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THE HYPOXANTHINE TRANSPORTER OF NOVIKOFF RAT HEPATOMA CELLS EXHIBITS
DIRECTIONAL SYMMETRY AND EQUAL MOBILITY WHEN EMPTY OR SUBSTRATE-LOADED
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The kinetics of hypoxanthine transport were measured in hypoxanthine phosphoribosyltransferase-deficient
Novikoff cells by rapid kinetic techniques applying both zero-frans and equilibrium exchange protocols. The
data indicate operation of a simple carrier with directional symmetry and equal mobility when substrate
loaded and empty. Zero-trans influx and efflux were about equivalent and so were zero-frans influx and
equilibrium exchange flux. The apparent Michaelis-Menten constant and maximum velocity were about 500
1M and 100 pmol /s per pl cell H,O, respectively. The time courses of accumulation of radioactively labeled
hypoxanthine at a concentration above the Michaelis-Menten constant differed noticeably in zero-trans and
equilibrium exchange mode, but computer simulations showed that the difference is predicted by the
symmetrical carrier model and does not reflect trans-stimulation.

Introduction

In a previous study [1] we have measured the
zero-trans * influx of hypoxanthine in various types
of cultured cells, but in greatest detail in Novikoff
rat hepatoma cells, in which its conversion to
nucleotides was blocked because the cells were
depleted of ATP and P-Rib-PP, or deficient in
hypoxanthine-guanine phosphoribosyltransferase
(EC 2.4.2.8), or both. Hypoxanthine transport is
very rapid in these cells; the half-time (7, ;) for

*

As defined by Eilam and Stein (2}, ‘zero-srans’ designates the
transport of a substrate from one side of the membrane to
the other side, where its concentration is zero. ‘Equilibrium
exchange’ designates the unidirectional flux of radioactively
labeled substrate from one side to the other side of the
membrane, where substrate is held at equal concentration.
Arbitrarily, we designate the outside and inside faces of the
membrane as | and 2, respectively.
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transmembrane equilibration in the first-order
range of substrate concentration is 4 to 12 s, which
is at least 50-times more rapid than the non-medi-
ated permeation of hypoxanthine through the
plasma membrane at these concentrations [1,3]. In
this paper, ‘transport’ denotes solely the transfer
of unmodified exogenous substrate across the cell
membrane as mediated by a saturable, selective
carrier.‘Uptake’ denotes the transfer of radioactiv-
ity from exogenous labeled substrate to intracellu-
lar space or components regardless of metabolic
conversions. Because the initial linear phase of
substrate accumulation is too short to allow accu-
rate, graphical estimation of initial transport veloc-
ities, we have resorted to fitting an integrated rate
equation (Eqn. I, Materials and methods) based on
a simple carrier model [2] to complete time courses
of substrate accumulation to transmembrane equi-
librium. This approach not only allows estimation
of true initial velocities, but also the evaluation of
various transport models. The equation used in
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these analyses assumes symmetry of the trans-
porter with respect to direction and equality of
mobility of loaded and empty carrier. Carrier ‘mo-
bility’ denotes some macromolecular movement, if
only a conformational shift, and not necessarily
carrier translocation. These assumptions reduce
the number of parameters to be fit to two (K and
V') which is necessary for successful regression of
the zero-trans equation on the sets of data sup-
plied by our experimental protocols (6—8 substrate
concentrations, 15 time points per substrate con-
centration, see Ref.4). The excellent fit of Eqn.I
to our experimental data seemed to justify this
approach and suggested the operation of a sym-
metrical carrier whose mobility is the same whether
empty or loaded with hypoxanthine. Kinetic
analyses of four independent zero-trans entry ex-
periments yielded a mean Michaelis-Menten con-
stant for hypoxanthine transport in Novikoff cells
of 349 =17 uM and a mean maximum velocity of
53 =10 pmol /s per cell H,O [1,3]. Similar values
were obtained for other cell lines [3]. In the pre-
sent study we have expanded our previous studies
to compare zero-trans influx and efflux and in-
ward and outward equilibrium exchange of hypo-
xanthine in hypoxanthine-guanine phosphoribo-
syltransferase-deficient Novikoff cells and thereby
obtained direct evidence for the directional sym-
metry of the hypoxanthine carrier and its equal
mobility whether or not it is loaded with hypo-
xanthine.

