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SUMMARY

Glycine is not significantly metabolized by frog muscle maintained at o °C
in vz'tnf. Nevertheless, in this preparation steady-state levels of [!C]glycine as high
as 20 t"nes the external concentration are attained after 36 days at o °C. The concen-
tration gradient at the steady state depends on the external concentration, being
highesfz at low external concentrations (approx. 0.1 mM) and reversed at external
concentrations above 10 mM.

A plot of the steady-state cellular levels of glycine vs th2 external concentratior.
reveal, linear and saturable components. The linear fraction has an average d stri-
butiozi ratio of 0.54 indicating that glycine is partially excluded from the mriscle
waterfat this temperature. :

Efflux of labeled glycine at o °C from previously loadegd frog muscle follows
first-order kinetics. The rate constant increases with increasing concentrations of
glycine in the external medium (efflux facilitation).

The steady-state results are shown to be consistent with an adsorption model
for amino acid accumulation as well as a model in which amino acid enters the cell
via a carrier and exits via a bidirectional leakage pathway. A model in which efflux
proceeds through the carrier does not fit the data. This indicates that an alternative
to exchange diffusion is needed to explain the observed efflux facilitation.

INTRODUCTION

Early investigators of amino acid accumulation by cells postulated that proto-
plasmic binding was the basis of the large concentration grzd ents established between
the cell and the external medium!-$. After some controversy most workers in the
field came to favor a carrier-.ucdiated active transport mechanista for reasons sum-
marized by Christensen?, Heinz?®, Cohen and Rickenberg?®, end others!*-. However,
as discussed in detail elsewhere!s, none of these arguments conclusively rules out
substantial amino acid adsorption to specific protoplas.ic sites. For this reason a
total reexamination of the problem is necessary at this time.

An adsorption hypothesis for solute accumulation by cells has been advanced
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by Ling!®1?. The predictions of this hypothesis for equilibrium accumulation are
straightforward: solutes are postulated to exist in two states in the cell, adsorbed to
membrane and/or cytoplasmic sites and free ini the cell water. The size of the adsorbed
fraction depends on the number of sites and their affinity for the solute under study.
The size of the free fraction depends on the average solubilitv of the solute in the
cell water which Ling!®17 and others'®-2! have postulated to be organized ir: such
a way that a substantial degree of solute exclusion exists.

The amount of amino acid present in the cell at the steady state in terms of
the carrier hypothesis is postulated to depend on a balance between the rate of active
entry and the rate of passive efflux®2.23, Although previous workers have tended to
focus on these rate processes themselves, some results have been obtained for the
steady state”23-28 and equations are available for analysis of steady-state accumu-
lation based on several models?,23,29,

A logical place to begin a reexamination: of the problem of adsorption vs active
transport in the accumulation of amino acids by cells is with an examination of the
steady state. Frog muscle is particularly suitable for this work. It is inexpensive and
can be maintained for prolonged perinds of time in vitro'3:30. The metabolizable
amino acid glycine is accumulated against a concentration gradient at o °C, a tem-
perature at which its metabolic utilization is almost completely inhibited.

The term “‘steady state’’ is defined operationally here as the point at which
influx and efflux are equal and cellular concentrations do not change with time. No
prejudgment as to whether this point represents an equilibrium state or a balance
of active and passive fluxes is intended by the use of this term. Portions of this work
have been presented previously?3.39.31,

MATERIALS AND METHODS

Incubation procedure

The technique was modifie ' frcm Ling ¢f al.32. Four small leg muscles, the
sartorius, semitendinosus, tliofibuler’s and fibialis anticus longus were dissected intact
from healthy Rana pipiens and ir .e1 from the main surrounding connective tissue.
Th: muscles were then washed i1 a large volume of Ringer phosphate solution for
6-6 h at 25 °C. This procedure reduces hormone pools®, establishing a base-line con-
dition for the tissue.

Following the washing procedure the muscles were drained and placed in pre-
chilled vials (4-8 muscles per vial) with 2-3 ml of Ringer solution containing a mea-
sured amount of nonlabeled and 4C-labeled glycine. For incubation the vials were
wripped in parafilm and immersed in a Water bath at o + o0.r °C with their long
axes in the direction of motion of a reciprocating shaker (100 excursions per min,
amplitude 1 inch). After incubation the muscles were quickly blotted, trimmed of
excess tissue and tendons and frozen in liquid nitrogen, then weighed and extracted
incividually with 2 ml of 5%, trichloroacetic acid at 2—4 °C overnight. The balance
experiment described below indicates that this procedure, without homogenization
of the muscles, is sufficient to extract all the free amino acid. Aliquots (0.5 ml) of
the extract were added to 5 ml of Bray’s® scintillation fluid and counted in a liquid
scintillation counter. The specific activity of the labeled amino acid and final external
amino acid content of the external solution were determined by counting aliquots of
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the incubation solution removed before addition of the muscles and at the end of
the experiment, respectively.

