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Summary

The stoichiometry of Na coupling to amino acid movement across the
brush border membrane of the rabbit distal ileum has been determined under
initial rate conditions.

The coupling ratio, defined as the amino acid-dependent Na influx/the Na-
dependent amino acid influx, was equal to unity for alanine, measured over a
10-fold range of Na and alanine concentrations. Coupling ratio values deter-
mined under a single set of conditions for a number of amino acids varied from
1 for serine to 4.6 for methionine. Reducing the methionine concentration
from 12.5 to 1.5 mM caused the coupling ratio value to fall from 4.6 to 1.2.

These results are explained by assuming a fixed stoichiometry of 1:1
under all conditions, with initial binding of the amino acid (A) to the Na-
dependent carrier (E) but with some amino acids being able to cross on the
Na-dependent carrier in the absence of Na.

The variation in coupling ratio values can be used to calculate K,, the
apparent dissociation constant of amino acid from the Na-dependent carrier
in the absence of Na, and the ratio k,/k,, where k, and k, are first-order rate
constants for translocation of the complexes EA and EANa, respectively.
This method of processing results has been defined as delta analysis. The value
of K, for methionine is 3.6 + 1.1 mM and the k,/k, ratio is 1.01 = 0.07. The
constant coupling ratio value of 1 for alanine indicates that the value for
K, is extremely high or that the %, value is extremely low.

Introduction

It has been shown recently that neutral amino acids use two mediated
systems when entering the intestinal mucosa of the rabbit [1]. Only one
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of these systems, having high affinity but low transport capacity for different
amino acids, was found to be Na-dependent [2,3]. Previous work, carried out
assuming only one transport system to be present, suggested a variable coupling
of Na and alanine influxes with a maximum value of unity [4]. Re-evaluation
of this work is needed because of the contribution of the Na-independent
carrier to total alanine influx.

Numerous papers have been published recently showing a multiplicity
of amino acid transport systems in cells other than enterocytes [5,6]. In this
work it has been widely recognized that only some of these processes are Na-
dependent. It is important to realize, however, that the term Na-dependent
is operational only. It arises from an inability to detect transport taking place
through an Na-dependent carrier in the absence of Na, when an Na-indepen-
dent transport system is also present. This problem has been overcome in the
present work by using a new method of analysis based on the varying ability
of Na and amino acid to stimulate the influx of one another.

Materials and Methods

Animals. Rabbits of the New Zealand White strain weighing 2—3 kg were
purchased from Morton Commercial Rabbits, Stansted, Essex, U.K. They were
deprived of food but not water for 24 h before each experiment.

Rapid uptake measurements. Distal ileum taken from rabbits killed by intra-
venous injection of a solution of sodium pentobarbitone was rinsed in bicarbo-
nate/saline [7] before being mounted in an influx apparatus identical to that
described previously [1]. All subsequent operations were carried out at 37°C.

Each tissue was superfused initially with choline-substituted Na-free bicar-
bonate medium, gassed with 95% O,/5% CO,, for 10 min. Uptake of radio-
actively labelled substrates across the brush border membrane ['“C-labelled
amino acid or *Na) was then measured, from solutions stirred at 700 rev./min,
for 45 s. Autoradiography performed on rabbit ileum incubated under identical
conditions showed amino acids to be retained within the mucosa during this
short period of incubation [8]. The process of tissue washing at the end of
incubation, subsequent disruption of the intestinal mucosa in acid and deter-
mination of radioactivity, were as described previously [1]. *H-labelled poly-
(ethylene glycol) of molecular weight 900 was present in all solutions as a
marker of the extracellular space.

Radioactive isotopes. The following radioactive amino acids were purchased
from the Radiochemical Centre, Amersham, Bucks., U.K.: L-[U-'*C]serine,
L-[U-**C]threonine, L-[U-'*C]alanine, L-[U-'*C]isoleucine, L-[1-!*C]leucine
and L-[methyl-'*C]methionine. **Na was purchased from the Radiochemical
Centre, Amersham, as a solution of ??NaCl (greater than 100 mCi/mg). Poly-
([1,2-*H]ethylene glycol), molecular weight 900 (2—10 mCi/g), was obtained
from New England Nuclear Chemicals GmbH, D-6072 Dreieichenhain, F.R.G.