Materials and Methods

Cell culture. Novikoff rat hepatoma cells and an
8-azaguanine-resistant mutant thereof (subline
1-9) lacking hypoxanthine-guanine phosphoribo-
syltransferase [5] were propagated in suspension
culture in Swim’s medium 67 as previously de-
scribed [6], except that the medium and its pre-
paration has been modified. The medium has been
supplemented with 200 mg sodium succinate and
15 mg succinic acid per liter to permit sterilization
of the basal medium by autoclaving (Swim, H.E.,
personal communication). The appropriate amount
of premixed S-210 powder (GIBCO) was dissolved
in 9740 ml of distilled water and supplemented
with 10.6 g Pluronic F68 [6]. This basal medium
was autoclaved at 121°C for 90 min, and, after

cooling, was supplemented aseptically with 250 ml
filter-sterilized 8.14% (w/v) NaHCO,, 10 ml of a
filter-sterilized solution of 62.5 mg penicillin G
and 12.5 mg streptomycin sulfate per ml of water,
500 ml sterile calf serum and 500 ml of a filter-
sterilized 10% (w/v) solution of Primatone-RL
(Humko Sheffield Chemical, White Station Tower,
TN). Cells were enumerated with a Coulter elec-
tronic counter and cell viability was assessed by
staining with Trypan blue. Cultures were ex-
amined for mycoplasma by the uracil /uridine in-
corporation method [7] and cultural techniques [8].
No mycoplasma contamination was detected.

Transport measurements. Cells were harvested
from late exponential phase cultures and sus-
pended in basal medium 42B [9]. The accumula-
tion of radioactively labeled hypoxanthine- was
measured at 25°C by a rapid mixing,/sampling
method described in detail previously [10,11]. The
method consists of mixing cell suspension at (2-3)
-107 cells/ml with a solution of radioactively
labeled substrate in short intervals with a dual
syringe apparatus (5 ml and 1 ml syringe) in a ratio
of 7.4:1. The cells are separated from the medium
by centrifugation through oil and analyzed for
radioactivity. Radioactivity per cell pellet was cor-
rected for that attributable to extracellular space
and converted to pmol /ul cell water.

For zero-trans influx measurements, the initial
intracellular concentration of hypoxanthine was
assumed to be negligible. For inward equilibrium
exchange measurements, samples of cell suspen-
sion were supplemented with specified concentra-
tions of unlabeled hypoxanthine, incubated at
37°C sufficiently long to ensure transmembrane
equilibrium (about 15 min) and, after cooling at
25°C, the accumulation of radioactively labeled
hypoxanthine at the preloading concentration was
measured as described above. In both cases an
increasing cell content of radioactivity was mea-
sured.

For measurements of efflux of radioactively
labeled hypoxanthine, samples of suspension of
(1-2)- 10* cells/ml were equilibrated with speci-
fied concentrations of radioactively labeled hypo-
xanthine. Then a suspension of preloaded cells was
mixed at timed intervals in a ratio of 1:7.4 (oppo-
site to that in influx measurements) with basal
medium devoid of substrate (exit) or of basal



medium containing unlabeled hypoxanthine at the
same concentration as labeled hypoxanthine used
for preloading the cells (outward equilibrium ex-
change). The cells were separated from the medium
by centrifugation through oil and analyzed for
radioactivity as in the influx protocol. In this case
a decreasing cellular content of radioactivity was
measured. Exit measurements with this protocol
are not strictly ‘zero-trans’, since the extracellular
concentration of substrate at zero-time is not nil,
but rather 12% that inside the cells.

For an analysis of the labeled components in
the acid-soluble pool, labeled cells were centri-
fuged through oil directly into an underlying acid
solution which was analyzed chromatographically
as described previously [1].

Treatment of the data. We generally follow the
nomenclature and definitions of kinetic parame-
ters formulated by Eilam and Stein [2]. We have
integrated over time the flux equations developed
by these investigators for the simple carrier model
[10,11]. For a carrier with directional symmetry
and equal mobility whether empty or loaded the
zero-frans entry equation reduces to:

vV+(1 +S1/K)S2v,) )

K+28,+S¥/K

S,_’,ZS,(I —exp(—

where S,, = concentration of intracellular sub-
strate at time ¢ (S,,=0); S, = extracellular con-
centration of substrate (and is taken as a constant);
K = Michaelis-Menten constant, and V =
maximum velocity.

The time course of isotopic exchange at equi-
librium is given by:

Veer
N2.1:N2,oc(1 —exp(———Kee+S)) 2)

for inward exchange and:

yeer
N, ,=(Nyo— NZ,w)(exp( ~X=3s ) )
+N, ot N, 3)

for outward exchange, where N, , = intracellular
concentration of radioactivity at time ¢; S=
substrate concentration which is equal on both
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sides of the membrane, and K and V* are the
apparent Michaelis-Menten constant and maxi-
mum velocity for equilibrium exchange, respec-
tively. For inward exchange, N, . = N,, the con-
centration of radioactivity per equivalent volume
of medium. For outward exchange, N, =
N,,/8.31, and not zero, because of the carryover
of radioactivity from the preloading mixture into
the extracellular compartment which our proce-
dure entails. In Eqn. 3, N, , = non-effluxable ra-
dioactivity present intracellularly after preloading,
which, in the case of hypoxanthine uptake by 1-9
cells, reflected small amounts of hypoxanthine
converted to nucleotides during prolonged prein-
cubation by means of residual hypoxanthine-
guanine phosphoribosyltransferase activity in this
mutant. N, . was generally <20% of N,, (see
Fig. 1). To facilitate comparison with net flux data,
N, has been expressed as chemical concentration
of radioactively labeled substrate at its initial
specific radioactivity.