The tissue level of labeled glycine, [Gly*]yg in gmoles;g was calculated from
the formula:

(epm),-(c£)- L), L

[Gly* ], = — 0
where (cpm)s is the number of cpm in the aliquot; c.f. is the quench correction factor,
determined by the channels ratio method; 2 + 0.8 W¥ is the total volume of extraction
fluid in mL where W is the weight of the muscles in g and 0.8 W is the water content
of the muscle®; 0.5 is the size of the aliquot in ml, and S4 is the specific activity of
the amino acid in cpm/umole de‘2rmined as stated above. Labeled glycine includes,
in the context of this paper, all exogenously added glycine, labeled and nonlabeled.
It does not include endogenous glycine remaining in the tissue after washing. All
calculations were carried out on a CDC 6400 computer (copies of program are available
from the author).

The formulas given in Appendix I were used to correct for amino acid in the
extracellular space. Identical determinations were performed on 4-8 muscles to
provide a basis for statistical evaluation of the results.

Thin-layer chromatography of glycine

A 59, trichloroacetic acid extract of a muscle previously incubated with radio-
active amino acid was neutralized with conc. NH,OH and evaporated at room tem-
perature to a suitable volume. The reduced extract was spotted on a cellulose thin
layer (Brinkman polygram cell MN 200) and run in two dimensions with the following
solvents¥: Phase I, n-butanol-acetone-diethylamine-water (10:10:2:5, by vol.),
Phase 11, isopropanol-formic acid-water (40:2:10, by vol.). After drying, the chro-
matogram was placed face down on a sheet of X-ray film and exposed for 2-6 weeks.
After development the position of the spots was compared with those of standard
compounds chromatographed in an identical fashion and developed with ninhydrin
reagent.

Efflux studies

Sartorius muscles were incubated with labeled glycine at o ‘C for 5 days. After
blotting and trimming the muscles were weighed and washed in successive 1-ml
aliquots of Ringer solution containing no labeled compound. The radioactivity leaving
the muscle was assessed by counting the aliquots with Bray’s®® solution in a liquid
scintillation counter. At the end of the experiment the radioactivity remaining in
the muscle was extracted with 59 trichloroacetic acid and counted as above. The
eflux curve was constructed by successively summing the activity in the vials with
that remaining in the muscle. Time intervals were chosen so that backflux of labeled
compounds would be negligible.

Materials
All chemicals used mei ACS standards or better. Labeled glycire was obtained
from both Amersham Searle and New England Nuclear. Frogs were obtained from
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Steinhilber and Co., Oshkosh, Wisc. They were maintained in running tap water
(60 °F) and force-fed liver three times per week. The composition of the Ringer
solution was: NaCl, 104.7 mM; KCl, 2.5 mM; NaliCO,, 6.6 mM; NaH,PO,, 2.0 mM;
Na,HPO,, 1.2 mM; CaCl,, 1.0 mM; MgSO,, 1.2 mM. Up to 10 mM glycine couid be
added to this solution without producing significant changes in the volume of the
muscles. When higher concentrations of glycine were used the NaCl concentration
was reduced by an amount equal to 1/6 of the glycine added in order to maintain
the normal water content of the tissue.

RESULTS

Time course of glycine entry at o °C

Fig. 1 shows the time course of glycine entry into washed frog muscies from
solutions -ontaining initial external glycine concentrations varying from 0.13mM to
10 mM. The tissue content of labeled glycine levels off after 36 days and remains
constant through the gth day (216 h). Previous studies® have shown that the Nat,
K+ and water contents of frog muscles do not change during incubation ir Ringer
phosphate at o °C for 8 days indicating that the muscles remain in normal condition.
After the oth day the K+ falls slowly and the Na+ rises. This change is often accom-
panied by a small secondary rise in glycine uptake.

The experiment depicted in Fig. 2 demonstrates that a true steady state is
achieved after 120 h of incubation. 30 muscles were incubated at o °C for 24 h with
Ringzer solution containing 100 mM glycine at which time they contained 21.6
pmdles/g cellular glycine. They were then placed in a small volume of Ringer solution
conjaining no glycine and further incubated at o °C for varying periods of time.
Fig.'2 indicates that accumulated glycine leaves the cell establishing a new steady-
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Fig. 1. Time course of glycine entry into frog muscles at o °C. Washed muscles incubated with
labelec glycine for time indicated and analyzed as in the rext. Number below each curve is the
final external glycine concentration. Each point shows the mean and S.E. for 6-8 muscles.

