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- KINETICS OF AMINO ACID TRANSPORT ACROSS

BONE MARROW CELL MEMBRANES

Max Shiuming Lin

ABSTRACT

Radioisotopic tracer is a powerful tool for studying
‘cellular metabolism. FolloWing administratioh of-a labe1ed
precursor £o ihfact cells of animals, appearance bf label
in pfoducts can bé_measured; ‘Clearly, quantitative infer-
pretatioh of such measureménﬁé réquires guantitative 1infor-
métion'concerning transfer of the precursor acroés'cell mem-
branes.  Cell membrane transport can be studied rélétiVely
readily in isdlatéd'cell systems under controlled conditions.
‘Information gained from such‘ig_zizgg studies may provide
valuable insight into in vivo processes.

I have studied the kinetics of amino acid transport and
intracellular amino acid pools in dog bone marrow cells in
vitro. It is antlicipated that techniques develbped for the-
se cells in the work can be ddapted for related studies with
‘human blood and bone marrow cells.

Dog bone marrow nucleated cells were incubated in media
containing labeled L-amino acids, and the cellular accumula-
tion of radioactivity as a function of time was measured and

analyzed according to a threc-compartmental model. In the'



compartmental analysis, an optimization program uas used
on a digital computer to fit the data of radioactivity
uptake with a function derived-from the model. From the
least squares best fit results,‘it was possible.to evaluf
ate both cell membrane transport and intracellular poOl”v
turnover of the amino acids studied | o
The turnover halftime of intracellular histidine ari-

sing from extracellular sources was 6. ot 0. 7 (SEM) min.
Similar results were obtained for serine, tryptophan, and
methionine.. Loss of the amino a01ds to extracellular pools
accounted for a major portion of this turnover. These ree
sults indicate that subsequent to the administration of
»labeled amino acids the rate of equilibration between the
extracellular and intracellular pools constitutes an impor-i
vtant 'rate- limiting step" 1in the production of labeled meta-fl
bolites. dLN formiminoglutamate added to the culture was |
inferior to histidine as a source of cellular monocarbon o
fragments, because the former accumulated inside the cell
much more slowly than the latter. | |

| : Histidine, serine, tryptophan, and methioninevwere all
found-to'be actively transported into the cell, Histidine
appeared to enter the cell by both a facilitated process
- with an apparent Michaelis constant of 0\28 mM and a limi-
ting flux of 14 x 10°8 mumole,/min per cell, and an apparent
first order process not solely accountable by simple diffu—

sion. At physiologic extracellular histidine concentrations,



histidlne entered the cell predominantly by the former proce-
ss; Loss of histidine from the cell appeared to be substan-
tially facilitated, but exhibited an apparent first order
process at 0—13 mM intracellular‘histidine concentrations,
and thué appeared to have an apparent Michaelis constant
much greater‘than that of histidine entry;

Insulin and glucagon had no measuréble effect on his-
tidine transport. Methionine depressed the rate of entry
into the celi, the fractional rate of loss‘from the cell,
and the fractional turnover rate Of intfacellular pool of
both histidine and serine. | -

Pyridoxal administered at 2.5 mM concentration to the
culture.medium seemed to cause acceleration of rates of both
entry into and exit from the cell and hypertrophy of intra-
cellular pools of both histidine and tryptophan. It was fo-
und incidentally that ammonium oxalate had diminished hemo-
lytic effect on erythrocytes previously exposed to the 2.5
mM‘pyridoxal. These erythrocytes appeared to have-a sligh-
tly decreased osmotic fragility apparently‘independeht of
possible small changes in the cell volume prior to fragiliQ

ty test in hypotonic saline solutions.



I. INTRODUCTION
Incorporation of label into a metabolite from a labeled

amino acid administered to intact cells depends upon its trans—

_port across the cell membrane as well as upon 1its metabolism

within the cell Measurement of appearance of label in meta-
bolites may reflect primarily the rate of entry of the amino
acid into the cell and the rate of equilibration between its
extracellular and intracellular pools rather than the rate |
of its actual metabolism. Similarly, the effect of a physio—
logic or pharmacologic agent on such measurement may arise
primarily at the level of cell membrane transport of the amino

acid Under these c1rcumstances, quantitative interpretation

'of data describing the incorporation of label from a- labeled

amino acid into other metabolites requires knowledge of the
kinetics of transpert and equilibration between its extra-v
cellular and intracellular pools.

Little_information is available on the.kinetiCS of intra-
cellular amino.acid pools. Published studies 1n various
mammalian tissue slices, intestines, and Ehrlich ascites_
tumorrcells'primarily concern transport mechanisms in these
systems (l,é). Amino acid transport apparently has not peen
studied in bone marrow cells. This paper presents kinetic
studies of amino acid transport and intracellular amino acid

pools in- the nucleated cells of dog bone marrow.



II. KINETICS OF AMINO ACID TRANSPORT AND INTRACELLULAR

AMINO ACID POOLS IN DOG BONE MARROW CELLS

A. INTRODUCTION

1. Some Terms and Concepts-ih Transport across Cell
Membrénes o

In this paper,vtraﬁsport signifies the transfer of ;'
solutes aérdés the cell membrane. E;gg.deéignates the féte
of a oné—way movement. Ihflux and efflux réfer_ﬁo_thé rate
of entry into and loss from the_céll, respectively.‘ The flﬁx.

of a solute transportedbby simple diffusion 1is proportional

tb its electrochemicaljpotenfial on that side ofbthe membrahe
from Which the flux is directed. For a‘solute’beéfing'non
net charge, this fiux.is approximatély proportionai.to:fhej
concentratibn of the éolute_(Fick's_Léw)._ E
Ffequently,-Saturationvphénomenén is observed in tfané—r
port. As the éiectrochemical poteﬁtiél or”éonééntration-of
a solute increases, its flux éventually reaches a maximum
valﬁe. This suggests that a chemical reaéfion with cértain
structural éite or sites mediates the transport of the solute.
VThis transport operates on existing,eleCtrochemical-gradient
of the solute, leads to disappearance of thé gradlent, and 

hence is called mediated or facilitated diffusion (1). When

thé electrical potential gradient can‘be_ignored, the fluvay
facilitated diffusion is describable empirically by the
Michaelis-Menten equation of an enzyme kKinetics: |

V = VmgxS/(S +va) (1)

where S 1s the concentration of the solute on the side from




which the flux V is directed K> the apparent Michaelis
tonstant and Vingxs the limiting flux. |

Stein (l) has listed defining characteristics of fa01l—

itatedvdifquion. These characteristics include, in addltion

to those alreadyvmentioned, the following: (a) If the_sbil

~ute is optically active, its.optioal enantiomorph is likely

to have a very. different rate of transport By simple dif- -
fusion, these rates should not differ. (b) Inhibition of
the transport'of-a solute by the presence of'its structural

analogs, i. e., the phenomenon of competition. (c) Apparent

r*apability of transport 1n one direction against ex1st1ng
electrochemlcal gradient of the solute when its transportxv
in the opposite direction down the gradient is inhibited by

structural analogs, i.e., the phenomenon of counter-transport

' jor counterflow. The v1olation of Fick's Law of simple diffu-,L

sion, the exhibition of analog competition, and the mani—
festation of counterflow are all conSidered strong evidences
for a facilitated diffusion. Such cons1deration is valid

if it can be shown that in the range of concentrations of
the solute or its analogs used the cell membrane is not med-
ified to any extent. then the transport of appropriate con-
trol solutes is not likewlise affected, the membrane'may be
considered unmodified.

| Active transport is a term reserved for transport up-

hill agalnst electrochemical gradient of the solute. ‘A

sufficient criterion is that the flux ratio departs'from the

W i i
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concentration ratio between the two sides Qf.the‘membrane-——
when ﬂhe ratio influx/efflux is greater than the concentra-
tion ratio extracellular,intracellular, the solﬁte'is said
to be actively transpbrted'into the éell; when the former
ratio is smaller than the latter ratio, it is said'to bé
actively trénsported out of the cell, Sihce influx and.
efflux of a sclute are often nearly‘equal to each other at
equilibrium,-a frequent consequence bf actiVe ffahsport
directed into the cell is that the equilibrium intréceilular
concentration of thé soiute.is highér than its extracéllUlar

concentration, i.e., the distribution ratio is greater than

unity.

2. Amino Acid Transport

The entry.of neutral L-aﬁinb"ééids into certain'ﬁam—
malian cells obeys the criteria 6f a facilitated diffusion
syétem.'.Thé.inflﬁx as a function of extrécellulér:conéen—
tration can be de$cribed by equaﬁidn 1. 1In addition to this
saturable componebt,.an apparehtly nohsatﬁfable component,.
first order with respect to concentration, has been observed
for several neutral L-amino acids in erythrocytes (3,4) and _
for ¢-aminoiscbutyric acid (AIB) in Ehrlich ascites tumor
cells (5). The first‘order constant is usuaily referred to
as apparéht diffusion constant (kd) since the first order
component may represent a simple diffusion process or at
least one facilitated system poésessing a high K, or both.

In recent years, the concept of co-transport of an amino

acid together with sodium ions has emerged to explaln those



cases of amino acid transport Wnich'depend on simultaneous
transport of sodium ions. wOrking with pigeon red cells;
Vidaver (4)_found that the saturable»component of glycine
influx was_strictly.dependent upon the concentration of
sodium ion in the culture'medium At a given glyc1ne con-
centration; slower gly01ne influx was ass001ated with lower
.sodium ion-concentration. Lithium 1on could not replace
sodium ion in dr1v1ng the glycine influx and absence of
potass1um ion from the medium was not deleterlous. The
other (first order) component-of glycine influx.waé unaffec-
ted by the variation in sodium ion concentration. ’Interest-
‘ingly, the Ky, of the saturable component appeared to be
dependent uoon the square of sodium ‘ion concentration

K, = Cy/(Wa® + 02) o O (2)
where C1 and'Cé.were some constants; Vmax was unaffected.
Direct measurement of both glycine influx and sodium ion
1nflux appeared to substantiate an anticipated st01chio-
metric ratio of 2 moles of sodium ion for each mole of gly-
.cine transported into the cell These quantitative results
were later found to be not generally applicable, but qual-
itatively similar results were obtained for alanine and AIB
in pilgeon red cells and in Ehrlich as01tes_tumor.cells.by
Wheeler, Inui, Hollenberg, Eavenson, and Christensen (6).
Additional support for the co—transpdrt»conCept comes from
the work of Eddy and Mulcahy (7). Tney showed that even

in the presence of 2 mM sodium cyanide, when adenosine

11
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triphosphate was no longer ayaiiabie,thrliCh ascites tumer
~cells were still able to concentratively accumulate glycine
provided there was an inwardly directed sodium ion gradient
The foregoing and other related findings have led to the
following postulate (2): | o |
Active transport of amino a01ds into the cell may re-
sult from a co- transport process which requires attachment.
of both the amino acid and the sodium ion to the same tranSa.
port Site or carrier. A complex formed by the amino acid
the sodium ion, and the carrier appears to be the difquing
unit -Sodium ion isvactively extrudedifrom the'celi by a

primary active transport creating an . electrochemical gradient

of sodium 1on, which then drives the secondary active trans-

_ port of amino a01ds into the cell by co—transport ofvthe
amino acid together with the sodium ion.
In a given cell type, an amino a01d may enter the cell

by more than one fac1litat1ng system. An extensive work
in Ehrlich ascites tumor cells by Oxender and'Christensenv(B)
best illustrates this point. By observing the extent to

which each of a number of neutral L-amino acids inhibits
the uptake of others, they have demonstrated the eXistence of
at least two different facilitating systems with overlapping
specificities for neutral amino acids. One system, the A 8ys-
tem, had good affinities for aianine, AIB, glycine, serine,
threonine, proline, glutamine, and methicnine while -the other

system, the L system, prefers leucine, isoleucine,-valine,
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phenylalanine, andb again, methlonine; .The ouerlapvin spec-‘
1ficities between the two systems was so extens1ve that all
neutral amino acids, except perhaps gly01ne, were transpor-
ted by both systems; The A system appeared to be strongly
dependent on sodium ion: concentratlon of the incubation
medium while the L system, weakly s0. _ |