Results and Discussion

Control experiments
The final protocol adopted for the present experiments was based on the
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ANALYSIS OF VARIANCE OF NATURAL LOGARITHMS OF ALANINE AND Na INFLUX INTO
RABBIT ILEAL MUCOSA

The experimental conditions were as described in the text. Jo), and Jyn, were 20,0 £ 1.6 and 74.0 + 3.7
nmotl - em™2 - min~1, respectively; mean t S.E. of 48 observations using 3 mM alanine and 25 mM Na.
n.s., not significant; ss, sum of squares; ms, mean squares.

Substrate Source of ss d.f. ms F P
variation

Alanine Rabbits 10.08 7 1.44 55.6 <0.001
Ports 0.16 5 0.03 1.2 n.s.
Residuals 0.91 35 0.03

Na Rabbits 415 7 0.59 38.7 <0.001
Ports 0.15 5 0.03 2.0 n.s.
Residuals 0.54 35 0.02

assumption that there was no within-tissue variation in substrate influx.
This was investigated in a first series of experiments. Each piece of intestine
provided 12 areas of tissue for analysis. Six of these were used to estimate
alanine influx and six to estimate the influx of Na, in alternate ports. The
concentrations of alanine and Na were 3 and 25 mM, respectively, and the
experiment was repeated on eight rabbits.

There was, as reported previously, inhomogeneity of variance between
rabbits, with variance proportional to the square of mean influx [3,9], so
that transformation to logarithms was necessary before analysis of variance
for a two-factor design (rabbits and distance along the ileum). The results
are shown in Table I. It can be seen that between-rabbit differences were the
only significant source of variation in influxes of both alanine and Na. There
was no correlation between alanine or Na influx with distance along the ileum
(<vlanine r = 0.61, Nar =0.63, 4 d.f. *).

iNu-coupled substrate influx

There are large differences in amino acid and Na influxes between animals
and it is essential to minimize the effect of this variation on the estimation of
coupling. Our solution to this problem was to estimate four fluxes in each
animal. Na uptake was measured in the absence and presence of substrate
amino acid and the difference between these values (AJy,) was taken to be
the Na uptake specifically due to substrate influx. Similarly, the uptake of
amino acid was measured in the absence and presence of Na and the difference
between these values (AJ,) was taken to be the amino acid uptake specifically
due to Na influx. Each influx was estimated in triplicate to minimize further
eITor,

Ady, and AJ, will still show between-animal differences and they must,
vierefore, be treated as paired observations. The best treatment for such
results is regression analysis where, since only differences in flux are involved,

* d.f., degrees of freedom.
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TABLE II
STOICHIOMETRY OF COUPLING OF Na TO ALANINE INFLUX IN RABBIT ILEUM

Alanine influx in the absence of Na is assumed to take place on an Na-independent transport process
(system 2 [3]). Alanine stimulation of Na influx and Na stimulation of alanine influx are assumed to take
place on an Na-dependent process (system 1 [2,3]). The experimental conditions are as described in the
text. Each value represents the mean of estimates carried out on eight rabbits. Mean values of the coupling
ratio (R) are calculated (3S.E.) from the slopes of individual AJn, vs. Ad a1, influx plots passing through
the origin.

Concentration (mM) Influx (nmol - ecm™2 - min~1) R
(AJNa/BIALa)
Na Alanine Alanine Na
Na Na Alanjne Alanine
absent present absent present
12.5 25 87.4 114.7 51.5 78.0 09*0.1
25 25 67.8 117.6 81.6 116.1 06101
50 25 85.6 131.6 149.9 188.4 0.710.2
90 25 90.4 140.0 233.6 276.7 0.8+10.2
143 25 77.4 139.4 302.4 349.2 1.0+0.1
25 6 23.6 46.4 73.2 96.0 1.0+ 0.1
25 12,5 29,2 60.1 75.7 96.9 0.7t01
25 40 108.7 169.2 68.9 145.5 1.2+0.1
25 50 165.0 223.0 87.8 146.4 1.0t0.1

no intercept would be expected. We then define the slopes of such plots
through the origin as coupling ratios.

