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ABSTRACT 

The uptake and accumulation of methionine and other amino acids 

in the cestode H_. diminuta is studied with respect to the influence of 

pyridoxal, pyridoxine, and ammonium ion. It is found that neither 

pyridoxal nor pyridoxine exert any measurable effect upon the initial 

velocity or the total amount of uptake of methionine. Concentrations of 

pyridoxal and pyridoxine ranged from .005 mM to 1.0 mM, and concentra¬ 

tions of methionine ranged from .05 mM to 1.0 mM. 

Ammonium ion is found to exert a very significant effect on the 

total accumulation of methionine and several other amino acids but no 

effect on the initial velocity of uptake, The ammonium ion affects 

accumulation in two ways: First it increases production of a particular 

metabolite within the worm which is composed partly of methionine 

and certain other amino acids. Production of this metabolite in turn 

decreases the amounts of constituent amino acids in the worm's amino 

acid pool, thereby allowing for an increased apparent accumulation of 

those amino acids. 

The second way the ammonium ion affect accumulation is by in¬ 

hibiting efflux of some of the neutral amino acids, particularly methionine 

and alanine. It can exert is inhibitory effect when present only in the 



efflux medium or only in the worm and not in the efflux medium, or when 

present both within and without the worm. An attempt to explain this 

unusual effect is made by postulating a new transport mechanism. 
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INTRODUCTION 

The subject of active transport, or the net movement of ions and 

molecules across a membrane against a concentration difference, has 

attracted wide interest in recent years. It has been studied in connection 

with intestinal absorption, kidney function, bacterial and animal cell 

function, and parasite-host integration, the latter being the frame of 

reference for the present investigation. 

The work reported here was accomplished using the cestode 

Hymenolepls diminuta. Studies of active transport of amino acids in 

this tapeworm and in other tapeworms have been undertaken by 

Daugherty (1957a, 1957b), Daugherty and Foster (1958), Read, Douglas, 

and Simmons (1959)^ Read and Simmons (1962), Read, Simmons, Campbell 

and Rothman (1960), and Read, Simmons and Rothman (1960, 1963). The 

most comprehensive study of the subject is that reported by Read et,. al.. , 

(1963). In that paper it is shown, forll. diminuta. that active transport 

of amino acids definitely does occur, and that there are at least four 

qualitatively different loci of transport: a "basic" site for arginine, lysine 

and histidine; an "acid" site for the dicarboxylic amino acids; a site 

preferring phenylalanine and tyrosine; and at least one "neutral" site 

for the remaining "neutral" amino acids. Also presented in that paper is 
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strong evidence for two types of "neutral" sites, thought at first to be 

analagous to the "A" (alanine-preferring) and "L" (leucine-preferring) 

sites which Oxender and Christensen (1963) found in Ehrlich ascites 

tumor cells . However, subsequent work by Kilejian and Read (in press) 

has indicated that the "L" site of Oxender and Christensen, rather than 

being analogous to one of the two neutral sites, is instead identical 

with the phenylalanine and tyrosine site. In tapeworms, intestinal 

mucosa, and Ehrlich tumor cells, phenylalanine and tyrosine have almost 

complete specificity for the "L" locus, while leucine, in addition to 

its preference for the "L" site, also shows affinity for the "A" site. 

Evidence for still a third site of neutral amino acid transport, a site 

appearing to react preferentially with glycine iri_H., diminuta. has been 

found by Maclnnes and Graff (unpublished data), 

Although many of these various sites of transport have been studied 

extensively in terms of kinetics, the specific mechanism by which a 

membrane utilizes energy to move substances against a concentration 

difference still remains experimentally undefined, The present investiga¬ 

tion was conducted in an attempt to explore this mechanism; more 

specifically, the attempt was made to deliniate certain possible "eofaetors" 

of transport, in the hope, that the nature of the "cofactors" might point to 

the nature of the transport system. 
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The first investigation presented here was an attempt to define 

the action of pyridoxal (vitamin B6) on the active transport of methionine, 

a neutral amino acid known to use both "neutral" sites of transport. 

Interest in the study of pyridoxal was aroused by varied and often con¬ 

flicting reports of its effect on amino acid uptake in ascites tumor cells, 

Lactobacillus arablnosus. rat intestine, and rat body tissues. In 1954 

Christensen eU al. showed that added pyridoxal stimulated accumula¬ 

tion of glycine in vitamin B6-deficient mouse ascites tumor cells more 

than it stimulated non-deficient cells. In 1955, Christensen and Riggs 

proposed a mechanism of amino acid uptake based on Schiff base 

formation between pyridoxal and the amino acid, thus implicating 

pyridoxal as a direct carrier of amino acids across the cell membrane. 

Subsequent to these first reports, a fair amount of energy was 

expended on the subject. Jacobs and Hillman in 1958 and 1960 showed 

that injection of the antivitamin, deoxypyridoxine, into rats on a 

complete diet impaired uptake of methionine by cannulated segments of 

the intestine, and that supplementation with pyridoxal phosphate reduced 

this effect. Riggs and Walker (1958) showed that the distribution of 

a-aminoisobutyric acid in the tissues of intact rats was significantly 

changed by inducing a vitamin B6 deficiency, in that more AIB was left 
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in the serum and less was absorbed by the tissues. The distribution 

returned to normal upon injection of a single dose of pyridoxine. 

Ueda et al. (1960) showed that pyridoxal eliminated the inhibiting effect 

of dinitrophenol on amino acid transport in the perfused intestine. 

Evidence against the involvement of pyridoxal in a direct carrier 

system was furnished by Pal and Christensen (1961) who showed that 

uptake of pyridoxine and pyridoxal is inhibited rather than enhanced by 

the addition of amino acids. In addition, Oxender (1962) reported some 

experiments indicating that pyridoxal affected efflux rather than influx 

in ascites tumor cells. Holden (1959, 1962) also lent support to the 

concept that pyridoxal may affect efflux by demonstrating that 136- 

deficient L.'arabinosus_ cells showed no decline in initial rate of 

accumulation of glutamic acid but did show a decreased level of steady 

state accumulation. However, he also reported that pyridoxal added to 

the system had no rehabilitating effect. 

The first portion of the present investigation was directed at 

clarifying the possible role of pyridoxal with respect to transport in 

H. diminuta. 

Later in this work, a second possible "cofactor", amjnonium ion, 

was investigated, at first with respect to the possibility of an 



5 

interaction with pyridoxal. The impetus for these experiments came 

from certain results published by Holden (1959, 1962). He experimented 

with the uptake of glutamic acid in vitamin B6-deficient'_L. arabinosus 

cells and found that (1) vitamin B6 deficiency reduced the amount of 

glutamate accumulated, although it did not influence the initial rate of 

accumulation; (2) addition of pjoldoxine to deficient cells had no effect; 

(3) addition of acetate and ammonium ions together doubled accumula¬ 

tion; and (4) addition of acetate, ammonium and pyridoxine tripled 

accumulation, thereby bringing it nearly up to a normal level. Since 

the B6-deficient cells were, according to Holden, morphologically 

abnormal, having a cell wall half as thick as normal cells, he postulated 

that the deficiency had weakened the cell wall, and that vitamin B6 

along with ammonium and acetate as building materials served to repair 

it. Thus the effect of B6 upon transport was considered to be indirect, 

and dependent upon the presence of ammonium and acetate^ions. 

The present investigation revealed no interactions between pyridoxal, 

ammonium, and acetate ions, but it did reveal that ammonium ion'per se 

exerts a very significant effect upon transport of methionine, The major 

portion of this work was, therefore, an attempt to describe and define 
I 

the nature of the ammonium ion effect. 
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METHODS 

Animal husbandry and Incubation proceedures: 

The methods used for tapeworm maintenance and for incubation 

experiments were, in nearly every respect, those described by Read 

et_al. (1963): 

Male Sprague-Dawley rats (Holtzman Co.; Madison, Wisconsin) 

weighing 70 to 90 grams at the time of infection were used as hosts in 

all experiments. For most experiments the animals were provided with 

Purina Laboratory Chow, but, in some experiments involving pyridoxal, 

a diet composed of 70% "Protein Free" Diet and 30% Vitamin-Free 

Casein (Nutritional Biochemicals Co.; Cleveland, Ohio) was provided. 