It may be readily appreciated that tnevwhole story of'
amino.acid”transport is a complex one. ‘Are thosenfacili—
tating'systems'characterized in terms of entry one-way or
'two—way streets? How is the exodus of amino acid from the
cell accomplisned? How fast are the intracellular free
amino acids turning overé These and many other problemsA
demand further 1nvestigat10ns. | .
andvkd

3. Measurement of Km max?

 As previously mentioned, an amino acid transportlcan
.frequently be characterized in terms of Km,- max’ and kg as
if the amino ac1d were transported by both a fa01litated pro-
cess and a first order process. This is stated by the fol-
lowing equation'describing the amino and influx (I) as a
function of its extracellular concentration (5):

I = kS + VgaxS(S + Km)™1 - (3)
From a functional point of view, the characterization’in'
terms of these kinetic constants serves toridentify the trans—
port systems involved and also to 1nd1cate their relative
1mportance in a given amino acid transport

Knowledge of these kinetic constants is important

Suppose the influx of an amino a01d is unaltered by an agent



in a controlled experimeht. From such experiment, it is im-
possible to conclude that the agent has no effect on the

amino acid entry unless the control values of Kp, and

max?
kg are known. The agent might have‘altered the affinity of
the facilitating system for the aminc acid and hence'altered
the K. If_the extracellular concehfration Cf the amino acid
used in the experiment happens to be much higher ﬁhan the Kp»
the facilitated component of the influx may not be substan-
tially altered'by an alteration in K, as may ce seen ffom
equation 1. Fﬁrthermore, even a substantial change in the
facilitated component may not give.a detectable_change in
the influx unless the component accounts for a aubatantial
~fraction of the influx. |
“b‘. EXperimental measurement of these'kinetic»constantsl
for entry_ié a simple matter conceptually. One would only
haVe to aecure_data of influxrat varioue concentfations of
"the amino acid in fhe incubation medium.and.aﬁalyze the data
accofding to equation 3. Winter and Christensen (3) have
employed a graphical method for the analysis. The databof
influx were plotted agalinst the concentraﬁlon. kg was
identified with the slope of the terminal straight portion
of thevplOt. Then k4S term was subtracted from I and.the
reciprocal of the difference was plotted against the recip-
fccal of S to determine Vmax and K, (LineWeaQer-Burk,plot).
An objecticn to this graphical method is the conjectual
element involved in finding the terminal slope of the plot

of I versus S.
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In practice, measurement of the amino acid 1nflux

_ poses technical problems. What can be measured chemically

or radioisotopically, is an uptake (net entry)-of the amino

aCld or label during a finite incubation time. A short

1ncubation time, often a matter of one or two minutes, dur- -

ing which exodus of the amino ac1d or label is negligible

vcompared to their entry is-much too short compared to the

time required to accomplish 1solation and washing of cells
subsequent to the 1ncubation. |

To estimate kinetic constants for amino acid exodus,

" it has been necessary, as in the work of Christensen and

'Handlogtenv(9), to resort to "reverse" experiments in which

cells are first‘loaded with the amino acid and the efflux is
then measured .Relatively little worx has been'done'on

amino a01d exodus apparently because precision of measure-

- ment by available methods is even worse for efflux than for

1nflux.-
For the measurement of influx and efflux, radioisotopic
method is superior to chemical method for two reasons: |

(a) Chemical assay requires prior‘extractiOn of the acid-

soluble fradtionifrom the cell and sometimes chromatographicf
: separation of the amino acids‘in the extract’also. Radio;v
'isotopic assay can be done simply on whole cells. '(b) Since,'
‘natural amino acids can be 1ncorporated into proteins, chem—a

ilcal assay tends to underestimate their 1nflux and overes-

timate their efflux.

4, Purpose of This otudj

15



16

~In the'preéent work, dog bone marrow celis were incu-
béted for varying intervals in the presence of labeled L-
amino acids. For each of the amino agids stﬁdied, the intra-
Cellular accumulation of radiocactivity by bone marrow nucle-
ated cells was analyzed accofding.to a three-compartment
model., From such analyses, the influx and efflux of the
amino acid ahd the fraétional,turnover rate bf its intré—
cellular'pool were calculated;  By analysis of the éalcﬁlated
histidine influx asvarfﬁnétion.of extracellular histidine
concentration in accordance with equatioh 3,'the relative
role of aétive and passive transport in histidine entry
Was evaluafed. o | . |

Dog ‘bone marrow cells were chosen for ﬁhis work, be-

_cause 1t was felt that a method developed for these cells
might find future application to nucleated cells in human
" bone marrow and peripheral blood. The compartmenfal analysis»
preseﬁted-in”this study made possible concurrent eValuafion
of both entry and exodué processes and intracellular podl
turnover from ”forward" experiments alone. .For thié reason,
it‘was believed to be superior to conventional methods for

studying the kinetics of amino acid transport.

. B. MATERIALS AND METHODS

1. Materials »

Labeled L-amino acids, tritiated water (HTO), and
inulin—carbo#yl-l4c were obtained from Nucleér-Chicago Corp.
(Des Plaines, Ili.) or New England Nuclear Corp; (Boston,

Mass.); L-amino acids, from Calbiochem (Los Angeles, Calif.);

i




4.

Gey's Balanced Salt Solution'(Gey's.ESS)}and éﬁsai Medium.of
Eagle with L-glutamine (BME), from Grand island Biological
Co. (Grénd Island, N.Y.); heparin without_preservatives, from
Abbott Lab. (NOrtthhieago, Ill.);'dextranl(average mol‘wt
250,000); from Pharmecia (Uppsala,,Sweden)- amnonium oxalate,

from General Chemical Co. (New York, N.Y.); methotrexate,

from Lederle Lab. (Pearle River, N.Y.)j sodlum dodecyl sulfate'

(SDS), from K and K Laboratorles, Inc. (Pla1nv1ew, N.Y.);
and formic a01d (88% w/w or hlgher) from Allled Chemlcal

Corp.'(Morristown,tN.J.). Heparin was dlssolved in the

, medium;pammonium oxalate, 1n dlStllled water, and SDS, 1n‘_

'454 (V/v)vethanol-

2. Who¢e Cell Uptake of Radloact1v1ty

In each experiment bone marrow cells were asplrated
from the femurs of 2-3 lightly anesthetlzed dogs (sodlum _.
pentobarbltal) anticoagulated, pooled and subjected to_d
dextran sedlmentatlon to ellmlnate approximately 994 of
the erythrocytes present After centrifugatxon.of the
supernatant fluld in conical tubes at 450 x g for.3—4 min,
approximately the dpper three quarters (1ess eontaminated

by erythrocytes) of the sediment formed weretresuspended'in

-appropriate medium containing heparin (60 U/ml).v The sus-

pension was passed through a'mesh.(Macalaeter Bioknell:Co.,»
Cambridge,'Mass., Cat. No. 9331) to.remove:cell aggregates.
Cell counting was done 1in duplicate with a CoulterVCounter'
(Coulter Electronics, Chicago, I1l.). In the finai suspene_

silon, there was one nucleated cell for every 1-3 erythrocytes

17
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preseﬁt. By morphoiogical characteristiés, about é0-30% of
the nucleated cells wére deemed capable of further mitosis.
Two ml pértions of the cell suspension were delivered with
volumetric pipets into a series of incubétion tubes (Nalge
Company, Rochester, N.Y., Cat. No.b21009—400) contaihibg
known quantities of amino acids, Foliowing equilibration of
the suspension at 37°C for 20—30'min,;tracer quanfities of
labeled amino acids were added in equal amOunts to'a1l tubes
without appreciably changing the concentration of amino acids.
The volume of incubétion was 5 ml in mOSt experiments. fhe
incubation was carried out at 37°C with shaking under éir

for 0-2 hours. The:numbefzéf nucleated cells remained‘éssén-
tially-coﬁétaﬂtvduring the incubétion as préviousiy shown
.for human marrow cells under similar cbnditiqﬁs (16); Gross
hémolysis was absent, The extracellulaf concentratién and
specific'activity.of amino acids were kept essentially coh— -
stant.by‘using low celllconcentration (1% v/v or less) and |
short incubation time (11,12). In.mostvekperimeﬁts,‘the:
maximum celiular uptake of radiloactivity was lessvthan 3%

»of that given to the culture. After addition of 5 ml iced
medium to theAcultﬁre; the nucleated cells. were harvested

by centrifugation in a Sorvall RC2-B centrifuge (IVan Sorvall
Inc., Norwalk, Conn.) at -3°C and’Q,SOO x g for 4 min, decan-
tation of the supernatant fluid, resuspension of the packed
cells in 8 ml iced 80 mM ammonium oxalate, reéentrifugation
of the -suspension in a conical glass tube at 1,200 x g for

3 min, and decantation of the resultant supernatant hemolysate.



{a Nuclear Chicago Mark I Liquid Scintillation»Computer; Where

30 min and ‘then with hot (88°c) TCA for 20 min. The radio-

During the single washing with ammonium oxalate solution,
most of the contaminating erythrocytes were lysed The en—
tire procedure from the dilution in iced medium to the recov-
.ery of nucleated cells took 10 min. Termination of incuba-.
tion was'taken to be'at.l min after the dilution} The entire

cell pellet was digested in 3 ml NCS Solubilizer (13) and

1 10% aliquot of the digest was assayed for radioactiVity with

19

double labeling was employed simultaneous equations were solved

for the individual isotope dpm after determining thelr coun-.

ting efficiencies at the two characteristic channels. by in-

ternal standardization with SH- and 14C toluene._ Counting
fficien01es were uniform among the samples in any given ex-
periment | | ' |

3 Fractionation of Whole Cell Radioactivity

Some pellets of harvested cells were subjected to ex—'m

traction with 1ced trichloroacetic acid (TCA, 5% w/v) for

activity in these TCA extracts and TCA precipitate was deter-
mined by liquid scintillation counting.
4. Specific Activity of DNA Thymine

Two ml portions of the cell suspension were delivered:

 into four incubation tubes containing histidine-imidazole-

2-14C or -N-formiminoglutamic acid-formimino-14C (FIGLU-.

