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Trypsin treatment of isolated rat renal brush border membrane vesicles which preferentially releases 
L-leucine aminopeptidase (EC 3.4.11.2) decreases their ability to take up a variety of amino acids under 
Na ÷ -gradient conditions. Such treatment did not alter the osmotic properties of the vesicles nor affect their 
fragility. A linear correlation could be demonstrated between the L-leucine aminopeptidase activity of the 
membranes and the initial rate of uptake of L-leucine and L-proline. Velocity of uptake-concentration 
dependence studies with these substrates indicate that the major effect of trypsinization is to decrease the 
maximum velocity (Vmax~) of the low-K m high-affinity system with little effect on the Vmax2 of the high-K m 
low-affinity transport process and no effect on the apparent Michaelis constants of either. Although the data 
indicate that L-leucine aminopeptidase activity and uptake of L-leucine and L-proline are affected in parallel, 
they should not be construed to imply a role of the enzyme in the transport process, especially in view of the 
global decrease in the uptake of various amino acids and sugars. 

Introduction 

The brush border microvillar membrane of the 
renal proximal tubule cell is a complex organelle 
whose function is important in the reclamation of 
amino acids and other solutes from the tubule 
lumen [1]. Numerous studies have indicated the 
presence of various enzymes, especially hydrolases 
and peptidases [2-6], several of which have been 
highly purified and characterized [7-13]. The en- 
zymatic complexity of the microvillar membrane 
and the localization of the marker enzyme have 
been examined by a number of investigators by 
means of proteolytic digestion and detergent ex- 
traction [ 14-17]. 

In contrast to an abundance of knowledge about 
enzymic microvillar proteins such as y-gluta- 
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myltranspeptidase [18] and the various peptidases 
which constitute about 17% of microvillar protein 
[19], little is known of the proteins concerned with 
amino acid transport. Our information about 
amino acid transport is derived primarily from 
kinetic studies of uptake by isolated brush border 
membrane vesicles. The transport characteristics 
of these vesicles with proline [20,21], alanine [22], 
cystine [23], glutamine [24] and other amino acids 
[25-27] have been reported. This situation has 
given rise to the speculation that microvillar 
peptidases may play a role in amino acid trans- 
port. Meister [18] has proposed that y-gluta- 
myltranspeptidase may mediate the transport of 
amino acids and Kenny and co-workers [1,19] 
have suggested that aminopeptidases may be in- 
volved in transport of leucine and other amino 
acids. 

We have previously reported on both the delin- 
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eation of amino acid-transport systems [20,24, 
26,27] and the sensitivity to proteolytic digestion 
and detergent-induced dissociation of proteins and 
enzymic activities in isolated rat renal brush border 
membrane preparations [28]. In this paper we have 
combined both types of approaches and examined 
the effects of graded trypsin digestion of brush 
border membrane vesicles on amino acid trans- 
port. We have taken advantage of the fact that in 
our previous studies, trypsin preferentially released 
leucine aminopeptidase activity from the mem- 
brane while not altering the membrane comple- 
ment of other marker enzymes such as alkaline 
phosphatase ,  ¥ -g lu tamyl t ranspept idase  and 
maltase [28]. The results reported herein indicate 
that the diminished ability of trypsin-exposed 
vesicles to take up leucine and proline correlates 
with the amount of leucine aminopeptidase 
stripped from the membrane. 

Materials and Methods 

Preparation of brush border membrane 
Adult male Sprague-Dawley rats weighing 250- 

300 g and fed ad libitum on Purina rat chow were 
killed by decapitation. Kidneys were removed, de- 
capsulated and placed in 0.9% NaC1 solution at 
4°C. Rat cortical tissue was removed by using a 
Stadie-Riggs microtome. Brush border membranes 
were isolated by using the MgC12-precipitating 
method of Booth and Kenny [29]. The increase in 
alkaline phosphatase activity in the brush border 
fraction over that in the cortical homogenate was 
between 10- and 13-fold. The average alkaline 
phosphatase specific activity of the membrane pre- 
paration was between 12000 and 16000 Sigma 
uni ts /mg membrane protein [30]. Each final mem- 
brane fraction to be treated was suspended in 
buffer A (0.25 M sucrose, 0.01 M triethanolamine 
hydrochloride, pH 7.6). The protein concentration 
of the suspension was determined by the method 
of Bradford [31] using the Bio-Rad protein assay 
kit from Bio-Rad, Rockville Center, NY. For 
membrane fractions suspended in buffer B (2 mM 
Tris-Hepes buffer, pH 7.4, containing 100 mM 
mannitol), the protein concentration of the mem- 
brane preparation was determined by the method 
of Lowry et al. [32]. Membrane protein concentra- 

tion was adjusted between 2.5 and 3.0 mg/ml  
buffer before proteolytic digestion. 

