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Summary. Basal-lateral membranous vesicles prepared from rab-
bit renal cortex exhibited Mg?*-stimulated, probenecid-inhibit-
able transport of p-aminohippurate (PAH). This uptake could be
completely eliminated by incubating the membranes with trypsin
at a weight ratio of 1:700 (trypsin/membrane protein). The loss
of PAH uptake activity occurred in two stages. Over the first ten
minutes of the vesicles’ exposure to trypsin, there was a nearly
linear loss, with respect to time, of about 80% of the PAH uptake
activity. The remaining 20% of activity was resistant to further
trypsin digestion for the next ten minutes, but by twenty-five
minutes a total inactivation of the uptake activity occurred. So-
dium dodecyl sulfate polyacrylamide gel electrophoresis of nor-
mal and trypsin-treated vesicles showed very little degradation
of proteins. However, two minor polypeptides (M, - 410,000 and
388,000) were degraded during the first ten minutes of the mem-
branes’ exposure to trypsin. After twenty minutes of exposure,
two other poypeptides (M, = 94,500 and 87,500) were degraded.
Chymotrypsin and clostripain also caused a loss of PAH trans-
port activity. However, compared to the effects of trypsin, the
effects of these two proteases were less complete, slower in
onset, and for clostripain, a much higher concentration of en-
zyme was required. Other functions or properties of the vesicles
including morphological appearance, degree of vesiculation, glu-
cose space or Na*-dependent L-glutamate transport and Na”,
K*-ATPase activity were not altered by the concentration of
trypsin which abolished 80% of the transport of PAH. Thus, it is
possible that one or more of the degraded polypeptides detected
by polyacrylamide gel electrophoresis comprises the PAH trans-
porter. Furthermore, modification of the vesicles with phenylgly-
oxal led to a 38% loss of PAH uptake activity. This suggests that
arginine residues may play an important role in the transport
system.
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Introduction

During the last decade, basal-lateral membranous
vesicles have been successfully isolated from renal
cortices of rat (Heidrich et al., 1972; Ebel, Aulbert
& Merker, 1976; Inui et al., 1981; Scalera et al.,

1981), dog (Kinsella et al., 19794) and rabbit (Liang
& Sacktor, 1977; Mamelok et al., 1981, 1982).
These vesicles were shown to contain a specific
transport system for p-aminohippurate (PAH)
(Berner & Kinne, 1976; Kinsella et al., 19796; Ma-
melok et al., 1982), capable of transporting PAH
into the intravesicular space. The transport is inhib-
ited by probenecid and it is enhanced by a Na*
gradient in some species (Berner & Kinne, 1976;
Kinsella et al., 1979b; Sheikh & Mgller, 1982). Re-
cently, studies from our laboratory indicated that the
rate of uptake of PAH was enhanced by divalent
cations, Mg?* and Mn?* being the most stimulatory
(Tse et al., 1983). However, the basic structure and
molecular properties of the PAH transporter are not
well understood. Moreover, the surface topography
of this transport system remains unknown,

Previous reports indicate that the PAH trans-
port system is comprised primarily of proteins
(Berner & Kinne, 1976; Holohan et al., 1979; Tse et
al., 1982). Because the PAH transporter must trans-
locate PAH from one side of the plasma membrane
to the other it is almost certain that a portion of the
transporter is located near the surfaces of the basal-
lateral membrane. Proteolytic enzymes have been
used as nonpenetrating probes to study proteins on
the surface of membranes (Jain, 1973; Noonan,
1978). These proteases have been used successfully
to elucidate the topological distribution and organi-
zation of proteins and glycoproteins located in in-
tact plasma membranes (Knauf, 1979). Proteases
can be very helpful in defining domains of mem-
brane-bound proteins which are essential for either
normal function of the membrane or for maintaining
the stability of the membrane’s structure (Cuatre-
casas, 1974).

In this report we describe the effects, on PAH
transport into renal basal-lateral membranous vesi-
cles, of trypsin and of reagents known to react with
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free amino groups of lysine residues or arginine res-
idues. Trypsin was used because of its high specific
activity and narrow substrate specificity. The
results indicate that the transporter of PAH con-
tains peptide bonds involving lysine and/or arginine
residues which are exposed on the surface of the
membrane. The cleavage of these peptide bonds by
trypsin causes an irreversible loss of PAH uptake
activity. The effect of tryptic digestion on the mem-
brane’s proteins was analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis.

Materials and Methods

PREPARATION OF MEMBRANES

Vesicles composed of basal-lateral membranes were prepared
from rabbit renal cortices by a combination of differential centrif-
ugation and sucrose gradient centrifugation in a zonal rotor as
described previously (Mamelok et al., 1981, 1982). Only one
change was made. In order to inhibit proteolysis, leupeptin (3.8
uM), an inhibitor for all trypsin-like proteases, was added to the
buffer used for perfusing the kidney and homogenizing the cor-
tex. The final pellet of basal-lateral membranes was suspended in
buffer containing 50 mM mannitol and 6.9 mm Tris-HCI, pH 7.0.
The concentration of protein in the suspension of membranes
was between 8 and 13 mg/ml. The vesicles were kept at 4°C,
Compared to a homogenate of renal cortex these basal-lateral
membranes are enriched about 12-fold as determined by the in-
crease in the specific activity of Na, K-ATPase (Mamelok et al.,
1982).