This special diet lacked all B vitamins, and worms from rats on this 

diet are henceforth referred to as "deficient" worms. Worms from 

Purlna-fed rats are denoted "non-deficient". 

Worm preparations and incubation procedures; were as follows: 

Eight or ten days after infection with 30 cysticercoids, the rats were 

killed by a blow on the head, the small intestine was removed, and the 

worms were flushed from the intestine with modified Krebs-Ringer 

solution buffered at pH 7.4 with Tris (hydroxymethylaminomethane)- 

malbic acid buffer (Gomori, 1955), This "KRT" solution, was used for 
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all subsequent washings and as the solute for all solutions in which 

the worms were incubated . After being flushed from the intestine, the 

worms were washed three times and distributed randomly, 5 worms in a 

beaker with 4 ml. KRT or, in some experiments, 10 worms in 8 ml. of 

KRT. Pools of 10 worms were used whenever 8-day-old worms were used; 

for 10-day-old worms pools of 5 proved most convenient to handle. 

Before the experimental incubations, the worms were allowed to 

equilibrate for 15 to 40 minutes, depending on the experiment, in a 

shaker bath at 37° C. They were then removed from the equilibration 

beakers, blotted lightly on hard filter paper, and transferred to beakers 

containing various test solutions where they remained for appropriate 

lengths of time, also in the 37° shaker bath. Immediately after the 

incubation period the worms were rinsed quickly in three washes of KRT, 

blotted as thoroughly as possible, and dropped into a known volume 

of 70% ethanol. After 24 hours the worms were withdrawn, dried and 

weighed, and the ethanol extract was subjected to whatever further treat¬ 

ment was applicable to the experiment. In most experiments, this 

consisted of plancheting 0.5 ml. of the extract, evaporating it to dry¬ 

ness, and determining the radioactivity using a Nuclear Chicago gas 

flow counter. 
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Chemical methods: 

The colorimetric determination of methionine was carried out as 

follows, using the Horn:et_al. (1946) modification of the McCarthy and 

Sullivan method. Twenty worms were extracted 24 hours in 5.0 ml. of 

70% ethanol, after which the ethanol extract was shaken with 3 volumes 

of chloroform saturated with 0.1 N HC1. The two phases were allowed 

to clarify overnight in the cold, and then the chloroform layer was 

discarded and the aqueous layer repartitioned against a new portion of 

chloroform. The resultant aqueous layer was withdrawn, made to 5.0 ml. 

with water, and centrifuged one hour at 2000 rpm and 5°C to remove any 

precipitate formed at the chloroform-water interface. To a 2.0 ml. 

portion of the supernatant was added 0.8 ml, of 5 N NaOH and 0.2 ml, 

of 1% sodium nitroferricyanide. Ten minutes later, 0.4 ml. of 4.5% 

glycine was added, and after another 10 minutes 2.0 ml, of 85% phos¬ 

phoric acid was added. A red to yellow color then developed which was 

read immediately at 540 mp. Standards were run in the range of 0.1 mM 

to 1.0 mM methionine, 

In the latter portion of this investigation, great use was made of the 

Technicon Autoanalyzer (Technicon Co,; Channcey, New York). 

Chromatographic charts obtained by the amino acid analyzer were run on 
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chloroform-partitioned ethanol extracts from a minimum of 750 mg. wet 

weight of worm tissue. In this case the chloroform partitioning was 

carried out using a counter-current distribution scheme: The aqueous 

layer from the first chloroform extraction was transferred to a second 

separatory funnel containing fresh chloroform; meanwhile a wash of 

0.1 N HC1 was introduced into the first funnel. Then the original aqeous 

layer, after the second extraction, was transferred to a third funnel of 

chloroform, the first wash was transferred to the second funnel, and a 

new wash was introduced into the first funnel. This procedure was 

carried out until each aqueous layer had been washed three times by 

chloroform, and each chloroform wash had itself been washed three times 

with 0.1 N HC1. All aqueous layers were then combined, reduced to a 

small volume (but not to dryness) with a flash evaporator, and then 

taken up to 5,0 ml. with 0.1 N HC1. Fifty to 250 |xl, portions were then 

applied to a 133 cm. column of resin ("Ghromohtads, Type A"; 

Technicon Co.). The separation of the amino acids was carried out 

using a buffer gradient system consisting of the following five buffers: 

IV PH 2.875 

14,71 gm. Nagdtrate^HoO (0.05 M.; 0.150 N with respect to Na) 
900 ml. H2O (distilled x 1 from dilute H2SO4) 
25.0 ml, 2.000 N (standardized) NaOH 
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5.0 ml. Thiodiglycol (Pierce Chemical Co.; Box 117, Rockford, 111.) 
10.0 ml. Brij 35 solution (Atlas Powder Co.; Wilmington, Del.) 

(100 grams plus 200 ml. water. Dissolves with warming. Make 
up evaporation losses so final product is a solution at room 
temperature) 

Titrate with 6 N HC1 at the pH meter to pH 2.875. 
Make to 1000 ml. with water; check pH and adjust if necessary. 

Store in aspirator bottle protected with acid traps. 

1AV Modified pH 2.875 

Instead of water use 5% methanol. 

IB) Modified pH 2.875 

Instead of water use 2.35% methanol. 

2) pH 3.80 

14.71 grams NagCitrate^^O 
900 ml. water 
25.0 ml. 2.000 N NaOH 
5.0 ml. Thiodiglycol 
10.0 ml. Brij 35 solution 
Titrate with 6 N HC1 to pH 3.80. 
Make to 1 liter volume. Check and adjust pH. 

3) PH 5.00 

14.71 grams Nag citrate.2HgO 
900 ml. H20 
25.0 ml. 2.000 N NaOH 
35.07 grams NaCl (0.600 N with respect to Na) 
10.0 ml. Brij 35 solution (no Thiodiglycol) 
Titrate with 6 N HC1 to pH 5.00. 
Make to 1 liter, check and adjust pH. 
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The following combinations of buffers were used in the nine chambers 

of the Autograd buffer gradient device: 

chamber buffer 1 1A'   IB 2 , 3 ’ 

1 75 ml. 0 ■ 0 0 0 
2 75 ml. 0 0 0 0 
3 0 75 ml. 0 0 0 
4 0 0 75 ml. 0 0 
5 0 0 0 70 ml. 5 ml. 
6 6 ml. 0 0 9 ml. 60 ml. 
7 0 0 0 0 75 ml. 
8 0 0 0 0 75 ml. 
9 0 0 0 0 75 ml. 

Each run was started with the column temperature at 40° C. Exactly 

three hours and 30 minutes after the start of the run, the temperature 

was lowered to 25°, and one hour after this the temperature was raised to 

60° where it remained for the completion of the run. 

The effluent from the column underwent a reaction with nlnhydrin in 

the Autoanalyzer and was read in two colorimeters, one at 570 mjx and the 

other at 440 mjx. The optical densities were plotted continuously by a 

point recorder (Bristol Co.; Philadelphia, Penn,). 

A more detailed explanation of the operation of the amino acid 

analyzer can be found in the Technicon handbook. 

General notes: 

In the first experiments all samples were run in triplicate; in later 
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experiments four to seven replicates were run in order to allow for the 

easy application of statistical methods to the experimental problems. 

The principle statistical method employed was that of variance 

analysis which is explained in some detail in conjunction with Table 2. 

Necessary controls for each experiment were always repeated with 

the particular experiment. Also, if it was desired to compare the results 

of two different types of experiment, the two were always performed 

together using a single group of rats, so that each experiment reported 

here is independent of other experiments. Graphs of experimental 

results in each instance represent part or all of one experiment, but 

never more than one. 
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RESULTS . 