Trypsin solubilization of brush border preparation 
Trypsin (EC 3.4.21.4) crystallized from bovine 

pancreas was obtained from Calbiochem as was 
trypsin inhibitor which was crystallized three times 
from soybean. Isolated brush border fractions were 
treated with 0.01, 0.05, 0.2 or 1.0 mg trypsin/ml 
membrane preparation in buffer A at 37°C for the 
designated time period. As a control of trypsin 
digestion, the volume of trypsin and trypsin in- 
hibitor was replaced by buffer or mixed trypsin 
and trypsin inhibitor before adding to membrane 
incubation flasks. At the end of incubation, tryp- 
sin inhibitor in buffer A was added with the final 
concentration being twice that of trypsin (w/w). 
The incubation mixture was spun immediately at 
35000 x g for 20 min at 4°C. The trypsin-solubi- 
lized fraction and membrane pellet fraction were 
separated. The protein and enzyme activities which 
did not sediment after centrifugation of 35 000 x g 
were called the solubilized fraction of the brush 
border membrane. The membrane pellets were re- 
suspended in buffer B (6-times the incubation 
volume) and spun at 35000 X g for 20 min. The 
supernatant was discarded. The washed pellets 
were resuspended in buffer B. Protein concentra- 
tion and enzyme activities in both the solubilized 
fractions and in the membrane pellets, which were 
resuspended in desired buffer after treatment, were 
determined and expressed as the percentage of 
total (supernatant fraction plus pellet fraction) 
recovered. Where trypsin digestion was involved, 
protein concentrations in the fractions were cor- 
rected for added trypsin and inhibitor by the use 
of control samples. 

Enzyme assays 
The two marker enzymes measured were al- 

kaline phosphatase (EC 3.1.3.1) and L-leucine 
aminopeptidase (EC 3.4.11.2). Alkaline phos- 
phatase determinations were performed according 
to the Sigma method [30]. The substrate used was 
disodium p-nitrophenol phosphate and activities 
were  expressed  as m m o l  p - n i t r o p h e n o l  
l iberated/mg brush border membrane during 30 
rain incubation at 37°C. L-Leucine aminopepti- 
dase was assayed according to the method of 



Goldmann et al. [33]. L-Leucine p-nitroanilide was 
used as a substrate. The activities were calculated 
as mmol p-nitroaniline released/min per mg mem- 
brane proteins. Data are expressed as a percentage 
of the total activities in both supernatant and 
pellet fractions of the control vesicles incubated at 
4°C for 30 min. 

Protein concentrations in the supernatant frac- 
tions were determined by the method of Bradford 
[31], using the Bio-Rad protein assay kit from 
Bio-Rad, Rockville Center, NY. The washed pellet 
fraction was assayed for protein utilizing the pro- 
cedures of Lowry et al. [32]. Data are presented as 
the percentage of the difference in the amount of 
protein of pellets at 4 and 37°C as compared to 
the sum of the protein amount in both supernatant 
and pellet fraction at 4°C. 

Uptake of amino acids and sugars 
The resulting membrane vesicles after treatment 

with trypsin were separated from the solubilized 
fraction and washed as described in the section for 
trypsin solubilization of brush border preparation. 
The final protein concentration of the washed 
membrane after these manipulations was adjusted 
to 0.20-0.25 mg /m l  buffer B as determined by the 
method of Lowry et al. [32]. The resulting vesicle 
suspension was allowed to equilibrate at 22°C for 
at least 30 min before the uptake studies. The 
uptake of amino acids at 22°C was determined in 
the presence of a 100 mM inward N a -  gradient by 
using filtration techniques as described by Mc- 
Namara et al. [20]. Results of amino acid-uptake 
studies were obtained as uptake of ~4C-labeled 
amino acids in excess of the diffusion component 
as measured simultaneously by the entrance of 
3- 0-[ methyl- 3 H]methyl-D-glucose or  L-[ 1- 3 H]glu- 
cose into the vesicle. These sugars are thought to 
enter the brush border by diffusion [20,24]. 

To determine the effect of trypsin solubilization 
of the brush border membrane on the uptake of 
amino acids and sugars, 0.5 ml of the prepared 
membrane vesicles in buffer B, pH 7.4, at 22°C 
was added at the starting time to a disposable 
1 0 × 7 5  mm test tube containing 0.1 #Ci 14C- 
labeled amino acid, 0.1 /xCi 3-O-[methyl- 
3H]methyl-D-glucose or 0.4 /xCi L-[1-3H]glucose, 
50 #mol NaC1 and unlabelled amino acid to bring 
the incubation mixture to the desired final con- 
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centration of substrates. Uptake of the amino acids 
were calculated as nmol amino acid taken up by 
the vesicle containing 1 mg membrane protein dur- 
ing the initial 0.5 min of incubation at 22°C. Data 
were expressed as the percentage of total uptake of 
the same amino acid in the absence of trypsin. 

To study the effects of osmolarity of the 
medium, various volumes of 2 M sucrose in buffer 
were added to replace the regular buffer in order 
to reach the desired osmolarity of the incubation 
mixture. The final volume of the mixture was 
0.565 ml. The samples were vortex mixed during 
the first 3 s of incubation. After a total incubation 
time ranging from 6 s to 20 min, the incubation 
mixture was transferred by Pasteur pipette to a 
Millipore filter apparatus. Uptake was stopped by 
rapid filtration of the mixture through a Millipore 
filter (HAWP, 0.45 ~m) which was washed once 
with 5 ml of solution containing 0.9% NaCI in 
buffer B, pH 7.4. The filter was air dried and 
counted in a Packard Tricarb scintillation spec- 
trometer in 4ml diluted Concentrol (Yorktown 
Research, Miami, FL). All vesicle preparations 
used for transport studies Were also assayed for 
L-leucine aminopeptidase and alkaline phos- 
phatase activity and the degree of solubilization of 
these enzymes by the treatments used was 
determined. 

