a direct conse-
quence of lysosomal accumulation in the kidney proximal tu-
bules and inner ear epithelium (22-25). Aminoglycosides are
taken up in proximal tubules (S1 and S2 segments) by a recep-
tor-mediated mechanism as judged by electron microscopic lo-
calization of aminoglycosides in coated pits and endocytic com-
partments (23, 24, 26-28). A common uptake mechanism in
the ear and kidney has been suggested (29). Acidic phospholip-
ids are assumed to be the initial epithelial binding site (25),
but no endocytic receptors mediating uptake of aminoglycosides
have so far been identified.

Aprotinin alias bovine pancreatic trypsin inhibitor is a 6-
kD protein with a clinical potential in acute pancreatitis and
antifibrinolytic therapy. Intravenously administrated aprotinin
accumulates in the lysosomes of kidney proximal tubules (30,
31) and is only very slowly degraded (30) in accordance with x-
ray crystallographic analysis of aprotinin demonstrating a highly
compact and stable tertiary structure (32).

Polymyxin B is a 1-kD polycationic cyclic peptide antibiotic
with detergent effects on gram-negative bacteria. It also accu-
mulates in the proximal tubules, and due to side effects such



as nephrotoxicity, it is only recommended for external use (33,
34). Besides its antimicrobial activity, polymyxin B is a potent
inhibitor of endotoxin via binding to the lipid A part of endo-
toxin (35).

In the present study we have investigated binding of amino-
glycosides, e.g., gentamicin, aprotinin, and polymyxin B to
gp330 and the uptake mediated via this receptor, as well as the
binding to a,MR/LRP. In addition, a panel of recombinant
aprotinin mutants with a diversity of net charges was analyzed.
We find that the drugs bind to gp330 as well as to a;MR/LRP
and provide evidence that the renal uptake occurs via gp330.
By site-directed mutagenesis we show that the polybasic nature
of aprotinin determines the affinity for the receptor.

Methods

Receptors, ligands and polybasic drugs. Rabbit gp330 was purified from
solubilized rabbit kidney cortex membranes by RAP-affinity chromatog-
raphy (20). Human two-chain a;MR/LRP was purified from solubilized
membrane preparations from newborn placenta by a,-macroglobulin-
methylamine-affinity chromatography (15). RAP was produced as a
recombinant protein in Escherichia coli transfected with cDNA encod-
ing human RAP (36). Human urokinase-PAI-1 complexes were kindly
provided by Drs. A. Nykjer and P. Andreasen, University of Aarhus,
Denmark. Aprotinin and mutants were produced as recombinant proteins
in Saccharomyces cerevisiae as described (37). Gentamicin sulfate and
polymyxin B were from Sigma Chemical Co. (St. Louis, MO). Ami-
kacin and netilmicin were from Bristol-Myers Squibb (New York) and
Schering-Plough Corp. (Kenilworth, NJ), respectively.

Radiolabeled reagents. Iodination of urokinase, aprotinin, and apro-
tinin mutants with '>I was carried out by the chloramine-T method as
described (38). The specific activity was 0.5-2.0 X 10 becquerel (Bq)
per microgram protein. [*H]gentamicin sulfate was a custom synthe-
sized product provided by Dupont NEN Research Products (Brussels,
Belgium) and the specific activity was 10”7 Bq/umol.

Receptor binding assays. A solid-phase assay previously described
(20, 36) was used for measuring drug-mediated inhibition of binding
of '"®I-urokinase PAI-1 to a,;MR/LRP and gp330. Binding of [*H]-
gentamicin to gp330 was analyzed by equilibrium dialysis experiments.
These were performed with a thermostatic arrangement working at 22°C
(39) in chambers containing 20 ul solution volume separated by a thin
cellulose membrane, type 14.10 (Diachema; Cary LeLocle, Switzer-
land), with a molecular cut off at 5 kD. The left-side compartments
contained [*H]gentamicin and gp330, with or without unlabeled genta-
micin or EDTA. The right-side compartments contained 20 ul of buffer
alone. After 4 h, equilibrium was established and the radioactivity in
the compartments was measured by liquid scintillation counting. The
gp330 concentration was measured with the Bio Rad Laboratories Pro-
tein Assay (Richmond, CA) based on the method of Bradford (40).
All experiments were performed in 140 mM NaCl, 10 mM Hepes, 2
mM CaCl,, 1 mM MgCl,, pH 7.8.

