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(p < 0.001) reduced intestinal Gly-Sar transfer by inhibit-
ing carrier transport of the dipeptide. Proposed mechanisms 
accounting for intestinal dipeptide transport and luminal 
factors affecting this process are discussed.
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Introduction

Protein digestive activities of vertebrate and invertebrate 
gastrointestinal tracts result in a mixture of amino acids 
and short-chain peptides that are independently absorbed 
across the intestine to the blood by a variety of transport 
proteins (Matthews and Payne 1980; Daniel 2004; Bröer 
2008). While a number of different amino acid transport 
proteins of the mammalian intestine and kidney have been 
identified, none of them appears to transport di- or tripep-
tides composed of the same monomer units (Bröer 2008). 
Instead, epithelial transport of small peptides occurs 
by members of the POT (Proton-coupled, Oligopeptide 
Transporter) family, including PEPT1 and PHT1, each of 
which have a wide spectrum of substrates (Herrera-Ruiz 
and Knipp 2003; Daniel 2004). Mammalian peptide trans-
porters appear functionally conserved and have analogs 
throughout the vertebrates (Thamotharan et  al. 1996a, 
b; Verri et al. 2000, 2010; Daniel et al. 2006; Rønnestad 
et  al. 2007) and invertebrates (Thamotharan and Ahearn 
1996).

In lobster (Homarus americanus), the hepatopancreas is 
the major organ of digestion and absorption, where diges-
tive enzymes are produced and nutrients are absorbed 

Abstract  Gas chromatography was used to measure 
transepithelial transport of glycylsarcosine (Gly-Sar) by 
perfused lobster (Homarus americanus) intestine. Unidi-
rectional and net fluxes of dipeptide across the tissue and 
luminal factors affecting their magnitude and direction 
were characterized by perfusing the lumen with the dipep-
tide and measuring its appearance in saline on the serosal 
side of the organ. Transmural transport of 10 mM Gly-Sar 
resulted in serosal accumulation of only the dipeptide; no 
appearance of corresponding monomeric amino acids gly-
cine or sarcosine was observed. Carrier-mediated and dif-
fusional transmural intestinal transport of Gly-Sar was esti-
mated at 1–15 mM luminal concentrations and followed a 
curvilinear equation providing a Km =  0.44 ±  0.17  mM, 
a Jmax = 1.27 ± 0.12 nmol cm−2 min−1, and a diffusional 
coefficient  =  0.026  ±  0.008  nmol  cm−2  min−1  mM−1. 
Unidirectional mucosal to serosal and serosal to 
mucosal fluxes of 10  mM Gly-Sar provided a signifi-
cant (p  <  0.05) net absorptive flux toward the serosa of 
3.54 ± 0.77 nmol cm−2 min−1, further supporting carrier-
mediated dipeptide transport across the gut. Alkaline (pH 
8.5) luminal pH more than doubled transmural Gly-Sar 
transport as compared to acidic (pH 5.5) luminal pH, while 
luminal amino acid-metal chelates (e.g., Leu-Zn-Leu), 
and high concentrations of amino acids alone significantly 
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(Wright and Ahearn 1997). Following hepatopancreatic 
digestive and absorptive action, chyme is passed to the 
tubular intestine, which is lined with a columnar epithe-
lium, where further nutrient absorption occurs prior to def-
ecation (Ahearn 1976; Ahearn and Maginniss 1977; Conrad 
and Ahearn 2005; Obi et al. 2011; Abdel-Malak and Ahearn 
2014). The dipeptide, 3H-glycylsarcosine, was transported 
by lobster hepatopancreatic brush border membrane vesi-
cles by a proton-dependent, carrier-mediated, transporter 
that responded to an imposed membrane potential and was 
sodium insensitive (Thamotharan and Ahearn 1996). Dieth-
ylpyrocarbonate and a variety of peptides significantly 
inhibited the vesicular transport of 14C-glycylsarcsine, sug-
gesting that, in many respects, peptide transport in crusta-
ceans appeared to follow the transport paradigm proposed 
for fish and mammals.