Test of possible friability of the vesicle after trypsin 
treatment 

Brush border membrane preparations were 
treated with 0.1% trypsin at 37°C for 25 min as 
described above. After treatment, the washed 
membrane pellets were resuspended in buffer B 
and the final membrane protein concentration was 
adjusted to about 0.2 mg/ml  buffer for transport 
studies. 0.5 ml membrane vesicle suspension in the 
presence of a 100 mM inward Na ÷ gradient was 
vortex mixed and incubated at 22°C for 0.25 min. 
The mixture was filtered through Millipore filter 
(HAWP, 0.45 /xM). Filtrate was collected for al- 
kaline phosphatase assay. Duplicate samples 
without filtration were also assayed for alkaline 
phosphatase activity. 

Materials 
L-[U-14C]Glutamine, L-[U-14C]proline, L-[U- 

14 C]leucine, D-[U- 14 C]glucose, L-[U- 14C]lysine, 
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[U- 14 C]glycine, L-[U-14 C]methionine, t-[ 1- 3 H]glu- 
cose and 3-O-[methyl-3H]methyl-D-glucose were 
purchased from New England Nuclear Corp. a- 
[U-laC]Methyl-D-glucoside was obtained from 
Rosechem. Products (Los Angeles, CA). T- 
Glutamyl-p-nitroanilide, Hepes, trypsin and tryp- 
sin inhibitor were purchased from Calbiochem. All 
other chemicals were of the highest purity availa- 
ble. 

Results 

The effect of trypsin concentration and incubation 
time 

The effect of incubating brush border mem- 
brane vesicles with various concentrations of 
trypsin on removal of protein and enzyme activity 
is shown in Table I. Incubation for 30 min at 37°C 
in buffer alone affected the release of 5.8% of both 
L-leucine aminopeptidase and alkaline phospha- 
tase activities together with 13.7% of membrane 
protein. Essentially, the same results were ob- 
tained when the vesicles were incubated at 4°C for 
30 min (12.9% protein released and 3.t% of the 
enzyme activity), thus indicating that exposure of 
the vesicles to ionic buffer and their manipulation 
during centrifugation, resuspension and washings 
only slightly affect the membrane. Treatment of 
the membrane with 50 /Lg trypsin/ml resulted in 
further removal of half of the L-leucine amino- 
peptidase, little alkaline phosphatase and no detec- 
table protein. Increasing the trypsin concentration 
to 200 # g / m l  released an additional 21% of 
L-leucine aminopeptidase and 17% of membrane 

protein while 1 mg/ml  caused the liberation of 
15% more protein without L-leucine aminopepti- 
dase or alkaline phosphatase activity. 

The results of the effect of various incubation 
times at 37°C in the presence of 200/~g trypsin/ml 
membrane preparation upon the net removal of 
marker enzymes L-leucine aminopeptidase and al- 
kaline phosphatase together with the membrane 
proteins are shown in Table II. At 15 min, 70% of 
L-leucine aminopeptidase was removed, very little 
alkaline phosphatase and 18% of protein was 
removed above that observed during incubation 
with buffer alone (4.56% L-leucine aminopeptidase 
and 11.31% protein). 

By increasing the incubation time from 15 to 30 
min at 37°C, about 8% more of the membrane 
L-leucine aminopeptidase together with an addi- 
tional 3% of the membrane protein were removed 
with still little alteration in alkaline phosphatase. 
By increasing the incubation time to 45 min, there 
was no further effect upon the membrane proteins 
and L-leucine aminopeptidase removal as com- 
pared to that of 30 min incubation. However, 
there was an additional 7.24% alkaline phos- 
phatase removal as compared to that of 30 min 
incubation. Since membrane alkaline phosphatase 
is generally considered as part of the membrane 
matrix and not a surface protein [28], it therefore 
appears that prolonged incubation to 45 min at 
37°C in the presence of 0.02% trypsin resulted in a 
disturbance of the membrane matrix. Hence, the 
data from Tables I and II suggest that the optimal 
trypsinization condition for membrane L-leucine 
aminopeptidase would be 0.02% trypsin incubated 

TABLE I 

EFFECT OF TRYPSIN C O N C E N T R A T I O N  UPON THE REMOVAL OF MEMBRANE PROTEIN, L-LEUCINE AMINO- 
PEPTIDASE AND ALKALINE PHOSPHATASE ACTIVITIES FROM BRUSH BORDER MEMBRANE 

Brush border membranes were incubated at 37°C for 30 min. Each value is the mean±S.E,  for four determinations. 

Trypsin concentration % of L-leucine % of alkaline % of protein 
aminopeptidase phosphatase stripped from 

/ tg /ml  membrane /xg/mg membrane stripped from stripped from membrane 
protein membrane membrane 

0 0 5.84+0.0 5.82±0.2 13.67± 1.1 
50 51.0- 58.0 60.13+2.0 6.92±0.1 12.60± 1.8 

200 204.0- 232.0 81.92+0.6 7.04±0.1 30.35~ + 1.7 
1 000 1 020.0-1 161.0 83.64 ± 0.3 6.58 ± 0.1 45.25 ± 1.2 
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TABLE II 

EFFECT OF THE LENGTH OF INCUBATION AT 37°C BY TRYPSIN TREATMENT UPON THE REMOVAL OF 
MEMBRANE PROTEINS, L-LEUCINE AMINOPEPTIDASE AND ALKALINE PHOSPHATASE ACTIVITIES OF THE 
BRUSH BORDER MEMBRANE 

Each value is the difference from that observed for vesicles incubated for the same length of time in buffer without trypsin. 