PrROTEOLYTIC DIGESTIONS

Aliquots of vesicles were incubated at 25°C with trypsin at a ratio
of 700 pug membrane protein to 1 ug of trypsin. At different
times, the proteolytic degradation was stopped by the addition of
leupeptin, an irreversible inhibitor of trypsin (Umezawa & Aoy-
agi, 1977). Leupeptin was added in a ratio to trypsin of 1 (wt/wt).
The digested vesicles were used immediately for uptake studies.
With chymotrypsin, an incubation identical to that for trypsin
was carried out except that the digestion was stopped by the
addition of eight times the weight of turkey egg white trypsin
inhibitor (Lineweaver & Murray, 1947), which inhibits chymo-
trypsin. Clostripain (5 mg/ml, final concentration) (E.C. 3.4.22.8)
from clostridium histolyticum was activated by incubation at
25°C for 2 hr in 1 mM calcium acetate and 2.5 mM dithiothreitol
just prior to use. About 900 ml of vesicles were incubated with
activated clostripain at 25°C in a buffer containing 7.1 mM so-
dium phosphate, pH 7.6, and 0.51 mm dithiothreitol. The weight
ratio of membrane vesicles to clostripain was 50 to 1. At appro-
priate intervals of time, the activity of clostripain was terminated
with leupeptin in a manner similar to that of trypsin.

TRANSPORT STUDIES

Transport of PAH was measured by the rapid filtration method as
previously described (Berner & Kinne, 1976; Mamelok et al.,
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1982). Briefly, the transport was carried out at 37°C in the pres-
ence of 0.1 mMm PAH with or without 6.7 mM probenecid and an
initial gradient of 5 mM Mg?* except for the experiment depicted
in Fig. 1 where 1 mM PAH was used. Probenecid-inhibitable
uptake is determined by subtracting uptake in the presence of
probenecid from uptake in the absence of probenecid. 6.7 mM
probenecid produces maximal inhibition (Tse et al., 1983). Up-
take of D-glucose was measured as previously reported (Hit-
telman, Mamelok & Prusiner, 1978, Mamelok et al., 1982) at
25°C in the presence of an initial 70 mm Na* gradient. The final
concentration of p-glucose in the reaction mixture was 0.47 mm.
The sodium was used as part of a routine reaction mixture, al-
though we have shown that these basal-lateral membranes do not
contain Na*-dependent glucose transport (Mamelok et al., 1982),
Uptake of glutamate with either a 100 mM gradient of Na* or K-
was carried out at 30 sec, 1 min, 2 min and 60 min as described by
Sacktor et al. (1981). Na*-dependent uptake was determined by
subtracting the uptake of L-glutamate in the presence of an initial
gradient of 100 mm K* from the uptake in the presence of an
initial gradient of 100 mm Na* (Sacktor et al., 1981). The exact
conditions for each experiment are listed under the appropriate
Figure.

MODIFICATION
OF BASAL-LATERAL MEMBRANE PROTEINS

Basal-lateral membrane vesicles were modified with phenylgly-
oxal, a reagent relatively specific for arginine (Takahashi, 1968),
and with two amino-specific reagents, citraconic anhydride
(Dixon & Perham, 1968), and trinitrobenzenesulfonic acid
(TNBS) (Okuyama & Satake, 1960; Satake et al., 1960). Since
both phenylglyoxal and TNBS reacted with a free amino group of
Tris, the vesicles used for these modifications were resuspended
in 50 mM mannitol), 6.9 mm HEPES, pH 7.0 (buffer E). The
modification mixture contained equal volumes of vesicles (18 to
26 mg/ml protein, of 30 mmM phenylglyoxal, 30 mm citraconic
anhydride or 6 mM TNBS buffered in 0.5 M ethylmorpholine, pH
8.0. The control contained only 0.5 M ethylmorpholine, pH 8.0.
These reagents react with arginine and/or amino groups rapidly
(within 5 to 10 min) (Dixon & Perham, 1968; Takahashi, 1968;
Fields, 1972); thus, an incubation period of 30 min at 37°C was
used to ensure adequate modification. After incubation the vesi-
cles were washed twice by diluting them ten-fold in buffer E. The
vesicles were separated from excess reagents by centrifugation
at 13,000 rpm (SS 34 rotor, Sorvall) for 30 min. The final pellet
was resuspended in buffer A to a final concentration of protein of
10 to 15 mg/ml. The vesicles were then used immediately for
uptake studies. :