Fig. 2. Reestablishment of steady state after incubation with high concentration of glycine.
@, Weshed muscles incubated 24 h at o °C with 100 mM labeled glycine, then placed in a small
volumc of Ringer solution {6 muscles in 2.5 ml) for the time indicated. Muscle and solution glycine
concentrations determined as in the text. Final external glycine concentration, 12.4 mM. 0—o0O,
Muscles incubated as described in Fig. 1. Final external glycine concentration 12. 5 mM,
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state level not significantly ¢**.2-ent from that achieved by muscles incul.a.ed with
the same external glycine co..centration (dotted line).

Steady-state distribution ritio of labeled glycine at o °C

The amount of labeled glycine accumulated by frog muscles during 6 days of
incubation at o °C in solutions of varying external labeled glycine concentration was
measured (Table I). The ratic of labeled glycine concentration in the cell water to
the final external concentraticn is highest at low concentrations. Low temperature
(o °C) does not prevent the establishment of large glycine concentration gradients.

TABLE I
6-DAY GLYCINE ACCUMULATION AT o °C

Muscles washed 6 h at 25 °C in Riuger phosphate prior to incubation at o °C for 6 days with
vatrying concentrations of labeled glycine. 8 muscles per concentration. Values shown as mean
4 S.E. Tissue levels are converted to glycine accumulated in the cell water by correcting for
extracellular glycine and tissue water content as described in Appendix« I.

Incubation solution Muscles Distribution ratio
[Glycine*] [(Glycine*] ([Gly* et water | [Gly*]ez)
Initial Final Tissue Cell water
{(mM) (mM) {umoles|g) (mM)

0.10 0.03 0.45 4+ 0.3 0.63 + 0.04 19.9 4+ 1.3

0.50 0.25 1.70 + 0.08 2.38 + o.14 9.5+ 0.4

1.0 0.45 2.14 + 0.32 2.98 + 0.46 6.6 0.2

2.0 1.32 4.03 -+ 0.36 5.54 + 0.62 4.2 4~ 0.4

5.0 3.97 4.97 + 0.44 6.42 4- 0.63 .64+ 0.2
10.0 8.36 7.8g 4- 0.37 9.05 4+ 0.52 .24 0.1
TABLE II

Ry VALUES FROM AMINO ACID CHROMATOGRAPHY

Labeled amino acids extracted from previously loaded muscle and chromatographed as described
in text. Phase I, n-butanol-acetone—diethylamine—water (10:10:2:5, by vol.}; Phase II, iso-
propanol ~formic acid-water (40:2: 10, by vol.).

Amino acid Phase 1 Phase I1

A. Control values
Cysteine 0.28 0.05
Lysine 0.44 0.16
Serine 0.53 0.32
Glycine 0.35 0.33
Glutamate 0.20 0.46
Alanine 0.44 0.52
Isoleucine 0.63 0.69

B. Radiochromatogyaph

Spot 1 0.35 0.33
Spot II 0.52 0.31
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Recovery of labeled glycine following prolonged sncubation at o °C

Although a small amount of glycine is metabolized or incorporated into protein
during the o °C incubation the following data show that this quantity is insignificant
in comparison to the amount of free glycine accumulated within the cell: Part A of
Table II gives Rp values obtained for a representative sample of amino acids by
thin-layer chromatography on Eastman polygram cellulose MN 200. Part B gives
Ry values obtained from a radiochromatogram of an extract of a muscle which had
been incubated for 6 days with 1 mM glycine and 1.0 uCi/ml [C)glycine. The major
portion of the radioactivity was concentrated in Spot I whose Rp values correspond
to glycine. A second spot (I1I) had R values corresponding to serine. These spots
wer: cut out of the original chromatogram and their radioactivity determined. Spot I
contained 3140 counts per 500 min and Spot II, 87 counts per 500 min indicating
that not less than 979, of the radioactivity in the trichloroacetic acid extract is
glycine (counts above background).

Table III shows rhe balance sheet of recovery of radioactivity from muscles
incubated fcr 8 days at o °C with [*Clglycine and 1 mM glycine. The amount of
radioactivity recovered from the trichloroacetic acid extracts of the muscles cor-
responded within experimental error to the amount of radioactivity lost from the
supernatant solution. This, along with the results of thin-layer chromatography,
indicates the following: (i) trichloroacetic acid {5%) extraction without homogeni-
zation is sufficient to recover the glycine taken up by the muscle; (ii) There is no
significant incorporation of glycine into protein during the experimental period
(preiiminary experiments indicate that 0.1-1.0%, of the glycire is incorporated during
this time); (ii1) The technique allows the study of glycine accumulation in the absence
of significant metabolic utilization of this amino acid.