Time of incubation Trypsin concentration 7o of L-leucine % of alkaline 7O of protein 
at 37°C aminopeptidase phosphatase stripped from 
(min) p.g/ml /~g/mg stripped from stripped from membrane 

membrane membrane membrane membrane 
protein 

15 200 146.4-149.6 70.27-+0.8 0.62-+0.1 18.54-+0.4 
30 200 147.1-154.2 78.21 -+0.5 0.44-+0.1 21.59-+0.6 a 
45 200 141.5-143.7 78.99-+0.3 7.24-+0.1 20.73-+ 1.0 b 

a P < 0 . 0 1 .  

b p >0.05 for differences from control. 

wi th  the renal brush border  membrane  prepara t ion  

in buffer  A at 37°C for 15 min  which results in the 

m a x i m u m  amount  of  membrane  L-leucine amino-  

pept idase  removed  with least effect upon  the al- 

kal ine phosphatase  activity and the matr ix for the 

m e m b r a n e  vesicles. 

Effect of trypsinization on the responses of the mem- 
brane vesicles to osmotic perturbations 

In order  to clarify whether  the uptake of  sub- 

strate by trypsinized vesicles respresents t ransport  

in to  an intravesicular  space, the relation of  in- 

t ravesicular  vo lume to steady-state equi l ibrat ion of  

substrates was examined.  As shown in Fig. I, 

s teady-state  accumula t ion  of bo th  L-leucine and 

L-glucose by control  and trypsinized vesicles, which 

had been treated with 0.02% trypsin at 37°C for 15 

min,  were found to be inversely propor t iona l  to 

m e d i u m  osmolar i ty  and thus, directly related to 

intravesicular  space. Ext rapola t ion  to infini te  

m e d i u m  osmolari ty,  i.e., zero intravesicular  volume,  

resulted in no uptake, also indicat ing no b inding 

to the membrane .  Kenny  and O 'Ha l l o r an  [ 19] have 

shown that  vesicles, in the presence of  L-leucine, 

are osmotical ly  act ive and results indicate  a trans- 

por t  of  amino  acid ra ther  than b inding to the 
m e m b r a n e  surface. N o  difference is apparent  in 

the osmot ic  reactivi ty of  the trypsinized vesicles 

and control  vesicles which were also incubated  at 

37°C  and washed in parallel with the trypsinized 
vesicles. 
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Fig. 1. Effect of medium osmolarity on the uptake of L-leucine 
( ) and L-glucose ( - - - - - )  by control and trypsinized 
vesicles. Brush border vesicles were incubated at 37°C for 15 
min in the absence or presence of 200 ~g trypsin/ml mem- 
brane preparations in buffer A. Control (@) and trypsinized 
(©) vesicles were obtained as described in the text. Vesicles 
were allowed to equilibrate at 22°C for 30 min in buffer B 
containing 100 mM NaCI and various concentrations of sucrose 
in order to reach the desired osmolarity of the incubation 
medium. Since NaCI was equilibrated with the vesicles before 
uptake measurement, the concentration of NaCI was not 
counted in relative osmolarity. 0.02 mM L-[t4C]leucine (0.1 
~tCi) and L-[3H]glucose (0.4/~Ci) tracer mix were then added 
and incubated with the vesicles for an additional 24 min, after 
which the mixture was filtered and radioactivities were de- 
termined as described in the text. Results shown are the mean 
of four determinations at each relative osmolarity. Standard 
errors are indicated by vertical bars. Relative osmolarity is 
defined as 300 mosM= 1 =isomolar and 100 mosM=0.33. The 
lines were drawn by the least-squares method of a Monroe 
1775 programmable calculator. 
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Effect of trypsinization upon the friability of the 
membrane vesicles 

An experiment was designed to test the stability 
of the trypsinized vesicles by assessment of the 
amount of alkaline phosphatase that could be 
filtered when the vesicles were applied to the 0.45 
/~m Millipore filter. Results have shown that a 
total of 6.56% of the alkaline phosphatase activity 
passed through the filter when the trypsinized 
vesicles were filtered as compared to 2.58% of 
alkaline phosphatase activity of the control vesicles. 
Thus, if we used alkaline phosphatase retention as 
a measure of the stability of the membrane matrix, 
the vesicles' response to mechanical stress was 
little affected by trypsinization. 

Relationship between membrane L-leucine amino- 
peptidase and amino acid uptake by the membrane 
vesicles 

There is a striking correlation between the 
amount of the membrane L-leucine aminopepti- 
dase remaining on the trypsinized vesicles and the 
extent of proline and leucine uptake by these 
vesicles, as shown in Table III. As increasing activ- 
ity of L-leucine aminopeptidase is removed from 
the vesicle, the uptake of amino acids decreases. 
When brush border membranes were treated with 
200 /~g/ml trypsin, 70% of L-leucine aminopepti- 
dase was removed from the membranes accompa- 
nied by a loss of 81-87% of initial (15 s) proline 
uptake and about 70% loss of initial (15 s) leucine 
uptake when compared to control membranes. At 
the same time, there was little or no removal of 
protein and alkaline phosphatase as compared to 
that of control (i.e., zero concentration of trypsin). 

Since the total recovery of the membrane pro- 
teins, alkaline phosphatase and L-leucine amino- 
peptidase activities from washed pellets and corre- 
sponding supernatant fractions was constant, the 
decrease in L-leucine aminopeptidase activity asso- 
ciated with the membrane fraction represented 
solubilization of the enzyme rather than inhibition. 