Binding of aprotinin to rat kidney cortex sections was carried out
as described (4). Renal cortical cryosections were obtained from male
Wistar rat kidneys fixed by retrograde perfusion through the abdominal
aorta with 8% formaldehyde in 0.1 M sodium cacodylate buffer, pH
7.2. The cryosections were incubated with '*I-aprotinin (4 X 10* Bq/
ml) for 30 min. For light microscopic autoradiography, the sections
were dipped in emulsion (L1; Amersham Corp., Arlington Heights, IL)
and exposed for 2-7 d.

Ligand and drug uptake in cultured L2 carcinoma cells. Rat L2
yolk sac carcinoma cells were kindly provided by Dr. U. Wewer, Univer-
sity of Copenhagen, Denmark. The cells were grown in minimum essen-
tial medium (MEM) (GIBCO BRL, Life Technologies Ltd., Paisley,
United Kingdom) added 10% FCS. Incubation of L2 cells with '*I-
labeled proteins was carried out in MEM supplemented with 0.1% BSA.
Degradation of the proteins was measured by precipitation of the incuba-

tion medium in 12.5% TCA. Cell-associated radioactivity was measured
by counting the cells after solubilization of the cell layer in 1% Triton
X-100. Electron microscopic autoradiography was carried out on 60-
nm urany] acetate-stained Epon sections of L2 cells fixed in 1% glutaral-
dehyde for 2 h at 4°C.

In vivo uptake studies of aprotinin mutants and gentamicin. Female
Wistar rats, weighing 175-235 grams were used. An oral dose of 2 ml
H,O was given before administration of the aprotinin mutants. The
mutants were given intravenously as bolus injections into a tail vein
using an intravenous catheter. After 3 h, the rats were killed by adminis-
tration of CO, into the cage, and the kidneys were removed and stored
at —80° until analysis. During CO, administration, the rats emptied the
urinary bladder. The metabolism cages used were rinsed with 0.9%
NaCl to obtain a total urine-NaCl volume at 10 ml.

The levels of aprotinin and mutants in urine, plasma, kidney, and
liver homogenates were measured photometrically by using an assay
for kallikrein inhibitory activity (37). Before the measurements, the
various media were precipitated with acid to remove endogenous inhibi-
tors of kallikrein. Kallikrein was from Sigma Chemical Co. and chromo-
gene substrate $2266 was from Kabi AB (Stockholm, Sweden). Sepa-
rate standard curves were performed for each mutant in each medium.
At least three experiments were carried out with each mutant.

Microinfusion of proximal convoluted tubules of -Wistar rats with
12_aprotinin and [*H]gentamicin was carried out as described pre-
viously (4) for '*I-RAP. Male Wistar rat (225 grams) were anesthetized
by intraperitonal injection of penthotal sodium (150 mg/kg body weight,
Abbot, Vedbzk, Denmark) and placed on a thermostatically heated
table. After tracheotomy, a catheter was placed in the right jugular vein
and the rat was infused with an 0.9% NaCl solution at a constant rate
a 3.8 ml/min. The left kidney was exposed by a flank incision, placed
in a thermostatically heated cup, covered with liquid paraffin, and the
ureter was catherized. The perirenal temperature was maintained at
37°C. Tubules were microinfused with 50 nl of Hepes buffer containing
either [*H]gentamicin (5,000 cpm) or 'I-aprotinin (2,000 cpm) for
2 min. Each tubule was infused twice. In one series of experiments
[*H]gentamicin was perfused with and without 10 uM RAP and in
another series of experiments '»I-aprotinin was perfused with and with-
out 2 mM gentamicin. To avoid bias, the order of microinfusions was
varied in both series. The urine was collected for 40 min after each
microinfusion, i.e., 2 X 20 min collection periods to make sure that
urine radioactivity returned to zero before a new microinfusion was
started. In both series of experiments the urinary excretion was compared
statistically by the method of paired comparisons.