In recent years, an alternate transport pathway for amino 
acid movements across digestive organs in fish and crus-
taceans has been proposed that involves the chelation of 
two amino acids with a metallic ion such as zinc or cop-
per (Conrad and Ahearn 2005; Glover and Wood 2008; Obi 
et al. 2011; Abdel-Malak and Ahearn 2014). The resulting 
bis-complexes (His-Zn-His; Leu-Cu-Leu) are transported 
by a putative peptide transport system in place of the nor-
mal substrate, as they structurally mimic dipeptides where 
two amino acids are linked by a peptide bond. As a result 
of bis-complex formation, net transport of zinc across lob-
ster intestine toward the blood was doubled in the presence 
of luminal l-histidine and similar enhancing effects on net 
l-histidine transport were observed in the presence of lumi-
nal zinc (Conrad and Ahearn 2005, 2007). Results suggest 
that absorption of both amino acid and metal is synergisti-
cally affected by their luminal co-occurrence and as a result 
of employing a dipeptide transporter on the intestinal apical 
membrane.

The present investigation uses gas chromatography to 
extend the previous characterization of crustacean dipep-
tide intestinal absorption. The data suggest that glycylsar-
cosine is transported across lobster intestine as an intact 
molecule, without any measurable conversion to glycine 
and sarcosine, providing evidence for both apical and baso-
lateral peptide transport systems. Absorption of the dipep-
tide is inhibited by amino acid chelates with zinc and is 
regulated by variations in luminal pH.

Materials and methods

Materials

Live male lobsters, H. americanus, were purchased from 
a local seller. They were maintained in a saltwater aquar-
ium at 12  °C with a pH of 8.2. Lobsters were kept up to 

4 days until used in experiments. They were dissected by 
cutting the ventral nerve cord, then opening the carapace 
and dorsal tail segments to expose the intestine which was 
removed and flushed with saline to remove waste.

Physiological saline was prepared to match the osmo-
larity and composition of crustacean hemolymph. The salt 
concentrations used in the buffer were as follows: 420 mM 
sodium chloride, 25 mM calcium chloride, 10 mM potas-
sium chloride, 8.4 mM sodium sulfate, and 30 mM HEPES/
tris for a final adjusted pH of 7.0 or 8.5. When the adjusted 
pH was 5.5, 30 mM MES/tris was used instead of HEPES/
tris. In all preliminary experiments, the perfusion cham-
ber buffer (serosal medium) was pH 7.0 and the perfusate 
buffer was pH 5.5, resulting in a proton gradient from 
lumen to bath. Adjustments to the physiological saline pH 
were as described in the “Results” section.

Intestinal perfusion technique

In vitro transmural mucosal to serosal transport of Gly-
Sar was studied using a perfusion apparatus as described 
previously (Ahearn and Maginniss 1977). Isolated, intact 
intestines were flushed with buffered saline solution and 
mounted onto 18-gauge blunted stainless steel needles. 
Surgical thread was used to secure both ends to the needles. 
The perfusion chamber was filled with 35  mL of physio-
logical saline, which served as the serosal medium for the 
duration of the experiment. The diameter and length of the 
intestine were measured and used in calculating its surface 
area with the equation SA = πld, where “SA” equals the 
calculated surface area in cm2, “l” equals the length and 
“d” equals the diameter of the intestine in cm. Experimen-
tal perfusate made with physiological saline was perfused 
through the intestine as the mucosal medium using a peri-
staltic pump (Instech Laboratories, Inc., Plymouth Meet-
ing, PA, US) at a rate of 0.38 ml min−1 for up to 240 min. 
Various concentrations of l-leucine, zinc chloride, and 
glycylsarcosine (Sigma Chem. Co., St. Louis, MO) were 
added to the saline perfusate as needed for each experi-
ment. All experiments were conducted at room temperature 
(23 °C) with the bath saline mixed by pipette every 15 min 
for periods of time up to 4 h. Previous electrophysiologi-
cal and organic solute transport studies with arthropod gut 
for perfusions up to this length of time at room temperature 
did not result in significant effects due to apparent substrate 
depletion as might occur with similar mammal studies con-
ducted at 37  °C (Ahearn 1980; Wyban et  al. 1980; Chu 
1986; Conrad and Ahearn 2005). Triplicate 200  µL sam-
ples were removed from the bath at set time points relative 
to the starting time, such that each experimental treatment 
was perfused for 60 min prior to samples being removed. 
For instance, samples would be taken 60 min after the start 
of the first treatment perfusion; the second treatment would 
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begin and samples would be taken after 60 additional min-
utes, and so forth. Samples were placed in labeled micro-
centrifuge tubes, capped, and stored at 0 °C until analysis 
by gas chromatography (GC). An equal amount of physio-
logical saline was added to the bath after removing samples 
to maintain a constant bath volume of 35 mL.