The effect of pyridoxal and pyridoxlne on methionine uptake'and 
accumulation: 

These experiments were carried out on both "deficient" and "non¬ 

deficient" worms under two types of experimental conditions. In the 

first type of experiment, the worms were allowed to equilibrate in KRT 

for forty minutes and were then transferred to beakers containing 1.0 mM 

labeled methionine plus a given concentration of pyridoxal or pyridoxlne. 

In the second "preincubation" type of experiment, the worms remained 

in KRT only 15 minutes and were then preincubated in pyridoxal or 

pyridoxlne alone before being transferred to the beakers containing 

methionine. Except where noted, the preincubation concentration of 

pyridoxal always corresponded to the incubation concentration. 

Figure la shows the curve obtained for the two minute uptake of 

1.0 mM methionine using different concentrations of pyridoxal and 

pyridoxlne with preincubated samples of "non-deficient" worms. It can 

be seen that neither pyridoxal nor pyridoxlne affect the uptake of 

methionine. The uptake curve of "deficient" worms preincubated in 

pyridoxal is shown in Figure lb. The results here are essentially the 

same as those shown in Figure la, except for what might be a possible 

slight inhibitory effect of pyridoxal on uptake. Later experiments, 



FIGURE la 

TWO - MINUTE UPTAKE OF METHIONINE 
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however, did not support this idea. 

Experiments carried out with no preincubations yielded the same 

results as the previous preincubation experiments had. 

One experiment was performed to see if pyridoxal might have an 

effect on the two-minute uptake of methionine in concentrations other 

than 1.0 mM. The results of that experiment are shown in Figure 2, in 

which no effect of pyridoxal on methionine uptake can be seen. 

One-hour incubations in pyridoxal and methionine were carried out 

to determine whether there might be an effect on the total accumulation 

of methionine, (This accumulation is nearly complete in 40 to 50 

minutes). Again these experiments were performed using "deficient" and 

"non-deficient" worms in experiments with and without preincubations. 

Figure 3a shows the results for preincubated "deficient" worms, and 

Figure 3b shows results for non-preincubated worms both "deficient" and 

"non-deficient". It is evident from these data that pyridoxal and pyri- 

doxine have no significant effect upon accumulation of methionine. 

However, one interesting fact which can be noted from Figure 3b is that 

"deficient" worms appear to accumulate less on a weight basis than do 

"non-deficient" worms. This difference may be real since Read et al, 

(1963) showed that lighter worms ordinarily take up more methionine per 

( 



FIGURE 2 

TWO- MINUTE UPTAKE OF METHIONINE 

worms: "non-deficient" 
concentrations: 

methionine: x * 0*05 mM 
• = 0*10 mM 

o = 1*0 m M 

pyridoxah shown 

conditions: preincubation 
juMoles © 
mg-hr ° 0 



FIGURE 3a } 

ONE - HOUR ACCUMULATION OF METHIONINE 

worms: "deficient11 

concentrations: 
methionine: 1*0 mM 
pyridoxal: shown 

conditions: preincubafion 

Moles 
gm 

o 

20,r 

9. 

U • 

15 - 

10 - 

5 - 

.01 !02 ]04 .06 .08 

(pyridoxal) ♦ 



FIGURE 3b 

ONE-HOUR ACCUMULATION OF METHIONINE 

worms: x = "deficient" 
• = "non- deficient" 

concentrations: 
methionine* 1*0 mM 
pyridoxal: shown 

conditions: no preincubation 

juMoles 
gm 



15 

unit weight than do heavier ones. 

Tests of possible pyridoxal inhibition of the two-minute uptake of 
methionine: 

These experiments were carried out in order to determine if pyridoxal 

might possibly inhibit the initial rate of uptake of methionine. The 

conditions of the experiment were designed to fit a Line weaver-Burk plot 

of the Michaelis-Menten equation, which is discussed in Appendix A, 

The calculation of 1/Vmax, Km, Km/Vmax, and standard error for each 

curve was carried out by an IBM 1620 computer using the program shown 

in Appendix B. Each set of computed values derives from 12 experimental 

data points. 

The effect of pyridoxal on the two-minute influx of methionine in 

"deficient" and "non-deficient" worms under preincubated and non- 

preincubated conditions is shown in Table 1. 

TABLE 1 
LINEWEAVER-BURK VALUES FOR THE TWO-MINUTE INFLUX OF 

METHIONINE 

concentrations: 
methionine: 1.0 mM, 0.2 mM, 0.1 mM 
pyridoxal: shown 

conditions: shown 
worms: a - "deficient" 

b - "non-deficient" 
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TABLE 1 (eont.) 

(a) - "deficient" 
conditions 

worms 
Cpy a l:/ymax Km/Vmax Km std. err. 

meth, only i 0 3.03 1.10 .36 .16 

not preinc.: .001 3.43 ia2 .33 .15 
inc. in meth. .005 3.12 1,16 .37 .17 
plus pyr. .020 4.29 .88 .21 .24 

preinc.: .001 3.40 .90 .27 ,19 
inc. in meth. .005 
plus oyr. .020 2.56 .83 .32 .20 

(b) - "non-deficient" worms 

conditions 1/Vmax Km/Vmax Km std. err. 

meth. only 0 6.55 1.67 .26 1.21 

preinc.: .02 5.15 1.71 .33 1.07 
inc. in meth. .10 5.48 1.53 .28 .92 
plus. pyr. 

gm. hr. gm. hr. gm. hr. 
units — & mM mjxMoles jxMoles mM m^Moles 

These results show clearly that there Is no significant inhibitory effect, 

competitive or otherwise, of pyridoxal on the two-minute influx of 

methionine. 

Tests for interacting effects of pyridoxal and ammonium ion on methionine 
uptake: 

The first experiment was carried out with the idea of duplicating 



17 

the work of Holden (1959, 1962) which was reviewed earlier. The 

attempt was made, using the same concentrations which Holden used, 

to test the separate effects of pyridoxal, ammonium ion, and acetate on 

the accumulation of methionine, and to measure any interactions 

between these three substances. "Deficient" worms were used and 

all samples were preincubated 20 minutes in the test solution without 

methionine and incubated one hour in the complete mixture. The 

source of acetate ion was sodium acetate, and of ammonium ion, 

ammonium chloride. Since both sodium and chloride are present in the 

KRT in much greater quantities than those used in this experiment, 

any small amount of sodium or chloride added here would have no effect 

on experimental conditions. The results of this experiment are pre¬ 

sented in Table 2, using a statistical treatment from Moroney (1952). 

The results shown in this table indicate clearly that pyridoxal has no 

effect, acetate has no effect, and pyridoxal and acetate together have 

no effect upon methionine accumulation. The data also indicates 

strongly that ammonium ion has a very definite effect in promoting ' 

methionine accumulation, but whether this effect occurs only in conjunc¬ 

tion with pyridoxal is not demonstrated here because no experiments 

were run using only methionine and ammonium ion in the incubation medium, 
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The next group of experiments was aimed at elucidating any possible 

interactions between pyridoxal and ammonium ion. The results are illus¬ 

trated in Figures 4a- c. It is obvious from these graphs that ammonium 

ion alone has as much effect as it does in the presence of pyridoxal. 

This effect is most pronounced in "deficient" worms and 8-day-old worms, 

indicating that the effect may be partly a surface one, since it is more 

evident in smaller worms which have a greater surface to volume ratio. 

It can be concluded that pyridoxal in a physiological range of con¬ 

centrations has neither an effect of its own nor an effect in conjunction 

with acetate or ammonium ion on the stimulation of methionine uptake. 

The effect of preincubation in ammonium ion on subsequent methionine 
uptake: 

The first experiment carried out tested the effect of preincubation 

in ammonium ion on the 40-minute accumulation of 1.0 mM methionine. 