Fig. 2 shows a linear correlation between the 
activities of L-leucine aminopeptidase on the ves- 
icle membranes and the initial (15 s) amino acid 
uptake by the vesicles. In Fig. 2A, the initial (15 s) 
0.02 and 2.1 mM proline uptake by the trypsinized 
vesicles is plotted against the activity of membrane 
L-leucine aminopeptidase and is seen to decrease 

as the membrane L-leucine aminopeptidase de- 
creased. Extrapolation to zero amount of mem- 
brane L-leucine aminopeptidase indicates there 
would be no uptake of L-proline if it were possible 
to remove all of the L-leucine aminopeptidase ac- 
tivity on the vesicle membranes. The uptake of 
0.02 and 2.1 mM L-leucine by trypsinized vesicles 
vs. the amount of membrane L-leucine amino- 
peptidase as shown in Fig. 2B also reveals a de- 
crease as the L-leucine aminopeptidase activity 
diminishes. The extrapolation in Fig. 2B does not 
go through zero, indicating that at zero amount of 
membrane L-leucine aminopeptidase, there is still 
about 20% of the control L-leucine uptake remain- 
ing in the trypsinized vesicles. 

The uptake of various substrates by trypsinized 
vesicles 

Since previous reports have demonstrated the 
existence in vesicles of low- and high-K m transport 
systems, we surveyed the alteration in the uptake 
of various amino acids and sugars at both high 
and low concentrations. The results are shown in 
Table IV. Not only was the uptake of several 
groups of amino acids, including neutral and di- 
basic types, decreased after trypsin exposure but 
also that of the sugars, D-glucose and a-methyl-D- 
glucoside. The data indicate that there is a global 
depression of transport systems in trypsinized 
membranes. The effect appeared to extend to both 
high- and low-affinity processes but for a full 
comprehension of the transport defect the veloc- 
ity-concentration dependence studies reported be- 
low are required. 

Effect of trypsinization of vesicle membrane upon 
the time course of amino acid transport 

The removal of 70% membrane L-leucine 
aminopeptidase as the result of trypsinization ex- 
erts an inhibitory effect on the Na+-gradient - 
dependent overshoot phenomenon in the brush 
border membrane for both proline and leucine. 
Fig. 3 shows the time course of uptake of 0.02 mM 
L-[tnC]proline by control and trypsinized mem- 
brane vesicles. The uptake of t-proline in the 
presence of 100 mM inward Na + gradient was 
decreased 62-90% in the trypsinized vesicles as 
compared to that of control vesicles over the first 
3 min of incubation. It is during this initial 3 min 



TABLE III 

EFFECT OF TREATMENT OF VESICLES WITH VARIOUS C O N C E N T R A T I O N S  OF TRYPSIN ON THE M A R K E R  ENZYMES A N D  U P T A K E  OF A M I N O  

ACIDS 

Each value for L-leucine aminopeptidase, alkaline phosphatase and membrane protein removed is the mean ± S.E. for four determinations. Each value for proline and leucine 

uptake is the mean±S.E ,  for eight determinations. P <0.001 for differences from control, when not referred to by a footnote. 

Trypsin concentration % of membrane % of alkaline % of L-leucine Proline uptake (%) Leucine uptake (%) 

protein removed phosphatase aminopeptidase 
/~g/ml % removed removed 0.02 mM 2.1 mM 0.02 mM 2.1 mM 

membrane 

0 0 12.01-4-0.2 13.15±0.2 16.83+0.3 100 ±4 .5  100 ÷ 5.8 100 ±1 .7  100 ± 4.0 

10 0.001 9.51 ± 1.3 d 15.16--+0.2 33.74+0.3 75.18± 2.2 77.08-+ 14.0 d 89.67± 3.9 b 72.16± 4.8 
50 0.005 14.21 ± 1.9 b 15.84±0.1 68.01 ±0 .9  32.08± 2.4 32.19 + 2.7 a 53.61 ± 4 . 0  53.87 ± 4.4 

200 0.020 14.10-'-0.7 c 13.96±0.2 87.60±0.7 13.37± 2.4 18.86± 11.8 30.33±4.5 31.03 ÷ 10.3 

a p <0.01 for differences from control. 
b p <0.02. 
c p <0.05. 

d p >0.1 for no significant differences from control. 
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Fig. 2. Relation of membrane L-leucine aminopeptidase to the uptake of (A) L-proline and (B) L-leucine for 0.02 mM and 2.1 mM 
substrate concentrations. Percent L-leucine aminopeptidase (LAPase) remaining on vesicle membrane after trypsinization with the 
designated trypsin concentration is data taken and normalized from Table IV. The membrane L-leucine aminopeptidase activity 
remaining on the control vesicles is taken as 100% (i.e,, when treated with no trypsin present). Uptake of 0.02 mM (O) and 2.1 mM 
(Q) substrate concentration was measured after 0.5 rain incubation at 22°C as described in the legend to Table IV under 100 mM 
Na+-gradient condition. All points are expressed relative to uptake in the absence of trypsin which was taken as 100%. Values given 
are the mean for eight determinations for each data point. Standard errors are indicated by vertical bars. The lines were drawn by the 
least-squares method. 

that the Na+-gradient-dependent 'overshoot' phe- 
nomenon is observed. Fig. 4 shows the time courses 
of uptake of 0.02 mM L-[14C]leucine by control 
and trypsinized membrane vesicles. The uptake of 
L-leucine by trypsinized vesicles was 45-76% less 
than that of the control vesicles over the first 3 min 

of incubation. As in the time curves of L-proline 
uptake, the trypsinization effect upon L-leucine 
was evident during the first 3 min of uptake. At 
the end of 20 rain of incubation, when the Na ÷ 
gradient is dissipated, there is no significant dif- 
ference in the accumulation of L-leucine and L- 

TABLE IV 

EFFECT OF TRYPSINIZATION UPON THE UPTAKE OF VARIOUS AMINO ACIDS AND SUGARS BY THE MEMBRANE 
VESICLES 

Uptake of the amino acids and sugars was measured at the end of 0.5 min incubation at 22°C. The number of determinations is 
indicated in the parentheses behind the mean value± S.E. 