A similar procedure was followed when measuring the 
in vitro transmural serosal to mucosal transport of Gly-
Sar. Experiments were conducted by adding Gly-Sar, zinc 
chloride, and/or l-leucine to the bath saline. Physiologi-
cal saline was perfused through the intestine and various 
experimental treatments were added to the bath after each 
hour. Triplicate 200  µL samples were removed from the 
collected perfusate exiting the intestine after each experi-
mental treatment. Since the perfusate effluent accumulated 
over the duration of the experiment, the total volume of the 
effluent was measured when samples were taken and used 
in calculations of Gly-Sar concentrations during sample 
analysis. Different animals were used to determine mucosal 
to serosal and serosal to mucosal unidirectional fluxes. 
To standardize experimental conditions, entire intestines 
removed from each animal used in both sets of experiments 
were only obtained from male lobsters in intermolt (Aiken 
1973) which were kept unfed for up to 4 days in a seawater 
aquarium at 12 °C before sacrifice.

Gas chromatography

Once perfusion was complete, samples were prepared for 
GC analysis using the EZ:faast™ GC-FID Free (Physi-
ological) Amino Acid Analysis Kit (Phenomenex Inc., Tor-
rance, CA, US). Briefly, this kit allows the user to extract 
amino acids and di- and tripeptides from biological sam-
ples, including serum, plasma, and urine and rapidly deri-
vatizes extracted amino acids to yield volatilized products 
for GC analysis. A standard curve was prepared for each 
experiment by diluting the experimental perfusate to 50, 
200, and 500  µM in fresh saline prior to derivatization. 
Samples of the experimental perfusate (200 µL) and each 
of the three standards (glycylsarcosine, glycine, and sarco-
sine) were placed in labeled microcentrifuge tubes, capped, 
and stored at 0 °C until analysis. Derivatized treatment and 
control samples, as well as pure standards, were analyzed 
by an HP Agilent 6890 series GC-FID system with Chem-
Station software (Agilent Technologies, Inc., Santa Clara, 
CA, US). GC analyses were conducted with the column 
provided by the EZ-faast™ kit, following manufacturer 
recommendations for GC experimental parameters. GC-
FID provides an analog signal, called a chromatogram, that 
displays ion abundance (pA) versus retention time (Fig. 1).

GC signals for individual analytes were identified 
through comparison with retention time for pure derivat-
ized amino acid and dipeptide standards provided with 

the EZ-fast™ kit, and from Sigma Chem. Co., St. Louis, 
MO, and Fisher Scientific, Pittsburgh, PA (glycylsarcosine, 
glycine, sarcosine), as well as sample chromatograms that 
showed relative retention times for many amino acids (Phe-
nomenex Inc., Torrance, CA, US). For experimental sam-
ples, areas were determined for GC signals at the appro-
priate retention time for individual analytes. These analyte 
areas were compared to the area of a norvaline internal 
standard of known concentration, and individual analytes 
were quantified by comparison of data for experimental 
samples with a standard curve of known analyte concentra-
tions. A standard curve generated by the analysis of saline 
standards was included during every perfusion experiment.

The bath volume and intestine surface area were used 
in further calculations to quantify the amount of trans-
port of each amino acid, measured in nmol  cm−2. These 
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Fig. 1   a Gas chromatogram of a 500 µM glycylsarcosine (Gly-Sar), 
glycine (Gly), and sarcosine (Sar) saline standard mixture, and b–d 
of three separate saline bath samples after 3 h of 10 mM glycylsarco-
sine perfusion through 3 lobster intestines. Glycylsarcosine was trans-
ported intact through the lobster intestines and was minimally broken 
down into glycine and sarcosine. The internal standard used to calcu-
late concentrations in all samples was norvaline (NorV)
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concentrations were divided by the duration of treat-
ment to calculate the rate of transport. These rates were 
displayed as histograms by plotting transport rate in 
nmol  cm−2  min−1 versus experimental treatment. Each 
experiment was conducted three to five times using intes-
tines from different animals and freshly prepared experi-
mental treatments. All values shown are mean ± SEM. For 
some experiments, statistical differences between means 
were calculated using paired Student’s t tests with Bon-
ferroni correction factor using Microsoft Excel and SPSS 
(IBM Corporation, Armonk, NY, USA). Family-wise sig-
nificant difference was established at p  <  0.05. With the 
correction factor, p (or α) was divided by the number of 
treatments (3) to reach a corrected p  <  0.02 for signifi-
cant difference. In other experiments, statistical differ-
ences between means were obtained using an ANOVA 
calculation and post hoc Tukey B and Ryan–Einot–
Gabriel–Welsch Range tests.