GEL ELECTROPHORESIS

The proteins of the basal-lateral membrane before and after di-
gestion by trypsin were analyzed by sodium dodecyl sulfate po-
lyacrylamide gel electrophoresis by a modification of the method
of Laemmli (1970). The separation gel contained 7.5% acrylam-
ide and 0.18% bisacrylamide; the stacking gel contained 5% acryl-
amide and 0.11% bisacrylamide. No sodium dodecyl sulfate was
present in either gel which resulted in similar and sometimes
better resolution of the polypeptides compared to when SDS was
present. The running buffer contained 0.19 M glycine, 0.033 M
Tris, pH 8.3, 0.05% (wt/vol) sodium dodecy! sulfate and 0.011 M
B-mercaptoethanol. About 150 ug of the denatured proteins were
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Fig. 1. The effect of digestion by trypsin, at various incubation
times, on the probenecid-sensitive PAH uptake in basal-lateral
membraneous vesicles. Each point is the average of three experi-
ments (=sp). The uptakes were carried out with I mM PAH with
and without 6.7 mM probenecid, for 10 sec at 37°C with a gradi-
ent of 5 mM Mg?*. Probenecid-sensitive uptake is defined as the
difference in uptake measured in the absence and presence of
probenecid

electrophoresed at 16°C with a constant current of 20 mA per
slab gel until the tracking dye, 0.05% (wt/vol) bromophenol blue,
passed the interface between the stacking and separation gel.
The current was then increased to 30 mA. The gels were fixed
and stained with Coomassie Blue as described by Weber and
Osborn (1969). The gels were destained by several changes of a
solution containing 7% (vol/vol) acetic acid and 10% (vol/vol)
isopropanol. Two sets of markers of molecular weight were
used: set A contained cross-linked bovine serum albumin (Sigma
Chemicals) (M, = 66,000, 132,000, 198,000 and 264,000) and set
B contained thyroglobulin (subunit = 330,000), phosphorylase a
(subunit = 93,000}, bovine serum albumin (66,000} and catalase
(subunit = 60,000).

ANALYTICAL AND ENZYMATIC ASSAYS

Na,K-ATPase was measured colorimetrically as previously de-
scribed (Mamelok et al., 1982). Protein concentration was deter-
mined by the method of Bradford (1976).

MATERIALS

All chemicals were of reagent grade. p{1-*H(N}]-glucose, (15 Ci/
mmol) was obtained from New England Nuclear. p-
AminoCH}hippuric acid (374 mCi/mmol) was purchased from
Amersham/Searle. L-(3,4-*H)glutamic acid (35 Ci/mmol) was ob-
tained from ICN Pharmaceuticals.

Results

The first protease used for the present studies was
trypsin. This enzyme cleaves only peptide bonds
involving the carboxyl groups of either arginine or
lysine residues. A low level of trypsin, at a ratio of 1
pg trypsin to 700 ug of membrane proteins (0.14%
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Table 1. Effect of preincubation with PAH and probenecid on
the trypsin inactivation of probenecid-sensitive uptake in basal-
lateral membranous vesicles

Reagent used for Trypsin % of

preincubation? digestion uptakeP

Control buffer No 100
Yes 40

5 mMm PAH No [k
Yes 19

6.7 mM probenecid No 91
Yes 36

2 The vesicles were preincubated for 30 min at 37°C with either
buffer alone (50 mm mannitol, 6.9 mm Tris-HCI, pH 7.0) or with
buffer containing S mm PAH or 6.7 mM probenecid. About half of
the vesicles were then incubated with trypsin for 10 min.

® 100% = 31 pmol/mg/min.

wt/wt), was used for the experiments. Basal-lateral
membranous vesicles were incubated with trypsin
in order to determine the time course of the destruc-
tion of probenecid-sensitive PAH uptake. The
results, averaged from three experiments, are
shown in Fig. 1. During the first 10 min of the vesi-
cles’ exposure to trypsin, there was a nearly linear
loss of about 80% of the uptake activity. The re-
maining uptake activity was relatively resistant to
further degradation by trypsin for another 10 min.
Finally, a total inactivation of the probenecid-sensi-
tive PAH uptake was observed after 25-min incuba-
tion. Preincubation of trypsin with leupeptin com-
pletely eliminated the inactivation of transport by
trypsin.

Because of its size, trypsin would only cleave
peptide bonds on the surface of the vesicle. We
asked whether the presence of a substrate or of an
inhibitor of the transport system might cause a con-
formational change of the transporter which, in
turn, would result in removing the susceptible pep-
tide bonds from the membrane’s surface. Thus, we
determined whether PAH or probenecid could pro-
tect the transporter from digestion. The incubation
procedure was as follows: vesicles were incubated
with either 5 mm PAH or 6.7 mM probenecid at 37°C
for 30 min. Trypsin was then added to half the vesi-
cles, and the mixture was incubated for 10 min at
25°C. Then leupeptin was added to stop proteolysis.
The trypsin-treated and untreated vesicles were
washed twice with buffer by centrifugation at 13,000
rpm (SS-34 rotor, Sorvall) for 30 min. The final pel-
let was resuspended in buffer for transport experi-
ments. The results are listed in Table 1. The uptake
of PAH into the vesicles, in the absence of trypsin,
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Table 2. Probenecid-insensitive uptake

S.S. Tse et al.: Proteolytic Inactivation of PAH Uptake

6-min incubation

10-min incubation

Trypsin Trypsin + Uptake in presence of trypsin  Trypsin Trypsin + Uptake in presence of trypsin
leupeptin + uptake in presence of leupeptin + uptake in presence of
(pmol/mg/min) trypsin + leupeptin (pmol/mg/min) trypsin + leupeptin
Exp. 1 6.1 1.6 6.1 = 1.8 1.00 48 = 1.4 54=*12 089
Exp. 2 2.5+£09 3906 064 3.5+09 2802 1.25
Exp.3 105 2.1 10.4 = 3.1 1.01 11915 12226 0.97

occurred at a rate of 31 pmol/mg protein at 1 min.
When neither PAH nor probenecid was present in
the preincubation of the vesicles, a 10-min exposure
of the vesicles to trypsin caused a 60% loss of up-
take activity at 1 min. When PAH or probenecid
was present there was, respectively, an 81 and 64%
loss of uptake activity.