The above data plus the fact that the solutions remained clear during the
prolonged incubation indicate the lack of significant bacterial cortamination of the
mus:les.

TALLE III
BALANCE SHEET OF LABELED GLYCINE RECOVERY ASTEK INCUBATION FOR 0 DAYS AT o C

Radioactivity in trichloroacetic acid extrac: of muscics (Column 2) compared to radioactivity
lost irom bathing solution (Column 3).

Sam e Radioactivity Radioactivity Diffeveace Muscle cpm

wm' ev - tnw muscles lost from {cpm) Soluiion cpm < 100
(cpm) bathing solution o0/
(cpim) (%)

I 1881+ 10% 1851-10° 30-10® 101.6

2 1927108 2022103 - 95163 95.3

3 2005103 1978+ 103 26 10% 101.3

4 2057108 2046+ 103 11-1o8 100.5

Average 99.7 4 1.37

Glyc'ne uptake by connective iissue elements
The 6-day uptake of glycine at 0 °C by small pieces of fascia dissected from
around the leg muscles used in this study was determined (Fig. 3). At low external
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concentrations (<3.0 mM) the distribution ratio of labeled glycine between these
connective tissue elements and the external solution was 0.9x; at higher concen-
trations this ratio fell, reaching a value of about 0.6 at 8 mM external glycine. These
results were used to correct the data for glycine taken up by connective tissue ele-
ments within the muscles (Appendix I). They indicate that glycine accumulation at
o °C is not the result of binding to connective tissue.

Analysis of steady-state accumulation at o °C

Fig. 4 shows the steady-state accumulation of labeled glycine in frog muscle us
a function of the final external glycine concentration. The curve rises sharply at low
concentrations bending off to become linear at concentrations greater than about
4 mM. This curve can be fit by an empirical equation of the form:

C
[S]c = Cl [S]e + —_2?:_ (2)
T
[S]e
/‘).s
2 io Eg
< LT

e R T T
[G1y ‘]“(ml)

o F) r . 8
[Gly']“ (mM)

Fig. 3. Glycine uptake by connective tissue. Fascia from legs of Rana pipiens incubated 6 days
at o °C with varying concentrations of labeled glyc:ne.

Fig. 4. Steady-state glycine accumulation in frog muscle at o °C. W..sl.ed muscles incubated
6 days at o °C with varying concentrations of labeled glycine. Numerical data shown in

Table 1.

TABLE IV
COMPUTED VALUES OF CONSTANTS IN EQN 2

Data irom 6-13-day accumulation of glycine by washed frog muscles at o °C analyzed by the
method of least squares using the algorithm of Marquardt®. Values shown & S5.E.

Experiment Date Incubation C, C, Cy
time (g.!) (pmcies|g) (mM)
(days)
AAU-4 Dec. 1967 13 0.36 — 0.03 3.47 — 0.25 0.36 -- 0.06
AAU-6 Jan. 1968 io 0.8 -+ 0.33 3.53 = 2.2 0.43 — 0.44
AAU-11 Mar. 1968 7 0.46 + 0.04 4.07 = 0.31 0.61 +~ 0.0G
D-31 Jan. 1970 6 0..10 -+ 0.05 4.3 -— 2.60 9.35 4~ 0.14
D-70 Sept. 1971 6 0.;5 + 0.03 4.3 — 2.38 0.69 -+ 0.317
D-73 Oct. 1071 6 0.31 - 0.02 4.65 = 3.1 0.74 + 0.52
D-8g Apr. 1972 6 0.39 4 0.07 3.55 -— 350 0.13 + 2.16

Average 0.42 + 0.05 4124047 0.47 4= 0 08
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where [S]c is the cellular concentration of amino acid; [S]e, its final external concen-
tration and C,, C; and C; are constants whose numerical values can be computed
from the data using nonlinear regression analysis by the method of least squares
(Table IV)%. The detailed meaning of these constants will be considered below.

A number of other tissues have been reported to show steady-state (or approxi-
mate steady-state) accumulation which can be divided into “linear”’ (first term, left-
hand side, Eqn 2) and “saturable’’ (second term, left-hand side, Eqn 2) components
including kidney cortex slices®?, erythrocytes?, ascites cells?3:25, brain tissue?® and
smooth muscle?.

Manchester et al.28 determined the steady-state accumulation of x-aminoiso-
butyric acid by rat diaphragm muscle and chick embryo heart and analyzed their
data graphically using a form of Eqn 2 in which C; = 1. The constants they obtained
by this method are shown in Table V and are not greatly differerit from the constants
obtained by nonlinear regression analysis of their data according to Eqn 2, also shown
in Table V. The most significant difference between these constants and those for
frog muscle at o °C (Table IV) is that C, is close to or above unity in the mammalian
tissues whereas the average value of £ in frog muvscle at o °C is 0.54 (in terms of
the cell water content), significantly below unity.