The resuits are shown in Figure 5, and indicate clearly that prelncuba- 

tlon in addition to the regular incubation reduces the effectiveness of 

ammonium ion. It is also interesting to note that the effectiveness of the 

ammonium ion does not increase much above a 1.0 mM concentration; 

statistical considerations reveal that the effect of 2,0 mM ammonium is 

not significantly greater than that of 1.0 mM ammonium. 



FIGURE 4a 

ONE - HOUR ACCUMULATION OF METHIONINE 

worms •• "non-deficient" 

concentrations* 
methionine* I’OmM 
pyridoxah .005 mM 
ammonium ion: shown 

conditions: no preincubation 
uptake: •» with NH^ only 
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FIGURE 4b 

ONE - HOUR ACCUMULATION OF METHIONINE 

worms: "deficient" 

concentrations: 
methionine: 1*0 mM 
pyridoxal: *005 m M 
ammonium ion: shown 

conditions: no preincubation 

uptake: ®= with NM^ 
x= with NH^ * pyridoxal 
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FIGURE 4c 
ONE - HOUR ACCUMULATION OF METHIONINE 

worms-- 8-doy** old "non-deficient" 

concentrations: 
methionine*- 1*0 mM 
pyridoxah *005 mM 

ammonium ion: shown 
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FIGURE 5 

FORTY-MINUTE ACCUMULATION OF METHIONINE 

worms: "deficient" 

concentrations: 
methionine: 1*0 mM 
ammonium ion: shown 

conditions: 
x = no preincubation 
• = preincubation 

(each point shown is the 
average of four samples.) 

juMoles 
gm 

5 6r 

» ■ 

5 1*0 
x 
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The second experiment tested the effect of preincubating with 

ammonium ion and incubating without it. Figure 6 shows the time course 

of accumulation under these conditions. Fitted curves for these and other 

time course experiments were computed by the IBM 1620 computer using 

the program outlined in Appendix C. The increase in uptake under condi¬ 

tions of preincubation only, as shown in Figure 6, is not significant, 

indicating that ammonium ion must be present with methionine in order to 

exert its effect. More experiments to elucidate the effect of preincuba¬ 

tion were carried out at the close of this investigation, and will be 

discussed later, in conjunction with efflux experiments. 

The effect of ammonium ion on the initial rate of uptake of methionine: 

Two-minute incubations designed to fit the Line weaver-Burk plot 

discussed earlier were carried out with 10-day-old "deficient" worms, 

8-day-old "non-deficient" worms, and 10-day-old worms raised on the 

deficient diet supplemented with B vitamins. The results are summarized 

in Table 3: 

TABLE 3 
LINEWEAVER-BURK VALUES FOR THE TWO-MINUTE INFLUX 

OF METHIONINE 

concentrations: 
methionine: 1.0 mM, 0.2 mM, 0.1 mM. 
ammonium ion: 1.0 mM. 

conditions: not preincubated 
worms: shown 



FIGURE 6 

TIME COURSE OF ACCUMULATION OF METHIONINE 
FITTED CURVES 

worms: 8-day-old "non-deficient" 

concentrations* 
methionire: 1*0 mM 
ammonium ion* 10mM 

conditions* 

jjMoies 
gm 

no preincubation; incubated 
in methionine only 

x*» preincubation in NH4; 
incubated in methionine only 
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TABLE 3 (cont.) 

worms test soln. 1/Vmax Km/Vmax std. err. 

supplemented meth. 2.30 1.12 .15 
deficient f meth 2.68 1.04 .14 
diet \NH$ / 

meth. 3.01 1.01 .31 
"deficient" ( meth.) 3.46 .97 .17 

(NH$ j 

8-day-old meth. 1.38 .65 .15 
"non-deficient" fmeth .1 1.67 .54 .12 

\NH+ j 

units gm. hr. gm. hr. gm. hr. 
m|aMoles pMoles mpMoles 

It is clear that the ammonium ion has no effect on the initial influx 

rate of methionine. 

The effect of ammonium ion on methionine accumulation; 

These experiments determined forty-minute accumulation of 

methionine under various conditions, and the time course of accumulation 

under more limited conditions. 

The 40-minute incubations were carried out using two concentrations 

of ammonium ion and four types of worms. The results are shown in Table 4. 

t 

A 
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TABLE 4 
THE FORTY-MINUTE ACCUMULATION OF METHIONINE 

concentrations: 
methionine: 1.0 mM 
ammonium ion: 0.5 or 1.0 mM, as shown 

conditions: not preincubated 
worms: as shown 

worms test soln. uptake 
(uMoles/gm) 

% increase 

"non-def." meth. 22.3 
10-day-old meth. + 0.5 mM NHt 23.7 6.4 

meth. + 1.0 mM NH^ 23.5 5.5 

10-day-old meth. 39.0 
on deficient meth. + 0.5 mM NHj 42.5 9.0 
diet supp¬ 
lemented with 
B vitamins 

meth. + 1.0 mM NH+ 
4 

42,4 8.7 

10-day-old 
"deficient" 

meth. 
meth. + 0.5 mM NH4 
meth. + 1.0 mM NHjf 

29.0 
33.4 
37.8 

15.6 
30.3 

8-day-old meth. 67.0 
meth. + 0.5 mM NH4 80.8 20.6 
meth, + 1.0 mM NH^ 82.6 23.3 

It can be seen from Table 4 that the ammonium ion has a significant 

effect upon methionine accumulation and that a vitamin B deficiency 

appears to enhance this effect. However, this may not be due to the 

deficiency per se. but rather to the size of the worms, The deficient 
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worms averaged about 12 mg./5 worms, while worms raised on the same 

diet supplemented with B vitamins averaged about 22 mg./5 worms. It 

can also be postulated that the increased ammonium effect in 8-day-old 

"non-deficient" worms is due to the smaller size of the 8-day-old worms. 

Typical time courses of accumulation with and without ammonium ion 

are shown in Figure 7. 

For all subsequent work 8-day-old "non-deficient" worms were used, 

ammonium ion concentration was 1.0 mM, and worms were not prein¬ 

cubated . 

The effect of glucose on the ammonium ion effect: 

It was reasoned that the mechanism of the ammonium ion effect might 

simply be the amination of certain keto acids within the worm which 

would then exchange with methionine in the external medium. (Evidence 

for amination of keto acids by ammonia in EL. diminuta was presented by 

Daugherty (19 54)). It was also thought that the addition of glucose to the 

medium might further enhance the ammonium ion effect by providing a 

source of pyruvate which, when aminated to form alanine, might readily 

exchange for methionine. 

The effect obtained by the addition of glucose is shown in Table 5: 



FIGURE 7 

TIME COURSE OF ACCUMULATION OF METHIONINE: 
FITTED CURVES 

worms: 8“ day-old "non-deficient" 

concentrations: 
methionine: 1*0 mM 
ammonium ion: l»0 mM 

conditions: no preincubafion 

accumulation: 
—methionine alone 
—methionine * NH*4 

p Moles 
gm 
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TABLE 5 
THE 50-MINUTE ACCUMULATION OF METHIONINE: 

THE EFFECT OF GLUCOSE 

concentrations: 
methionine: 1.0 mM 
ammonium ion: 1.0 mM 
glucose: 1.0 mM 

test soln. uptake 
(p.Moles/gm) 

mean 
deviation 

% change 
from meth, 

control, 

% change 
induced by 

glucose 

meth. 38.35 0.70 0 0 

meth. + NH^ 52.50 2.82 +36,7 0 

meth. + NH4 + Glu. 43.22 1.80 +12.8 -23.9 

meth. + Glu. 30.92 3.14 -19.3 -19.3 

It would seem that the data does not support the hypothesis: glucose 

inhibits accumulation by about 20% irrespective of the presence of the 

ammonium ion. The effect of glucose has since been explained by 

Kilejian (personal communication) as an enhancement of efflux. 