To determine if trypsin caused an increased
leakiness of vesicles to PAH we studied the effect
of trypsin on uptake which was not inhibited by
probenecid. The ratio of probenecid-insensitive
PAH uptake, measured at 1 min in the presence of
6.7 mM probenecid, was measured in vesicles incu-
bated with trypsin or with inactivated trypsin (tryp-
sin plus leupeptin). These experiments were per-
formed in vesicles exposed to active or inactive
trypsin for 6 and 10 min. The ratio of the probene-
cid-insensitive uptake after incubation of vesicles
with trypsin to the probenecid-insensitive uptake
after incubation with inactive trypsin was 0.88 =
0.12 (xsE, n = 3) and 1.04 = 0.11 (=sg, n = 3) after
6- and 10-min incubation, respectively. The numeri-
cal values for uptake in three such experiments are
listed in Table 2. Trypsin did not cause an increase
in the probenecid-insensitive uptake, indicating that
there was no increase in a nonspecific leakiness of
the vesicles to PAH.

It was possible that the inactivation of PAH
transport by trypsin was the result either of a gen-
eral change of the membrane’s permeability due to
the proteolysis of the membrane’s proteins (Jain,
1973) or of the destruction of closed vesicles.
Therefore, experiments were carried out to investi-
gate these possibilities. The uptake of D-glucose
was studied. The results of a typical experiment,
seen in Fig. 2, show that the uptake of glucose after
digestion by trypsin was about twofold higher when
measured at 30 sec and about 16% higher at 1 min,
when compared to uptake of glucose in the absence
of tryptic digestion. This suggests that the vesicles
may have become leaky to glucose after exposure
to trypsin. However, the uptake of glucose into di-
gested and control vesicles at 60 min was not al-

tered indicating that the total intravesicular spaces
of the trypsin-treated and untreated vesicles were
the same. Thus, destruction of vesicles did not
seem to occur. Furthermore, in order to determine
directly whether trypsin altered the morphology of
the vesicles, electron micrographs of vesicles
treated with trypsin for {0 min were obtained.
There were no changes in the degree of vesiculation
nor in the apparent diameter of the vesicles (data
not shown).

It has been shown that tryptic digestion of
erythrocytes causes an increase in the density of
surface charge (Seaman & Uhlenbruck, 1962).
Therefore, the decrease of PAH uptake caused by
trypsin could have resulted from changes of the
membrane’s net charge, rather than from a direct
effect on the PAH transporter. In order to distin-
guish these two effects, the uptake into the vesicles
of another organic anion, glutamate, was studied.
There was no change in the sodium-dependent nor
in the sodium-independent glutamate uptake in con-
trol and trypsin-treated vesicles (Fig. 3).

The enzymatic activity of membrane-bound
Na,K-ATPase, a marker enzyme for the basal-lat-
eral membrane, was also determined before and af-
ter 10-min incubation with trypsin. The specific ac-
tivity measured before and after trypsin digestion
was 767 = 203 (+sp, n = 3) and 808 + 338 (£sp,
n = 3) nmol phosphate produced/mg protein/min,
respectively.

Since the probenecid-sensitive PAH uptake
could be inactivated by trypsin, it seemed likely that
there was degradation of a transport protein. Thus,
we attempted to determine if degradation of a spe-
cific protein could be observed. The vesicles were
digested with trypsin as described above. At the
time intervals depicted in Fig. 1, part of the vesicles
were removed to a test-tube containing enough
leupeptin to inactivate the trypsin completely. Im-
mediately, the proteins of the vesicles were solubi-
lized and denatured. The proteins were then ana-
lyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis. The results are shown in Fig. 4.
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Fig. 2. D-glucose uptake in basal-lateral membranous vesicles.
Vesicles exposed to trypsin for 10 min (@—@®) and control vesi-
cles (O—Q). Standard errors of the mean are indicated

The protein profiles of the vesicles, even after 90
min of incubation with trypsin, remained relatively
unchanged. This indicates very little proteolysis.
This low level of degradation was confirmed by de-
termining the trichloroacetic acid soluble free
amino groups. None could be detected. However,
two polypeptides, I and II (M, = 410,000 and
388,000), were degraded during the first 10 min of
incubation with trypsin concurrent with the loss of
80% of probenecid-sensitive uptake. Two other
polypeptides, III and IV (M; = 94,500 and 87,500),
were lost after 20-min digestion, concommitant with
the total loss of uptake activity towards PAH.

The effects of two other proteases, chymotryp-
sin and clostripain, on the probenecid-sensitive
transport of PAH into the vesicles were also deter-
mined (Fig. 5). During the first 20 min of incubation
with chymotrypsin, there was a small (about 10 to
20%) decrease in uptake activity. With a longer per-
iod of incubation (45 min), there was a 50% loss of
activity. Similarly there was a 50% decrease of up-
take activity with clostripain after a 15-min incuba-
tion, and there was no further decrease, even after
60 min of incubation. Interestingly, during the first
10 min of clostripain incubation, there was a slight
increase in uptake activity. In contrast, trypsin in-
activated about 80% of the uptake activity during an
incubation of 10 min.