14C1) with or without methotrexate. After 1 or 2 hour incu-

'bation'inzthe metabolic shaker at 37°C, the sodium salt of

DNA (Na-DNA) was isolated by a modification of the method of
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Kay, Simmons, and Dounce (14). Following the éddition of
iced medium to the culture, ceils were packedvby centrifuga-
tion at -3°C, washed twice in iced 80 mM ammonium oxalate and
then once in 0.14 M NacCl, and-blendered_in 0.14 M NaCl using
a Sorvall Omni—Mixer Microhomogenizer'immeréed'in ice. The
homogenate was centrifuged at —3°C'énd 27,000 X g for 30 min.
The supernatant fluld containing dissolved ribonucleoproteins
was discarded. The sediment was resuspended in 2.7 ml 0.14

M NaCl, and C 3 ml 57 (w/v) SDS was added to the suspens1on.
The mlxture was stlrred for l hour to dlssociate the nucleo—
proteln complex 1nto the nucleic acid and the protein and
also to pre01p1tate the proteln. Then the mixture was brought
to 1 M with respect to NaCl concentration anddcentrifuged at
-3°C and 27,000 x g for 30 min. The grayish fibrous mass
formed during 5radual addition of equal volume of 95% (v/v

| ethanol to the separated supernatant fluid was wound -up

- -around the end of a stirrlng rod. This crude Na—DNA was
immediately dissolved in 2.7 ml distilled water. Then fol-v
lowed tne same addition of 3DS, stirring; adjustment of NaCl
concentration, centrifugation, and recovery of filbrous mass,
as the corresponding eteps previously mentioned. The mass
was washed in 95% (v/v) ethanol and then in acetone once each
and dried. -This Na-DNA preparation was then hydrolyzed in

- a sealed pyrex.glass tube with.O.S ml formic acid at 175°C
for 35 min (15,16). The entire hydrolysate was concentrated
and then spotted on Whatman ;1 paper for separation of the

bases present by descending chromatography in an iscpropanol-
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HC1 solvent systcm (17) : Thyminevwas eluted with‘O‘l N HC1
.from the paper aftcr locating its spot under an UV lamp (16).
Specific act1v1ty of the thymine was calculated from thymine
'concentration and radloact1V1ty concentration of the eluate. -
The former was determined by uv spectrophotometry at the
absorption maximum (266 mu) w1th-a Beckman DU Spectrophoto4
meter (Beckman Instruments, Inc., Fullerton, Calif ) and'the
latter, by liquid s01ntillatlon counting n |

5. Intracellular Water Space

Cell suspens1ons w1th nucleated cell/erythrocyte ratios
v-greater than 2 were prepared by follOW1ng the dextran sedi-
mentation procedure with two successive "differential centri-
fugation steps. FollOWing 20 min incubation in the presence _
of both HTO and inulin- carboxyl-l4C, a known quantlty of | |
cells was packed by centrifugation at l »200 x g for lO min.. o
SH and 14C activ1ties in the cell pellet as well as thelr |
_concentratlons in the supernatant fluid were determined by
liquid SCintillation counting with precautions taken against
“HTO loss from samples by evaporatlon. From these results, - :v' ,vi
the HTO space and the inulin-carboxyl-*%C space of the cell |
pellet were calculated The intracellularvwater Space (w)
- of the nucleated cells present in the pellet was taken to be
_the difference between the two spaces. Such calculatlons were
felt to overestimate water content of the nucleated cells |
because of the contaminatlng erythrocytes'in_the pellet. i

6. Statistical Methods

Student's t test was used for testing significance of

difference between two means. ' ‘ _ o




C. COMPARTMENTAL ANALYSIS

The cellular uptake of‘radioactivity 1s analyzed accor-
ding to the compartmental model illustrated in Fig. 1. The
assumptiohs inherent in this model are as follows: (1) |
Labeled amino acids are introduced into the extrééellular
fluid at zéro time withoutvappreciably disturbing the pré—
vailing steady state. The concentration and the spééific ac-
tivity of the extracellulér amino acid are kept éssentially

constant thereafter. (ii1) When a labeled amino acid is met-

abolized in the cell, the label is translocated to other molec-

-ular species. For most labeled amino acids, the tfanélbcatéd
1a5e1 appears principally in proteins (18). Further; the es--
timated’order of magnitude for the fractional turnover rate.
of various mammallan cellular proteins in vitre and ig_zizg
is i %/hour (11). Thus; during a short inCubation period,
most of the translbcated label remains in the cell and the
recycling of label back to the intracellular amino acid pool
via aminb acid biosynthesié and protein catabolism is beg—
ligible compared to‘the steédy knoewn infldw of labels frOm
the extraéeilular pool. Under these circumstances, the func-
tion describing the radioactivity uptake versus time has a
simple form ih terms of the fractional rates as derived below.
For a given amino.acid, Al(t), Ay(t), and A3(t) denote
the amount of radloactivity in compartment T (extracellular
pool), II (intracellular pool), and III (translocated),
respectively; kio, koj, and ko3 are the fractional rates as
indicated in Fig. 1. Ay(t) = A1(0) épproximately. Ap(0) =

A3(0) = 0. The radioactivity influx (R) and the fractional

22
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FIGURE 1

Compartmental medel for.analySis of intracellular ac—.;

. cumulation of labels from extracellular labeled amino acids.

It is assumed that intracellular metabolism of the labeled
amino aciajreeults'in.tranélbcatlohbof labels primarily toll
subStancee which do notvleavevthe cell at eigniflcant fate
and that recYcling of labels_baek to the inﬁfacellﬁlar'amlno
acid pool via biosynthesis aﬁd reutilizationvis negligible
compared toithe ehtry of labels from. the exﬁfacellular'poql,
k1o, Koqs and k23 represent'the_fractional rates of entry,v.
exit, and metabolism of the labeled amino acid, respeetively; v
Ay, Ap, and A3 repfesent the amounts of the amino acid label
in compartments I (extfacellular pool), II (intracellular

pool), and III (translocated), respectiﬁely.‘




‘intracellular space
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turnover rate of the'intracellular pool (r) are then givén-

R - kléAl(O) o o

Py bkpy I 65)
mhen Ghp/dt = R - Tap(t) L o (6)
'aA3/dt.= kp3hp(t) N I (7).

- The two'differential rate equations are-readily solved to

glve - _ ‘ v
Ap(t) = (1-e TR/ o (8)
A3(t) = (kp3R/P)t — (1 -ve’rt)k23R/r2  - (9)

The sum of Ap(t) and A3(t) gives the radioactivity-uptéke,~
A(t), | | ﬁ
Ac(t) = Bp(t) + A3(t) = Ky + Kot - Kpe=Tt — (10)

Where':'.v.: Kl = (R/r) "(k23ﬁ/r?) . ; PR b;';' (11). 

Solving'équations_h, 5, 11, and 12 for the three fractional

rates, : »
kip = (7K, + K5)/Ay(0) o (13)
Koy = r2Kl/(rKi +’Ké) v(i#)
k23 = I'KQ/V(I’K]_ + K2) o . ' ‘ | v (15)

The data of radiocactivity uptake are fitted with the

functlon Ac(t) of equation 10, The least sQUares best fit‘

25
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values of Ky, Ko, and r are found by using'a program for
metric minimization (19) on a CDC 6600 digital computer.
Mathematically, the sum of squares of differences (weighted
according to the reciprocal of the radicactivity uptake) be-
- tween the data and A,(t) 1s considered as a function F of
vector (Kl, Ko r), and a particular vector point at which
F has a minimum is found by the method of steepest descent
' Arithmetically, in essence,»the gradient of F at a Starting
: point is computed first. Next, a point is 1ocated in the
direction down the gradient and'at a small distance‘fron
the starting point. Then the gradient of F at the second
point is computed This leads to a third point In this
fashion, a series of points are successively searched until
a point is reached where the gradient of F is Zero, i €., F
has a minimum. The operation may be compared to walking down
a hillside in'search of airalleyi F may have more than one -
minimum a start on a wrong hillside may lead to a wrong valley.
For this reason, an initial guess of (Kl’ Ko, r) obtained-
from- graphical analysis of the uptake data serves as. the star--
ting point of the search. In the graphical analysis, the
 limiting slope, Ko, 18 guessed firSt. Then the uptake is
subtracted from K; + Kot, and the difference (Kle‘rt) is
plotted against time on a'semilog paper to yleld K; and r.
Following the curve fitting, the fractional rates are
calculated according to equations l3e15;‘ The'amino‘acid'
influx (I) is calculated as KioN; (0) where N, (0) is the
amount of the amino acid in question initially.given to the

extracellular fluid. The turnover rate of the intracellular
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pool 1s eqeal'to the sum of aiiufluxes'enﬁefing-the eool;
Accordingly, the ihflux (I).underestimates'this turnover.
rate byea fraction contributed from blosynthesis and reutl-
lization, and I/r underestimates the intracelluiar pool siZe»'
(N2) by the same endogenous fractlon. I/rW underestimates
the intracellﬁlar concentration of the amino aeid; The'

,intraceliular amine eeid:is aseuhed:to benuniferﬁly diétrii
buted throughout the cell water. 'The'qﬁetientx(Q),rflux |
ratio (influx/efflux),divided by cencentrafioh ratio (extra-

cellular/intracellular), is given by

o= (W) (0o

(I/%p1C4W)/(Ce/Cy)

I/kglcew.

where Ceeand Cy are extracellular and intracellular concen-
trations of the amihe acid;*reSpectively.'-

D. RESULTS -

1. Fitness of Compartmental Model to Data

Figs. 2-5 preSent individual measurements Qf the cellu-
- lar uptake of radioactivity and the 1eastvsquares'best_fit |
form of:AC(ﬁ) in equatien'lo.“'Thevfit was generally satis-
factory. _. | '

‘v Fig. 2 shows the fit in an experiment in which cells
were incubated with histidine-imidazole—24l*C in Gey's BSS
in duplieate series. One set of pellets of'harvested cells

was digested for assay of cellular radiOactivity; the other
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FIGURE 2 | v |

Measured radioactivity content in whole cellsv(open
circles), cold TCA extract (triangles), hot TCA extract
(closed cirCIes), and TCA precipitate (boxes) upon incuba-
ting 1.0 x_lO8 nucleated dog bone marrow cells in Gey's
BSS with L-histidine-imidazole-2-1%C at 0.077 mM (SA 3.7
dpm[Hpmo;e). The upper curve represents the best fit form
of equation 10 to the radiocactivity content in whole cells,
The middle curve [Ae(t)] and the lower curve [A3(t)] repre-
sent the radioactivity confent in compartments II and III,
respectively, calculated by épplication of the modelvto the

radiocactivity content in whole cells.
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FIGURE 3

Accumulation of radioactivity inside 7.2 x 107 nuclea-
ted dog bone marrow cells incubated in BME with both L-his-
tidine-imidazole-2,5-%H at 0.052 mM (SA 18 dpm/pumole) and
L-serine-3-1%C at 0.043 mM (SA 4.2 dpm/ppmole). The measured .
cellular activity of ®H is shown as circles and that of *%C
as triangles. The best fit form_of equation 10 to each set

of data is represented by the corresponding'curves.
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FIGURE 4

Accumuiation of radioactivity inside 3.6 x 107 nuclea-.
ted dog bone marrow cells incubated in BME with both L-his-
tidine-2,5-°H at 0.054 mi (SA 18 dpm/ppmole) and L-trypto-
phan-methylene-14C at 0.024 mi (SA 21 dpm/Ppmole). The mea-
sured cellular activity of 3H is shown as circles and that

of '%C as triangles. The best fit form of equation 10 to

each set of data 1s represented by the corresponding curves.
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34" .
FIGURE .

Accumulation of radioactivity inside 4.4 x 107 nuclea-
ted dog bone marrow cells incubated in BME wilth both L-his-
tidine-imidézole-e-“c at 0.056 mM (SA 9.7 dpm/'}ipmole) and
L—methionine—méthyl—aH at 0.050 mM (SA 26 dpm/ypmole).

The measufed cellular activity of 14C is shown as circles
and that of ®H as triangles. Therbest fiﬁ form of equation
10 to each set of data is represented by the corresponding

curves.
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set was subjected to extraction with TCA aéidescribed under
MATERIALS AND METHODS. From the results of fitting eduation
10 to the whole cell radioactivity, the radioactivity in
compartments IT and IIT was calculated according to equations
8 and g;respectively. The measured radioactivity in the cold
TCA extract and that in the TCA precipitate corresponded
roughly to those calculated to be 1n compartments IT and III
of the model respectively. |

2. Kinetics of Intracellular Amino Acid Pools

To study kinetics under relatively physiologic condi—
tions, cells were incubated in BME when Gey's BSS was used
histidine was the only amino a01d given to the culture. 1In
all experiments with serine-3-1%C or tryptophan-methylene-
14c or methionine-methyl H, the culture received the sald
labeled amino acid together with histidine imidazole 2 5—3H
or histidine-imidazole- 2—140 Figs. 3 5 show the uptake of
the individual radioisotopes and the corresponding best fit
.functions in such double.labeling experimente. In experiments
using BME, histidine-imidazole-2,5-%H (5 experiments) and
histidine-imidazole-2-*%*C (3 experiments) gave results not
significantly different from each other at 20% level; accor-
-dingly, these results were combined. |

In four experiments, the intracellular water content
of the dog bone marrow nucleated cells was estimated to be
W =14 (+ 2, SEM) x 1l0-*? ml/cell. For reasons given in
MATERIALS AND METHODS, this was felt to be_an overestimate.