Results

Inhibition of ligand binding to gp330 and a; MR/LRP by poly-
basic drugs. Binding of the polybasic drugs to the two nega-
tively charged receptors, gp330 and a,MR/LRP, was initially
assayed by measuring their inhibitory potency on binding of
12]_urokinase-PAI-1 complex to immobilized receptors. Fig. 1
shows the inhibition profiles of polymyxin B, aprotinin, and
three types of aminoglycosides (gentamicin, netilimicin, and
amikacin) on ligand binding to gp330 (Fig. 1 A) and a;MR/
LRP (Fig. 1 B). Almost complete inhibition of the binding of
15T-urokinase PAI-1 to both receptors was observed. Polymyxin
B was the most potent inhibitor (ICs, = 0.5 uM for gp330 and
ICso = 5 pM for a;MR/LRP). Aprotinin had a ICs, at ~ 4
uM for both receptors, while the aminoglycosides had different
inhibition profiles with higher ICs, values. Gentamicin had the
highest potency among the aminoglycosides (ICs, = 30-50
uM), while the potency of amikacin was 5—10-fold lower. The
antagonizing effect of the drugs was also tested using '*I-RAP
as a ligand. Similar inhibition profiles were obtained (data not
shown) except that only ~ 80% of the binding was displaceable
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Figure 1. Effect of aprotinin (@), polymyxin B (A) and the aminoglyco-
sides gentamicin (), netilimicin (0) and amikacin (O) on the binding
of »I-urokinase-PAI-1 complexes to purified rabbit gp330 (A) and
human a,MR/LRP (B). 20-50 pM receptor protein was immobilized
to microtiter wells and binding of 10 pM '*I-urokinase-PAI-1 was
measured after 16 h at 4°C. The ordinates is the bound (B) radioactivity
in relation to the free (F) radioactivity. The points are the means of
duplicate values after subtraction of nonspecific binding (< 0.5%).

X represents the binding when no antagonist was added.

with aprotinin, probably due to the presence of multiple RAP
binding sites in each receptor (20, 41).

Renal gp330-mediated binding and endocytosis of aprotinin
and mutants. The investigation of gp330 binding and renal han-
dling of aprotinin included a comparative analysis with a panel
of recombinant aprotinin mutants with a variety of net charges
expressed in S. cerevisiae (Table I).

125]_aprotinin bound specifically to the proximal tubules epi-
thelium (Fig. 2) as assessed by binding to rat kidney cortex
sections and light microscopic autoradiography. The autoradio-
graphic grains representing bound '’I-aprotinin were localized
over the epithelium of the proximal tubule cells, whereas virtu-
ally no grains were observed over distal tubules and collecting
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Table 1. Primary Sequences, Net Charges, and Denaturation
Temperatures of Aprotinin Mutants Expressed in S. cerevisae

ID of
expression Net  Denaturation
product Primary sequence charge temperature
°Cc
Aprotinin  1-58* 6 >100
KFN 322 3-58 5 84
KFN 324 3-58, R42S 4 79
KFN 396 3-58, R17A + R42S 3 75
KFN 399 3-58, R17A + I19E + R42S 2 67
KFN 430 3-58, I19E + R42S 3 70
KFN 773 3-58, K15R + R17A + R42S 3 71
KFN 1512 1-58, RIE + K26E + K41E + K46E -2 87
KFN 1514 1-58, RIE + R42E + K46E 0 88
KFN 1544 1-58, R42E + K46E 2 98
KFN 1660 3-58, R42S + K46E 2 77
KFN 1661 3-58, R42S + K46A 3 79
KFN 1742 3-58, R42S + RS53E 2 71
KFN 1751 3-58, R42E + R53E 1 72
KFN 1755 3-58, R26E + R42S + RS3E 0 68

* The 58 amino acid aprotinin sequence: RPDFCLLEPPY TGPCKARII
RYFYNAKAGL CQTFVYGGCR KRNNFKSAE DCMRTCGGA

ducts. The distribution of bound aprotinin was similar to the
distribution of gp330 (1, 4) and bound '*I-labeled RAP (4)
and urokinase PAI-1 (20). Complete inhibition by RAP and
EDTA (Table IT) indicated that gp330 accounts for the binding
of '*I-aprotinin to the cortical sections.

