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Peptide transport in purified rabbit intestinal brush-border membrane vesicles has been studied using a 
potential-sensitive fluorescent dye, di-S-C3(5). Transport of dipeptides is accompanied by an increase in the 
fluorescence of the dye in the presence and absence of Na +, indicating electrogenic, Na+-independent 
peptide transport. Dipeptides containing D-amino acids also increase the fluorescence, showing that these 
peptides too possess significant affinity for the peptide transport system. ~-Aianylglycylglycine and pro- 
lyiglycylglycine, very much like the dipeptides, increase the fluorescence even in the absence of Na + which 
demonstrates the Na+-independent, electrogenic transport of tripeptides. However, concentrations needed for 
half-maximal fluorescence changes are higher for tripeptides than for dipeptides suggesting different 
affinities for the carriers. The studies, in addition, provide evidence for the existence of more than one 
carrier system for translocation of small peptides in rabbit intestinal brush-border membrane. 

Introduction 

Active transport of small peptides has been 
demonstrated in mammalian intestine either in the 
whole animal or in intact tissue preparations [1]. 
In the last few years, use of purified intestinal 
brush-border membrane vesicles has produced re- 
sults strikingly different from earlier observations 
with regard to the role of Na + in peptide transport 
[2]. Peptide transport in vesicles is Na+-indepen - 
dent [3-7], electrogenic [8,9] and is probably driven 
by an inward proton gradient [9]. The presence of 
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such a proton gradient across the intestinal brush- 
border membrane in man has been recently dem- 
onstrated in vivo [10]. 

Current studies on peptide transport in vesicles 
are limited, since the number of commercially 
available radiolabeled peptides is small. In particu- 
lar, no labeled tripeptide is available, and thus no 
information on tripeptide transport in vesicles has 
been generated. Potential-sensitive fluorescent dyes 
have been used to study the electrogenic transport 
of glucose [11-14], amino acids [12-14], and di- 
carboxylic acids [15] in membrane vesicles using 
unlabeled substrates. Recently, we have shown 
that a similar approach can be successfully em- 
ployed to monitor dipeptide transport in intestinal 
brush-border membrane vesicles prepared from 
young rabbits [9]. In the present study, various 
unlabeled di- and tripeptides have been used to 
investigate the kinetics, substrate specificity, and 
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multiplicity of intestinal peptide transport in puri- 
fied brush-border membrane vesicles. 

Methods and Materials 

Preparation of membrane vesicles 
Young rabbits weighing 600-900 g were used 

throughout this study. After the rabbits were killed 
by cervical dislocation, the entire small intestine 
was taken out and flushed thoroughly with Ringer 
solution. The mucosa was scraped off and brush- 
border membrane vesicles were prepared from the 
mucosal scrapings by MgZ+-precipitation as previ- 
ously described [16]. The final washing of the 
membranes was done with the preloading buffer 
which was, unless otherwise indicated, 10 mM 
Mes/Tris  buffer (pH 6.0) containing 75 mM 
KzSO 4. The resulting pellet was suspended in the 
same buffer using a 25 gauge needle and the 
protein concentration of the suspension was ad- 
justed to 20 mg/ml.  

Transport assay 
The electrical potential difference across the 

brush-border membrane of the purified vesicles 
was measured using the  potential-sensitive dye, 
3,3 '-dipropylthiadicarbocyanine iodide (di-S- 
C3(5)). The measurements were carried out in a 
spectrofluorophotometer (Shimadzu, RF-510) with 
an excitation wavelength of 622 nm and emission 
wavelength of 669 nm. The instrument was 
equipped with a red-sensitive photomultiplier, 
R446U. The temperature of all the solutions used 
in the measurement (except the membrane vesicles 
which were kept on ice) as well as that of the 
sample compartment of the fluorometer was con- 
stantly maintained at 37°C. At the start of each 
measurement, 20 btl of stock dye solution (306/LM 
in ethanol) was added to 2 ml of transport buffer 
in disposable polyacryl cuvettes. The transport 
buffer contained 75 mM of either K2SO 4 or 
Na2SO 4 in 10 mM Mes/Tris  buffer (pH 6.0). This 
pH was employed throughout the study because 
peptide transport is maximal at pH 5.5-6.0 [8]. 
The final concentration of the dye was 3 /zM. 
After 1 rain, the fluorescence reading was adjusted 
to 250 arbitrary units and subsequently, 20 ~tl of 
vesicles (0.4 mg protein) were added to the cuvette. 
An additional 3 min were allowed for stabilization 
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of the fluorescence before 250 /~1 of concentrated 
stock solution of test substrate was injected through 
a small opening at the top of the sample compart- 
ment. The stock solutions of peptides, amino acids 
and glucose were prepared in 10 mM Mes/Tris  
buffer (pH 6.0). The solution in the cuvette was 
mixed constantly throughout the recording by 
magnetic stirring. The fluorescence increase due to 
the addition of test substrates was corrected for 
the small fluorescence change caused by the injec- 
tion of 250 #1 of the buffer alone. 