TABLE I summarizes the incubation cendltions and the



TABLE I .

. ‘ - : *
Analysis of the Uptake of Labeled. Amino Acids by Dog Bone Marrow Nucleated Cells. ,

Gey's Balanced

(I/kp1CeW)

" Medium Salt Solution Basal Medium of Eagle
. Histidinea. Histidinew Serine-B-luc,' Tryptophan.. Methionine-
Labeled L.amino acid _ _imidazole-Z-iuC‘ imidazole-z-luc_ S methylene,igc » methy1-3H
Nurber of ekperiments 3 | 8 3 _ 5 : 3
Extracellular concentration (Cg) mM 0;652 . 0,052.0,056 0,040.0,043 0.024.0,025 - . = 0.050
Fractional turnover rate ' i _ o o 7 o
of intracellular pool (r) ' min” ~ 0.161 % 0,004 0,12 % 0,01 0,08 + 0,02 0,11 ¥ 0.02  0.16 % 0.03
Influx (I)_x 10® mpmole/min per cell 2,59 % 0.06 0,26 + 0,02 0,55 % 0,08 0,24 % 0,02 0.23 % 0.02
Fractional efflux (kzi) - min~! 0.152 # 0,004 0,10 % 0,01 .0.05 % 0,01 0.1 *0.02  0.13 % 0.02
Fractional metabolic il 0.009 % 0,000 0,02k + 0,003 0,028 + 0,006 0,006 + 0,005 - 0,033 % 0,004
Intracéllulag pool Size # 16,1 04 2.3 +0.3 8 2 .;2.3:' +06 1.5 £0.2
(1/r) x 10 mmole/cell - B ‘ N I : - - : :
Intracellular concentration #  . 1,5 0 ,”7::2 0.,16- . - 0.57 | 0,16 0.11
. Flux ratio/concentration ratio ** ¥ 2 ... 3 e 7 B 3

* Results, shown below the doﬁble line, are means and sﬁandard errors of the means.,

# These results were calculated as the'quantities in parentheses ‘and were undgrestimates_(see text).:z

**The quotient of (influx/efflux) divided by (extracellular cohcentration/intragellular_concentratién)r

e
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regults of oompartmental anaiysis. It shows the following:
(1) The calculated intraoellular concentrations of the four
amino acids were higher‘than'their‘corresponding external
concentrations, i.e., the distribntion ratios'were all'greater'
than unity.’ (11).They were all'actiyely transported into.
these cells, becaose the quotients of flux ratio (influx/
efflux) divided by concentration'ratio'(extracellular/intrae‘
cellular).were all greater‘than unity. (1i1) When“BME was z
used as the 1ncubation medium as compared to When Gey's BSS
was used at 81milar histidine noncentrations, histidine had
slower entry (p<L0.0005) and in spite of its smaller "intra—
cellular pool size" (I/r, p<:o.ooO5) had smaller fractional
efflux (p?:O 025). | This findinéAWas an'eridence of competition
‘for cell membrane transport between hlstidine and some other
amino acids present in BME (1v) Even at external concen-
trations lower than those used with hlstidine and methionlne,,
serine had faster entry and greater "1ntrace11u1ar pool size
I/r) than histidine (p < 0.005) and methionine (p410.025).
Thus serine was. concentrated more readily and te greater
extents than histidine and methionine. (v) Judged from the
pestimate-of intracellular metabolism (k231/r), tryptophan
appeared to be the least extensively metabolized of these
four.amino acids; and serine, the most so. (vi) The rate of
exit of the amino acid from the cell much exceeded its rate
of metabolism within the cell as might be seen from the ratio,
kel/k23‘ With BME as the medlum, the average ratios of "exit"

to "metabolism", <321/k23> , were 11 for'tryptophan, 4 for



histidine and methionine, and 2 for serine (Vii) With BME
as the medium, the turnover halftime of the intracellular pool

(O 693/r) of histidine was 6.0 + 0.7 (SEM) min; those of-the

other three amino acids were of the same order of magnitude

as that of histidine.-
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3 Incorporaticn of the Formimino Carbon of Extracellular '

FIGLU and the Imidazole 2 Carbon of Histidine into DNA - ThymineQ

Specific activity of DNA thymine isolated from cells in—
cubated in Gey's BSS with FIGLU-“Cl was determined Sim-

ilar experiments were performed with cells incubated with

'histidine-im1dazole—2-14C, which enters the cell as histidine

but is metabolized intracellularly to FIGLU-1401. .TABLE Ir
summarizes these experiments performed in the presence and
absence of methotrexate at 10™* and lO'6 M concentrations.
The DNA thymine specific activity in experiments with histi—
dine imidazole 2—140 was approximately four times as great '

as that in experiments with FIGLU—“’Cl administered at com-

" parable concentrations and specific activities. Addition |

of methotrexate diminished the DNA thymine 14C-specific ac-
tivity when either histidine- imidazole 2-*40 or FIGLU—1401
was used as the **C; donor. | |

Data in TABLE IIT suggest that the differences in DNA
thymine 14c gpecific activity when histidine-imidazole- 2—140
or FIGLU-1401 was used as the 1401 donor were related to
marked differences in cell membrane transport of these two

substances. Without prior equilibration in the presence of

FIGLU, cells were incubated in Gey's BSS with FIGLU-*C; at



TABLE II

Incorporation of %C from L-Histidine-Imidazole-2-14C (HIS-1%C;) and

O-N-Formimino-L-Glutamate-Formimino-**C (FIGLU-'*C,) into DNA Thymine

in Dog Bone Marrow Cells in the Presence and Absence of Methotrexate

EXp. 2

Unlts _ ' Exp. 1
Incubation time hour 1 2
Concentration of M 10-4 10-°
methotrexate when . '
present _ § _ _
HIS-14C;  FIGLU-14C, HIS-1%C;  FIGLU-1%C,
Concentration mM . 1 1 0.075 1
‘Specific activity (SA)  puC/pmole 1.67. 1.67 1.67 - 1.67
SA of DNA thymine ‘ o v
without methotrexate  dpm/umole = 444 .~ 119 81 ‘ - 16
with methotrexate dpm/umole bgd*  . bgd™ 49 . 9

*Sample counting rate not significantly different from the background counting rate. -

0%



TABLE III

Radioactivity Uptake by_4.4 x'107,Dog?Bone Marrow Nucleated Cells Incubated in

Gey's BSS with L-Histidine-Imidazole-2-14C (HIS-'%C;) or O-N-Formimino-L-Clutamate-

Formimino-14C (FIGLU-1401) or QéNeFormylfL-Glutamate—Formyl-l4C (FOGLU-**C,) -
Units HIS-1%C, FIGLU-}%C; = FOGLU-1%C;
Concentration . mM o - 0.075 0.075 ~0.075
_Specific.actiVity ' dpm/uumole , 5.01-' , 5.4 _  _-5.4
Radibactivity uptake » I
at 1 min ' dpm v 4,420 _ 4o .20
5 min dpm 16,400 30 50
15min ~  °  dpm . 35,500 260 o - 280

30min - dpm . 48,600 . 320 - 330

13%



0.075 mM concentration. The intracellular concentration of

FIGLU arising from the extracellular FIGLU after 30 min of

incubation was calculated to be only 0.010 mM [AC(3O)N1(O)/
o)wj . 'Similar experiments with ULN-formylglutamic acid

(FOGLU) produced similar results nhile'cellular uptake of 14C

from histidine-imidazole-2-14C was over 100 times as great

as that from FIGLU-*%C;. |

g, Apparent Kinetics of Histidine Entry and Exodus

‘The time course of 14C accumulation W1thin cells 1ncn-.
bated in the presence of histidine imidazole 2-140 in Gey's
BSS at various histidine concentrations was analyzed accor-
ding to the compartmental model presented in Fig. 1. As
shown in TABLE IV, ‘the. fractional 1nflux of histidine de-
creased with its 1ncreaSing extracellular concentration, but
its fractionaliefflux stayed essentially'unchanged with its
rising intracellular level. Thus the effldx of histidine'
was apprOXimately linear with respect to its intracellular
concentration in the range studied. The fractional turnover
rate of the intracellular pool was nearly entirely acccunted
forvby the-fractional efflux and was nearly independent of
intracellular histidine concentration in the range stndied.

By using an appropriate minimizatibnlprogram (19), the
histidine influx [kie 1(O)] at various extracellular histidine
concentrations was fitted with the function in equation 3:i
It was assumed that histidine entered the cell by both'an
apparent diffusion process and a facilitated process.

Weighting the squares of deviation of the influx from equation

ko



- TAELE IV
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Results of Compartnértbal Analysis of Intracellular A‘cci_mmldion of kgdio., v

activity in'Dog" Bone Marrow Nucleated Cells Incubated in 5 ml Gey's BSS

with LoHistidine.Imidazole.2.1%C at Various L.Histidine Concentrations.

Extracellu. Fractio.

Fractional

0.16

Fractio. Intrace. Intracellu.
lar concen. nal rate nal rate <turnover rate - llular  lar concen.
tration of . of entry of exit of intracel.  pool - tration of

~histidine T ' ' "lular pool . size "histidine*

(8) (k) x1012 (kpy) o (x) o (T/r)x10B (1/m)
o - min-l Y oy mpmle "

M per cell min‘ ' min” -per cell va
0.052 102 0.15 016 17 1.2
0.052 96 0.15 10.16 'ié_ 1.1
0.052 103 0.16 0.17 16 1.1
0.102 70 0.14 0.15 2 1.7

0,102 85 ' 5;1? 9;18 | ‘2§ | 1.7
Cos02 35 o 0.16 s 3.9

o0 - M7 o 047 o 0.8 67 0 ong

1.00 29 0.17 - 0.8 - 8L . . 5.8

1,00 st 0.17 0.18 87 6.2
1.50 25 0.17 0.17 110 7.9
2,00 20 0.14 0,14 139 9.9
2,00 22 0.16 047 132 9.4

3,00 15 0.13 'o'.'13, | 173 12
4,00 14 0.16 0.16 179;‘" 13
4,00 15 0.17 183 13

B Calculated assuming that intracellular water was 14 x 1011 ml/coli

(see text for results of measurements of intfacellﬁlar waf.er space),
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3 according to the reciprocal of the influx,.the optimization
gave the following ‘estimates of kinetic constants for histi-
dine entry:

Apparent diffusion constant (kg) 4.2 x 107% mpmole/min

per celllper mM. o | | -

. Apparent Michaelis constant (Km 7O.28 mM,

|
|
Limiting Plux of the faCilitated component.(Vma#) = l4 | _;
x lO -8 umole/min per cell. I | :
The fit of the influx to equation 3 with above optimized |
parametersvis shown in_Fig. 6. The fit was felt to be satis-
factofv}ﬁ At low hiétidine concentrations in the physielogic
‘range, the facilitated component [vmaXS(s + K,)” } predomin-
ated. ' |
- Histidine was actively transported into the cell.'”Cal45

culated quotients (Q = I/kp1C W) of the flux ratio (influx/

efflux) divided by the concentration ratio (extracellular/
intracellular) were much greater than unity. The-distribu—““*\
tion ratios Were very high; The intracellular concentration
was -about 20 times as great as the ethacellular concentra-

tion when the latter was 0.052 mM. - -

'E. DISCUSSION - - §
1. Validity of the Compartmental Model

The satisfactory fit of equation 10 to_the-éellular'radio—
activity data supports the validity of the-compértmental model
used. If a significant'amount of the radiocactivity is trans- ]
located in the cell from the labeled amino acid to.those

substances that leave the cell at significant rates, the
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FIGﬁRE 6 .