The effect of ammonium ion on methionine metabolism: 

A group of experiments were designed to determine whether the 

ammonium ion promotes metabolism of methionine^ thereby removing 

methionine from the amino acid pool and allowing for Increased apparent 

accumulation. 
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The first experiment entailed a simultaneous determination of radio¬ 

activity taken up (the apparent accumulation) and actual methionine 

present (the real accumulation). The results are shown in Figure 8 and 

indicate that extracted radioactivity is not a direct measure of methionine 

in the tissues, which in turn suggests that metabolism does play some 

role in the ammonium ion effect. 

At this point several charts were run on the amino acid analyzer 

using extracts from worms incubated 50 minutes in KRT, worms incubated 

50 minutes in 1.0 mM methionine, and worms incubated 50 minutes in 

1.0 mM methionine plus 1.0 mM ammonium ion. Figures 9a-c show 

representative charts. The dry weights of the three groups of worms 

used for the three charts were 153 mg., 157.5 mg., and 160,4 mg. for 

Figures 9a, and 9b, and 9c respectively. 

In Figure 9a (KRT extract) the methionine peak is very small and a 

small unidentified ninhydrin-positive peak is seen to elute just prior to 

aspartic acid. This peak was first discovered in these experiments: In 

previous experiments, samples had been evaporated to dryness before 

application to the column, under which conditions this peak did not 

appear but was replaced by several other unidentified peaks. The 

composition and properties of this unidentified component of the worm 



FIGURE 8 

TIME COURSE OF ACCUMULATION OF METHIONINE 

DETERMINED RADIOACTIVELY (fitted curves) a CHEMICALLY 

worms! 8-day-old "non-deficient" 

concentrations 
methionine : 1*0mM 
ammonium ion: 1*0 mM 

conditions: no preincubafion 

accumulations 
— radioactive, with methionine 
 radioactive, methionine * NH* 

• chemical, with methionine 
x chemical, methionine * NH^ 
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FIGURE 9 a (2). 

FIGURE 9 b (2). 

FIGURE 9 c (2). 
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FIGURE 9 b (3). 
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extract will be discussed in a following section„ 

Figure 9b (worms incubated in methionine) shows that the "unknown" 

peak is increased by about a factor of two, indicating strongly that 

methionine, or a product of methionine metabolism, is one of its com¬ 

ponents . Also shown by Figure 9b is the fact that when methionine 

accumulates, the amounts of several other amino acids normally present 

in the pool decrease. It may be that these particular amino acids are 

also incorporated into the unknown component or that they will exchange 

for methionine in the external medium. The most obvious decrease is 

seen with serine, alanine, glycine, and ethanolaminej less obvious 

decrease of valine is seen, and a very slight decrease of lsoleucine, 

leucine, tyrosine, and phenylalanine is evident. The problem of which 

of these amino acids may be incorporated into the unknown metabolite 

will be discussed later. 

Figure 9c (worms incubated in methionine plus ammonium ion) 

resembles Figure 9b except for a few outstanding differences: First, the 

unknown peak is even more greatly increased, indicating that the presence 

of ammonium ion greatly enhances its formation. Second, the methionine 

peak is increased by about 20%, indicating that the ammonium ion not 

only causes an increase in methionine metabolism but also has Borne 
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direct effect on the pool size, i_.e. on transport. Finally, the alanine 

peak is approximately doubled. Since no alanine was present in the 

incubation medium, it can be concluded that the ammonium ion inhibits 

the leakage or efflux of alanine which would normally take place. This 

is good evidence that ammonium ion, in addition to promoting metabolism 

of methionine may also enhance its accumulation by retarding efflux 

at the "neutral" amino acid transport site(s). 

Thus these charts provide strong evidence that the ammonium ion 

increases the accumulation of methionine by two methods; by promoting 

its metabolism, _i.e_. its incorporation into an unknown compound, and 

by inhibiting efflux. 

Further studies on the unknown metabolite; 

For this work 2-C* ^-methionine was used in order to follow the 

fate of the carbon skeleton of methionine without interference from any 

reaction the methyl group might undergo. 

First, collections from the column effluent were taken simultaneously 

with the printing of a chart for an entire run of the "methionine plus 

ammonium ion" sample, and all radioactivity was found in the unknown 

peak and the methionine peak. Then, for the two samples, "methionine 

alone" and "methionine plus ammonium", collections of the total 
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column effluent were made without running a chart in order to allow 

complete recovery of the eluate. Verification of the presence of the un¬ 

known or methionine in certain fractions was accomplished by counting 

4% (0.1 ml.) of each fraction. Fractions containing the unknown were 

combined quantitatively and brought to volume in a 25 ml. volumetric, 

while fractions containing methionine were combined in a total volume 

of 50 ml. The two different volumes were chosen so that the concen¬ 

tration of the buffer would in each case be the same, thus equalizing 

any quenching effects on counting which the buffer might have. The radio¬ 

activity in both the methionine and the unknown peak was then determined 

and the per cent of radioactivity in the unknown was calculated. For the 

"methionine alone" sample the unknown contained 7.21% of the activity 

contained in methionine, and for the "methionine plus ammonium" sample 

14 it contained 10.35%. The increase in incorporation of C into the un¬ 

known due to the presence of ammonium ion is then (10,35 - 7.21)/7,21 = 

43.55%. 

Corroboration of this result was made by computing the charted areas 

of the unknown and methionine peaks. The KRT buffer incubation served 

as a control in that the amount (in terms of area) of unknown present here 

was subtracted from the amounts of unknown present in the other two 
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samples. In the "methionine alone" sample, the per cent ratio of un¬ 

known area/methionine area was 14.57%: In the "methionine plus 

ammonium" sample the ratio was 20.84%. In these calculations the £er_ 

cent increase in the amount of unknown is (20.84 - 14.57)/14.57 = 

43.03%, an extremely good verification of the results obtained through 

radioactive data. 

It should be noted that all calculations pertaining to the increase 

in the amount of unknown due to the ammonium ion effect were carried 

out relative to methionine. In absolute terms, that is, not accounting 

for the increase of methionine in the "methionine plus ammonium" sample, 

the increase in the amount of unknown was 63.31%. 

At this point in the study, attention was focused on the composition of 

the unknown. Four collections from the column were made until an amount 

of unknown equivalent to that contained by 1604 mg. (wet weight) of 

worms incubated in methionine and ammonium ion was obtained. This 

material was then refluxed in 6 N HC1 for 24 hours, taken to dryness and 

brought up in 750 pi of 0.1 N HC1, Charts were run using 200 pi of this 

final material. 

A chart of this hydrolysate is shown in Figure 10. It can be seen that 

the unknown contains not only very many amino acids but also several 
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FIGURE 10. Acid hydrolysis of the "unknown compound" 
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unusual compounds whose identity is unknown. The first three peaks 

eluting from the column are especially unusual in that they absorb most 

strongly at 440 mp. and are extremely acidic. Calculations based on this 

chart yield the following approximate numbers of molecules of each amino 

acid making up a "minimum molecule" of the unknown. Because these 

calculations are based on a single determination they can only be 

considered a crude first approximation. 

TABLE 6 
APPROXIMATE COMPOSITION OF THE UNKNOWN METABOLITE 

amino acid fxmoles on chart approx, no. residues 
based on threonine 

aspartic acid .0130 7 
threonine .0017 1 
serine .0175 10 
glutamic acid* .0463 26 
glycine .0541 30 
alanine .0087 5 
valine .0086 5 
methionine .0028 2 
isoleucine .0030 2 
leucine • .0072 4 
tyrosine .0034 2 
phenylalanine .0046 3 
lysine .0050 3 
ornithine .0062 4 
arginine .0038 2 

♦Doubtless some of the glutamic acid was originally present 
as glutamine, as Judged from the quantity of NH'jj' present. 
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The total number of residues obtained from the above table (adding 

5 for the five unknowns) is 111. A "minimum molecular weight" is 

~12, 300 indicating that the unidentified compound may be a large poly¬ 

peptide or a 7 0%-ethanol-soluble protein. 