Materials 
The fluorescent dye was obtained from Molecu- 

lar Probes, Inc. Glycylsarcosine was purchased 
from Bachem Inc., and /3-alanylglycylglycine was 
from Vega Biochemicals. All other peptides were 
obtained from Sigma. 

Results 

Electrogenic peptide transport and its Na +-indepen- 
dence 

The effect of glycyl-L-proline and ~-alanylgly- 
cylglycine on the fluorescence of di-S-CD(5 ) in 
rabbit intestinal brush-border membrane vesicles 
is shown in Fig. 1. Addition of glycyl-L-proline 
and/~-alanylglycylglycine transiently increased the 
fluorescence of the dye when Na + was present in 
the extravesicular medium (lines a). Since the fluo- 
rescence of di-S-CD(5 ) increases with inside-posi- 
tive and decreases with inside-negative membrane 
potentials, the results indicate that the transport of 
these peptides evokes an inside-positive membrane 
potential. The fluorescence increase was also ob- 
served when K + replaced the extravesicular Na + 
(lines b). This is in contrast to D-glucose and 
L-amino acids which evoke a fluorescence increase 
of the dye only in the presence of Na + [11-14]. 
The data indicate that the transport of glycyl-L- 
proline and /~-alanylglycylglycine is electrogenic 
both in the presence and in the absence of Na +. 

In order to exclude any possible non-specific 
fluorescence changes due to interaction between 
the peptides and the dye, the effect of these 
peptides was studied under 'short circuit' condi- 
tions. In this experiment, K + was present in 
equimolar concentrations both inside and outside 
the vesicles and valinomycin was added to the 



236 

Gly-L-Pro ~-Ala-Gly-Gly 

t t 

1 1 

~ c ~  

t L , ¢ 
1 rain 

Fig. 1. Fluorescence response to the addition of glycyl-L-proline 
and fl-alanylglycylglycine in rabbit intestinal brush-border 
membrane vesicles. The vesicles were preloaded with 10 mM 
Mes /Tr i s  buffer (pH 6.0) containing 75 mM  K2SO 4 and the 
fluorescence response was monitored in 10 mM  Mes /Tr i s  
buffer (pH 6.0) containing either 75 m M  Na2SO 4 (lines a) or 
75 mM K2SO 4 (lines b and c). When indicated by arrows, 250 
#1 of the peptide stock solution (150 mM  in 10 mM  Mes /Tr i s  
buffer (pH 6.0)) was injected into the cuvette. To short-circuit 
the membrane,  valinomycin was added to the vesicles as a stock 
solution in ethanol 3 min prior to the addition of the peptide 
(lines c). Final concentration of valinomycin in the cuvette was 
62.5 ~ g / m l  and ethanol concentration was less than 1.25%. 

incubation mixture before the addition of peptides. 
Under these conditions, charge transfer by electro- 
genic peptide transport is immediately com- 
pensated by K + movement across the membrane 
and, thus, no change in membrane potential is 
observed during transport. Fig. 1, lines c, show 
that, under 'short circuit' conditions, addition of 
glycyl-L-proline and fl-alanylglycylglycine did not 
affect the fluorescence of the dye, indicating the 
absence of any non-specific fluorescence change. 