Results

Chemical form of glycylsarcosine during transmural 
transport

To assess whether lobster intestine absorbed the dipeptide, 
glycylsarcosine, as an intact molecule or as its metabo-
lites, glycine and sarcosine, 10 mM Gly-Sar was perfused 
through intestines for 3 h followed by sampling the serosal 
bath for substrates appearing from transmural transport. As 
shown in Fig. 1a, control GC analyses of Gly-Sar, glycine, 
and sarcosine added as standards to saline exhibit differ-
ent GC retention times. It took approximately 4  min for 
the Gly-Sar standard to pass through the GC column, but 
only 2  min for both glycine and sarcosine when all three 
substrates were analyzed simultaneously. The three con-
trol compounds showed no overlap in their retention times, 
providing a clear means to distinguish between these three 
substances. Figure 1b–d clearly shows that in each replicate 
intestine, only Gly-Sar was found in the serosal bath fol-
lowing a 3  h perfusion, suggesting negligible conversion 
of the dipeptide to its monomer subunits during transfer 
across the gut.

Transmural transport of glycylsarcosine is carrier‑mediated

Transmural transport of Gly-Sar was measured over a 
range of Gly-Sar concentrations from 1 to 15  mM with 
luminal pH 5.5 and serosal bath pH 7.0. Transport rates 
were measured sequentially by perfusing a test gut with 
each dipeptide concentration for 1  h before changing the 
concentration to the next higher value, taking bath sam-
ples at the end of each perfusion interval for analysis. As 

the luminal concentration of Gly-Sar increased, the trans-
port rate increased in a curvilinear manner consistent with 
the combination of Michaelis–Menten kinetics and dif-
fusion (Fig.  2). Kinetic constants Km (apparent binding 
affinity), Jmax (maximal transport velocity), and D (dif-
fusional permeability) were determined by curve-fitting 
with Sigma Plot 10.0 software and were 0.44 ± 0.17 mM, 
1.27 ± 0.12 nmol cm−2 min−1, and 0.026 ± 0.008 nmol c
m−2 min−1 mM−1, respectively.

Transmural glycylsarcosine transport is inhibited 
by metal‑amino acid chelates

Previous studies with lobster intestine have shown that 
transmural 3H-glycylsarcosine transport was inhibited by 
metal-amino acid chelates (His-Zn-His) and the suggestion 
was made that both chelates and dipeptide used a common 
carrier mechanism for transfer across the intestinal luminal 
membrane (Conrad and Ahearn 2005). To assess whether a 
similar response between a different chelate (Leu-Zn-Leu) 
and glycylsarcosine occurred in the same tissue and could 
be analyzed with gas chromatography, 1 mM glycylsarco-
sine was perfused through an intestine for 1 h, followed by 
incubation of the dipeptide with 25 µM zinc for a second 
hour, and finally exposed for the last hour to the dipeptide, 
metal, and 2  mM  l-leucine (Fig.  3). As displayed in this 
figure, incubation of the dipeptide with zinc alone did not 
significantly (p  >  0.05) affect the rate of glycylsarcosine 
transport across the tissue, but when both metal and l-leu-
cine were present together a significant (p < 0.02) reduction 
of Gly-Sar transport from lumen to serosal bath occurred.

Fig. 2   Effect of increasing luminal glycylsarcosine concentration on 
the mucosal to serosal transmural transport of glycylsarcosine. Sym-
bols are mean ± SEM of results from four lobster intestines (n = 4). 
The data were curve-fit with Sigma Plot 10.0 using the equation on 
the figure that includes both carrier-mediated and diffusion transport 
components. Values of the resulting kinetic constants are displayed in 
the figure with their standard errors
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To ensure the metal-amino acid chelate combination was 
the effective inhibitory unit in the previous experiment, a 
second, similar experiment was conducted. In this experi-
ment, the 1 h transmural transport of 10 mM Gly-Sar across 
the intestine was measured first, followed by a 1 h incuba-
tion of 10 mM Gly-Sar with 20 mM l-leucine, and finally 
10 mM Gly-Sar was exposed to both 20 mM l-leucine and 
50 µM zinc. As shown in Fig. 4, an ANOVA analysis, and 
post hoc Tukey B and Ryan–Einot–Gabriel–Welsch Range 
tests of the three groups indicated that as a whole the three 
treatments were significantly different from one another at 
p < 0.001. These results suggest that the amino acid alone 
was able to partially inhibit GlySar transport, but that when 
both the amino acid and metal were present together, as 
also shown in Fig.  3, the greatest reduction in dipeptide 