A further interesting property of this material is its lability under 

conditions of heat and dryness. Although the compound can be boiled 

for a short time in water with no ill effects, taking it to complete dry¬ 

ness at temperatures below 100° C will degrade it. Two charts showing 

a complete worm extract taken to dryness under different conditions are 

shown in Figure 11. In figure 11a, the peak has lost its sharpness, has 

eleuted much later than the normal time, and has caused aspartic acid, 

threonine and serine to elute about 1 hour later than normal. In Figure 

lib, elution times are somewhat more normal, but 5 peaks have appeared 

in place of one. 

The effect of ammonium ion on the efflux of methionine; 

Several experiments were done to test the effect of ammonium ion on 

the efflux of methionine under various incubation and preincubation 

conditions. These experiments were carried out as follows: Pools of 

ten 8-day-old worms were preincubated in the solution applicable to the 



FIGURE 11 a Extract taken just to dryness at 60° C. 

FIGURE lib Extract dried 2 hours under I.R. lamp. 

> i 
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experiment; if KRT, preincubation was 10 minutes long; if a solution 

containing ammonium ion, preincubation lasted 30 minutes. The worms 

were then withdrawn, rinsed only if a preincubation solution other than 

KRT was used, blotted lightly on hard filter paper, and transferred to 

the incubation beakers where they remained for exactly 40 minutes. At 

the end of this time, the worms were withdrawn, rinsed quickly in three 

washes of KRT, and blotted very lightly. Exactly 15 seconds after the 

worms were removed from the incubation beakers they were dropped into 

beakers containing 10 ml. of efflux medium. They were allowed to 

remain in the efflux medium for 4 minutes 45 seconds, whereupon they 

were removed, blotted as thoroughly as possible, and dropped into 

3.0 ml. of 70% ethanol. The efflux media were also retained, and per 

cent efflux was calculated (after corrections for self-absorption in the 

media) as: 
number of counts in medium 

% efflux =   x 100. 
number of counts in worm 

The method of variance analysis was applied to the data as a test of 

significance. The data are presented in Table 7, 
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TABLE 7 
THE EFFLUX OF METHIONINE AS AFFECTED BY 1 mM AMMONIUM ION 

preinc, 

medium 
incubation 

medium 
time efflux 

medium 
% efflux probability 

level 

KRT meth. 40 KRT 4.94 + .30 <— h><l°/o 
Group | •4- 1 

1 KRT meth. + NH4 40 NH l 3.81 + .33 <— 1 

KRT meth. 40 KRT 6.23 + .44 *— 4  

-> 1.5% 
KRT meth. + NH4 40 NH4 5.15+ .411= 

~ A \*<l% ‘ 
Group KRT meth. + NH^ 40 KRT 3*61 + ,83 \ not 

> 
2 sig. 

NH4 meth. 40 KRT 6,52 + ,38 *— 

KRT meth. + NH^ 30 KRT 5.33 + .42 
meth. 10 

KRT meth. 40 KRT 5.52 + ,29 <— 1 

Group 1 k 1% 
3 KRT meth. 40 NHJ 4,55 dt .26 J 

The results from Group 2 are much less pronounced than those from 

Group 1, possibly because the worms used in this and several subsequent 

experiments were unaccountably larger than previous 8-day-old worms used, 

It is seen from the table that the continued presence of the ammonium 

ion with methionine and in the efflux medium significantly inhibits efflux, 
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It was surprising to find that, although ammonium ion inhibits efflux when 

present all the time or when present only in the efflux medium (Group 3), 

when it is present with methionine but not in the efflux medium it in¬ 

hibits efflux to a still greater extent*. 

Also evident from Table 7 is the fact that if the worms are removed 

from ammonium ion 10 minutes before efflux, efflux is not inhibited as 

significantly as when ammonium is present up to the time of efflux. An 

additional experiment to explain this point revealed no difference at all 

between the two. It can thus be concluded that the effect of the ammonium 

ion upon efflux is immediate and is rapidly lost if the worms are in¬ 

cubated in the absence of ammonium ion for a short period before efflux. 

It can also be concluded, from the combined results of Groups 2 and 

3, that the inhibitory effect of the ammonium ion can be exerted both 

from the inside and the outside of the worm. It is unlikely that the data 

in Group 3 are the result of ammonium quickly entering the worm and 

exerting its effect from the inside: too large an effect is observed for 

this to be a likely explanation. 

The effect of ammonium ion on the accumulation and efflux of other 
amino acids: 

The amino acids chosen for this study were picked with regard to 
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their transport site specificity, in order to determine whether there is 

site specificity of the ammonium ion effect. 

For the first experiment the following amino acids were used: 

methionine for the neutral A and L sites; alanine for the A site; leucine 

for the L site; lysine for the lysine-arginine site; phenylalanine for the 

phenylalanine-tyrosine site; and glycine. Worms were incubated 20 

minutes with these amino acids at 1.0 mM concentrations with or with¬ 

out 1.0 mM ammonium ion, and accumulation was measured. The re¬ 

sults are shown in Table 8. 

TABLE 8 
THE 20-MINUTE ACCUMULATION OF 1 mM AMINO ACIDS 

test uptake % increase F ratio probability 
solution uMoles/ gm level 

meth. 
meth. + NH4 

23.21 
26.92 

Alanine 
ala. + NH4 

33.07 
36.74 

glycine 
gly. + NH^ 

26.46 
30.67 

leucine 
leu. + NH4 

22.90 
24.06 

lysine 
lys. + NH4 

11.16 
12.02 

phenylalanine + 

phen. ala. + NH4 
14.72 
15.33 

16.0 93.9 «1% 

11,2 49.5 <1% 

15,9 15.9 ~37a 

4.8 18.9 ~3% 

7.2 10.0 ~5% 

5.0 not sig 
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It appears from this table that the ammonium ion acts most signifi¬ 

cantly on amino acids with the higher affinity for the A site (methionine 

and alanine) and less significantly on glycine and leucine. In order to 

be sure that ammonium ion was actually affecting efflux in all these 

cases, efflux experiments were run on alanine, glycine, leucine, and 

phenylalanine. These experiments were carried out somewhat differently 

than those reported earlier, in that the worms were incubated only 5 

minutes in the labeled 1.0 mM amino acids. The efflux time was again 

5 minutes and 1.0 mM ammonium ion was present in both incubation and 

efflux media. The results are summarized in Table 9. 

TABLE 9 
THE EFFECT OF AMMONIUM ION ON THE EFFLUX OF VARIOUS 

AMINO ACIDS 

test solution % efflux probability level 

alanine t 9.38 + .78 
alanine + NH4 6.17 + .33 « 1% 

glycine 6.47 ± .29 
glycine + Nulj 5.17 + .27 < 1% 

leucine + 9.13 + .48 
leucine + NH 4 7.80 ± .38 1% 

phenylalanine 14.51 + .66 

phenylalanine + NHl[ 14.97 +1 .80 not sig. 

It can be seen that the ammonium ion does inhibit the efflux rate of 

these other amino acids 
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CONCLUSIONS 

The first and simplest conclusion to be reached concerns the effect 

of pyridoxal upon the accumulation of methionine: Apparently pyridoxal 

exerts no effect. However, some limitations of this phase of the work 

must be pointed out. First, only very low concentrations of pyridoxal 

were used in order to approach the physiological situation as nearly 

as possible. It may be that larger concentrations would have an effect, 

which might explain some of the effects reported by other workers. 

Secondly, only pyridoxal was tested under all circumstances. Possibly 

other derivatives, the phosphate, pyridoxamine, etc., might have some 

effect. Thirdly, it is possible that feeding the host rats a B vitamin- 

deficient diet was not sufficient to induce a deficiency in the worms; 

perhaps the rats secreted B6 into the intestine from vitamin stores in 

other tissues. However, one experiment was performed in which the 

worms were preincubated 40 minutes in the antlvitamln deoxypyridpkine 

and still showed no effect of pyridoxal in the subsequent incubation. 