That this finding rep:.esents the true steady-state level of glycine in the cell
was shown by the data in Table VI. Following incubation for 24 h at o °C with
10c mM glycine, frog muscies were then placed in small volumes of Ringer solution
containing no glycine and «llowed to equilibrate 5 days at o °C, to establish a new
steady state (Fig. 2). The final concentrations in the cell water (Table VI) were actually
lower than the external concentration indicating that glycine is extruded against an
apparent concentration gradient under these conditions. The cellular levels attained
were not significantly different from those expected on the basis of a control experi-
ment done at the same time in which muscles were allowed to equilibrate directly
with the final external concentration of labeled glycine.

Glvcine efflux from frog muscles at o °C
Sartorius muscles were incubated at o “C for 6 days with 1 mM labeled glycine
and then washed in Ringer solution containing no labeled glycine. The results are

®
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Fig. 5. Time course of labeled glycine efflux from frog muscle at o °C. Washed muscles incubated
with 1.0 mM labeled glycine for 6 days prior to washinyg in Ringer phosphate conteining no labeled
compound as described in Methods. Muscles were transferred to solrtion containing 1 mM and
then 5 mM nonlabeled glycine at 200 and 400 min, respectively (arrows).
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plotted in Fig. 5 as the log of the amount remaining vs time. The upper curve shows
the results obtained when no glycine was preser:t in the washing medium. After an
initia! rapid loss of glycine, probably representiny extracellular amino acid, the curve
becomes exponential. For the lower curve, 1 and 5 mM of nonlabeled glycine were
added to the washing-out solution at 200 and 400 min, respectively (arrows). The
efflux rate constant was increased from 0.78-107* min~! to 3.5-10% min—! by the
addition of 1 mM glycine and further ir.creased -0 5.6-10~* min—! by the addition of
5 mMi glycine. This shows that glycine exchange was much more rapid than glycine
loss from the tissue. Similar findings were first -eported by Riggs ¢f al. in 19543 in
ascites cells and since have been found in numerous tissues®38. Such findings are
often considered to be the result of “‘exchange diffusion’” through a carrier (see, for
example, ref. 37).

DISCUSSION

Comparison of pump-leak and adsorption models

Interpretations of amino acid accumulation are often?2.23,28 based on the
presence of two pathways for the passage of ariino acid through the plasma mem-
brane: a passive leak and an active transport carrier. If the leak is bidirectional and
carrier transport occurs only in the inward direction, at the steady state

[S). = aqiS] + —— (3)

(%)

where o is the proportion of water in the cell; g, the distribution coefficiert of amino
acid between the cell water and the external so ution; X is the permeability of the
leakage pathway; I/, the maximum rate of entry via the carrier and K,,, the apparent
dissociation constant of the carrier-amino acid ~omplex. Eqn 3 has the form of em-
pirical Eqn 2 and clearly fits the steady-state d:.ta.

Ling!®:1? has suggested that cellular solutes exist :n two states: free in the cell
water and adsorbed to one or more sets of specific sites. In this case, for one set of
nen-interactive sites:

F

[S]. = 2g[S]. + T KIS0, (4)
where F is the number of adsorption sites per g of cells and Ky, their apparent dis-
sociation constant. Again this equation has the form of Egn 2. Thus nc distinction
between the carrier and the adsorption models it possible on the basis of steady-state
data alone.

Substantial exclusion of amino acid from organized cell water is predicted by
the Ling hypothesis!é1%:3.40, Other possible explanations for the finding that ¢<1.0
include compartments within the cell inaccessible to amino acid and a reverse pump
in the membrane active at higher concentration ranges. Efflux of amino acid through
the active-transport carrier cannot produce a r:verse concentration gradient unless
the direction of pumping is reversed (Eqn A4, Appendix II).
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The source of energy for amino acid accumulation at o °C

Continuous energy expenditure is required to maintain concentration gradients
between the cell water ard the external solution by active traasport through the
cell membrane. No continuous energy expenditure is required fo: binding of solutes
to adsorption sites. Thus, energy utilization may provide a crncial test to differentiate
between active transport and adsorption mechanisms. The existing evidence, although
incomplete, suggests that, at least in frog muscle at o °C, insufficient energy is pro-
duced to maintain observed solute concentration gradients.