transport was observed. It, therefore, appears that while 
amino acids alone may be partial inhibitors of dipeptide 
transport across lobster intestine, zinc without amino acids, 
had no significant (p > 0.05) influence on GlySar transfer.

Net transmural glycylsarcosine transport is inhibited 
by luminal metal‑amino acid chelates by reducing 
unidirectional mucosal to serosal dipeptide flux

Unidirectional mucosal to serosal (MS) and serosal to 
mucosal (SM) fluxes of 10  mM Gly-Sar across lobster 
intestine were independently measured in the presence 
and absence of cis concentrations of 20 mM l-leucine and 
50 µM zinc to determine if a net flux (Net flux = MS–SM) 
of dipeptide occurred across the tissue and whether it was 
influenced by metal-amino acid chelates. As shown in 
Fig.  5, in the absence of either l-leucine or zinc, the MS 
flux of dipeptide was significantly (p < 0.05) greater than 
the SM flux by 3.54  ±  0.77  nmol  cm−2  min−1, suggest-
ing that under these conditions the lobster intestine dis-
played an absorptive transfer of this dipeptide from lumen 
to blood. Figure  5 also shows that the cis occurrence of 
20 mM l-leucine plus 50 µM zinc significantly (p < 0.001) 
inhibited the MS dipeptide flux without affecting the SM 
flux. Because the presence of luminal 20  mM Leu alone 
partially reduced MS flux of the dipeptide, there was no 

Fig. 3   Effect of 25 µM Zn2+ and 2 mM l-leucine on 1 mM glycyl-
sarcosine transport. Bars represent the average rate of amino acid 
transport in nmol cm−2 min−1 for three lobster intestines. Error bars 
represent ± SEM for the three replicates. Means with different letters 
denote significant difference between treatments (paired Student’s t 
test, Bonferroni correction, p < 0.02)

Fig. 4   Effect of 20 mM  l-leucine and 50 µM Zn2+ on 10 mM gly-
cylsarcosine transport. Bars represent the average rate of amino acid 
transport in nmol cm−2 min−1 for five lobster intestines. Error bars 
represent  ±  SEM for the five replicates. Means with different let-
ters denote significant difference between treatments (ANOVA with 
post hoc Tukey B and Ryan–Einot–Gabriet–Welsch Range tests, 
p < 0.001)

Fig. 5   Net flux of glycylsarcosine was calculated from mucosal 
to serosal (M to S) transport rates and serosal to mucosal (S to M) 
transport rates under the same treatment conditions. Bars represent 
the average rate of amino acid transport in nmol cm−2 min−1 for lob-
ster intestines. Error bars represent  ±  SEM. For M to S replicates 
(n = 5), the saline treatment was perfused through the intestine and 
measurements of the normal bath saline were taken. For S to M rep-
licates (n  =  3), the saline treatment was in the bath chamber and 
normal saline was perfused through the intestine. Measurements 
taken from the perfusate effluent were collected for the duration of 
the experiment. Means with different letters denote significant differ-
ence between treatments (ANOVA with post hoc Tukey B and Ryan–
Einot–Gabriet–Welsch Range tests, p  <  0.001). Asterisk represents 
significant difference between M to S and S to M transport rates with 
10 mM glycylsarcosine (Student’s t test, p < 0.05)
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significant (p > 0.05) net flux of GlySar across the tissue 
under these conditions. In addition, there were no signifi-
cant differences (p  >  0.05) between the SM fluxes in all 
three experimental treatments. These results support the 
presence of an intestinal dipeptide carrier system that can 
be inhibited by luminal Leu-Zn-Leu metal-amino acid che-
lates, thereby reducing net Gly-Sar transport across the tis-
sue. No effect (p > 0.05) of the chelates was observed on 
SM dipeptide fluxes.