The panel of aprotinin mutants displayed a great variability
in inhibitory potency on '*I-aprotinin binding to the cortex
sections (Fig. 2, Table IT) and a similar variability in inhibitory
effect on 'I-urokinase-PAI-1 binding to purified gp330 (Table
III) was observed. In Fig. 2, KFN 322 and KFN 1751 exemplify
the different effects of the mutants on '*I-aprotinin binding.
FN 322 (deletion of amino terminal Arg and Pro) exhibited a
strong inhibition whereas virtually no inhibition was seen with
KFN 1751 (deletion of amino terminal Arg and Pro plus substi-
tution of Arg,, and Args; to Glu). The complete binding analysis
of the of aprotinin mutants (Tables II and IIT) revealed that
several basic amino acids contribute to the binding of aprotinin
to gp330 (e.g., Lyss and Arg;;) while others (e.g., Arg, and
Arg,,) are less important. Furthermore, introduction of acidic
residues (e.g., substitution of Ile,y to Glu and Args, to Glu)
causes a decreased affinity.

To assess the physiological relevance of binding to gp330,
the relative gp330-affinity of the mutants were compared with
the excretion of intravenously injected mutants in the urine
(Table III). As shown in Table III, only ~ 2% of injected
aprotinin was excreted, whereas injected low affinity mutants
with ICs, > 32 uM for inhibition of '*I-urokinase-PAI-1 bind-
ing had a 5- to 25-fold higher excretion in the urine.

The tissue distribution of biologically active aprotinin was
estimated as kallikrein-inhibitory activity 3 h after intravenous
administration. The highest accumulation of aprotinin was mea-
sured in the kidneys (43.7£2.4%, n = 4) and liver (4.7x1.0%,
n = 4). All mutants showed a lower accumulation in kidney
and liver, probably due to a decreased receptor affinity (nonin-



hibitory mutants) and decreased structural stability. Compared
to native aprotinin, the mutants had decreased thermostability
(Table I) and stability in kidney lysates (not shown) as mea-
sured by the kallikrein-inhibitory activity.

Gp330-mediated endocytosis of aprotinin and two of the
mutants was examined in the rat yolk sac carcinoma cell line
L2, which expresses gp330 (42) but virtually no a,MR/LRP
(43). As shown in Fig. 3, '*I-aprotinin was rapidly endocytosed
in a RAP-inhibitable manner and accumulated in lysosome-like
vesicles of L2 cells (Fig. 4). The mutant KFN 324 was also
endocytosed in accordance with its binding to gp330 (Tables
II and IIT). However, in contrast to wild-type aprotinin, it was
degraded to a much higher extent probably due a decreased
structural stability (Table I) which is likely to cause an in-
creased accessibility for cleavage by lysosomal proteases. The
mutant KFN 1660, which shows no inhibition of '*I-aprotinin
binding to gp330, was not endocytosed and no degradation
products were detected.

Figure 2. Light microscopic auto-
radiographs of rat renal cortex sec-
tions incubated with '*I-aprotinin
(a—c) and neighbor sections incu-
bated with '*I-aprotinin plus 1
M aprotinin (d), KFN 322 (e),
or KFN 1751 (f). Autoradio-
graphic grains are localized almost
exclusively in the apical part of
the proximal tubule cells (P) cor-
responding to the localization of
gp330, whereas collecting ducts
and distal tubules (D) are not la-
beled. Unlabeled aprotinin and
KFN 322 virtually abolished bind-
ing (compare a to d and b to e),
whereas KFN 1751 had almost no
effect on binding (compare ¢ to
). P1, P2, etc. indicates corre-
sponding cross sections in the
neighbor sections. Final magnifi-
cations 600.