Regarding the effect of the ammonium ion it can be seen to be two¬ 

fold. First, it enhances the incorporation of methionine (along with other 

amino acids) into an unknown compound revealed by the autoanalyzer. 

The formation of this compound is undoubtedly extremely complex, as 
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revealed by the fact that the hydrolysate of the compound contains 

substances, as yet unknown, which are not usual amino acid components 

of protein. 

The second effect which the ammonium ion exerts is a direct effect 

on the efflux of many amino acids. Concerning methionine at least, the 

effect seems to be exerted from either side (inside or outside) of the 

worm. The fact that the "inside" effect appears to be greater than the 

"outside" effect may indicate that the efflux mechanism is more easily 

influenced from the inside, or it may indicate that ammonium ion is actively 

transported by the worm and thus reaches greater concentrations inside. 

The charts of worm extracts (shown in. Figure 9) confuse the picture by 

indicating the presence of an amount of endogenous ammonia which 

makes the concentrations used in the experiments seem trivial. One 

wonders why there is any ammonium ion effect at all when there is so much 

ammonia already present in the worm: perhaps the endogenous ammonia 

is compartmentalized and has no connection with transport. 

Explanation of the fact that ammonium ion exerts a significantly 

greater effect when present only on the inside of the worm (l.e, when 

there is no ammonium in the efflux medium) than it does when present on 

both inside and outside is somewhat more difficult, and any hypothesis 
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must therefore be considered extremely tentative. In order to attempt 

an explanation, the following assumptions (the fallibility of which is 

apparent) will be made: (1) the ammonium ion effect is a direct one upon 

the transport mechanism and not an indirect effect upon other ion fluxes, 

and (2) the efflux mechanism is, at least in part, one Involving some 

sort of mediation by the transport membrane. First, consider the "carrier- 

molecule" model of transport, which is as follows: An "activated" 

carrier-molecule actively transports a substance through a membrane and 

becomes "inactivated" on the inside of the transporting membrane. The 

"inactivated" form then either diffuses back to the outer surface of the 

membrane, or first complexes passively with the same or another very 

similar substance before diffusing back. In the latter instance, move¬ 

ment of the carrier to the outside is aided, and, when the passively 

mediated substance is other than the actively transported one, the 

process is called exchange-diffusion or counterflow. Now if this model 

is considered in the light of the present evidence, it will be seen not to 

be supported: The fact that the ammonium ion exerts an effect from 

either side of the cuticle would mean that: the "inactivated" or efflux- 

mediating form of the carrier would be rendered inoperative regardless of 

its position. And. if position of the carrier plays no part in its being 
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made inoperative, then it is impossible to see why having ammonium 

present in only one place is more effective than having it present in twol 

The seeming paradox of an effect which occurs from either side of the 

membrane, but which is more effective when from one side rather than 

two, can be explained by considering another model of transport. 

Suppose the transport locus to consist of two very closely spaced parallel 

"tunnels" through the membrane, one "tunnel" mediating active trans¬ 

port and the other mediating passive efflux. Counterflow would occur 

when a substance entering the efflux tunnel "altered" its configuration 

thereby "altering" the configuration of the adjacent active transport 

"tunnel", thus facilitating active transport. This may explain why there 

are different orders of affinity for influx and efflux mechanisms, Each 

"tunnel" would be accessible from either side of the membrane; a 

substance entering the efflux "tunnel" would have equal probabilities 

of traveling in both directions, whereas a substance entering the active 

transport "tunnel" would have a higher probability of going in one direction 

only. The ammonium ion could exert its effect by acting as a "plug" at 

either end of the efflux tunnel. This "plug" might function as follows; 

Suppose that the "tunnel" mediated efflux by passing the amino acid 

down a string of several sets of attachment points, It is known that the 
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amine group is one point of attachment for amino acids: Therefore the 

ammonium ion might simply bind one of the amine attachment points at 

either end of the "tunnel" thus preventing attachment of an amino acid.. 

Now if the "tunnel" is "plugged" at one end, and another ammonium 

ion impinges on the other end, there would be some mutual repulsion 

between the two strongly positive ions, assuming that the "tunnel" was 

not too long, and both "plugs" would be likely to disengage. In this 

way ammonium, ion pressure from only one side of the transporting 

membrane could very well be more effective than pressure from both 

sides o 

This model thus explains an experimental effect which would be 

highly unlikely if the "moveable carrier-molecule" theory were completely 

valid. The model can, however, be likened to an Immovable carrier- 

molecule, where the carrier would, be the wall between the two "tunnels". 

The tenuity of this hypothesis is evident, especially when it is 

considered that the ammonium ion effect was not studied in relation to 

fluxes of other ions. Recent thought is that potassium fluxes are 

important in amino acid transfer, and the possibility that ammonium ion 

may interfere with movement of potassium ion has not been investigated. 

One bit of evidence which might be taken as an indication that It does not 
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have a general effect on potassium movement is that it appears to affect 

only certain amino acids, specifically those using the neutral sites. 

Presumably, acid or basic sites (acid sites in particular) would possess 

charges which would repel or otherwise thwart any effect of ammonium . 

This question, of course, needs further investigation. 

Further work which might be done concerning all aspects of the 

ammonium ion effect includes study of the composition of the "unknown 

peak", study of the metabolic pathways of methionine, and intensive 

studies of efflux and ion fluxes in a greater variety of amino acids. 
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APPENDIX A 
THE MICHAELIS-MENTEN EQUATION 

This equation is designed to fit saturation kinetics in which the 

formation of a complex intermediate between substrate and product is 

the limiting step. In a transport system this can be represented as: 

Transport locus (E) + untransported substrate (S) 

Because of the limited and fixed number cf transport loci, the formation 

of ES is the limiting factor. 

When kinetic equations for this situation are solved and rearranged, 

they yield the equation (Lineweaver and Burk, 1934): 

where v = initial velocity of uptake 
Km = (3C2 + kg)/k^ 
Vmax = the maximal velocity, reached when all E is in the form ES, 

This equation will plot linearly, 1/v being the ordinate, 1/S the abclssa, 

Km/Vmax the slope of the line, and 1/Vmax the intercept on the 1/v axis. 

complex (ES) 

locus + transported substrata 

1_ = _Km ( _L) + i_ 
v Vmax S Vmax 

When an additional substance besides S is competing reversibly for the 
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same locus, less loci are available for the transport of S, and the slope 

of the curve becomes 

slope - Km ( 1 + I ) 
Vmax 

where I is the concentration of the inhibitor and is the inhibition 

constant. 
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APPENDIX B 
THE 1620 PROGRAM FOR THE SOLUTION OF THE LINEWEAVER- 

BURK EQUATION 

This program is simply a means of quickly calculating the data and 

at the same time calculating the variance, standard error, etc,, of the 

data. The format for the program is as followss 

1 FORMAT (15X, 24HACTIVE TRANSPORT RUN NO, //) 
2 FORMAT (E 12.6) 
4 FORMAT (5HSC = El0.4, 2X, 6HBKG = E10.4,2X,4HF = El0.4//.) 
5 FORMAT (12X, 4HTIME, 7X, 6HWEIGHT, 6X, 5H1/VEL, 7X, 6H1/CONC, 

7X, 3HVEI/) 
6 FORMAT (9X, El 0.4, 2X, El 0.4, 2X, El 0.4, 2X, El 0.4,2X,E10.4) 
7 FORMAT (//8X, 6H1/VMAX, 7X, 4HVMAX, 7X, 5HSLOPE, 8X,,2HKM) 
8 FORMAT (6X, E10 .4, 2X, E10.4, 2X, E10,4, 2X, E10.4) 
9 FORMAT (/4HSE = El0.4, 2X, 5HVAR = El0.4, 2X, 3HN = 13, 2X, 