Effects of luminal pH on transmural glycylsarcosine 
transport

In addition to the effect of metals and amino acids, the 
perfusate pH was examined for its effects on dipeptide 
transport since transmembrane proton concentrations are 
reported driving forces for peptide uptake into cells (Dan-
iel 2004; Daniel and Kottra 2004). The effect of pH was 
tested by perfusing saline containing 10 mM glycylsarco-
sine through the lobster intestine at a range of pH from 
5.5 to 8.5, with the bath saline maintained at pH 7.0. No 
difference (p > 0.05) was found between glycylsarcosine 
transport rates when the perfused saline was at pH 5.5, 
6.5, or 7.5. However, at pH 8.5 the transport rate was sig-
nificantly (p < 0.02) increased by almost a factor of three 
compared to the rates observed at the lower pH values 
(Fig. 6). These results depart considerably from published 
accounts of the effects of luminal proton concentration on 
transmembrane transport of dipeptides in vertebrates, and 
in addition, suggest that lobster intestine may have a more 
alkaline content that do hepatopancreatic tubules of the 
same animal known to be acidic and to transport glycyl-
sarcosine from an acidic saline (Thamotharan and Ahearn 
1996).

Discussion

Use of gas chromatography to characterize intestinal 
dipeptide transport

Many investigations examining the nature of transmural 
nutrient transport by intestinal epithelia employ the use of 
radioisotopes of the test molecule to measure unidirectional 
fluxes of solute from one side of the tissue to the other and 
determine the direction and magnitude of net flux as the 
difference between the rates in each direction. While this 
method is able to produce accurate estimates of radioactive 
fluxes across the tissue, the extent to which a specific intes-
tine may metabolize the radiolabelled solute during transit 
through the epithelium may not be ascertained by strictly 
using the isotopic specific activity to quantitatively define 
molecular traffic. This potential problem may be particu-
larly important in polymeric molecules where cytoplasmic 
enzymes may hydrolyze bonds between monomeric com-
ponents of a test solute resulting in the cellular release of 
radiolabelled monomers rather than the original complex 
molecule. In the present investigation, gas chromatography 
was employed to examine the movements of the dipeptide, 
glycylsarcosine (Gly-Sar), across lobster intestine. Because 
this technique allows the chemical identification of all mol-
ecules crossing the intestine during experiments, the extent 
of molecular hydrolysis during transit can be assessed and 
used to characterize the processes involved in transmural 
movements of a complex substrate. Figure  1 shows that 
transmural transport of Gly-Sar across lobster intestine 
occurred without any metabolism of the original luminal 
substrate. Earlier studies of dipeptide transport suggested 
that small peptides entering cells might be enzymatically 
degraded into their amino acid components during the tran-
sit process (Rubino et al. 1971). Because no glycine or sar-
cosine was observed in the serosal bath during transmural 
fluxes of Gly-Sar in the present study, the conclusion can 
be reached that the tissue did not metabolize this dipeptide 
to any measurable extent during absorption. Furthermore, 
because only the dipeptide was measured in the serosal 
bath following the perfusion of intact Gly-Sar, it can also be 
concluded that carrier transport mechanisms for this dipep-
tide may occur on both luminal and basolateral membranes 
of lobster intestinal epithelial cells and work together to 
move the polymer through the tissue. More recent studies 
of dipeptide transport in other types of epithelia have also 
suggested that these types of substrates are not necessarily 
degraded by passage through cell layers (Dyer et al. 1990; 
Shepherd et al. 2002; Daniel and Kottra 2004). In addition, 
a number of studies of vertebrates have proposed dipep-
tide carrier systems on both epithelial poles often display-
ing significant functional differences (Thamotharan et  al. 
1996a, b; Herrera-Ruiz and Knipp 2003; Daniel 2004).

Fig. 6   Effect of perfused saline pH on transport rate of 10 mM gly-
cylsarcosine. Bath saline was maintained at pH 7.0 for all treatments. 
Data represent means from three lobster intestines and error bars rep-
resent ± SEM. The asterisk represents a significantly different trans-
port rate between pH 8.5 and the other three pH values used (paired 
Student’s t test, Bonferroni correction, p < 0.02)
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Carrier nature of Gly‑Sar transport by lobster intestine