Stereospecificity of dipeptide transport 

Fig. 2 shows the result of an experiment in 
which the effect of glycyl-L-leucine and glycyl-D- 
leucine upon the fluorescence of di-S-C3(5) was 
studied. The experiment was performed in the 
absence of Na + so as to exclude any fluorescence 
change resulting from free amino acids. Addition 
of glycyl-L-leucine as well as glycyl-D-leucine re- 
suited in a transient inside-positive potential in the 
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Fig. 2. Fluorescence response to the addition of glycyl-L-leucine 
and glycyl-o-leucine in rabbit intestinal brush-border mem- 
brane vesicles. The vesicles were preloaded with 10 mM 
Mes /Tr i s  buffer (pH 6.0) containing 75 mM K2SO 4 and the 
fluorescence response was monitored in the same buffer. When 
indicated by arrows, 250 ~1 of the peptide stock solution (150 
mM in 10 mM Mes /Tr i s  buffer (pH 6.0)) was injected into the 
cuvette. To short-circuit the membrane,  valinomycin was added 
to the vesicles as a stock solution in ethanol 3 min prior to the 
addition of the peptide. Final concentration of valinomycin in 
the cuvette was 62.5/~g/ml  and ethanol concentration was less 
than 1.25%. Lines a, fluorescence changes in the absence of 
valinomycin. Lines b, fluorescence changes in the presence of 
valinomycin. 

brush-border membrane vesicles as monitored by 
fluorescence increase of the dye (Fig. 2, lines a). 
The fluorescence change caused by glycyl-o-leucine 
was slightly smaller than the change caused by 
glycyl-L-leucine. Both peptides did not produce 
any change in the fluorescence under 'short cir- 
cuit' conditions (Fig. 2, lines b), showing that the 
changes were not due to non-specific interaction 
between the dye and the peptides. It thus appears 
that glycyl-D-leucine is also transported intact to a 
significant extent across rabbit intestinal brush- 
border membranes. 

Effect of peptide concentration on the fluorescence 
When the dipeptide glycylsarcosine was added 

in increasing concentrations to the incubation mix- 
ture, there was an increase in the fluorescence 
change of the dye (Fig. 3). When the data were 
analyzed by double-reciprocal plot, it was clear 
that the increase in fluorescence with different 
concentrations of glycylsarcosine conformed to 
Michaelis-Menten kinetics (plot not shown). Simi- 
lar results were obtained with the tripeptide fl- 



alanylglycylglycine (Fig. 3.) The saturation of the 
fluorescence increase is not due to the saturation 
of the dye response to the potential change. This is 
evident from Fig. 4 where the fluorescence in- 
crease is plotted against the K+-diffusion potential 
generated by valinomycin. In this experiment, the 
intravesicular K ÷ concentration was 1 mM. The 
extravesicular K ÷ concentration was varied from 1 
mM to 16 mM in the presence of valinomycin. 
Thereby, inside-positive K+-diffusion potentials 
are generated (analogous to the potential orienta- 
tion produced by the peptides). In contrast to 
peptide-dependent fluorescence increases, no 
saturation was observed when the fluorescence 
increase was plotted against log [K+]¢/[K+]i. The 
relationship was linear at least up to 6 units, 
showing that the saturation kinetics of peptide 
transport is not due to limitation of the dye re- 
sponse, but rather due to saturation of the trans- 
port system. 

The kinetic constants, A Fma X (maximal fluores- 
cence increase produced by the peptide) and Kf 
(peptide concentration producing 0.5 A Fmax) were 
calculated from double-reciprocal plots of the data 
obtained in experiments similar to the one il- 
lustrated in Fig. 3 for three peptides and two 
tripeptides (Table I). All five peptides used in this 
experiment are highly resistant to hydrolysis by 
brush-border membrane peptidases. Moreover, the 
experiment was performed in the absence of Na + 
in order to exclude any fluorescence change caused 
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Fig. 3. Effect of peptide concentration on fluorescence increase 
in rabbit intestinal brush-border membrane vesicles. The ex- 
perimental conditions are as given in Table I. © ©, 
glycylsarcosine; • • ,  fl-alanylglycylglycine. 
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Fig. 4. Relationship between fluorescence increase and 
valinomycin-induced inside-positive K+-diffusion potential in 
rabbit intestinal brush-border membrane vesicles. The vesicles 
were preloaded with 10 mM Mes /Tr i s  buffer (pH 6.0) con- 
taining 0.5 mM K2SO 4 and 74.5 mM Na2SO 4 and the fluo- 
rescence increase was monitored in the same buffer containing 
in addition 62.5 g g / m l  valinomycin. A constant volume (250 
gl) of solutions containing different concentrations of K2SO 4 
in 10 mM Mes /Tr i s  buffer (pH 6.0) (and Na2SO 4 to maintain 
the osmolality) was injected into the cuvette. The maximal 
transient fluorescence increase following the injection of K + 
solutions was corrected for non-transient fluorescence changes 
due to dilution and is shown as a function of the logarithm of 
the ratio of extravesicular [K + ] to intravesicular [K + ]. 