Renal uptake and gp330 binding of gentamicin. Direct bind-
ing of [*H]gentamicin to purified gp330 was measured by equi-
librium dialysis. Equilibrium of the 0.7-kD [*H]gentamicin
molecules over the membrane was obtained after 4 h at 22°C
(data not shown). In the presence of 1 uM gp330 in one of the
chambers, a significant increase of [*H]gentamicin to the pro-
tein side was seen (Fig. 5). No significant binding of [*H]-
gentamicin was seen in the presence of an excess of unlabeled
gentamicin. Furthermore, binding of [*H]gentamicin to gp330
was reduced with > 50% when Ca’?* was complexed with
EDTA (Fig. 5).

Indirect evidence for binding of gentamicin as well as poly-
myxin B to cell surface gp330 was obtained by the inhibition
of the uptake of '*I-aprotinin (Fig. 6) and urokinase-PAI-1
complexes (> 90% inhibition by 0.2 mM polymyxin B or 2
mM gentamicin ) in L2 cells. Furthermore, binding of '*I-aproti-
nin to rat cortex sections was completely inhibited by gentami-
cin (Table IT). Experiments with [*H]gentamicin directly incu-
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Table II. Inhibition of '*I-Aprotinin Binding to Rat Cortex
Cryosections by EDTA, RAP, Aprotinin Mutants, and Gentamicin

Inhibitor Inhibitory effect*
EDTA (10 mM) +++
RAP (1 M) +4++
Aprotinin® +++
KFN 322% +++
KFN 324% ++
KFN 396¢ +++
KFN 399* ++
KFN 430¢ o4+t
KFN 773% +
KFN 1512¢ +
KFN 1514* 0
KFN 1544* +
KFN 1660* +
KFN 1661* +
KFN 1742¢ +
KFN 1751% 0
KFN 1755% 0
Gentamicin (2 mM) +++

* Arbitrary units (++ +, strong inhibition; ++, moderate inhibition; +,
week inhibition; 0, no inhibition). * The concentration of aprotinin and
mutants was 10 uM.

bated with monolayer cells were not conclusive. The amount
of cell-associated [*H]gentamicin (~ 1%) was only slightly
higher than the nonspecific binding to the well (not shown)
probably due to a lower receptor affinity compared to, for exam-
ple, aprotinin.

Table III. Comparison of the Urinary Excretion of Aprotinin
Mutants in Rabbits and Their Inhibitory Potency on Ligand
Binding to Purified Rabbit gp330

IC, for inhibition
Expression Content in urine after of '®I-urokinase-PAI-1

product i.v. injection* binding to gp330
% um
Aprotinin 22+0.3 4
KFN 322 1.3*1.5 4
KFN 324 0.8+0.3 4
KFN 396 2.7*1.0 16
KFN 399 2.6*1.8 16
KFN 430 2.0x0.3 16
KFN 773 9.0+9.3 8
KFN 1512 50.7x12.8 >32
KFN 1514 35.9+0.9 >32
KFN 1544 41.7+8.6 >32
KFN 1660 22.9+4.6 >32
KFN 1661 17.8+3.6 >32
KFN 1742 11.8+2.3 16
KFN 1751 10.6+4.1 >32
KFN 1755 10.4+8.2 32

* The content of aprotinin mutant in collected rabbit urine was measured
3 h after i.v. administration. n = 2-5.
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Figure 3. Uptake (top) and degradation (bottom) of 0.5 nM '»I-labeled
aprotinin (O) and the aprotinin mutants KFN 324 (0) and KFN 1660
(A) in cultured monolayers of rat carcinoma L2 cells. The cellular
uptake of the radiolabels as presented in the top panel is the sum of
cell-associated and trichloroacetic acid—soluble radioactivity. The tri-
chloroacetic acid—soluble radioactivity representing degraded radiolabel
is presented separately in the bottom panel. The filled symbols represent
the values when 200 nM RAP was present in the medium. All values
are the means of duplicate values.