Figure  2 shows that transmural Gly-Sar transport across 
lobster intestine was rate-limited by at least one carrier 
system with a higher apparent binding affinity (lower Km, 
0.44 ±  0.17  mM) than reported for vertebrates from fish 
to mammals (Thamotharan et  al. 1996a, b; Herrera-Ruiz 
and Knipp 2003; Daniel 2004; Verri et  al. 2000, 2010). 
Furthermore, 14C-glycylsarcosine transport by purified 
hepatopancreatic brush border membrane vesicles from H. 
americanus displayed an apparent binding affinity consid-
erably lower (higher Km, 5.90 ± 0.13 mM) than that from 
the intestine of the same animal, but consistent with verte-
brate values (Thamotharan and Ahearn 1996). The sequen-
tial increase in apparent binding affinity of the dipeptide 
transport system from proximal (anterior) to distal (poste-
rior) aspects of the digestive system in the lobster is simi-
lar to what has been reported for 3H-d-glucose transport by 
fish gastrointestinal tract (Ahearn et  al. 1992) and mam-
malian renal proximal tubule (Turner and Moran 1982a, 
b). In all three instances, the more proximal the transporter, 
the higher is the concentration of the transported substrate 
and the lower is the binding affinity of the respective car-
rier system, allowing maximal withdrawal of substrate dur-
ing passage through this portion of the tubular system. In 
contrast, the relatively higher apparent binding affinities of 
the distal digestive and renal segments act as scavengers, 
efficiently removing most of the remaining substrate. Such 
combined sequential absorption processes allow the human 
renal proximal tubule to reabsorb essentially all d-glucose 
that passes glomerular filtration. Similar efficient absorp-
tion mechanisms may also occur in invertebrate, fish, and 
mammalian digestive systems due to the sequential cou-
pling of low- and high-affinity carrier proteins.

Figure 2 also shows that in addition to carrier-mediated 
transcellular transport of Gly-Sar, a second pathway across 
the tissue was present and its rate appeared to be a linear 
function of luminal substrate concentration. This process 
was likely transfer of the dipeptide through the paracellular 
pathway between epithelial cells and appears to be diffu-
sive in nature. At this time, however, a facilitated diffusion 
process, with a low apparent substrate binding affinity in 
the luminal membrane, cannot be ruled out.

Figure  5 clearly shows that there was greater unidi-
rectional flux of Gly-Sar from a 10  mM solution from 
mucosa to serosa across the gut than occurred from ser-
osa to mucosa, providing evidence for the net absorp-
tion of the dipeptide from luminal contents. Because 
no hydrolysis of the dipeptide to glycine and sarcosine 
or metabolism to other organic substrates took place 
(Fig.  1), these results imply that approximately three-
fourths of the total unidirectional mucosal to serosal flux 
(3.54  ±  0.77  nmol  cm−2  min−1) of unchanged Gly-Sar 

occurred through intestinal epithelial cells with the remain-
der likely transiting the paracellular pathway by diffusion. 
The data also suggest that unidirectional serosal to mucosal 
flux of the dipeptide probably only occurred by paracellu-
lar diffusional transport, since the rate of transport toward 
the lumen was unaffected by the simultaneous occurrence 
of 20  mM  l-leucine and 50  µM zinc in the serosal bath. 
In contrast, unidirectional transport of Gly-Sar toward the 
serosal bath from the lumen was significantly (p < 0.001) 
reduced when either high concentrations of the amino acid 
alone (e.g., 20  mM  l-leucine), or the simultaneous com-
bination of the amino acid and metal, were present in the 
lumen. Significantly greater reduction in mucosal to sero-
sal flux of GlySar was observed when both amino acid and 
metal were present together in the lumen (p < 0.001) than 
when only the amino acid was perfused through the lumen. 
These results suggest that mucosal to serosal flux of dipep-
tide occurred by a brush border carrier process that was 
more strongly inhibited by an amino acid dimer linked by 
zinc bonding (e.g., bis-complex), apparently mimicking a 
natural dipeptide bond, than by two dissociated monomeric 
amino acids. It is proposed that all three molecular configu-
rations may share a common binding site.