1 4  C - l a b e l e d  

substrate 
% of initial rate of uptake of control vesicles 

0.02 mM substrate in medium 2.1 mM substrate in medium 

Control Trypsinized Control Trypsinized 

D-Glucose 100--+5.7 (12) 25.20± 1.7 (12) 100±3.0 (10) 41.90±3.5 (12) 
a-MethyloD-glucoside 100± 1.7 (10) 36.09± 1.8 (10) 100± 2.1 (11) 36.96--4.5 (12) 
L-Leucine 100±3.7 (13) 36.62± 1.9 (14) 100±2.5 (13) 46.34±2.3 (15) 
L-Proline 100± 1.7 (16) 22.79±2.5 (16) 100±3.9 (11) 40.64±6.5 (12) 
L-Glycine 100--+6.1 (15) 41.54±5.3 (14) 100--+3.4 (12) 31.54±4.7 (13) 
L-Methionine 100±5.3 (10) 24.44±2.3 (12) 100±3.5 (10) 50.07-+5.3 (9) 
L-Glutamine 100± 2.4 (15) 25.00 ± 4.4 (14) 100-+ 3.9 (15) 35.44 + 3.3 (14) 
L-Lysine 100--+3.7 (12) 32.00±3.8 (11) 100±7.7 (6) 32.73± 10,1 (6) 
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Fig. 3. Effect of trypsinization of vesicle membranes on the 
time course of uptake of 0.02 mM L-proline by control and 
trypsinized vesicles. Brush border vesicles were incubated at 
37°C for 15 min in the absence or presence of 200 #g trypsin/ml 
membrane preparations in buffer A. Control (©) and 
trypsinized (Q) vesicles were obtained as described in the text. 
The time course of uptake by membrane in buffer B incubated 
with 0.02 mM L-[~4C]proline was measured under the condi- 
tions of a 100 mM Na + gradient at 22°C as described in 
Materials and Methods. Values shown are the means± S.E. for 
eight determinations. Data points without vertical bars indicate 
that the errors of the data points are included within the size of 
each point. 

p r o l i ne  b y  the con t ro l  a n d  t ryps in ized  vesicles 

( P  > 0.05, n o t  s ignif icant) .  

Effect of trypsinization of vesicle membranes upon 
the kinetic parameters of amino acid-transport sys- 
tems 

W e  have  p rev ious ly  repor ted  that  the k ine t ics  of 
p ro l ine  t r an spo r t  by  b ru s h  b o r d e r  m e m b r a n e  
vesicles ind ica te  the p resence  of  two sa tu rab le  
sys tems for u p t a k e  [20,27]. The  in i t ia l  ra te  of up-  

take  of  p ro l ine  by  b ru sh  b o r d e r  m e m b r a n e  vesicles 
at  22°C,  af ter  the m e m b r a n e  vesicle had  been  
i n c u b a t e d  at 3 7 ° C  for 15 m i n  in  the p resence  of  
0.02% t ryps in ,  was  still c o n c e n t r a t i o n  d e p e n d e n t  
a n d  sa turab le ,  as shown  in  Fig.  5. The  Hofs tee  p lo t  
for  the c o n c e n t r a t i o n  d e p e n d e n c e  of p ro l ine  up-  
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Fig. 4. Effect of trypsinization of vesicle membranes on the 
time course of uptake of 0.02 mM L-leucine by control and 
trypsinized vesicles in the presence of an Na + gradient. Brush 
border vesicles were incubated with or without trypsin as 
described in the legend to Fig. 3. The time courses of uptake of 
0.02 mM L-[14C]leucine by control (0 )  and trypsinized (O) 
vesicles were measured under the conditions of a 100 mM Na + 
gradient at 22°C as described in the text. Values shown are the 
means±S.E, for eight determinations. Data points without 
vertical bars indicate that the errors of the data points are 
included within the size of each point. 

t ake  at 15 s shows a t w o - l i m b e d  curve  that  ind i -  

cates  the p resence  of m u l t i p l e  t r an spo r t  sys tems 
for  the vesicles in  the absence  of t ryps in iza t ion .  
T h e  t r an spo r t  p a r a m e t e r s  d e t e r m i n e d  f rom the 

Hofs tee  p lo t  were: Km, , 0 .095-+0 .007  m M ;  Vmax, , 

2 .38-+ 0.17 n m o l / 1 5  s per  mg;  Kin2 , 2.21 - 0.39 
m M ;  Vm~x~, 11.32-+ 1.06 n m o l / 1 5  s per  mg. W i t h  
the  Hofs tee  plot  p a r a m e t e r s  as in i t ia l  es t imates ,  we 
ca lcu la t ed  k ine t ic  pa r ame te r s  f rom Eqn .  1 to give 
the best  fit to the observed  total  u p t a k e  by  u s ing  a 
Dig i ta l  P D P  12 c o m p u t e r :  

Vma×, [S] Vmax 2 [ S ] 

Vtotal ~- [ S ] _ F K m ,  ~ [ S ] . . F K m  2 ( l )  