Because trypsin hydrolyzes peptide bonds in-
volving arginine or lysine residues, the destruction
of PAH transport by trypsin led us to conclude that
the transporter contains a protein that has an argi-
nine and/or lysine peptide bond exposed at the sur-
face of the membrane and that this bond was essen-
tial for maintaining the functional integrity of the
transporter. In order to determine whether these
cationic moieties might play a role in the function of
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Fig. 3. L-glutamate uptake in basal-lateral membranous vesicles.
Vesicles exposed to trypsin for 10 min (dashed lines) and control
vesicles (solid lines). Initial gradient of 100 mm Na* (@—@) or
100 mm K+ (A—A). Standard errors of the mean are indicated
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Fig. 4. Sodium dodecyl sulfate polyacrylamide gel electrophore-
sis of basal-lateral membranous vesicles. Electrophoresis of 150
mg of membrane protein was performed in a 7.5% acrylamide gel
after various times of incubating vesicles with trypsin. The mo-
lecular weights of the polypeptides indicated in the gel are esti-
mated to be: I = 410,000; II = 388,000; III = 94,500; 1V = 87,500

the transporter, we examined the effect, on pro-
benecid-inhibitable uptake, of reagents which react
with arginine and amino groups. The results of
these experiments are shown in Table 3. Phenylgly-
oxal, which reacts relatively specifically with argi-
nine residues, consistently inhibited the transport of
PAH into basal-lateral membranous vesicles. TNBS
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EFFECTS OF PROTEINASES ON PAH UPTAKE
IN BASAL LATERAL MEMBRANE VESICLES
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Fig. 5. Effect of proteases on probenecid-sensitive PAH uptake
in basal-lateral membranous vesicles. The vesicles were incu-
bated with either trypsin (@—@®), chymotrypsin (O—O) or clos-
tripain (A—A) for the times indicated. The PAH uptake was
carried out for 1 min with 0.1 mMm PAH. The results with trypsin
are means determined from four experiments and those for chy-
motrypsin and clostripain are means from two experiments

which reacts with e-amino groups of lysine residues
also inhibited transport. Another reagent, citra-
conic anhydride, which reacts with s-amino groups
of lysine residues, did not consistently inhibit the
transport of PAH. Transport activity towards PAH
was on average reduced to 62% of control by
phenylglyoxal and to 71% of control by TNBS. The
data was evaluated by a paired Student’s #-test. The
inhibition by phenylglyoxal was significant, 0.005 <
P < 0.01 and the inhibition by TNBS was signifi-
cant, 0.02 < P < 0.05.

Discussion

The aim of the present work was to determine the
stability of the PAH transport system of renal basal-
lateral membranes towards proteolytic degradation.
The probenecid-sensitive PAH uptake was rapidly
inactivated by treating membranous vesicles with
trypsin; there was a loss of 80% of transport activity
within 10 min. The weight ratio of trypsin-to-mem-
brane proteins used for the present work was
1:700. This ratio is much lower than those reported
to degrade other membrane-bound binding proteins
or transport systems (Glossmann & Neville, 1972;
Wang, Gurd & Mahler, 1975; Hsu et al., 1982).
Thus, the PAH uptake system was very sensitive to
trypsin. This is certainly the result of the proteolytic
action of this enzyme since the trypsin inhibitor,
leupeptin, could prevent inactivation of the uptake
activity by trypsin and because the addition of a
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nonenzymatic protein such as bovine serum al-
bumin had no inhibitory effects. Trypsin, which hy-
drolyzes only peptide bonds containing either argi-
nine or lysine residues, has a very narrow substrate
specificity. This implies that the PAH transport sys-
tem contains arginine or lysine peptide bonds near
the membrane’s surface where they are accessible
to trypsin. Since neither PAH nor probenecid could
protect the PAH transporter from inactivation by
trypsin, it seems that the sites of cleavage by tryp-
sin are not removed from the surface when the
transporter interacts with substrates. The de-
creased uptake did not seem to be due to increased
nonspecific leakiness of the vesicles towards PAH
since uptake not inhibited by probenecid was unal-
tered by trypsin.

The results from the present studies suggest
that arginine residues of the transport proteins play
a more important role than lysine residues in the
PAH transporter. This conclusion is supported by
the results of several studies. Clostripain, which has
an even narrower substrate specificity than trypsin,
was capable of destroying transport activity toward
PAH. Clostripain is an endopeptidase which pre-
dominantly cleaves peptide bonds involving car-
boxyl groups of arginine (Mitchell & Harrington,
1971). Thus, an arginine residue itself or a section of
a protein containing a peptide bond of arginine is
essential for maintaining a totally intact transporter.
The results obtained from experiments with phenyl-
glyoxal strengthen the conclusion that a residue of
arginine is important to the integrity of the trans-
porter. Under the conditions used in our studies
phenylglyoxal has been shown to react mainly with
guanido groups of arginine and possibly with N-
terminal amino groups (Takahashi, 1968). Further-
more, citraconic anhydride which reacts selectively
with lysine and N-terminal amino groups did not
inhibit transport. This suggests that the involve-
ment of N-terminal amino groups in the uptake of
PAH is highly unlikely. It cannot be determined
from the present data whether the arginine residues
modified by phenylglyoxal and the arginine residues
of the peptide bonds cleaved by trypsin and clostri-
pain were identical. Further work is required to
clarify this matter.