Figures  3 and 4 provide additional evidence for the 
presence of a brush border peptide transporter that may be 
shared by dipeptides, high concentrations of amino acids, 
and by luminal l-leucine-zinc bis-complexes. The proto-
cols used in these two experiments were complementary 
and show that the metal alone had no effect on Gly-Sar 
transport across the tissue. It was only when 20 mM l-leu-
cine alone, or both l-leucine and zinc occurred simultane-
ously, that unidirectional mucosal to serosal flux of Gly-Sar 
was reduced as a result of the dipeptide, free amino acids, 
and bis-complexes potentially competing for transport by 
the same brush border carrier. Recent work with lobster 
intestine indicated that Gly-Sar was a mixed inhibitor of 
transmural mucosa to serosa 3H-l-histidine transport in the 
presence of Zn2+, the dipeptide affecting both the Km and 
Jmax of amino acid transport (Conrad and Ahearn 2005). 
In addition, this same study showed that luminal addition 
of 20 µM Zn2+ and 20 µM  l-leucine together completely 
blocked 100 µM 3H-Gly-Sar transport across the gut (Con-
rad and Ahearn 2005), suggesting that the dipeptide trans-
porter was unable to transfer Gly-Sar at all across the tis-
sue when suitable amino acid bis-complexes co-occurred in 
the lumen. In contrast to the results of the present investi-
gation showing a partial inhibition of GlySar transport in 
the presence of 20 mM luminal l-leucine alone, the previ-
ous study (Conrad and Ahearn 2005) used a much lower 
concentration of free l-leucine (20 µM) which did not sig-
nificantly (p > 0.05) reduce 100 µM 3H-GlySar transport. 
These results might be explained by the presence of a low 
affinity shared transport site to free amino acids compared 
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to that of either the dipeptide or bis-complex. While these 
previous experiments and those presented in this investi-
gation clearly show inhibition between the dipeptide, free 
amino acids, and bis-complexes involving different amino 
acids and metals, additional kinetic studies indicating clear 
competitive interactions between the substrates are needed 
to strengthen the argument that a single carrier system is at 
work in all three situations.

The data in Figs. 1, 2, 3, 4, 5 argue that two carrier pro-
teins, binding and transporting Gly-Sar across the tissue 
from mucosa to serosa, occur in lobster intestinal epithelia 
cells: a brush border protein that may bind dipeptides, free 
amino acids, and bis-complexes, and a basolateral facili-
tated diffusion process that transfers the dipeptide from the 
cytoplasm to the serosal bath without being influenced by 
the presence of free amino acids or amino acid-metal bis-
complexes in the serosal compartment.

Regulation of Gly‑Sar transport across lobster intestine 
by luminal pH

Dipeptide transport in fish and mammalian intestine occurs 
by the proton-dependent symporter PEPT1 (Thamotharan 
et al. 1996a, b; Verri et al. 2000; Herrera-Ruiz and Knipp 
2003; Daniel 2004). The driving force for dipeptide accu-
mulation by intestinal epithelial cells is an inwardly 
directed transapical proton gradient achieved by the co-
occurrence on this membrane of a Na+/H+ antiporter 
(Thwaites et  al. 2002; Kennedy et  al. 2002). The acidic 
nature of dipeptide transport by epithelial cells of the diges-
tive system has also been reported for 14C-glycylsarcosine 
uptake by purified brush border membrane vesicles of lob-
ster hepatopancreas (Thamotharan and Ahearn 1996). This 
invertebrate dipeptide transporter had an apparent Gly-Sar 
binding affinity of 5.90 ± 0.12 mM, a high-affinity proton 
binding site (KH = 235 ± 25 nM; pK = 6.6), and an appar-
ent transport stoichiometry of 1 H+: 1 Gly-Sar.

Figure 6 shows that transport of Gly-Sar across lobster 
intestine was increased by almost a factor of 3 when the 
luminal pH was increased from pH 5.5 to pH 8.5 which 
departed significantly from the effect of pH on dipeptide 
transport in vertebrate epithelia and in lobster hepato-
pancreas. The lobster hepatopancreas is known to have 
a slightly acidic lumen (Gibson and Barker 1979), and 
an apical, electrogenic, 2Na+/1H+ antiporter has been 
described in brush border membrane vesicles of this organ 
(Ahearn et al. 1994) which is able to provide the required 
symport substrate for dipeptide accumulation. The stimula-
tion of intestinal Gly-Sar transport in lobsters by luminal 
alkalization suggests that the two absorptive organs in these 
invertebrates may have different pH values during absorp-
tive activities. A similar enhancing effect of luminal alka-
line pH on dipeptide transport was reported in the zebrafish 

(Danio rerio) (Verri et  al. 2003), and these authors sug-
gested that no Na+/H+ antiporter may be present in these 
fish to power dipeptide accumulation. At present, it is 
unclear whether lobster and zebrafish intestines share a 
similar alkaline-dependent dipeptide transport mechanism, 
and if so, what pH regulatory characteristics it displays.
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