Na-coupled alanine influx

The coupling ratios for alanine and Na influx were determined over a wide
range of concentrations (6—50 mM for alanine, 12.5—143 mM for Na). The
results obtained are shown in Table II.

The reproducibility of results was good, judged from measurement of alanine
influx in the absence of Na (67.8—90.4 nmol - cm™? - min~! for 25 mM alanine)
and of Na influx in the absence of alanine (68.9—87.8 nmol - cm ™ - min~!
for 25 mM Na; range of means obtained from five groups of rabbits in both
cases). The additional presence of alanine or Na invariably caused a significant
increase in the influx of its co-substrate. The coupling ratio, Na : Ala, cal-
culated for these dependent fluxes using the method described above, ranged
from 0.6 to 1.2. There was no significant trend between the coupling ratio
and alanine or Na concentration (r 0.38 and 0.63, respectively; 3 d.f.). It was
therefore decided to pool all results to obtain an overall coupling ratio for Na
and alanine influx. A plot of these individual results is shown in Fig. 1.

The dependent fluxes for any one set of experimental conditions showed
a 2- to 3-fold variation. This presumably reflects the normal variation seen
in the amount of the Na-dependent system found between individual rabbits
[2]. The slope passing through the origin is 0.94 * 0.04 with a correlation
coefficient of 0.94 (P < 0.001; 68 d.f.). That this slope is not significantly
different from unity was verified using a paired Student’s t-test of AJy, and
Ad g, (E=0.25).
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Fig. 1. Alanine-dependent Na influx (ANa) and Na-dependent alanine influx (A Ala) in rabbit ileal mucosa.
Uptake of alanine and Na was measured, in the same rabbit ileum, in the absence and presence of Na and
alanine, respectively, Open symbols show uptakes measured at an Na concentration of 25 mM and alanine
concentrations of 6, 12.5, 40 and 50 mM (2,7, 0 and O, respectively). Filled symbols show uptakes mea-
sured at an alanine concentration of 25 mM and Na concentrations of 12.5, 25, 50, 90 and 143 mM (v,
A e 1w and ¢, respectively). The solid lines gives the least-squares fit through the origin with a slope of
0.94 * 0.04. The broken line is the line of identity, shown for comparison.

There is a clear discrepancy between our observations that the coupling
ratio =1 at all alanine and Na concentrations and the earlier observation
that the coupling ratio was a function of Na concentration [4]. We have
already justified our method of analysis whereby correction is made for
uptakes taking place through pathways other than the Na-dependent amino
acid transport system.

The question remains as to why a recent re-interpretation of earlier influx
data should have led to the suggestion that the stoichiometry of coupling
was 2 :1 [10]. The most likely explanation for this is that it arises from an
overestimation of the amino acid-dependent Na influx measured at 140 mM
Na in the original series of experiments [4]. The standard error of individual
coupling coefficients was not provided in these earlier experiments, but it is
possible to make some comparison from similar measurements carried out in
the rabbit jejunum [11]. The coupling coefficient for Na and alanine influx,
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TABLE 111
STOICHIOMETRY OF COUPLING OF Na TO AMINO ACID INFLUX IN RABBIT ILEUM

The conditions involved in calculating coupling ratios (R) are as stated in Table II. Amino acids were used
at a concentration of 12.5 mM. The Na concentration used was 25 mM. Each value represents the mean
carried out on seven or eight rabbits.

Amino acid Influx (nmol - cm™2 - min~1) R
(AJNa/Ad Amino acid)
Amino acid Na
Na Na Amino acid Amino acid
absent present absent present
Serine 37.3 64.5 93.3 121.0 09101
Threonine 34.6 51.7 62.8 95.0 1.5+04
Isoleucine 51.0 60.7 77.7 109.9 28 +0.3
Leucine 41.5 47.5 80.2 105.4 3.6t1.0
Methionine 51.5 56.4 86.5 109.9 4.7+ 0.7

calculated as the ratio of the alanine-dependent Na influx to the total alanine
influx, was 0.7 £ 0.16 at 140 mM Na., This value could just as well approximate
to 0.5 as to 1.0. Similar low coupling coefficients have been reported when
measuring Na : phenylalanine coupling in guinea-pig ileum [12].