T h e  ca lcu la ted  va lues  were:  Kin, , 0.095 m M ;  Vmax,, 
1.87 n m o l / 1 5  s per  mg;  Kin2, 7.50 m M ;  Vm,x2, 16.5 
n m o l / 1 5 s  per  mg.  The  Hofs tee  p lo t  va lues  for 
p ro l ine  u p t a k e  by  t ryps in ized  m e m b r a n e  vesicles 
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Fig. 5. Concentration-dependent L-proline uptake by control 
and trypsinized vesicles. Control (©) and trypsinized (O) 
vesicles were prepared as described in the legend to Fig. 3. 
Vesicles were incubated for 15 s in buffer B, pH 7.4, with 
varying L-proline concentrations (0.018-3.91 mM) under the 
condition of a 100 mM Na + gradient at 22°C. Uptake was 
measured as described in Materials and Methods. v is the 
velocity in nmol/15 s per mg membrane protein. [S] is the 
substrate concentration in raM. Each data point is the average 
of 20 determinations. 

at 22°C w e r e  Km,  , 0.071 -0.016 mM; Vmax,, 0.40 
-+ 0.092 nmol/15 s per m g ;  Km2 , 2.99 -+0.76 mM; 
Vm,~, 7.29-+ 1.88 nmol/15 s per mg. The calcu- 
lated values were K,,,, 0.095 mM; Vm,x,, 0.10 
nmol/15S per m g ;  Km2, 6.19 mM; Vm,~, 12.50 
nmol/15 s per mg. The Vm~ ' values for L-proline 
between the control and trypsinized vesicles trans- 
port are significantly different when compared 
with Student's t-test ( P <  0.001). The Km, values 
for L-proline by control and trypsinized vesicles 
are not statistically different when compared with 
Student's t-test (P>0.2).  Thus, the removal of 
70% membrane L-leucine aminopeptidase as the 
result of trypsinization of the membrane vesicle 
appeared to lower the Vm,~, of proline entry on the 
low-Kr, system to 10% of that of the control 
vesicles. In addition, the Vm,x2 of proline entry on 
the high-K m system was lowered by 24% compared 
to that of the control vesicles (P < 0.02). Trypsini- 
zation of the membrane vesicle does not seem to 
alter the substrate affinities in either of the two 
transport components (P > 0.6 f o r  Km2 ). 

The velocity measurements of L-leucine trans- 
port at various substrate concentrations by control 
vesicles incubated at 37°C indicate the presence of 
two saturable systems for uptake as shown in 
Fig. 6. The transport parameters determined from 
the Hofstee plot w e r e  Kin,  , 0.47 -+ 0.04 mM; Vmax, , 
7.43+0.53 nmol/15s per mg; Kmz, 1.83+0.27 
mM; Vmax2, 17.87-+ 1.65 nmol/15 s per mg. With 
the Hofstee plot parameters as initial estimates, 
the calculated values were: Kin,, 0.54 mM; Vmax,, 
6.25 nmol/15s per mg; Km2, 8.35 mM; Vmax2, 
22.15 nmol/15 s per mg. 

The Hofstee plot for the concentration depen- 
dence of uptake at 15 s of leucine by trypsinized 
vesicles is also presented in Fig. 6. The transport 
parameters observed were Kin,, 0.36-4-0.07 mM; 
Vm,~,, 3.16 + 0.56 nmol/15 s per mg; Km2, 4.03 + 
1.16 mM; Vma~2, 22.64-+3.90 nmol/15s per mg. 
The calculated values were Kin,, 0.54 mM; Vmax,, 
2.75 nmol/15S per mg; Kin2, 8.35 mM; Vmax2, 
23.50 nmol/15s per mg. The removal of 70% 
membrane L-leucine aminopeptidase after the 
trypsinization of the membrane vesicles resulted in 

4 8 i2 16 2~0 
v/[s] 

Fig. 6. Concentration-dependent L-leucine uptake by control 
and trypsinized vesicles. Control (O)  and trypsinized (0)  
vesicles were prepared as described in the legend to Fig. 3. 
Various L-leucine concentrations (0.018-3.19 mM) were in- 
cubated with vesicles under the condition of a 100 mM Na + 
gradient at 22°C. Initial rate of uptake by the vesicles was 
measured as described in the text. v is the velocity in nmol/15 s 
per mg membrane protein. [S] is the substrate concentration in 
mM. Each data point is the average of four determinations. 
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TABLE V 

THE RELATIVE CONTRIBUTION TO TOTAL UPTAKE OF THE LOW-K m (HIGH-AFFINITY)  SYSTEM AND THE 
HIGH-K m (LOW-AFFINITY) SYSTEM CALCULATED FOR PROLINE AND LEUCINE UPTAKE 

Brush border membranes were incubated at 37°C for 15 min. Initial rate (0.25 min) of uptake was measured at 22°C. 

Substrate concentration Type of vesicle 

(mM) 

Calculated contribution to each component (%) 