That lysine is not important to the transporter
cannot be ruled out by these studies. First, trypsin
was able to completely abolish probenecid-sensitive
transport whereas the maximal effect obtained with
clostripain was an inhibition of 50%. This difference
could be due either to the slightly broader range of
peptide bonds susceptible to cleavage by trypsin or
to a greater accessibility of susceptible bonds to
trypsin than to clostripain.

Another suggestion that lysine may be involved
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Table 3. Effects of group specific reagents on probenecid-inhibitable PAH uptake

Exp. Control? Citraconic anhydride Phenylglyoxal TNBS
Uptake Uptake % Activity Uptake % Activity Uptake % Activity
(pmol/mg/min) (pmol/mg/min) (pmol/mg/min) (pmol/mg/min)
1 354 29.3 83 18.9 53 25.4 72
2 23.6 33.8 143 — — 21.5 91
3 44.2 31.9 72 i8.3 41 22.8 52
4 28.3 24.3 86 27.6 98 — —
5 15.6 9.0 58 6.1 39 8.1 52
6 24.1 27.7 115 20.3 84 22.8 95
7 33.5 56.1 167 19.4 57 — —
8 21.2 — — —_ — 14.0 66
Mean * sD% activity:
100 103 = 40 62 = 24 71 £ 19¢

2 No reagent added.
b P< 0.01 by two-tailed, paired Student’s ¢ test.
¢ P < 0.05 by two-tailed, paired Student’s 7 test.

comes from the studies with TNBS, which reacts
with lysine and with N-terminal amino groups, and
which inhibited transport of PAH. However, TNBS
also can react with sulthydryl groups (Kotaki,
Harada & Yagi, 1964; Fields, 1972). We have re-
cently shown that reagents which react with sulfhy-
dryl groups can inhibit the transport of PAH across
basal-lateral membranes (Tse et al., 1983; Tse et al.,
in press). Some preliminary data suggest that the
action of TNBS may be through reactions with sulf-
hydryl groups. When the membranes and TNBS
were incubated for 15 instead of 30 min at either pH
7.0 or pH 8.8, the PAH uptake activity was not
significantly altered by TNBS (unpublished obser-
vations). The reaction of TNBS with sulfhydryl
groups proceeds at a much slower rate than the re-
action of TNBS with amino groups (Kotaki et al.,
1969). Also few if any sulfhydryl groups will react
with TNBS until all the available amino groups are
reacted (Kotaki et al., 1969). Thus, the 30 min of
incubation of membranes with TNBS which are re-
quired to produce inhibition of transport suggest
that the slower reaction with sulfhydryl groups may
be responsible for inhibition of transport. Other
possible situations could also explain the inhibition
of PAH transport by TNBS and the lack of inhibi-
tion by citraconic anhydride. It is possible that the
two compounds are able to gain access to or to react
with a difference set of amino groups in the mem-
branes. Also, the reaction of TNBS with phosphati-
dylethanolamine may contribute to its effect. Also,
TNBS could alter the membrane in other ways, pos-
sibly through hydrophobic interactions with the
membrane (Plapp, Moore & Stein, 1971). A final

possibility is that the longer incubation time neces-
sary for TNBS to inhibit PAH uptake is related to a
slower rate of penetration to its site of action. Fur-
ther work is required to determine why TNBS is
inhibitory and citraconic anhydride is not.

The data indicate that 10-min digestion by a low
concentration of trypsin has rather limited effects
on the membrane’s integrity. This conclusion is
based on several observations. First of all, vesicles
exposed to trpsin retain their general structure since
electron microscopy reveals neither a change in the
vesicles’ size nor in the degree of vesiculation. Also
the ‘‘glucose space’” at equilibrium remained un-
changed. The Na*-dependent uptake into vesicles
of another anionic substance, L-glutamate, was not
affected by low concentrations of trypsin. The Na*-
independent uptake of glutamate, probably repre-
senting diffusion, was minimally increased by tryp-
sin. Thus, although the vesicles might have become
slightly leaky to glutamate, there was no evidence
for an increased negativity in the membrane’s
charge density. In contrast, the uptake of a neutral
substrate, D-glucose, was increased by trypsin, in-
dicating a possible increased leakiness to glucose.
Also, there was no change in the activity of Na,K-
ATPase, which, in a purified form has been shown
to be degraded by trypsin at the higher weight ratios
of 1:40 to 1:10 (Jorgensen, 1975; Churchill & Ho-
kin, 1976). Most importantly, there was no evidence
that trypsin decreased probenecid-sensitive PAH
uptake by increasing a leak of PAH by a probene-
cid-insensitive pathway (Table 2).

We have shown that the basal-lateral mem-
branes used in these experiments exhibit both pro-
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benecid-inhibitable uptake of PAH into an osmoti-
cally active space, and also probenecid-inhibitable
binding (Mamelok et al., 1982). Since trypsin can
completely abolish all measurable probenecid-in-
hibitable interactions, it must be degrading a spe-
cific binder and a specific transporter.