We showed here that less than 19 of the glycine present was metabolized by
frog muscle over a 6-day period at o °C; earlier work? indicated that no metabolism
of glucose can be detected over a 24-h period under these conditions. Although residual
metabolism sufficient to maintain active transport must be ruled out by direct ex-
perimental measurement, these findings suggest that metabolic processes play an
indirect role in amino acid accumulation by frog muscle at this temperature.

Evidence that metabolic inhibitors do not always inhibit amino acid accumu-
lation if monovalent cation gradients are maintained led Eddy#! and others?.# te
postulate that energy is provided indirectly by the Nat gradient between the cell
interior and the external solution. If this is the case, metabolic energy must be used
directly to maintain the Na+ gradient.

Ling (ref. 16, p. 200) found that inhibition of metabolism with iodoacetic acid
and a nitrogen atmosphere had no effect on the levels of Nat and K+ in frog muscle
over a period of 8 h at o “C. The possibility that endogenous stores of ATP and
creatine phosphate provided sufficient energy to maintain the ionic gradients under
these conditions was ruled out by the finding that the measured energy production
from this source was less than 109, of that necessary to pump Na+* out of the cell.

These data raise a serious question as to whether enough energy to maintain
solute gradients by active transport is produced in frog muscle at o “C. Until evidence
clearly answering this question in the affirmative is available, the possibility that
adsorptive mechanisms are responsible for amino acid accumulation must be serivusly
considered.

E fflux facilitution

The finding that external glycine facilitates the loss of labeled glycine irom
muscle at o C (Fig. 5) is not consistent with the pump-leak model described above.
For this reason we examined a more generalized model in which efflux through the
carrier is allowed?®. This analysis, details of which are given in Appendix I7, shows
that the carrier model fits the steady-state data under conditions where binding of
amino acid to carrier at the inner surface of the membrane is negligible. This suggests
that exchange diffusion through the active-transport carrier is not the mechanism of
efflux facilitation. Alternative mechanisms will be examined in a subsequent paper
in this series.

APPENDIX 1
Extracellular space calculation

A minimal value for the extracellt'ar space was used in order to obtain the
smallest possible distribution ratios betw: en cell water and external solution. Use of
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larger values (¢.g. the 22.4% raffinose space®) gives a quantitative increase in distri-
bution ratios but in no way changes the conclusions drawn from the data.

The "extracellular space can be divided into two compartments?.45: “True”
extracellular space or the solution-filled spaces between cells, and conmnective tissue
extracellular space. These must be treated separately as the glycine distribution in
the two compartments is somewhat different. A minimal estimate for the connective
tissue content of the small muscles used in the present experiment has been given
as 5%2. A minimal estimate for the “true’’ extracellular space can be obtained from
the poly (L-glutamate) space which has an average value of 8.8%%. This includes not
only “true’’ extracellular space but a portion of the connective tissue extracellular
space as well. This is corrected for the distribution ratio of poly-L-glutamate in con-
nective tissue water of 39%. Making this corraction, one obtains a “true” extra-
cellular space of 7.3%.

The concentration of glycine in the connective tissue space, [Gly]c,r., is calcu-
lated from the results shown in Fig. 3 and the external glycine concentration, [Gly]ex.

For [Glylex < 3.0 mM, [Glylc.1. = 0.05 4 0.914 [Glylex. For [Glylex > 3.0
mM, [Glylc.r. = 0.05°[3.0 + 0.6 ([Gly]ex — 3.0)..

The total extracellular glycine, [Gly]gcs, i¢ the sum of the glycine in the “true”
extracellular space and in the connective tissue.

For [Glylex < 3.0 mM, [Glylgcs = [Gly ex (0.073 + 0.05-0.914) = [Gly]ex-
0.119. For [Glylex > 3.0 mM, [Glylgcs = [G'ylex-0.073 + [0.15 4+ 0.03 ( Glylex
—3)] = [GlyJex-0.703 -~ 0.0g6.

To calculate cellular glycine, [Glylcen:

— [Glyl,is — [Gly]ecs — [Glyl,is — [Glylecs
I — (0.073 + 0.05) 0.887

[Gly]cell

Finally, to calculate the concentration of glycine in the cell water, (Glylcw:
[Gly ]cell
0.79

where 9.79 is the fraction of water in the cell calculated from a tissue water content
of 80.69, and a connective tissue water content of 50°,.