Low-K m system High-K m system 

L-Proline 0.018 Control 88.4 11.6 
Trypsinized 30.5 69.5 

3.91 Control 24.7 75.3 
Trypsinized 1.98 98.9 

L-Leucine 0.018 Control 80.9 19.1 
Trypsinized 63.7 36.3 

3.91 Control 43.7 56.3 
Trypsinized 24.4 75.6 

lowering of the Vm~x, ( P < 0 . 0 1 )  of leucine entry 
through the l o w - K  m system. B u t  Kin, was unaf- 
fected (P  > 0.2) compared to control vesicles. Both 
Km2 and Vmax~ of leucine entry through the high-K m 
system were increased slightly but not significantly 
as the results of trypsinization ( P > 0 . 1  for Km~ 
and P > 0.3 for Vmax~). Table V shows the relative 
contributions for either the low-K m or high-K m 
system to the total uptake of L-proline and L- 
leucine at two designated concentrations, 0.018 
and 3.91 mM, by control and trypsinized brush 
border vesicles. By substituting the calculated val- 
ues of the kinetic parameters into Eqn. 1, the 
uptake theoretically mediated by each of two 
transport components was determined by the sub- 
strate concentration desired. The contributions in- 
dicate that trypsin treatment with the removal of 
70% membrane L-leucine aminopeptidase from the 
vesicles lowered the relative contributions from the 
low-K m (high-affinity) system to the total uptake 
of L-proline and L-leucine by 57.9 and 17.2%, 
respectively, in the presence of 0.018 mM sub- 
strate concentrations. At the substrate concentra- 
tion of 3.91 mM, the uptake of proline by the 
trypsinized vesicles was mediated almost solely by 
the h i g h - g  m system; and 75.6% of the total uptake 
of t-leucine by the trypsinized vesicles was con- 
tributed from the high-K m system. 

Discussion 

The treatment of renal brush border membrane 

vesicles with trypsin causes the release from the 
membrane of leucine aminopeptidase activity and 
a decrease in the ability to take up various amino 
acids. The ability of the vesicles to take up leucine 
and proline correlates with the residual amino- 
peptidase and not with the amount of protein 
released. Our data lend some support to the 
suggestion of Kenny and O'Halloran [19] that 
peptidases may be involved in Na÷-dependent  
leucine transport. There appears, however, to be a 
lack of specificity of the trypsin treatment. Not 
only is the transport of several groups of amino 
acids impaired but that of sugars as well. Our 
findings do not imply that leucine aminopeptidase 
acts as a transport protein. It may well be that 
when trypsin releases leucine aminopeptidase, it 
also removes other proteins associated with amino 
acid and sugar transport that have a similar topo- 
graphical relationship in the membrane [28]. 

From the point of view of transport kinetics, 
the exposure to trypsin had quite specific effects 
on leucine and proline uptake. The low-K m trans- 
port systems appear to be dramatically altered, 
leaving the high-K m low-affinity component only 
slightly affected. In addition, the maximum veloc- 
ity of the leucine and proline high-affinity system 
was affected with no change in the g m. This may 
be construed to mean that the number or effi- 
ciency of saturable binding sites was reduced but 
that the sites remaining possessed an unchanged 
affinity. The fact that trypsin treatment resulted in 
dramatically decreased uptake via the low-K m sys- 
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tern while leaving the high-K m system functioning 
almost normally is consistent with the separate 
nature of these transport components. 

The result of trypsin digestion of the membrane 
vesicle is a decrease in the Na +-dependent uptake 
of leucine and proline. Previous analysis of the 
low-K m transport system for proline revealed two 
effects of Na ÷ on the system, one being on the 
apparent affinity of the binding site for the amino 
acid and the other where the Na + gradient estab- 
lished a membrane potential which is used as a 
driving force for concentrative uptake of the amino 
acid [27]. Our present studies show no alteration in 
the K m or  affinity for proline but only of the Vma ~. 
It is, therefore, possible that trypsin incubation 
caused a change in the ability of the membrane 
vesicles to dissipate the Na + gradient or establish 
a membrane potential. This possibility remains to 
be determined by measurements of Na + flux and 
membrane potential. An effect on Na + flux or 
generation of membrane potential would explain 
the rather global effect of trypsin on amino acid 
and sugar transport. 

Our ultrastructural studies on the effects of 
trypsin indicated that surface protein was stripped 
from the microvillar membrane, leaving exposed 
so-called 'lollipop' structures [28,34]. The treat- 
ment apparently leaves the vesicular membrane 
intact, since we find no alkaline phosphatase re- 
leased; the vesicles reveal normal osmotic re- 
sponses and the friability during filtration proce- 
dures is essentially unaltered. The intactness of the 
membrane appears to coincide with inaccessibility 
of about 20% of the leucine aminopeptidase to 
trypsin activity. This activity appears to be associ- 
ated with or buried in the lipid matrix, since it is 
extracted by detergents [3]. By using the monova- 
lent Fab fragment of the brush border membrane 
aminopeptidase antibody, Louvard et al. [35] found 
that 20% of brush border membrane aminopepti- 
dase enzyme cannot be inhibited even in the pres- 
ence of substantial antibody excess. This is con- 
sistent with the hydrophobic anchors of the en- 
zyme interacting with the lipid bilayer [3]. It is 
interesting to note that the cleavage of enzyme 
from the membrane results in no loss of enzyme 
activity in that the activity released and that resid- 
ual in the membrane are about equal to the total 
enzyme activity present before trypsin action. 

However, the existence of the small portion of the 
inverted vesicles cannot be excluded [1]. 

Along with showing a positive correlation of 
vesicle transport with leucine aminopeptidase, our 
results show a negative one with y-glutamyltrans- 
peptidase activity. Trypsin treatment does not 
solubilize the transpeptidase activity [28] yet alters 
the transport of amino acids. If, as Meister [18] 
predicts, this enzyme functions as an amino acid 
carrier, one would expect that transport would be 
unchanged if the vesicle possessed essentially all of 
its ~,-glutamyltranspeptidase activity. This appears 
to be additional evidence that the transpeptidase 
does not act as an amino acid transporter although 
one could postulate that trypsin alters the carrier 
function of the enzyme but leaves the transpepti- 
dase activity in its native state. 
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