Rate of-L—Histidihe entry into célis.ﬁélé.funcfion‘of
extracellulér L-histidine coﬁcentfation (S)'in dog bone
marrow nucleéted cells incubated iﬁ Gey's BSS in the pres- -
ence of Lthstidine-imidazole-2-l4c. Circles represent the
calculatedvfate of entry based on fitting equation 10 to
data of '%C accumulation inside cells. The upper curve rep-
résents the best fit form of equation 3 to the calculated |
rate‘of entry. The lower two curves represent the two com-
pobents‘of the upper curve showing the prédominance 6f the
saturablévcomponent [VmaXS(S'+ Km)“{] over the nonsaturable

component (kaS) at physiologic concentrations.
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modél would be avpoor approximation to reality.e The present
study has not-excludedxsuch a possibility.’ Further, different
kinds of marrow nucleated cells might have different fraction-
al rates for a given amino acild flux; thus, the present results
represent average values for the mixed nucleated cell popu—' o
lation of dog bone marrow. _ -

J The results of fractionation of cellular radioactivity
by TCA extraction (Fig. 2) indicate the following (i) The
intracellular histidine of compartment II is acid soluble.
(ii) Without exogenous supply of amino acids other than his—
tidine, the cellular radioactivity continues to. increase '
even during the second hour. This is in accerd with the idea
of intracellular reutilization of amino acids in protein
’synthesis (ll) (ii1). During the period of incubation, ‘the
rate of poss1ble 1ntracellular recycling of labeled histidine
from proteins to compartment IT 1s negligible compared to e
1ts influx from the extracellular pool |

2 Turnover of the Intracellular Amino Acid Pool

"The fractional turnover rate of" . the intracellular pool
of a given amino acid may differ from one tissue to another.
Further, it may dependpupon the extracellular concentration:
of other amino acids'presentvas'well as upon:that cf the one
under consideration. This is shown to be . the case for histi--
adine in the present results.

In radiorespirometric studies; the appearance ofrl4002
in the breath following the administration of '*C-labeled

amino acids has been used as a measure of ig_vivo-metabolic



processes (20). It is clear that soch measurements are in-
fluenced by a variety of ”nonmetabolic” processes, such as
the transport of the labeled amine acid across the cell mem-
brane and the turnover of the bicarbonate pool containing the
14Cc label on carbon dioxide (21). The magnitude of the'turn—
over time of the intracellular amino acid pool measured in
the present in g;trg'study suggests that.the rate of equili-
bration between the extracellular and intracellular.pools of
a *%C-amino acid constitutes a significant "rate-limiting

step" in the production of labeled metabolités, such as 14002.

3. Transport of FICLU and FOGLU |

The calcclated concentration ratios (intracellular/éxtra—
cellular) of FIGLU and FCGLU after 30 min of incubation are
both much smaller: than unity 1ndicating.eithér cne or both
of the following possibilities: (i) At tﬁe concentrations
used, their net entry'is so slow that their intracellular
concentrations can not closely approach equllibrium cohcen-
trations during the experiment. (ii) Their .equilibrium
intracellular concentrations are far oelow their extra-
cellular concentratiens (cf. equation 8 for very small R/r).

At neutral pH, glutamine and glutamate-Y-methyl ester
(both virtually devoid of net charges) exhibit evidences
of active absorptive transport across intestinal walls while
glutamate (with net negative charges) failed to do so (22)..
Judged by such findings of others (22), the poor.uptake Qf
FIGLU and FOGLU in the present experiments may'be related to

their net charges at neutral pH [roughly a single net negative
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charge on FIGLU in accordance with its pKa values (23) and
two net negative charges on FOGLU] -
i, Transport of. Histidine

The fit shown in Fig. 6 supports the notion that histi-
_dine entry into the nucleated cells of dog bone marrow can be
described as a combination of an apparent first order process-
and a facilitated process. Similar behaVior has been ob- |

served in human erythrocytes (3), rat diaphragms (5) guinea

pilg lymph node cells (24), and Ehrlich ascites tumor cells (8).

for certain other neutral amino acids.  The present demonstra—

tion of active entry of histidine into the nucleated cells
of dog borie marrow clearly 1nd1cates that facilitating system

or systems do participate in the transport of histidlne 1nto

these cells, Simple difquion alone can not bring about suchf

uphill transport against concentration gradient The Kn '
‘presently estimated for histidine entry is remarkably‘similar
to those reported for the entry of lys1ne and phenylalanine
1nto hhrlich asc1tes tumor cells (9) ' ‘ |

A facilitated component of a flux approaches first order
kinetics (bmaxS/K ) at concentrations much lower than the Kma’
The following argument suggests that the apparent first order
component of histidine influx in the present experiments with
Gey's BSS does: not represent a single simple diffusion process
but rather a summation of simple diffusion and one:or.more
facilitated processes with high Kmvyalues. If the apparent
diffusion constant for histidine entry is indeed aysimple

diffusion constant, it would then be the simple diffusion

%9




constant for histidine exodus also. The fractibnal rate of
histidine exodus (kyy) is an upper bound of the fractional
rate of histidine exodus by simple diffusion alone, i.e., an
upper bound of the simple diffusion constant for histidine

1

exodus expressed in min~+. By considering an amount of extra-

cellular fluld equal to cell water in volume, the apparent

diffusion constant can. be expfessed as kd/w in min~? relative

to the same frame of reference as that for kzl' As given 1n

RESULTS,
| | kg = 4.2 x 1071 pmole/min per cell per mM
W =14 x.10711 ml/cell
Thus ' kd/w = 0.30 min;l, a value much greater than any

koy 1n the present'results..

' In'the preseﬁt éxperiments with BME,.the fractional ef-
flux of histidine is 0.10 + 0.0l (SEM) min-! (TABLE T).
This ffactional efflux is substahtially sméiler than that of
0.15 + 0.01 (SEM) min~? obtéined in experiménts with Gey's
BSS (TABLE I). Thus a substantial portionvof histidine exodus
from dog bone marrow nucleated cells when théy are incubated

in Gey's BSS appears to be susceptible to analogue inhibitien

and hence facilitated. Consequently, the apparent flrst order

kinetics of histidine exodus observed at intracellular histi-
dine concentrations in the range up to 13 mM (TABLE IV)'would
indicate a'Km for histidine exodus much gréater than that of
0.28 mM estimated for its entry. This conclusion finds sup-

port in a recent study in Ehrlich ascites tumor cells by



Christensen and Handlogten (9). Thevreported.Km values for
exodus of the_four.amino aclds in theirestudy_exceed the cor-

responding values for entry by more than tenfold.

F. SUMMARY -

Dog bone marrow nucleated cells were incubated in media
_ containing labeled L- amino ac1ds, and the cellular accumula-
tion of radioactivity as a function of time was measured and
analyzed according to a three-compartment model. |

The turnover halftime of intracellular histidine arising
from extracellular‘sources was 6.0 + O.?l(SEM) min. Similar
results were obtained for serine; tryptophan, and methionine.t
Exodus of the amino acid accounted for a major portion of
this turnover. These results indicate that subsequent to"
the adminlstration of labeled amlno acids the rate of equili—
- bration between the extracellular and intracellular pools
‘constitutes an 1mportant rate—limiting step in the produc—'
tion of labeled metabolites. O-N- formimlnoglutamate added
to the culture was 1nferior to histidine as a source of mono-
carbon’fragments because the former accumulated inside the
cell much more slowly than the latter.

Histidine, serine, tryptophan, and methienine were ac-
tively transported into the cell. At the extracellular histi-
dine concentrations used (up to 4 mM), histldine appeared to
enter by both a facilitated process with an apparent Michaells
constant of 0.28 mM and a limiting flux of 14 x 1078 mumole/
‘min per cell, and an apparent first order process not solely

acCountable by simple diffusion. At physiologic extracellular
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histidine concentrations, histidine entry by the former pro-
cess prevaliled over that by the létter process. Exodus of
histidine appeared to be substantially facilitated, but exhib-
ited an apparent first order process at intracellular histi-
dine concentrations in the range studied (up to l3lmM), and
thus appeared to have an apparent Michaelis constant much

greater than that of histidine entry.



III;i EFFECTS OF L METHIONINE ON THE KINETICS OF INTRACELLULAR
POOLS OF L- HISTIDINE AND- L- SERINE
A. INTRODUCTION |
‘Methionine is known to compete. with other neutral amino

aclds for cell membrane transport (25). The following work

evaluates such a competition in-the nucleated cells of dog =

bone marrow.

‘B. MATERIALS AND METHODS
Details for the method of preparing cell suspension,
1ncubation, assay of cellular radioactivity, and compart-

mental analysis had been presented in Part II of this paper.3

53

Amino acids . used were of L form.‘ Basal Medium of Eagle with—:v'

out methionine was obtained from Grand Island Biological

Serine was added to this medium to a concentration of 0. 017

or 0.040 mM. The term, BME, in this part of the- paper referred

to the resultant medium. »

: Equalvportions of'the-celljsuspensionlwereidelivered-
into a series of ineubation tubes containing equal volume of
Gey's BSS or BME with and withont known amounts'ofvmethionine.
After equilibration-at»37°C'for 20-30 min, tracer quantities
of labeled amino acids were added in equal_amOunts to all

tubes.

C. RESULTS.
When methionine was present in the incubation medium
containing.histidine-imidazeleez—14C, the cellular '#%C up-

take was‘depressed as eomparedvto that in similar'incubations
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in the.abséncé éf methionine (Figs. 7 and 8). Inspection of
such.data.led to the conclusion that methidnine depressed the
initial raté of ceilular ?¢C accumﬁlation énd hénce the raﬁe
of histidine entry into fhe cell, Furthermoré,vthe methio-
nine concéntration required to produce a given depression in
histidine influx was higher in the presence of other aminQ
acids (BME, Fig. 8) than in their_absenée (Gey's BSS, Fig. 7).
In two experiments,fcélls were incubated in BME in the
bresence of both histidine-imidazole-2,5-%H and serine—3—l4C
with and Wiﬁhout methionine (3.2 mM) in the medium. Fig. 9
shows the fit of equation lOvto the cellular uptake of radio-
activity in such an experiment. Results in TABLE V show that
" the methionine depressed the influx, the fractlonal efflux,
the. fractional metabolic flux, and the fractional turnover
rate of the intracellular pool of both histidine and seriné.
Since 1t was likely that methionine adminiétration had not
: raised their intracellular concentrations, their depressed-
fractional fluxes indicated depressions of the corresponding

fluxes.

D. DISCUSSION _

. The present finding that methilonine cén_depréss the»entfy.
and exodus of histidiné and seriné suggestsvthat the trans-
port of these three neutral amino acids in either directioh
is facilitated to some extents in‘the nucleated cells of dog
bone marrow. This is consistent with previous conclusions
thaﬁ they are all actively transported into the cell and that

both entry and exodus of histidine have facilitated components
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FIGURE T
Accumulation of radioactivity inside dog»bone marrow"
nucleated cells incubated in Gey's BSS witﬁ L-histidine-
imidazole-2-1%C at 0.075 mM (SA 1.7 pC/pmole) in the pres-
ence (closed circles) and absence (open circles) of 0.075

mM L-methionine.
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FIGURE 8

- Accumulation of fadioéctivity_inside dog bone marrow
nucleated cells incubated in BME (1) without'L-methioﬁine
v(open circles), (ii) wifh 0.213 mM L-methionine (closed

circles); and (i1i) with 1.07 mM L-methionine (triangles).
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FIGUREv9 _ .
’Acéumuiation'of rédioactivity inside 3.0 x 107 nuélea—'
ted dog bdne mafrow cells incubated in BME with both L-his—
tidiné—imidazole—2,5—3H at 0.054 mM (SA 42 dpm[Hpmole) and 
L-serine-3-14C at 0.024 mM (SA 20 dpm/pumole) in the pres-
encé and absence of 3.20 mM L-methionine. The measured
cellular activity of 3H is shown as dpen (céhtrol) and closed
(3.20 mM L-methionine) circles and.that_of 14C as triéngles
(céntrol)'and boxes (3.é0 mM.LQmethionine). The best fit
form of equation lolfo each set of data isfrepreséntediby

the corresponding curves.