[Glyl.w =

APPENDIX II

Steady-state predictions of a generalized carrier mcdel

We need an equation to predict the steady-state accumulation of amino acid
using a model in which there are 2 bidirectional pathways for the passage of amino
acid between cell and external soluticn, an active transport carrier and a passive lzak
(see Fig. A1). We first consider the case where the permeability of the leakage path-
way, Kp, is approx. o. In this case, from Jacquez?, we find

. alsl.
"= A+ BISI, + C[Sl.w + DISLLy

(A1)

and

po B[Sl

= T¥ BISI, + ClSkw + DISLSTw (A2)
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where Fip, and Fgyy are the inward and outward unidirectional flux rates and a, b,
4, B,C and D are positive constants which are complex combinations of the rate
constants shown in Fig. A1.

o
"G'

Se+ < —— < +5cw

CARRIER

ZXTRACELLULAR MEMBRANE INTRACELLULAR

Fig. Al. Generalized carrier~leak model for amino acid transport into cells (after Jacquez?®).

At the steady state Fijn = Foy¢ and

(Slw _ 4
== (A3)
5L~ b }
In this case the distribution ratio is constant for all [Sje. Clearly this model is not
consistent with experimental findings in frog or mammalian muscle.
In the presence of a bidirectional leakage pathway, at the steady state®®

IS _ (@ -b)
[Sl. K (A + b/K, + B[S], + C[5].,, + DIS]..[S])

when a > b, amino acid is transported into the cell against a concentration gradient.
It can be shown by taking the derivative of Eqn A4 that the limiting slope
as [S]e becomes large is unity. As noted previously, the limiting slope is less than
one in all the experimental data from frog muscle reported here.
The assumption implicit in the derivation of Eqn A4 is that all the cell water
is accessible to amino acid. If this is not the case Eqn A4 bzcomes

Bl aa-b (As)
&L= T ST (S
p + b/K, + B[S]. + C p + D[S]. 7

I+ (As)

q+

Rearranging, one obtains an equation of the form

(S
[S]cw
2w _ [S]
4 [S]
where L = Kp(A +b/Kp)/(a—b), M = KyB/(a—b), N = KiCj(a—b), and P =
KpDj(a—b). Values for L, M, N, and P were obtained ior all experimental data on

=L+MSL+N E}——“ + P[S]. [Sq’” (A6)
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TABLE Al
VALUES OF PARAMETERS IN EQN A6

Data from frog muscle experiments analyzed by nonlinear regression analysis using the algoritiim
of Marquardt®,.

Expt No. L M N P

AAU-4 0.051 -+ o.01I 0.164 -+ 0.019 —0.00713 14 0.0032 —0.00284 + 0.00083
AAU-6 0.108 - 0.024 0.457 £ 0.026 —0.0452 -+ 0.0079 —0.0170 + 0.0016
AAU-11 0.105 4 o.011 0.190 -+ ©.028 —0.0154 - 0.0049 —0.0031 - 0.0012
D-31 0.0336 4 0.022 0.135 - o0.011I —0.00254 4 0.0042 —0.0022 -} 0.0002
D-70 0.0787 1+ 0.045 0.0972 + 0.037 —0.0057 -4 0.0II —C.00021 4 0.0008
D-73 0.0256 -+ 0.0093 0.0368 + 0.0094 0.0058 4- 0.0021  0.00068 4 0.00019
Average 0.0670 0.180 —~0.0117 —0.0041

frog muscle again using Marquardt’s® version of the method of least squares (Table
Ar). L and M were positive and significantjy different from zero for all experiments.
However, N and P are negative in 5 out of 6 experiments®. Since @ > b for transport
into the cell against a gradient and Kp, C and D are positive, this is not possible in
terms of the model. The values obtained for N and P are, however, close to zero and
in some cases not significantly different from zero. If we assign them a value of zero
we find that C and D must also be zero. Now, from Jacquez?®, we obtain the detailed
expressions

C =a[Bilk-y + ko) + k_olk_; + k,)] (A7)
D = ajoy(k_ + k) (A8B)
a = fakok 2, Co (A9)

C, is the concentration of carrier in the membrane. For transport to occur 2 must
be nonzero and therefore «, and %, must bc no1-zero. Since all other constants must
be positive or zero, it is apparent that if C and D are 0. «, = o. This is equivalent to
saying that the carrier-amino acid complex does not form at the inner surface of
the membrane and therefore, efflux through th:: carrier does not occur.

ACKNOWLEDGMENTS

The author would like to thank Dr Philip Archer for his able assistance with
the mathematical analysis of the carrier model ind Dr A. R. Martin and Dr C. Pater-
son for their critic 11 reading of the manuscript.

REFERENCES

1 R. ]. Britten, R. B. Roberts and E. F. French, Proc. Natl. #cad. Sci. U.S., 41 (1955) 863.

2 G. H. Cohen and H. V. Rickenberg, C.R. Acad. Sc ., 240 (19:5) 2086.

3 E.T. Bolton, R. J. Britten, D. B. Cowie and R. B. Roberts, < arnegie Inst. Year Book, Wash.,
57, Biophys. Sect., 1957.

* A variety of starting values were assigned to .V : nd P but « onvergence was always obtained
at the same point.