Microinfusions in vivo of single rat proximal tubules with
[*H]gentamicin revealed a high uptake of the injected radioli-
gand as assessed by light microscopic autoradiography (Fig. 7)
and by counting the excretion of radioactivity in the urine as
an inverse measurement. In 15 experiments, 38.2% (15.6—
70.3%) of the injected dose was collected in the urine (Table
IV). The variation in the excretions display undoubtedly the
different length of the proximal tubules in the distal direction
of the injection site. Therefore, to analyze the effect of the
gp330 inhibitor, RAP, each of the 15 tubules were perfused
twice through the same injection site, once with [*H] gentamicin
alone, and in another perfusion with the addition of 10 uM
RAP. In the presence of RAP, the excretion was increased to



46.2% (21.1-81.0%). A paired comparison revealed that the
increase in urinary excretion of [*H]gentamicin was significant
(P < 0.01).

Unlabeled gentamicin had a strong effect on the tubular

uptake of '*I-aprotinin. Urinary excretion of microinjected '*I-

aprotinin was 35.2% (30.2-37.7%) of the injected dose,
whereas the presence of 2 mM gentamicin increased the excre-
tion to 84.7% (57.7-97.4%) (Table V). The increase in urinary
excretion was highly significant (P < 0.01).

Discussion

In the present report we have provided evidence that epithelial
gp330 is a receptor for three types of polybasic drugs (aprotinin,
aminoglycosides, and polymyxin B) used in human therapy.
The data also show an antagonizing effect of the drugs on ligand
binding to the homologous receptor, a; MR/LRP. However, the
rapid filtration of the drugs in the glomeruli suggests only a
minor uptake in &, MR/LRP-bearing cells facing the circulation.
Accordingly, we observed that 44% of intravenously injected
aprotinin was recovered in the kidney after 3 h while the content
in the liver was 10-fold lower.

On their way through the kidney proximal tubules, filtered
molecules are exposed to a high density of surface-expressed
gp330 (1, 7). SDS-PAGE of whole cortex (4) has shown that
gp330 accounts for a substantial part, maybe several percent of
the total mass of apical membrane protein. The high density of
gp330 combined with the length of tubules and concentration
of the fluid suggest a high number of collisions between gp330
and filtered molecules. On this basis, gp330 might account for
the renal uptake of a number of basic molecules with low affin-
ity charge interactions with gp330. Previous studies have shown

Figure 4. Electron microscopic
autoradiograph of L2 carcinoma
cells incubated for 2 h at 37°C
with 10 nM '*I-aprotinin. Autora-
diographic grains are seen over
vesicles (arrows) and a lysosome/
multivesicular endosome (L). Fi-
nal magnification 12,500.

that cationic proteins are reabsorbed much more efficiently than
anionic proteins (44—-46).

The mechanism for uptake of polybasic drugs, in particular
aminoglycosides, has previously been studied by several groups.
In agreement with our data, Just et al. (30) found that aminogly-
cosides compete for the binding of aprotinin to isolated renal
brush border membrane and a common type of binding site for
the two drugs was proposed. Using autoradiographic techniques
(24, 28) and an immunocytochemical approach (26), gentami-
cin has been shown to bind to the apical membrane in the
proximal tubule, concentrate in coated pits followed by uptake
into endocytic compartments. No membrane receptor has so far
been shown to be involved in this binding and uptake. Sastrasinh
et al. (47) showed binding of aminoglycosides to acidic phos-
pholipids (25). The K, for binding of gentamicin to phosphati-
dylinositol is 170 uM (48), which is a lower affinity compared
to the apparent affinity for gp330 (half maximal inhibition of
BLurokinase-PAI-1 binding at 50 uM gentamicin). However,
the receptor affinity of gentamicin and the other polybasic drugs
are lower compared to endogenous gp330 ligands, which have
K,’s in the nanomolar range (11). Accordingly, the solid phase
2Iurokinase-PAI-1 binding assay in Fig. 1 with a limited
amount of receptors immobilized in microtiter wells, was not
suitable for measuring direct binding of radiolabeled drugs.