Na-coupled influx of amino acids other than alanine

The ability of amino acids other than alanine to use the two carrier-mediated
entry systems is well established [2,3]. It follows that the stoichiometry for
alanine entry on the Na-dependent system should apply to other neutral
amino acids. The following experiments were designed to test this prediction.

The influx of five neutral amino acids into rabbit ileum was measured in
the presence and absence of 25 mM Na. Each amino acid (serine, threonine,
isoleucine, leucine and methionine) was used at a concentration of 12.5 mM.
The results obtained are shown in Table III. Na influx in the absence of amino

TABLE IV
STOICHIOMETRY OF COUPLING OF Na TO METHIONINE INFLUX IN RABBIT ILEUM

Assumptions involved in calculating coupling ratios (R) are as stated in Table II. The concentration of Na
used in these experiments was 25 mM. Each value represents the mean of estimates carried out on seven
to nine rabbits. Results using methionine at a concentration of 12.5 mM have been taken from Table 111
for comparison.

Methionine Influx (mM) R
concentration (AINa /A Met)
(nmol - cm 2 - min~1) Methionine Na
Na Na Methionine Methionine
absent present absent present
1.5 13.8 201 109.0 116.6 1.2+05
3.0 15.1 251 70.3 91.7 2.0+03
6.0 37.2 50.1 111.2 141.8 2.5+0.3

12.5 51.5 56.4 86.5 109.9 4.6 + 0.6
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acid varied from 62.8 to 93.3 nmol - cm ™ - min™!, a range similar to that found
using alanine at 25 mM Na (Table II). Amino acid influx in the absence of Na
was lower for the hydrophilic amino acids serine and threonine (and alanine,
Table II) than for the hydrophobic amino acids, isoleucine, leucine and methio-
nine. The coupling ratio varied from 0.9 for serine to 4.7 for methionine.

The variation observed in the coupling ratio for different amino acids may be
explained by assuming that the stoichiometry of coupling is the same for all
amino acids tested, but that some of these amino acids also cross the brush
border membrane on the Na-dependent carrier (system 1) in the absence of Na.
Ja in the absence of Na would then include some system 1 influx and AdJ,
would thereby be decreased without any decrease in AJy,. If this explanation
is correct, one would predict that the coupling ratio should vary with the
concentration of amino acid used. This was tested using methionine over a
10-fold range of concentration. The results are shown in Table IV.

The ability of Na to increase methionine flux was always present but the
absolute stimulation became very small using a methionine concentration
of 12.5 mM. The ability of methionine to increase Na influx was also present
for all concentrations, the effect being smallest using a methionine concentra-
tion of 1.5 mM. The coupling ratio showed a steady decline from 4.6 to 1.2 on
lowering the methionine concentration from 12.5 to 1.5 mM. This value of
1.2 was not significantly different from unity.

Description of a model and quantification of delta analysis

Any model chosen to describe the results obtained for methionine should
apply equally well to alanine, since it has been shown previously that both
these amino acids share the same Na-dependent entry system in rabbit ileum
[3]. The reaction order in which substrates bind to the Na-dependent carrier
is assumed to be the amino acid first followed by Na. The model used to
describe coupling of Na to amino acid influx in rabbit distal ileum is as follows:

E~2EA 2 REANa (1)

T l ky lkz

where E is the carrier, A the substrate, K, and Ky, dissociation constants and
k, and k, translocation rate constants for the complexes EA and EANa respec-
tively. At least two other simple alternative models can be considered, one in
which Na binds before the amino acid and another in which a random order of
binding is assumed. The first is readily discarded as it implies that coupling
ratios will never exceed unity. The second could explain our results but in
order to do this additional assumptions have first to be made concerning the
magnitude of the equilibrium constants and rate constants for translocation.