TABLE I 

KINETIC CONSTANTS FOR TRANSPORT OF FIVE 
PEPTIDES IN RABBIT INTESTINAL BRUSH-BORDER 
M E M B R A N E  VESICLES 

The vesicles were preloaded with 10 mM Mes /Tr i s  buffer (pH 
6.0) containing 75 mM K2SO4, and transport was assayed in 
the same buffer. Final concentration of peptides was varied 
between 1 and 20 mM. Kf and AFma x were calculated from 
double-reciprocal plots. The data represent the means + S.D. 
from three different membrane preparations. 

Peptide Kf A Fma x 
(mM) 

Glycyl-L-proline 2.3 _+ 0.3 3.1 + 0.5 
L-Prolylglycine 2.8 + 0.8 2.3 + 0.6 
Glycylsarcosine 3.7 _+ 0.5 3.4 _+ 0.9 
L-Prolylglycylglycine 5.6 _+ 1.2 3.6 _+ 0.6 
fl-Alanylglycylglycine 8.0 + 1.3 5.4 _+ 1.6 



238 

by free amino acids. Therefore, the data reflect the 
kinetic constants of intact peptide transport only. 
The transport of all five peptides exhibited satura- 
tion kinetics. The Kf values of tripeptides were 
higher than those for dipeptides, fl-alanylgly- 
cylglycine evoked the greatest fluorescence in- 
crease among the five peptides studied. Even 
though there is evidence for participation of more 
than one transport system in the case of /3- 
alanylglycylglycine (see below), the systems could 
not be dissected and analyzed individually in the 
double-reciprocal plot. 

The increase in the fluorescence of the dye 
evoked by saturating concentrations of D-glucose, 
L-alanine, glycylsarcosine and fl-alanylglycylgly- 
cine were measured under similar conditions in the 
presence of Na ÷ and the AFma x values for these 
solutes were 5.1 + 0.1, 4.1 + 0.1, 3.3 + 0.2 and 5.6 
+ 0.2 units, respectively. 

Multipficity of intestinal peptide transport system 
The number of dipeptides theoretically possible 

from protein amino acids is at least 400 and it is 
much higher for tripeptides. Are all these peptides 
transported in intestine by a single transport sys- 

TABLE II 

EVIDENCE FOR MULTIPLICITY OF PEPTIDE TRANS- 
PORT SYSTEM IN RABBIT INTESTINAL BRUSH- 
BORDER MEMBRANE VESICLES 

The experimental conditions were as given in Table I. Final 
concentration of each peptide was 30 mM. Since, for any given 
peptide, 3 F  varied significantly between membrane prepara- 
tions, the data represent the results from a single membrane 
preparation. Each datum is the mean +S.D. of triplicate 
values. 

Peptide A F  

Glycyl-L-proline A 2.7 _+ 0.2 
L-Prolylglycine B 3.1 + 0.1 
Glycylsarcosine C 2.3 _+ 0.2 
fl-Alanylglycylglycine D 4.1 _+ 0.2 
Glycyl-L-proline + 

L-prolylglycine A + B 3.4 + 0.2 
L-Prolylglycine + 

fl-alanylglycylglycine B + D 6.3 _+ 0.3 
Glycylsarcosine + 

fl-alanylglycylglycine C + D 4.8 + 0.2 
Glycyl-L-proline + 

glycylsarcosine A + C 2.7 _+ 0.1 

tem or are multiple transport systems involved in 
the process? We have attempted to answer this 
question by studying additivity of the fluorescence 
changes caused by two peptides. Two peptides 
were added at saturating concentrations either sep- 
arately or jointly to the incubation medium con- 
taining the membrane vesicles and the dye, and 
the magnitude of fluorescence increase was mea- 
sured in each case. 