As observed in a representative Coomassie
Blue stained gel (Fig. 4), very few proteins were
degraded during the course of a tryptic digestion.
Even with periods of incubation of 90 min, at which
time the PAH uptake activity was completely inac-
tivated, there was hardly any detectable degrada-
tion of the membrane’s proteins. This indicates that
the proteins involved in the PAH transport system
comprise a very small fraction of the total protein.
Furthermore, no peptide fragments released from
vesicles treated with trypsin could be detected.
These data emphasize the limited effects of low
concentrations of trypsin on basal-lateral mem-
branes. Nevertheless, several minor polypeptides
were degraded during the course of the treatment
with trypsin. The loss of polypeptides I and II dur-
ing the first 10 min of tryptic digestion as well as the
loss of polypeptides I1I and IV after 25 to 60 min of
digestion occur in parallel with the loss of PAH up-
take activity depicted in Fig. 1. It is possible that
only one or a combination of these four polypep-
tides are somehow related to the PAH transport
system. However, further investigations are re-
quired to implicate these four polypeptides in the
transport of PAH in basal-lateral membranes.

The authors would like to thank Ms. Julie Bond, Ms. Christine
O’Keeffe and Ms. Elizabeth Scranton for their excellent secre-
tarial skills, This work was supported by a grant from the NIH,
RO1 AM27212. Dr. Mamelok is the recipient of a Faculty Devel-
opment Award from the Pharmaceutical Manufacturer’s Associ-
ation Foundation. Dr. Tse is supported by a National Service
Research Award, 1 F32 AM06895.

References

Berner, W., Kinne, R. 1976. Transport of p-aminohippuric acid
by plasma membrane vesicles isolated from rat kidney cor-
tex. Pfluegers Arch. 361, 269-277

Bradford, M.M. 1976. A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the princi-
ple of protein-dye binding. Anal. Biochem. 72:248-254

Churchill, L., Hokin, L.E. 1976. The susceptibility of the glyco-
protein from the purified (Na*,K*)-activated adenosine
triphosphatase to tryptic and chymotryptic degradation with
and without Na* and K*. Biochim. Biophys. Acta 434:258—
264

Cuatrecasas, P. 1974. Membrane receptors. Annu. Rev. Biochem.
43:169-214

Dixon, H.B.F., Perham, R.N. 1968. Reversible blocking of
amino groups with citraconic anhydride. Biochem. J.
109:312-314

S.S. Tse et al.: Proteolytic Inactivation of PAH Uptake

Ebel, H., Aulbert, E., Merker, H.J. 1976. Isolation of the basal
and lateral plasma membranes of rat kidney tubules cells.
Biochim. Biophys. Acta 433:531-546

Fields, R. 1972. The rapid determination of amino groups with
TNBS. Methods Enzymol. 25:464—468

Glossmann, H., Neville, D.M., Jr. 1972. Phlorizin receptors in
isolated kidney brush border membranes. J. Biol. Chem.
247:7779-7789

Heidrich, H., Kinne, R., Kinne-Saffran, E., Hannig, K. 1972,
The polarity of the proximal tubule cell in rat kidney. Differ-
ent surface charges for the brush-border microvilli and
plasma membranes from the basal infoldings. J. Cell Biol.
54:232-245

Hittelman, K., Mamelok, R.D., Prusiner, S.B. 1978. Preserva-
tion by freezing of glucose and alanine transport into kidney
membrane vesicles. Anal. Biochem. 89:324-331

Holohan, P.D., Pessah, N.I., Pessah, I.N., Ross, C.R. 1979.
Reconstitution of N’-methylnicotinamide and p-aminohip-
puric acid transport in phospholipid vesicles with a protein
fraction isolated from dog kidney membranes. Mol. Pharma-
col. 16:343-356

Hsu, B.Y., Corcoran, S.M., Marshall, C.M., Segal, S. 1982. The
effect on amino acid transport of trypsin treatment of rat
renal brush border membranes. Biochim. Biophys. Acta
689:181-193

Inui, K., Okano, T., Takano, M., Kitazawa, S., Hori, R. 1981. A
simple method for the isolation of basolateral plasma mem-
brane vesicles from rat kidney cortex. Enzyme activities and
some properties of glucose transport. Biochim. Biophys. Acta
647:150-154

Jain, M.K. 1973. Enzymic hydrolysis of various components in
biomembranes and related systems. In: Current Topics in
Membranes and Transport. F. Bronner and A. Kleinzeller,
editors. Vol. 4, pp. 175-254. Academic, New York

Jorgensen, P.L. 1975. Purification and characterization of (Na*,
K*)-ATPase. V. Conformational changes in the enzyme.
Transitions between the Na-form and the K-form studied
with tryptic digestion as a tool. Biochim. Biophys. Acta
401:399-415

Kinsella, J.L., Holohan, P.D., Pessah, N.I., Ross, C.R. 1979a.
Isolation of luminal and antiluminal membranes from dog kid-
ney cortex. Biochim. Biophys. Acta 552:468-477