GLYCINE ACCUMULATION IN FROG MUSCLE 301

4
5
6
7

8

9
10
1I
12
13
14
15
16
17
i8
I9
20
21

22
23
24
25
26
27
28

29 J

30
31
32
33
34

35
3t
37
38
32
40

41 A,

42
43
44
45

D. B. Cowie and B. P. Walton, Biochim. Biophys. Acta, 21 (1956) 211.

D. B. Cowie and F. T. McLure, Biochim. Biophys. Acta, 31 (1959) 236.

R. J. Britten and F. T. McLure, in J. T. Holden, Amino Acid Pools, Elsevier, Amsterdam,

1962, p. 595.

H. N. Christensen, in W. D. McElroy and B. Glass, 4 Symposium on Amino Acid Metabolism,

Johns Hopkins, Baltimore, 1955, p. 63.

E. 1einz, J. Biol. Chem., 225 (1957) 305.

E. Heinz, J. Biol. Chem., 211 (1954) 781.

G. N. Cohen and H. V. Rickenverg, Ann. Inst. Pasteur, g1 (1956) 693.

S. Udenfriend, P. Saltzman-Nirenberg and G. Guroff, Arck. Biochem. Biophys., 116 (1966) 261.

J. A. Jacquez, Cancer Res., 17 (1957) 8go.

W. Gross and R. Ring, Biockim. Biophys. Acta, 233 {1971) 652.

E. Heinz, in J. T. Holden, Amino Acid Pools, Elsevier, Amsterdam, 1962, p. 762.

M. C. Neville, Proc. N.Y. Acad. Sci., in the press.

G. N. Ling, A Physical Theory of the iLiving State, Blaisdell Publ. Co., New York, 1962.

G. N. Ling, Int. Rev. Cytol., 26 (1969) 1.

O. G. Fritz and T. J. Swift, Biophys. [., 7 (1967) 675.

F. W. Cope, Biophys. | 9 (1969) 303.

C. F. Hazlewood, B. L. Nichols and N. F. Chamberlain, Nafure, 222 (1969) 747.

C. F. Hazlewood, B. L. Nichols, D. C. Chang and B. Brown, Jok#s Hopkins Med. [., 128 (1971)
117.

W. Wilbrandt and T. Rosenberg, Pharmacol. Rev., 13 (1961) 104.

E. Heinz and H. A. Mariani, J. Biol. Chem., 228 (1957) 97.

O. H. Wilson and C. R. Scriver, Am. J. Physzo! 213 (1967} 185.

J. A. Jacquez and D. J. Hutchinson, Cancer Res., 19 (1959) 397.

S. Lahiri and A. Lajtha, J. Neurochem., 11 ( 1964) 77-

F. H. Osman and D. M. Faton, Btovhzm Biophys. Acta, 233 (1971) 666.

K. L. Manchester, G. G. Guidotti, A. F. Borghetti and B. Luneburg, Biochim. Biopiys. 4.4,

241 (1971) 226.

. A. Jacquez, Biochim. Biophys. Acta, 79 (1964) 318.

M. C. Neville, Science, 176 (1972) 302.

M. C. Neville, Cryobiology, 8 (1971) 391.

G. N. Ling, M. C. Neville, P. Shannon and S. Wili, J. Pkysiol. Chem. Phys., 1 (1969) 42.

G. Bray, Anal. Biochem., 1 (1960) 279.

M. Brenner and A. Niederwieser, in S. P. Colowick and N. O. Kaplan, Methods in En:ymology,

Vol. 11, Academic Press, New York, 1967, p. 39.

D. W. Marquardt, J. Soc. Ind. Appl. Mati:., 11 (1963) 431.

T. R. Riggs, B A. Coyne and H. N. Christensen, J. Bzal. Ckem., 209 (1954) 395.

E. Gillespie, Biochim. Biophys. Acta, 135 (1967) 1016.

R. M. Johnston and P. G. Scholefield, Adv. Cancer Res., 9 (1963) 143.

G. N. Ling, P. Shannon and S. Will, J. Physw!. Chem. Phys., 1 (1969) 263.

G. N. Ling and S. Will, J. Physiol. Chem. Phys., 1 (1969) 355.

A. A. Eddy, Biochem. J., 108 (1968) 489.

R. K. Crane, Fed. Proc., 24 (1965) 1000.

S. G. Schultz and P. F. Curran, Physiol. Rev., 50 (1970) ¢39.

H. T. Narahara and P. Ozand, J. Biol. Chem., 238 {19€3) j0.

G. N. Ling and M. H. Kromash, J. Gen. Physiol., 50 (1967) 677.