- Radioactivity uptake, Aq(t), dpm

7d,000
60,000
50,000

40,000

30,000

20,000

10,000

60

14C—serine control
_3 o / o
H-histidine control /
o .

— A/ /<4C serine plus —
o 6 3.2 mM methionine

- O 3H-histidine plus ' —
g/ 3.2 mM methionine

L O ]
1 r 1 | | 1

10 21 40 60 ' 90

Incubation time, min

Fig. 9



TABLE V
Effects of 3.2 mM L-methionine'on the Kinetics of the Intracellular Pools of L-

histidine and L-serine in the Nucléated Cells of Dog Bone Marrow Incubated in BME

L-histidine ~ L-serine

Exp. 1 - EXp. 2' , -Exp. 1 =~ . Exp. 2
Concentration - _ mM - v 0.0SA ‘ - 0.052 | 0.024 0.040
Fractional turnover.rate o - , - — c |
of intracellular pool (r) % 66 . 55 75 56
Influx (I) o % 5769 59 - 59
Fractional efflux (k) % 65 55 80 55
Fractional metabolic flux % ”A . 83.f o 55 Al,. 46 L 56»
"Intracellular pool size" % ,;;. 86 .. 127 } 79 105
- (I/r) e - | | o -

*The kinetic quantities listed are presented as % of the corresponding control values. .

¥9
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(Part II). The observed extents of depression in experiments

with BME (TABLE V) further suggest that facilitated transport

represents a substantial component of the transport of histi-
dine and serine in either direction even when the facilita-
tion of their transpdrt ig expected to be submaximal in the g
presence of other competing amino acids (BME) . _
The extent of depression of histidine influx by'methio—
nine 1in the present results pfovides anbther bit of eyidence
that the ky estimated for histidine entry (Part II) is not a
simple diffuéion constant. If the kg estimated for histidine
" entry in the virtual absence of other amino acids from the
- medium (Gey's BSSQ Part II) indeed represents a simple dif-
fusion constant, it would also represent the simple diffusion
constant for histidine entry in the-presence-of'otber amino
acids at modest concentrations (BME). Under the circumstances,
the siﬁplevdiffusion component of histidine influx at 0.052-
0.054 mM histidine concentrations in BME would amount to
0.22 x 1078 mpmole/mih per cell (kgS). This cemponent, pre-
sumably not susceptible to analog inhibition, would represent
about 85% of the total influx (0.26 x 107® mpmole/min pef
cell, TABLE I) incompatible With the depression of the influx

to 57 er 69% by methionine (TABLE V).

-l

E. SUMMARY

Analogue inhibitien of the_transport of L-histidine and
L-serine by L-methionine has beeh demonstrated in dog bone
marrow nucleated cells suspended in Basal Medium of Eagle. f

L-methionine depressed the influx, the efflux, and the



fractional turnover rate of the intracellulaf pool of both
L-histidine and L-serine. These results suggést'that sub-
Stantial-portions of both entry and exodus of both L-histi-
.dine and L—serine are facilitated even in the presence of

other amino acids (Basal Medium of Eagle).
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IV. EFFECTS OF INSULIN AND GLUCAGON ON THE TRANSPORT OF
L-HISTIDINE '

A. INTRODUCTION v

The effect of'insulin'added in vitro on the cellular
accumulation of natural amino acidslhas been studied in rat
diaphragms (5, 26,.27). In these studies,‘the concentration
ratios (intracellular/extraéellular) of glycine, methionine,
prdiine, hydroxypfolihe, and threonine after 1 or 2 hours of
incubation were found to be enhanced by the presence of insulin
f(about 0.1-0.5 ﬁ/mi) in the mediuﬁ; The conceﬁtration ratios
of other ﬁatural.amino aclds studied weré n@t'affected (5, 27,
28). Thé conCentrétion rétio, however,'prdvides little infor-
mation conderning the fluxes through,thé 1ntrécellulér pdol
of the amind acid. If-is clear that infraceliuléﬁ concentra-
tion of'the_amino aéid depends upon all‘thesé fluxes.' For
~ this reason, the concentratién fétio ié not.an ideal para-
meter'for.sfudying the effect of insulin or 6ther agents on
amineo acid transport{ | |

Garcia, Williamson, and Cahill have reported that 4
incorporation from 14C—lébeled alanine into.glucose by per-
fused rat iivers were'stimulated by the préseﬁée of glucagoﬁ
in the'pérfusate (29). It is unclear whether such gluconeo-
genic effect may afise partly from possible glucagon effect
on amino acid transport. ‘

.The present study evaluates the effect of insulin and
glucagon on histidine transport in the nucleated cells of

dog bone marrow by the method previously described in Part
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IT of this paper.

'B. MATERIALS AND METHODS
| Stock solutions of insulin (24 U/ml) and.glucagon |
(0.15 mg/ﬁl) were prepared'by dissolving Cryétallihe_bovine
insulin (Sigma Chemical CQmpany, St. Louis; Mo.) ahd crys-
talline glucagoh (Célbiochem, Los Angeles, Calif.), reStec4
tively, in 0.002 N HC1; kept at 4°C for no longer than 1 week;
and diluted with Gey's BSS immediately before ind1v1dua1 =
experiments | ’ | ” \ ‘

Two ml portions of cell suspension were delivered inte
a series of incubation tubes containing equal volume of Gey's
BSS at-known concentrations of histidine and insulin or glu—_
cagon._ Control tubes received no insulin or glucagon. After
equilibration of the tube content at 37°C feor 2Ce30'min,
tracer quantities of histidine—imidazole-z-i*C.were added
in equal amounts to all tubes., Methods of preparing the“cell_
suspensioﬁ; incubation, - assay of cellular radicactivity, and
compartmental analysis had been described in Part II of this

paper.

c. RESULTS

TABLE VI summarizes the results of compartmental‘ahalysis-
- of . the radioactivity uptake by'thesevcells incubatedvin Geyis
BSS in the presence of histidine- imidazole 2-14¢ with and
without added insulin or glucagon. Neither insulin (0.1 U/ml)
nor glucagoh (1 pg/ml) had substantial effect on the kineties.

of histidine at external concentrations used except for a




TABLE VI

Effects of Insulin (0.1 U/ml) or Glucagon (1 Pg/ml) on the Kinetics of the Intracellular

L-Histidine Pool in the Nucleated Cells of Dog Bone Marrow Suspended in Gey's BSS

Insulin : Glucagoni
Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5
Concentration mM 0.052 0.052 0.052 0.102  0.102
Mean Mean
Fractional turnover rate
of intracellular pool (r) %* 96 109 103 1103 102 92 97
Influx (I) % 103 111 104 106 98 96 97
Fractional efflux (k) 4 - 95 109 - 103 102 102 93 98
Ffactionél metabolic flux ¢ 103 119 112 111 106 87 97
- (kp3) - .
nIn%§?c§11ular pool size" % 107 102 101 103 96 104 100
~ _

¥The values listed are presented as % of the correspondihg control values.
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possible small increase in the fractional metabolic flux

when insulin was present in the medium.

D. DISCUSSION

The external histidine concentrations uséd in the pres-
ent experiments are quite lower théﬁ the Kﬁ of 0.28 mM |
estimated for histidine ehtry into these cells (Part II).
Any substantiai change in K, or Vﬁa# for histidine entry upon
fhe administration of insulin and glucagonbat.ﬁharmacolegic
concehtrations would have Substantially altered the histidine
~influx contrary to the present results éince its facilitated
component;-thé major one at the histidine.concentration used,
would have been so altered. The lack of substantial insulin
effect on the Km of insulin entry lnto dog bone marrow ﬁucleated
cells contrasts with the remarkable fall in Kp for AIB entry
into-isolated rat diaphragms due to similar insulin édminis—
fration repofted.by Akeda and Christensen (5). |

In an in vitro study with rabbit bone marrow slices,
Necheles (30) has reported thét insulin (0.1 U/ml) enhances
the incérporation of histidine—imidazole-E-14C into cellular
protelns by about 30% of the control values after 1_hour of
incubation. In view bfvthe present results (TABLE VI),v |
enhanced transport is an unlikely explanatién for tﬁe enhanced
incorporatién in his observatioh; ‘

Chambérs,.Georg, and Bass (31) have demonstrated that
glucagon administered in vitro as well as in ii!g remarkably
stimulates the uptake of AIB, an unnatural amino acid, by_per- g

fused isolated rat livers. To what extent the'known.gluceneo-




genicveffect_of glucagon may depend upon 1ts possible effect
on the cell membrane transport of natural amino acids awaits

further investigatiens.

k. SUMMARY

The effect of insulin and glucagon on the kinetics of
L-histidine transport has been studied in the nucleated
cells of dog bone marrow suspended in Gey's Balanced Salt
Solution. Neither insulin (C;l U/ml) nor glucagon (1 Pg/ml)
had substantial effect on the influx, the fractional efflux,
and the fractional turnover rate of the intracellular pool.
A possible small increase'in the  fractional metabolic flux

was found when insulin was present in the medium.
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V. EFFECTS’OF PYRIDOXAL ON THE KINETICS OF‘INTRACELLULAR>
POOLS OF L-HISTIDINE AND L—TRYPTOPHAN IN'BONE-MARROW CELLS

A, INTRODUCTION | '

Some evidences for the possible role of pyridoxal in
amino acid transport have led Christensen, Riggs, Aspen, and
Mothon (32) to propose a hypothesis that pyridoxal might
function as a carrier in amino acid transport The two com-.
pounds were supposed to comblne to yield a Schiff's base. A
complex formed by chelation of a metal ion to the base was'
thought to be the diffu51ng unlt From thelr earlier work
(33) prlor to the proposal they knew that the alleged actlon
of pyridoxal would not represent a physiologlcal one. At
concentrations below 0.1 mM, pyrldoxal rapidly lost 1ts stim—
ulatory effect on glycine accumulation in Ehrlich ascites,
tumor cells. Subsequently, the hypothesis was abandoned by
these investigators themselves for the following reason: As f
a test»of the carrier function of a»compound,_Christensen -
(34) proposed that the entry of the compound itself into the'v

vcell should be accelerated'by the presence of‘amino acid in
the extracellular fluid. To their regret, they foundvthat
most of the amino acids tested actually.decreased the uptake
of pyridoxal by Ehrlich ascites tumor cells (35). The basis.
for their rejection of the alleged role of pyridoxal‘as a
carrier of amino acids does not appear, to the present author,
to be valid. It is quite possible that the hypothetical com-
plex can enter the cell more readily than the amino acid but

less readily than the carrier itself.




Two considerations have prbmpted the present study.
(i) It was felt plausible that an alteration in amino acid
transport might undeflie the alleviation of the clinical 
syndrome, "byridoxine—responsive anemia", by massive pyridox-
ine thérapy. A study of pyridoxél effect’on amino acid trans-
port in the_nucleafed dells of bone marrow would seem highly
indicated. (ii) Ngo {36) at this laboratorybhadetudied the
effect of pharmacological doses of pyridoxine oﬁ the appearQ
ance of 1*C0, in the.breath>following the administration of
L-tryptophan-1-14C, L—histidine—imidazole—Ef14C, L-methionine-
methyl-l4C, and NaH14CO3 to rats. Rats were given the **%C-
compound intravenously with and without prior intravenous
administfation of 100 mg pyridoxine hydrochleride 30 min be-

fore the injection of the '#*C-compound. He found that the

pyridoxine administration resulted 1n decreased rate of

*%4C0p excretion in the breath only in rats given L-tryptophan—-

1-14C. The breath 14CO’2 production in rats given other 4C-

compounds étudied was not affected.