Kinsella, J.L., Holohan, P.D., Pessah, N.I., Ross, C.R. 1979b.
Transport of organic ions in renal cortical luminal and anti-
luminal membrane vesicles. J. Pharmacol. Exp. Ther.
209:443-450

Knauf, P.A. 1979, Erythrocyte anion exchange and the band 3
protein: Transport kinetics and molecular structure. In: Cur-
rent Topics in Membranes and Transport. F. Bronner and A.
Kleinzeller, editors. Vol. 12, pp. 231-365. Academic, New
York

Kotaki, A., Harada, M., Yagi, K. 1964. Reaction between sulf-
hydryl compounds and 2,4,6-trinitrobenzene- 1 -sulfonic acid.
J. Biochem. 55:553-561

Laemmli, U.K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-683

Liang, C.T., Sacktor, B. 1977. Preparation of renal cortex basal-
lateral and brush border membranes. Localization of adeny!-
ate cyclase and guanylate cyclase activities. Biochim.
Biophys. Acta 466:474-487

Lineweaver, H., Murray, C.W. 1947. Identification of the tryp-
sin inhibitor of egg white with ovomucoid. J. Biol. Chem.
171:565-581



S.S. Tse et al.: Proteolytic Inactivation of PAH Uptake

Mamelok, R.D., Tse, S., Bildstein, C., Liu, D. 1981. Purification
and characterization of rabbit kidney basal-lateral mem-
branes prepared in a zonal rotor. J. Cell Biol. 91:102a

Mamelok, R.D., Tse, S.S., Newcomb, K., Bildstein, C.L., Liu,
D. 1982. Basal-lateral membranes from rabbit renal cortex
prepared on a large scale in a zonal rotor. Biochim. Biophys.
Acta 692:115-125

Mitchell, W.M., Harrington, W.F. 1971. Clostripain. In: The
Enzymes. P.D. Boyer, editor. Vol. II1, pp. 699-719. Aca-
demic, New York

Noonan, K.D. 1978. Proteolytic modification of cell surface mac-
romolecules: Mode of action in stimulating cell growth. In:
Current Topics in Membranes and Transport. R.L. Juliano
and A. Rothstein, editors. Vol. 11, pp. 397-461. Academic,
New York

Okuyama, T., Satake, T. 1960. On the preparation and proper-
ties of 2,4,6-trinitrophenyl-amino acids and -peptides. J. Bio-
chem. (Tokyo) 47:454-466

Plapp, B.V., Moore, S., Stein, W.H. 1971. Activity of bovine
pancreatic deoxyribonuclease A with modified amino groups.
J. Biol. Chem. 246:939-945

Sacktor, B., Rosenbloom, I.L., Liang, C.T., Cheng, L. 1981.
Sodium gradient- and sodium plus potassium gradient-depen-
dent L-glutamate uptake in renal basolateral membrane vesi-
cles. J. Membrane Biol. 60:63-71

Satake, K., Okuyama, T., Ohashi, M., Shinoda, T. 1960. The
spectrophotometric determination of amine, amino acid and
peptide with 2.4,6-trinitrobenzene-1-sulfonic acid. J. Bio-
chem. (Tokyo) 47:654-660

Scalera, V., Huang, Y.K., Hildmann, B., Murer, H. 1981. A
simple isolation method for basal-lateral plasma membranes
from rat kidney cortex. Membr. Biochem. 4:49-61

257

Seaman, G.V.F., Uhlenbruck, G. 1962. The action of proteolytic
enzymes on the red cells of some animal species. Biochim.
Biophys. Acta 64:570-572

Sheikh, M.1., Mgller, J.V. 1982. Na*-gradient-dependent stimu-
lation of renal transport of p-aminohippurate. Biochem. J.
208:243-246

Takahashi, K. 1968. The reaction of phenylglyoxal with arginine
residues in proteins. J. Biol. Chem. 243:6171-6179

Tse, S., Bildstein, C., Liu, D., Mamelok, R.D. 1982, Inactiva-
tion of p-aminohippurate uptake in basal-lateral membrane
vesicles by trypsin. Clin. Res. 30:465A

Tse, S.S., Bildstein, C.L., Liu, D., Mamelok, R.D. 1983, Effects
of divalent cations and sulfhydryl reagents on the PAH trans-
porter of renal basal-lateral membranes. J. Pharmacol. Fxp.
Ther. 226:19-26

Tse, S.S., Bildstein, C.L., Liu, D., Mamelok, R.D. 1984, Effects
of analogues of salicylate on p-aminohippurate uptake into
basal-lateral membraneous vesicles. J. Pharmacol. Exp.
Ther. (in press)

Umezawa, H., Aoyagi, T. 1977. Activities of proteinase inhibi-
tors of microbial origin. In: Proteinases in Mammalian Cells
and Tissues. A.J. Barrett, editor. pp. 637-662. Elsevier/
North Holland, Amsterdam

Wang, Y-J., Gurd, J.W., Mahler, H.R. 1975. Topography of
synaptosomal high affinity uptake systems. Life Sci. 17:725-
734

Weber K., Osborn, M. 1969. The reliability of molecular weight
determinations by dodecyl suifate-polyacrylamide gel elec-
trophoresis. J. Biol. Chem. 244:4406-4412

Received 20 March 1984; revised 18 June 1984