Defining J, as the Na influx in the absence of substrate and J, as the Na
influx when substrate is present, J, = k, [EANa] + J,, and

Ady, =J, — J, = k,[EANa] (2)
- kalBd (3)
1 KNa KAKNa

[Na] [A][Na]
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where [E;] is the total concentration of carrier sites exposed to the external
medium. In the absence of Na:

g =rlBd (4)

1+%a
[A]
where J, is the total influx of substrate measured in the absence of Na and
Jing is the amount of influx of substrate taking place on the Na-independent
carrier,

Js =k;[EA] + ky[EANa] + Jing (5)

E +k
R (e )
s o Y (8)
1+ KNa + KAKNa
[Na] [A][Na]
where J; is the substrate influx measured in the presence of Na. The change
due to Na, Ad,, is:

o Il o

(e By Kaoa (1 K

The coupling ratio, R, defined as AJy,/AJ,, then becomes:

_JI_J2__ k2(1+%) 8
R_J3—J4 (1+KA) —k, (8)
[A]

It can be seen that this expression eliminates [E;], i.e., it is independent
of between-animal variation in J,,,, values. Eqn. 8 was rearranged in the form:

(R —1)K, —(R[A])%=(1—R>[A1 9)

to allow the calculation of the two parameters K, and k,/k, for methionine
using the results summarized in Table IV, This equation, solved by least-squares
analysis using matrices for four values of the coupling ratio, gave a Ky, value
of 3.6 + 1.1 mM and a k,/k, ratio of 1.01 + 0.07. The correspondence between
the theoretical curve generated using these constants and the experimental
results obtained for coupling ratio is shown in Fig. 2.

The apparent equality of %, and %, makes the function rectilinear with an
intercept of 1 and a slope of 1/Ky.,. The Na-dependent carrier appears, by this
analysis, to possess a reasonably high affinity for methionine in the absence of
Na, though this is still an order of magnitude less than that found using me-
thionine in the presence of 140 mM Na [2]. It has been known for some time
that the transport of hydrophobic amino acids is less dependent upon the
presence of Na than that of hydophilic amino acids. The present results suggest
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Fig, 2. Delta analysis of methionine influx in rabbit distal ileum. The experimental values of the coupling
ratio (R), taken from Table IV, are plotted as a function of the concentration of amino acid used. The
line is the best fit to Eqn. 9 in the text using a value of 3.6 * 1.1 mM for Kpjet and a value of 1.01 + 0.07
for the ratio k1 /k;.

that part of this discrepancy can be accounted for by the ability of hydro-
phobic amino acids to use the Na-dependent carrier in the absence of Na. At
30 mM, for instance, it is predicted that the influx of methionine on the Na-
dependent carrier in the absence of Na will be 90% of that measured at 140
mM Na (98% of total influx taking into account the additional entry of methio-
nine on the Na-independent system). The absolute dependence of alanine
influx on the presence of Na can be explained by assuming that alanine does
not bind to the carrier in the absence of Na or else that the permeability
coefficient for the EA complex is zero.

Coupling ratios greater than unity have also been reported for pigeon red
blood celis, their origin being attributed to ‘futile cycling’ of amino acids
(Fig. 3 in Ref. 13). This work, which was carried out using hydrophilic amino
acids, showed no dependency of the coupling ratio on amino acid concentra-
tion. This system appears, therefore, to be very different from that reported
for the rabbit ileum. Transconcentration effects on amino acid influx, seen to
take place in other cells [14], appear to be absent from the brush border mem-
brane of the mammalian enterocyte [15,16]. Changes in the electrochemical
potential have also been held responsible for leading to anomalous measure-
ments of the coupling ratio in intestinal cells [17]. Again, this appears not to
complicate the present results, where a 10-fold change in external Na concen-
tration has been shown to have no measurable effect on the stoichiometry of
alanine coupling to Na influx.

The present analysis of coupling ratios, which we call delta analysis for
want of a better term, could prove of general use when studying the mecha-
nisms available for amino acid translocation across membranes, particularly
where straightforward kinetic analysis proves ineffective. It could also prove
valuable in assessing the structural requirements which determine the binding
and translocation constants for different neutral amino acids.
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