B. MATERIALS AND METHODS
1._Materials

Basal Medium of Eagle with L-glutamine but without

PN

pyridoxal hydrochloride and phenol red was obtained from /.
Grand Island Biological Company (Grand Island, N.Y.) and
referred to simply as BME in this part of the paper. Pyri-
doxal hydrochloride was obtained from Calbiochem (Los Angeles,
Calif.) and kept in the dark until use. Solutions of pyri-

doxal were prepared immediately before individual experiments.
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Equimolar amounts of pyridoxal hydrochloride powder and 1 N
NaOH solution were mixed togetner first. The'mixture was
then dlssolved and diluted in BME to'yield desired finalb
concentration of pyridoxal in culture fluid in expeniments’
on cellular uptake'of labeled amino acids.b'In experiments
on hemolysis due to ammonium oxalate'in isotonic.solutiOns

- containing varying amounts of pYPidoxal, the said mixtufe l
Was dissolved and diluted to deSired final.pyridoxal concen--
trations in distilled water containing ammonium oialate

(80 mM) and NaCl (20 mh). | t

2. Accumulation of Radioactivity from Labeled Amino

Acids by Dog Bone Marrow Cells and Compartmental Analysis

of the Radioactivity Uptake as a Function of Incubation Time
| Methods usedvnad.previously been described in Paft II |
'of this papef. Two ml portions of cell suspension ‘were
delivered into a series of tubes containing 2 ml BME W1th -
and W1thout pyridoxal in the BME. After equilibration at
37°C for 20-30 min, tracer quantities of 1abeled amino- acids

‘were added in equal amounts to all tubes.

3. 1%C Accumulation fromlLabeled Tryptophan by Human

Erythrocytes

Erythrocytes were isolated from heparinized venous

blood of a ‘healthy young adult, washed once in BME, and resus-

vended in BME. Portions of the suspension were delivered

into a series of tubes containing BME with and without pyri- .

doxal in the BME. After‘equilibration at 37°C for 15 min,

tracer quantity of labeled tryptophan was added'to all tubes.
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After 2, 5, 10, and 20 min incubétion'at 37°C,.the tube con-
tent was passed through a membrane filter (Nalgene Filter
Unit, hembrane bore size 0.2 ¥ Nalgene Labware Cat. No. 120,
Rochester, N.Y.) under suction. Cells recovered on the mem-
brane were washed similarly with medium and digested together
with the membrane in NCS. The digest was then assayed for |
radioactivity by liquid scintillation counting. Suction

was applied to speed up the filtration since amino acid
exchange across the erythrocyte membrane was-expected to be
very rapid. This suction, however, appééred to haVe caused
some cell breékage.

4. Lysis of Erythrocytes in Ammonium Oxalate Solution

Human efythrocytes were isplated from heparinized
venous blood of a normal adult, waéhed once 1n 3 volumes of
Gey's BSS, and resuspended in 130 Volumés of 145 mM NaCl
solution. Four ml portions of the suspension were added t6
duplicated series of tubes containing 10 ml isotonic solu-
tions at equal concentration of ammonium oxalate (80 mM) and
NaCl (20 mM) but at varying concentrations of pyridoxal
(0-1 mM). The extracellular fluid of the resultant suspen-
sion in all tuﬁes was initiaily equiValent osmotically to
141-142 mM NaCl. After standing at room temperature for 5
min, the tube content was centrifuged at 4°C for 4 min. |
Optical density of the separated supernatant hemolysate Wés'
read at 541 mp in a Beckman DU Spectrophotometer against

distilled water as blank.



5. Osmotic Fragility of Erythrocytes in Hypotonic NaCl
Solution | | |

A total_of foufbexperiments were performed dn_eryth—
rocytes from three healthy laboratory wérkers. In each ex-
periment, erythrocytes were isolated from hepafinized venous
blood: of a<subje¢t. After.one-washing in Gey's BSS, cells
were incubatéd in 100 volumes of Gey;s-BSS in the absence
and pfesence of-pyridoXal in thevmediﬁm at 37°C fof 30.min;
Following the incubation, cells were recé?efed by centrifu-
gation, washed tWibe in‘3 volumes of Gey's BSS,'and resus-
pended ih 3_volumes of Gey'é BSS. 0.1 ml portions of the sus-
pension of 1ncubated and washed cells_wgre then addedrto avf
series of tubes containiné 10 ml buffered NaCl solutions at
varying effective NaCl concentrations. .The buffered NaCl
solutions were prepared by a standard technique'(37).v After
standing at room temperature for 45 min, thé.tube content'
was cenfrifﬁged, and optical densitj df ﬁhe sépéfaﬁed supér—'
natant fluid was read aﬁ 541 mpiagainst distilled water aé |
blank in a Beckman DU Spectrophotometer.

6. pH of Extracellular Fluid during Incubation

Iﬁ four separate experiments in whiéh bone marrow cells
or erythrocytes were incubated in BME or Gey's BSS in the ab-
_sence'éhd presence of pyridoxal in the médium, pH Qf the
extracellular fluid from control tubes at the beginningvof
incubation Was in the range 7.4-7.8 as determined in a pHv
meter (Beckman Zeromatic II). After 30 mih incubation, pH

rose slightly, but never exceeded the initial value by more
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than 0.3 units. Eilther at the beginning or after 30 min of
incubation, pH of the fluid from incubation tubes contain-
ing pyridoxal (2;5 mM) agreed with corresponding control

values to within 0.3 units.

C. RESULTS

1. Effects of Pyridoxal on Cellular Accumulation of

Labeled Histidine and Tryptophan

Dog bone marrow nucleated cells (contaminated by 2-4
erythrocytes,for every nucleated cell present) were incubated
with histidine—imidazole—z,5—3H and tryptophah—methylene—l4c
in the absence (contrbl) and presence of pyridoxal (2.5 mM)
in BME. Then after one brief (about 1 min) washing in 80
mM ammonium oxalate sblution, cells were packed by centri;
fugation, and the isoclated cell pellets were aééayed for °H
and 140 contents. The pyridoxal was found fo stimulaﬁe the-
radioactivity uptake from both labeled amino acids. Howéver,
while the washing in ammonium oxalate solution lysed most |
of the.contaminating erythrocytes from control incubétions
resulting in slightly pinkish pellets and pinkish superna-
tant hemolysate, similar washing of cells from incubations
in the presence éf pyridoxal résulted in pellets as deeply‘
red-colored as before the washing and nearly colorless super-
natant wash. The‘radioactivity uptake as a function of
incubation time was analyzed according to the compartmental
model shown in Fig. 1 (Part II). Fig. 10 shows the measured
radicactivity uptake and the corresponding best fit form of

equation 10 from such an experiment. The difference in
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FIGURE 10 , . ,
Accumulation of radioactivity inéide 5.2 i 107 nﬁélea-
ted ddg bone.marrdwvcells incubaﬁed in BME,With bdth L—his-
tidine-imidazole-2,5-%H at 0.052 mM“(SA 9;8*apﬁ/uum¢1e) and
L-tryptophan-methylene-14C at 0.024 mM (SA 20 dpm/uumole)
in the absence.and presence of 2.5 mM pyridoxal. The mea—.
sured cellular activity of 2H is shown as open (control)
and closed (2.5 mM pyridoxal) circles and that of %C as
triangles (controD and boxes (2.5 mM pyridoxal). As ex-
plained in the text, the measurement for uptake in the preé-
ence of pyridoxal 1ncludes radioacﬁivity in significant-num—
ber of contaminating erythrocytes. The best fit form of
'equationvio,to each set of data is represénted.by'the cof-

responding curve.
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extent of hemolysis between controlband pyrldoxal.in'this
experiment is ehown in TABLE VII. Results of compartmen—
tal analysis (TABLE,VIII) seemed to indlcate'the following:
(1) For both hietidine and tryptophan, pyridoxal consis-
tently increased both influx and efflux, expanded the_"intra-
cellular pool size", and decreased the fraCtional metabolic
- flux. (ii) Hypertrophy of the intracellular pool.in theb. |
presence of pyrldoxal appeared to result in diminished frac-
tional metabolic flux. Diminlshed fractional efflux. and
fractional turnover rate of the intracellular pool in two .
experinentsﬂseemed to be due to exceSSiverhypertrophy of
the'intracellular pool, These findings, however, mustvbe
regarded as. tentatlve because of the different extents to
which erythrocytes were lysed durlng the washing. ‘ o

- The following observatlons were then'made'to evaluate
the effect of pyridoxal on'tryptophan uptake byierythrocytes*
from venous blood of a normal human subject Cellular 14C
accumulation from tryptophan methylene—?4c in the pres—.
ence of 2.5 mM pyridoxal in the incubation medium was found
to be slightly higher than corresponding control values
(TABLE IX). The uptake appeared to be very rapid with a
halftime of less than 2 min., These findings were felt to
account at least partially for the findings presented in

Fig. 10 and TABLE VIII.

2. Effects of Pyridoxal on Osmotic Fragility of Human

Erythrocytes

The findings of apparent ability of pyridoxal to de-



TABLE VII
Effects of Pyridoxal on Hemolysis of Dog Bone Marrow Erythrocytes during
Incubation in Basal Medium of Eagle (BME) and during Subsequent Washing

in Ammbnium Oxalate Solution.

Hemolysis during _ _ : Incubation Washing

Optical density (OD) at 541 mu of o Supernatant Ammonium oxa-
Medium late wash
ob 0D
Control (no pyridoxal in medium) . 0.042 0.171
Pyridoxal (2.5 mM) in medium 0.020 0.029

Following incubation of 16 x 107 erythrocytes and 5.2 x 107 nucleated cells in the
absence and presence of pyridoxal (2.5 mM) in 5 ml BME for 70 min with shaking

(140 cycles/min), cells were packed by centrifugation and washed oncé in 5 ml 80‘mM
ammonium oxalate solution. Optical density of fthe 5 ml supernatant medium and 5 ml

supernatant wash were then read against appropriate blanks.
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TABLE VIII
Effects of Pyridoxal (2.5 mM) on the Kinetics of the Intracellular Pools of

I.-Histidine and L-Tryptophan In Dog Bone Marrow Célls,SuSpended in BME.

Fractional Influx Fractional Fractional Intracell- Efflux

turnover _ o efflux metabolic ular pool
rate of ) flux . size
intracell- :
ular pool
() (1) (k) (kp3) (1/r) (kp1%/7)
% % % % % %
Histidine o |
Exp. 1 o 137 <. 78 43 - 179 139
Exp. 2 158 227 . 178 10 143 254
Exp. 3 66 181 ‘ 70 43 . 27.6' | 193
Tryptophan- | A | _ | | | |
- Exp. 1 1(50_ | 146' . 103 _ 28 - 146 150 "
| Exp. 2 211 297 ._ 223 . 63 141 : 314
Exp. 3 84 179 88 | 38 214 188

The values listed are presented as ¢ of the COrresponding controlbvalues.v For reasons

given in the text, these findings were felt to be tentative only.

6L



TABLE IX

80

140 Accumulation in Human Erythrocytes Incubated with L-

Tryptophan-Methylene-1%C at 0.024 mM (SA 21 dpm/uumole)

in the Absence and Presence of Pyridoxal (2.5 mM) in

Basal Medium of Eagle*

Radiocactivity uptake
at ‘é'min
5 min
10 min

20 min

Control

dpm
334

356

374
434

Pyridoxal
dpm
388
hoh
420
626

*There were initially 9.0 x 107 erythrocytes present in the

cell suspension. Following incubation, cells were recovered

on a membrane filter and assayed fof radioaétivity content.