Phospholipids are undoubtedly more widely distributed on
the epithelial surface compared to gp330, which main mem-
brane location is in coated pits (1). Initial binding to acidic
phospholipids and subsequent delivery to gp330 might therefore
be the principal route for receptor-mediated uptake of aminogly-
cosides (Fig. 8). This model is consistent with the previous
autoradiographic studies of aminoglycoside uptake in the kidney
(24, 28) and explains the weak inhibition by RAP on the uptake
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Figure 5. Binding of [*H]gentamicin to purified solubilized rabbit
gp330 as measured by equilibrium dialysis. The dialysis experiments
were performed in 140 mM NaCl, 10 mM Hepes, 2 mM CaCl,, 1 mM
MgCl,, pH 7.8 with 1 uM gp330 incubated with 0.7 nM [*H] gentamicin
alone, with 2.3 mM gentamicin, and with 20 mM EDTA as indicated.
The binding was measured at equilibrium of the tracer (4 h at 22°C).
The values are binding (=1 SD) estimated on difference in radioactivity
across the membrane. The figure represents one of three similar experi-
ments. Each experiment was done in triplicate.

of [*H]gentamicin in the microinfused rat tubules. A similar
mechanism for uptake has been shown for the uptake of uroki-
nase-PAI-1 and lipoprotein lipase via ,MR/LRP. Both ligands
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Figure 6. Effect of gentamicin (0) and polymyxin B (a) on the uptake
of 'ZI-aprotinin in L2 carcinoma cells. The cell-associated radioactivity
was measured 1 h after incubation with radiolabel and inhibitor. The
values are the means of triplicates.
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Figure 7. Light microscopic autoradiography of [*H]gentamicin mi-
croinfused rat proximal tubule fixed 5 min after microinfusion. Autora-
diographic grains are seen exclusively over the microinfused tubule
(P1) and not over distal tubules (D). No labeling is seen over nonin-
fused proximal tubules (P2) or distal tubules (D). Final magnification
625.

bind to nonendocytic membrane components (urokinase recep-
tor and proteoglycans, respectively ) but are subsequently bound
and endocytosed via a;, MR/LRP (36, 49, 50). The hypothesis
of a direct connection between gp330-mediated endocytosis of
aminoglycosides and their nephrotoxic effect is supported by
the fact, that the nephrotoxic effects occurs primarily in the
S1 and S2 segments, the same part of the nephron as gp330
preferentially is expressed (51). Furthermore, the apparent
gp330 affinities of the aminoglycosides are in the order of genta-
micin, netilmicin, and kanamicin, which agrees with their num-
ber of dissociable amino groups and nephrotoxic potential (25).

Previous studies have shown uptake, lysosomal accumula-
tion, and toxic effect of aminoglycosides in other cell types as
fibroblasts (52), retinal pigment epithelium (53), and cochlea
(22, 54). Fibroblasts have a high expression of a,MR/LRP
(14, 55) whereas retinal pigment cells (8) and the inner ear
epithelium express gp330 (9). Future studies should in particu-
lar explore the role of cochlear gp330 for the uptake of amino-
glycosides, lysosomal accumulation, and subsequent ototoxic
effects.