As shown in Table II, the fluorescence changes 
for glycyl-L-proline and L-prolylglycine and for 
glycyl-L-proline and glycylsarcosine were not ad- 
ditive. This suggests that all three dipeptides share 
a common transport system. However, the fluores- 
cence changes for L-prolylglycine and /3- 
alanylglycylglycine or glycylsarcosine and fl- 
alanylglycylglycine were partially additive, indicat- 
ing that more than one system is involved in the 
transport of these peptides. 

Discussion 

We have used the fluorescence response of a 
potential-sensitive dye on addition of peptides to 
membrane vesicles as a means of studying intesti- 
nal peptide transport. Since the number of com- 
mercially available labeled peptides is very limited, 
the dye technique offers an alternative to char- 
acterize peptide transport by the use of unlabeled 
peptides. In the current study, we have used small 
intestinal brush-border membrane vesicles from 
young rabbits because they show larger fluores- 
cence changes than vesicles from older animals. It 
is well known that transport activities of many 
dipeptides exhibit a peak at the perinatal period 
and then decrease slowly with increase in age 
[17,18]. All the peptides employed in this study 
transiently increased the fluorescence of the dye, 
indicating that peptide transport generates a tran- 
sient inside-positive membrane potential. This flu- 
orescence increase was observed even in the ab- 
sence of Na +. When the membranes were short- 
circuited by valinomycin and potassium, peptides 
caused no fluorescence change, excluding non- 
specific interaction with the dye. Our data are in 
agreement with microelectrode studies on intesti- 
nal peptide transport which have shown that 
peptide transport is accompanied by depolariza- 
tion of the brush-border membrane [7,19], and 



that this depolarization is not significantly affected 
by Na ÷ replacement. Previous studies with vesicles 
have provided additional evidence that peptide 
transport is electrogenic both in the presence and 
in the absence of sodium [8]. Since peptide trans- 
port in vesicles is stimulated by an inward proton 
gradient, it is likely that peptides are cotrans- 
ported with protons, and the process results in net 
transfer of positive charge across the membrane. 

The fluorescence increase caused by these 
peptides is not due to free amino acids resulting 
from hydrolysis of the peptides. Glycyl-L-proline 
and fl-alanylglycylglycine are very resistant to hy- 
drolysis by purified brush-border membrane 
vesicles from intestine, as well as by intact intesti- 
nal tissue preparations [20-22]. Moreover, if the 
transient inside-positive membrane potential ob- 
served in the presence of these peptides were due 
to their constituent amino acids, the fluorescence 
changes would have resulted only in the presence 
of Na ÷. 

All previous studies have employed only di- 
peptides to characterize peptide transport in in- 
testinal brush-border membrane vesicles. The dye 
method has made it possible for the first time to 
study tripeptide transport in vesicles using un- 
labeled tripeptides. The results in the present study 
show that the transport of tripeptides in intestinal 
brush-border membrane vesicles, as that of di- 
peptides, is Na÷-independent and electrogenic. 
However, the tripeptides have a lower affinity for 
the peptide transport system than the dipeptides. 

The K r values shown in Table I are different 
from those obtained previously for glycyl-L-pro- 
line and glycylsarcosine with tracer techniques [3,9] 
and this, we believe, is due to the age differences 
of the rabbits used in these studies. The kinetic 
constants of intestinal peptide transport greatly 
vary with the age of the experimental animals [17]. 

The results in Table II show that there is more 
than one transport system involved in the translo- 
cation of small peptides across the intestinal 
brush-border membrane. These results agree with 
recent studies which have suggested the presence 
of multiple peptide transport systems in mam- 
malian intestine [21,23-26]. Considering the total 
number of theoretically possible di- and tri- 
peptides which might arise in the lumen of the 
intestine from protein digestion, it is very unlikely 
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that a single transport system would be capable of 
recognizing all these peptides so vastly different in 
structure. Moreover, the existence of multiple 
peptide transport systems in mammalian intestine 
would be biologically advantageous because, if 
there were only one peptide transport system, its 
absence due to a genetic defect might prove to be 
fatal to the organism. 
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