A fraction of the total cellular radiocactivity was lost to

the filtrate due to minor cell breakage during the filtra-

tion under suction.



" crease hemolysis in the precediné results prompted the.fol—v
.lowing ekperimentS. | |

Erythrocytes'were obtained from yenous blood of‘a nor-
mal human subject washed and suspended in physiological
saline solution, and then immediately subJected to fragility
test in a series of isotonic solutions at equal concentra-'
tion of ammonium oxalate but at varying concentrations of
'_pyridoxal as described under MATERIALS AND METHODS. All
solutions. were osmotically equivalent to 141 142 mM NaCl
solutions.: Results were given in TABLE X. The presence
of ammonium oxalate (57 mM) in the solution resulted in
81 84% hemolysis after 5 min 1ndependent of the presence
of pyridoxal (O -0.71 mM) -This finding, when contrasted

with the prev1ous findings (TABLE VII) suggested the fol—

lowing: (1) Increased resistance to lysis in 80 mM ammonium

oxalate in distilled water (hypotonic) was 1mparted to the
erythrocytes (from dog bone marrow) during incubation in

the presence of pyridoxal prior to exposure to the ammonium

oxalate solution. (ii) Resistance to lysis ofxerythrocytes'

(from human blood) by 57 mM ammonlium oxalate under isotonic
conditions was not imparted by the mere presence of pyri-

doxal in.the solution.

To evaluate whether the pyridoxal truly decreased osmotic

fragllity of erythrocytes, tests of osmotic fragility in
hypotonic saline solutions were carried out on human eryth—
rocytes which had been incubated for 30 min in the absence

and presence of pyridoxal (2.5 mM). As shown in Fig. 11,
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TABLE X.
Lysis of Human Erythrocytes by Ammonium Oxalate (57 mM)
in the Presence of Pyridoxal (0-0.71 mM) under Isotonic

Conditions (Equivalent to 141-142 mM NaCl Solutions) X

Pyridoxal Optical density % hemolysis

concentration at 541 mp

mM L ' : S %
0.71 - o.u3% 83
0.36 - L 6.435 = = - 84
0.071 . . 0.428 o 82
0.036 _ 0.436 84
0.0071 0.432 83
0.0036 | , 0.k25 - - 8
0 . o.i22 81

¥ The initial erythrocyte concentration of the mixture was
0.2% (v/v). After standing the mixture for 5 min at room
temperature, optical density of the hemolysate was read and
further converted to % hemolysis. Hemolysis in 0.24% (w/v)
NaCl was taken to be 100% hemoiysis. Results given were

means of duplicates.
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FIGURE 11 | | o |

Osmotic fragilility of human_erythrdcyfes - Effect of prior
incubation in the presence of pyridoxal., In éacﬁ‘eXperiment,
erythrocytés were isolated from venoﬁs biood.of é”héalthy
adult and incubated in Géy's BSS.with and wifhout pyfidoxél
(2.5 mM) in the medium at 37°C for 30 min. Following the
incubation, cells were recovered by centrifugation and washed
twice in_Gey's BSS. The incubated and washed cells were
then subjected to osmotic fragility test in buffered NaCl
solutions by a standard method. Optical density of hemoly-
sate was.read at 541 mp and the reading was-convertéd to
% hemolysis taking hemolysis in distilled watér as 100%
hemolysis. Results from 4vexperimentsvin 3 subjécts are
shown together in this figure. Closed (control)'and open

(pyridoxal) circles represent individual readings.
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the presence of pyridoxal during the preceding incubation
resulted 1in a slight shift of %-hemolysis curve toward low
_concentration side of control curve. The significance of"

this finding was discussed under DISCUSSION.

D. DISCUSSION

Ammonium oxalate solution has long been used to lyse.
erythrocytes in counting blood platelets (38). Erythrocyte
membrane is'probably only slightly'permeahle to ammonium
ions but highly permeahle to~oxalate ionsvand uncharged
ammonia.. Ammonia.forms in a solution ofvammoniumvsalt.
enters the cell " and reforms ammonium ions and hydroxyl
1ons by hydrolys1s withln the cell Anions, such as chloride
ions, enter the cell in exchange for the hydroxyl ion. In'
this manner, it is belleved (39, 40) erythrocytes are os-
motically lysed in solutlons of ammonlum salts. A solutlon'
of ammonium salt with suffi01ently low pPH and hence little
formatlon of ammonia in the solutlon may not have hemolytic
effect. ThlS, however, is unlikely the basis for the pres-
ent finding of failure of ammonium-okalate washing to lyse
erythrocytes previously exposed to pyridoxal, because all
solutionsbof ammonium oxalate (80 mM) containing 0-1 mM
'pyridoxal_as prepared in this study (cf. MATERIALS AND
METHODS) have pH in the ©. 4r6 5. Another possible explana-
tion for the flnding is that pyridoxal forms Schiff's bases
with many amines (41), If pyridoxal should form a Schlff's._
base with ammonia inside erythrocytes, virtual entry of

ammonium salt into the cells might be effectively minimized.
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This, again, i1s unlikely the case. Otherwise, in the experi-
ment presented in TABLE X, the extracelluler.pyridoxal may
be expected to minimize entry of ammonia into the cell, and
thus there may be no cause for hemolysis to occur in the
first place, contrary to the results (TABLE X).

In contrast to the remarkable resistance of erythro-
cytes preioaded with pyridoxal to hemolytic effect of ammo—
nium oxalate, similafly preloaded erythrocytes show only
slight increese in resistance to osmotic iysis in hyhotonic
saline solutions (Fig. 11). Accordingly, the former find-
ing appears to represent merely an apparent decrease in
osmotic fragility of erythrocytes. Even the 1atter finding
may not be assoclated with true alteration in osmotic fra-

_ gllity of erythrocyte membranes. As stated under MATERIALS
AND METHODS, the present preparatlon of incubation mixture
containing’pyridoxal involves neutralization of pyridoxal
hydrochlorlde with NaOH and subsequent dilutlon ‘in medium
used to prepare the control 1ncubation mixture. Thus, the
extfacellular fluid containing 2.5 mM pyridoxal may‘have an
osmolar concentration higher than the control value by an
equivalent of as much as 5 mM NaCl. It is possible, there-
fore, thet'the observed difference between the two hemolysis
curves in Fig. 11 is related to a slight dehydration of |
erythrocytes previously incubated in medium containing
neutralized pyridoxal hydrochloride. Somewhat against/this
view stand the following considerations: (1) Before the

incubated erythrocytes are subjected to osmotic fragility
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test, they are washed twice in medium used'to pre?ére the
control incubation mixture. It is likely that minor dif-
ferences in cell hydfatiOn would be eiiminated durihg the
waShing. (ii) During the incubation, extraéeilﬁlar pyri—.
doxal can form complexes with alkali‘metal ions, complexes
with amino acids, and complexesvﬁith both (42). If most
of.the pyfidokal should exist as the three-member compiexés,
osmolar'conéentration of the eXtPacellﬁlar fluid éontaining
pyfidoxal wéuld actually.be‘iowef than control vaiues. This.
seems impossible; because there is not eﬁough amino acid ihv_
the medium (Gey's BSS) tovpermit formation of 2.5 mM hYpo—
thetical'three—ﬁeﬁber complexes. HoWevér,_there are cef—
tainly mdre than enough_sodium,poﬁéssiuﬁ, and calcium.ions
tb permit formation of 2;5 thtwo—mémbefbcdmpléxes. (1i1)
Pyridoxal entersvthe céli and ﬁé&vevén concénﬁrétivély
accumulatevwitﬁin the celi (35).”_Under the”circﬁmétances,
the direction of éiteration; if any, in thé balance of_os_
ﬁotic concéntration écroésvthe erythfocyte membrane 1is byv

no means cléar without measurement of changes in cell vblume.
The most substantial argument in support of a slight but
real change in osmofic fragility of pyridoxal-loaded eryth-
rocytés.independent of cell volume change prior to fragility
test is this ;—— In all likelihood,:water movement. across
the erythrocyte membrane is sﬁfficiently fast that minor
differences in erythrocyte volume at the beginning of a

45 min expoéure of the_erythrocytes to 400 volumes of fragil-

ity test solutions would make no detectable difference in
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the outcome of the test. At any rate, prior £o the 45 min

ffagility test, the erythrocytes are incubated for only 30

min. Regardless of how fast or how slow water moves across
the cell membrane, 45 min is longer than 30 min.

The pyridoxal concentration of 2.5 mM has been chosen
for this study since 1t was feltvto chrespond in a way.to
the édministration.of 100 mg pyridoxine hydrochloride.to a
250 gm rat in Ngb's ih vivo study previously referred to under
INTRODUCTION. Tt is tempting to speculate that the dimin-
i shed 14C02 productlon from tryptophan l-l4C in his obser-
vation is related to '*C dilution in an intracellular tryp—
tophan pool already expanded by prior administration of
pyridoxine_hydrochloride; Several questions remain to be
safiSfied by such speculation. It is not known how fast
pyridoxide is cdnverted to active pyridoxalior pyridoxal
phésphatévin vivo.. Only the lattéf.two aldéhyde forms of
v1tamin B6 stlmulate amino a01d uptake in Ehrlich ascites .
tumor cells (35). Secondly, contrary to Ngo's 1n z}zg
findings, selective effect on tryptophan is not the case
in all in vitro studies known to this author. Thirdly,
under in vivo conditions, the amount of amino acids present
extracellularly is very.small compared to that present in-
tracellularly. It is difficult to understand how an Intra-
" cellular amino acid pool can expand substantlally in a
matter Qf 30 min in an animal. On the other hand, Ngo's
fihding may be taken as sdggesting an interesting possibility,

namely, that in vivo there exists an organ (e.g., the liver)



or tlseuevonly\whieh alénifleantly eenvefts the earbokyl'
carbon ofvtryptophan to‘COE, and further, as a fesult of
massive pyridoxinevadministraﬁion, only whose intracellular
tryptophan.pool is substantially enlarged.

Thelmajority of clinical cases of pyridoxine-responsive
anemia‘are;associated with hypochromla of erythroeytes, |
which, béing "poorly filled“, tend to have increased resis-
tance to hemolysis in hypotonic saline sdlutions; Sﬁch
consideration indicates that the yet unknown reason for the
efficacy bf-maaeive pyridoxine therapy in- this clinical syn-
drome is. to be sought not in connection with osmotic fra-

gility_df erythroeytes but elsewhere.

E. SUMMARY -

Intracellular accumulatlon of radloact1v1ty from L—v
hlstldlne 1m1dazole 2, 5— H and L- tryptophan methylene—l4C
by dog bone marrow nucleated cells incubated 1n Basal Med-
ium of Eagle was measured and analyzed accordlng tQ a three—
ceﬁpartment medel. For both amino aclds, pyridoxal adminis-

'ltered'at 2.5 mM concentration to the culture medium appeared

to stimulate both influx and efflux, expand the intracellular_

pool; and-diminish the ffaetional metabolic flux. These

findings were considered presumptive, because contamina-

ting erythrocytes exposed to pyridoxal during the incubation;

in contrast to those from control incubation,'were not ade-
quately lysed during washing_in ammonium oxalate solution
subsequent to the incubation. Prior exposure of erythro-

cytes to pyridoxal but not the presence of pyridoxal in
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ammonium oxalate solution appeared to have caused the dimin-
ished hemolysis in the ammonium oxalate solution. Normal
human erythrocytes similarly exposed to pyridoxal were

found to have slightly decreased osmotic fragility in hypo-
tonié saline solutions apparently independent of any ceil

“volume change prior to the fragility.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities- with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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