The polybasic nature of the drugs suggests charge interac-
tions to be essential for the binding to gp330 and a,MR/LRP.
By site-directed mutagenesis of the 6.5-kD Kunitz-type protein-
ase inhibitor, aprotinin, we demonstrate the importance of basic
amino acids for the binding of this protein to gp330. Further-



Table IV. Effect of RAP on the Renal Uptake of [’H]Gentamicin
Microinfused In Vivo into Single Rat Proximal Tubules

Percentage in urine Percentage in urine

Experiment No. (~RAP) (+RAP)

1 24.7 47.1

2 354 473

3 413 50.2

4 220 33.8

5 15.7 21.1

6 47.5 50.8

7 50.2 35.8

8 42.0 532

9 56.4 58.3

10 23.6 329

11 15.7 18.2

12 16.6 21.1

13 63.7 70.0

14 70.3 72.0

15 50.5 81.5
Mean (n = 15) 38.2 46.2

The values in columns 2 and 3 display the percentages of injected dose
(5,000 cpm) collected in the urine for 40 min. Each of 15 tubules was
injected with and without 10 uM RAP. In experiment 2, 3, 4, 6, 8, 10,
11, and 15, injection with RAP was carried out before the perfusion
without RAP and in the rest of the experiments the order was reversed.
The urinary content of [*H]gentamicin was significantly higher when
RAP was present in the injection fluid (P < 0.01 by the method of
paired comparison).

more, our data show that basic residues are essential for renal
uptake that correlated with the mutants affinity for purified
gp330. Interestingly, another Kunitz-type proteinase inhibitor,
the tissue factor pathway inhibitor (TFPI), has very recently
been suggested to bind to a;MR/LRP (56) and the authors
point on gp330 as the receptor responsible for the kidney clear-
ance of TFPL. It is unsettled whether other proteins with Kunitz

Table V. Effect of Gentamicin on the Renal Uptake
of "#I-Aprotinin Microinfused In Vivo into Single Rat
Proximal Tubules

Percentage in urine Percentage in urine

Experiment No. (—gentamicin) (+gentamicin)
1 30.2 994
2 394 92.3
3 37.7 57.3
4 33.6 89.9
Mean (n = 4) 35.2 84.7

The values in columns 2 and 3 display the percentage of injected dose
(2,000 cpm) collected in the urine for 40 min. Each of four tubules was
infused with and without 2 mM gentamicin. In experiments 3 and 4
injection with gentamicin was carried out before the perfusion without
gentamicin and in the two other experiments the order was reversed as
described in Methods. The urinary content of '*I-aprotinin was signifi-
cantly higher when gentamicin was present in the injection fluid (P

< 0.01 by the method of paired comparison).
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Figure 8. A possible model for interaction of aminoglycosides with the
renal proximal tubule epithelium. Aminoglycosides are concentrated in
the intravillar space by binding to negatively charged phospholipids on
the cell surface. Subsequent delivery to negatively charged gp330 in
the intravillar crypts leads to an endocytic uptake and accumulation of
the aminoglycoside drugs in lysosomes, where the polybasic particles
exert their toxic effects on the cells.

domains, e.g., amyloid precursor protein are processed via
gp330 or a;MR/LRP. However, the present data do not suggest
that the common feature of having Kunitz domains is the reason
that aprotinin and TFPI apparently bind to the same receptors,
since two of the basic aprotinin residues (Lyss and Arg;;)
essential for receptor binding are located outside the Kunitz
domain of aprotinin (32).

Polymyxin B was the drug with the highest inhibitory poten-
tial on ligand binding to gp330 and a,MR/LRP and it seems
likely that gp330-mediated endocytosis is associated with its
nephro- and ototoxic effect (33, 34). The binding sites for
polymyxin B in the proximal tubules and the cochlear epithe-
lium have not previously been characterized but other studies
have shown specific Ca* -dependent uptake of polymyxin B in
macrophages, hepatocytes, fibroblasts, and smooth muscle cells
via a receptor-mediated pathway not dependent of the LDL-
receptor or asialoglycoprotein receptor (57-59). a,MR/LRP
is highly expressed in these cell types (14).

In conclusion we have shown a novel role of gp330 as
a drug receptor and provided new insight into the molecular
mechanism for uptake of polybasic drugs. In view of the severe
therapeutic side effects in the kidney and ear caused by lyso-
somal accumulation of polybasic drugs, in particular aminogly-
cosides, it would be interesting to explore the possibility of a
selective inhibition of receptor-mediated drug uptake not dis-
turbing the antibiotic effect.
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