8H1/VMAX = El 0.4) 
10 PUNCH 1 

READ 2, SC, BKG, F, R 
N = R 
PUNCH 4, 3C, BKG, F, 
DIMENSIONX(50), Y(50), Z(50), VINV(50), S1NV(50), DELTA(50) 
51 = 0.0 
52 = 0.0 
53 = 0.0 
54 = 0.0 
D012I = 1, N 
READ 2, X(I), Y(I), Z(I) 
VINV(I) = F*Y(I)/((SC/X(I)-BKG) 1.0) 
SINV(I) = 1„0/Z(I) 
51 = SI+SINV(I) 
52 = S 2+SINV (I) *S INV (I) 
53 = S3+VINV(I) 
54 = S 4+VINV (I) *S INV (I) 
DOG = 1,0/VINV(I) 
IF(I-1)11,11, 12 
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11 PUNCH 5 
12 PUNCH 6,X(I),Y(I),VINV(I),SINV(I), DOG 

P «S1*S1 
F = P-R*S2 
A = (S1*S4-S2*S3)/F 
B = (SI*83 -R*S4)/F 
C = 1.0/A 
D = B*C 
PUNCH 7 
PUNCH 8, A, C, B, D 
SUM ^0.0 
DO 161 ^ 1,N 
DELTA(I) = VINV (I) -A-B*SINV (I) 
DSQR = S UM+DELTA(I) * DELTA(I) 

16 SUM = DSQR 
VAR = SUM/(R-1.0) 
SE — S QRT (VAR)/S QRT (R) 
PUNCH 9?SE,VAR, N, A 
PAUSE 
PUNCH 21 
GO TO 10 

21 FORMAT(lH./////) 
END 

Abb: SC = number of counts counted, 
BKG = background in counts/minute. 
F = counts/mln. IAM of standard 

dilution factor of counting 
R = number of points per curve 
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APPENDIX C 
THE 1620 PROGRAM FOR THE TIME COURSE OF ACCUMULATION OF 

AMINO ACIDS 

The equation upon which the program is based was derived as 

follows: The incubation medium was considered to contain a constant 

concentration C^ of the amino acid, and the worm was considered to 

contain a variable concentration C. The rate constant for efflux was 

denoted by kp and the rate constant for influx by kg. Then the increase 

in concentration of amino acid inside the worm is given by the expression 

dC 
dt 

kjC + k2Co 

Integration of the above equation yields 

In (-fy C + k2CQ) " ”kl * + $ 

but when t = 0, C = 0, and <f) - lnk2C0. Therefore 

In (-fy C + k2C0) ~ -kjL t 

k2Co 

or C « k2 CQ (l-e"kx t) 

kl 

C = k3C0 (l-e“kl *) where kg ® k2 

U) 

(2) 

(3) 

(4) 

or (5) 
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It can be seen that when t is large, steady state is reached and 

kg = C steady state 

The problem then was to find the best fit value of k^ for the 

equation 

In (~c * k3^o) = -k! t = f* (6) 
k3Co 

So, it was desired to have 

-i-Te,2 =2 = o (7) 
dkj^ 1 i dk^ ' 

where is the difference between the observed value of f^ at each 

point and f*. Then, for each experimental point: 

Ci = frf* = In (~Ci + k3co) + kjt (8) 
k3Co 

and d€i 88 dfi “ df* “ o - (—tp ~ ti, 
dk, dk, dk. 1 u*i 

Therefore, substituting equations 8 and 9 into equation 7, the result 

is 

In rcl + k3co) + 
k3co 

tA » o (10) 

or, rearranging, 
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E. , /“C4 + koC 
*iln <-i S °) 

k3co 
(11) 

Kg was determined as the average of experimental points taken 

when steady state was attained. This value of kg was then used in 

solving equation 11 for a best fit value of k^. The variance of the 

experimental results was calculated using the deviation of these results 

from the best fit curve. 

The program is as follows: 

Program for Time Course 

1 FORMAT(E12.6) 
4 FORMAT(15X, 24HACTIVE TRANSPORT RUN NO.) 

52 FORMAT(15X, 2 4HLOG(K3 CO-C/K3 CO)=-Kl T//) 
2 FORMAT (2X, 3HSC=E10.4, 2X, 3HBK*E10.4, 2X, 2HF=E10.4, 2X, 3HCO= 

E10.4) 
50 FORMAT(16X, 2HR=E10.4, 3X, 4HRK3«E10,4//) 
53 FORMAT(5X, 4HSC T, 7X, 6HWEIGHT, 7X, 5HC EXP, 7X, 4HTIME, 8X, 

5HC FIT/) 
8 FORMAT(2X, El0.4, 2X, El0.4, 2X, El0.4, 2X, El0.4, 3X, El0.4) 
9 FORMAT(//2X, 13HBEST FIT K3 «E13.7) 
10 FORMAT(2X, 13HBEST FIT K1 «E13.7/) 
13 FORMAT(2X, 29HVARIANCE IN PLOT OF C VS. T «E13,7/) 
16 FORMAT(2X, 37HMAX PERCENT ERROR OF FITTED 0 VS. T «E13.7) 
17 FORMAT(2X, 28HWHICH OCCURS WHEN SOAK TIME«E13.7//////) 
51 READ1, SC, BK, F, CO, R, RK3 

DIMENSIONX(40), W(40), T(40), U(40), EF(40) 
PUNCH4 
PUNCH52 
PUNCH2, SC, BK, F, CO 
PUNCH50, R, RK3 
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N=R 
D05I=1, N 
READ1,X(I),W(I),T(I) 

5 U(I)=((SC/X(I))-BK)/(W(I)*F) 
S1=0.0 
M-R-RK3+1.0 
D020I=M,N 
CAY3=U (I)/ CO 

20 S1=S1+CAY3 
CAY3=S1/RK3 
S1=0.0 
S2=0.0 
M=R-RK3 
DO 211=1, M 
EF(I)=LOG(((CAY3*CO)-U(I))/(CAY3*CO)) 
S1=S1+(T(I.)*EF(I)) 

21 S 2=S 2+(T (D^T (I)) 
CAY1=-S1/S2 
D022t=l, N 
EF(l!j=CAY3*CO*(1.0-EXP(-CAYl*T(l))) 
IF(I~1)7, 7,22 

7 PUNCH53 
22 N=N , 

D023I=1, N 
23 PUNCH8, X(I), W(I), U(I), T(I), EF(I) 

PUNCH9, CAY3 
PUNOHIO, CAY1 
S1=0.0 
D012I=1, N 
X(t)=U(r)-EF(I) 

12 si=si+(x(i)*x(l)) 
S1=S1/(R-1,0) 
PUNCHI 3, SI 
M=R-RK3 
S1=0.0 
DO70l=l, M 
EF(t)=LOG(((CAY3*CO)-U(i))/(CAY3*CO)) 

70 Sl=Sl+((EF(I)+(CSAYl*T(I)))*(EF(I)+(CAYl*T(r)))) 
71 FORMAT(2X, 26HVARIANCE IN SEMI-LOG PLOT=El3.7/) 
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S1=S1/(R-RK3-1.0) 
PUNCH71, SI 
S1=0.0 
D0141=l, N 
EF(I)=CAY3*CO*(l . 0-EXP(-CAYl*T(I))) 
W(I)=((X(L ) *X(I))/ (EF (l) * EF (L))) -S1 
1F(W(I))14,14, 15 

15 TM=T(I) 
S2=((W(L)+S1)*EF(I))/X(J) 
S2=S2*100.0 
S1=W(L) 

14 N=N 
PUNCH16, S2 
PUN CHI 7, TM 
PAUSE 
GOTO 51 
END 

Abbreviations: 

SC 
BK in cpm 
F = cpm/ nM 

dilution factor 
CQ = concentration (mM) of external medium 
R total number of points per curve 
RKg number of points at the end of curve to be used to find K3 
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