Eqns. 1-3 were fitted by a non-linear
least-squares regression program based on the al-
gorithm of Dietrich and Rothmann [12] to the
appropriate time courses of substrate transmem-
brane equilibration pooled for seven substrate
concentrations. Data were weighted as the recipro-
cal of substrate concentration, which, in effect,
gives equal weighting with respect to amount of
radioactivity. Convergence is defined as a change
of <0.01% in all parameter values on successive
iterations. The program generates best fitting val-
ues of the kinetic parameters, the associated stan-
dard errors of estimate, the correlation coefficient
(r,5) of measured values of the dependent variable
(y) on computed values (J), and several plots
depicting the individual residuals (y — ) vs. the
computed values, the independent variables (S
and ¢t) and as an error distribution on a normal
grid (Ref. 13; see for example, Fig. 4).

Initial zero-trans (v},) and equilibrium ex-
change (v°®°) velocities were calculated for a given
substrate concentration as the slopes of the curves
described by Eqns. 1 and 2 or 3, respectively, at-
t=0: v}, =SV/(K+S,) and v =SV*/(K* +
S).

We have so far not been able to apply in-
tegrated rate analysis satisfactorily to time-courses
of zero-trans exit of hypoxanthine. One problem is
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the presence of non-effluxable radioactivity in pre-
loaded cells, referred to already, which introduces
an additional parameter to be fitted. However, for
concentration of substrate well below the Michae-
lis-Menten constant for transport, the zero-trans
rate equation for exit can be approximated by
Eqn. 4, which is formally identical to Eqn. 3;

S, . =(80— Sz.oo)[eXP(_k/’)] +85 .15, 4)

where k' = the apparent first-order rate constant
V/K and S,, is a corrective term equivalent to
N, . in Eqn. 3. For concentrations of hypoxanthine
<K (i.e. 20 uM, see Fig. 1) we have estimated v?}
by fitting Eqn. 4 to time-courses of substrate re-
lease. For concentrations of hypoxanthine > X this
approach is not applicable, so exit curves were
drawn by hand.

Materials. [2-*H]Hypoxanthine and [8-'*C]hy-
poxanthine were purchased from Moravek Bio-
chemicals (Brea, CA) and diluted to the desired
specific radioactivities with unlabeled hypo-
xanthine obtained from Sigma Chemical Co. (St.
Louis, MO).

Results and Discussion

Hypoxanthine transport in hypoxanthine-guanine
phosphoribosyltransferase-deficient cells

Fig. 1 illustrates early time-courses of zero-1rans
entry and exit and inwards and outwards equi-
librium exchange of hypoxanthine at concentra-
tions of 20 pM and 2 mM in Novikoff rat hepatoma
cells lacking hypoxanthine-guanine phosphoribo-
syltransferase. Chromatographic analysis of the
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Fig. 1. Comparisons of initial time course of zero-frans entry and exit and inward and outward equilibrium exchange in
hypoxanthine-guanine phosphoribosyltransferase-deficient Novikoff cells at 25°C. Changes in intracellular concentration of ['*Clhy-
poxanthine (S, , or N,,) were measured in triplicate in four experimental protocols in the same population using the rapid kinetic
technique. The concentration of radioactivity was 180 cpm /pl, regardless of the hypoxanthine concentration. Equations 1, 2 and 3
were fitted to the data for zero-trans entry (O Q), and inward (@ @) and outward (A A) equilibrium exchange,
respectively, with K(= K*°) fixed at 450 pM. The listed initial zero-frans and equilibrium exchange velocities (v and v* in pmol/s
per ul cell H,0) were calculated for S, =S5=20 uM or 2mM by substituting the estimated values for V' and V* into:
vy =S\V/(K + 8)) and v = SV /(K + §), respectively. v3i(= k'S, o) for 20 pM hypoxanthine was estimated by fitting Equation
4 to the zero-trans exit (A A\) data. The curve for zero-trans exit of hypoxanthine at 2 mM was drawn by hand.




acid-soluble pools of cells incubated with [*H]hy-
poxanthine for 60s showed that no significant
phosphoribosylation had occurred during this time
period. Directional symmetry of the hypoxanthine
transporter is indicated by the approximate equiv-
alence of the initial velocities of zero-trans entry
(v%)) (Fig.1). Even though we can provide an
accurate estimate for zero-trans exit only for 20
#M hypoxanthine (ie., at S<K; see Materials
and Methods), it is apparent that the entry and
exit curves for 2 mM hypoxanthine also mirror one
another fairly closely, i.e. that there was no gross
difference in flux with respect to direction. Simi-
larly comparable zero-trans exit and entry time-
courses were observed in four other experiments
with hypoxanthine concentrations ranging from 20
to 2000 uM.

Equivalent mobility of empty and hypo-
xanthine-loaded carrier is indicated by the ap-
proximate equality between initial velocities of
zero-trans entry and exit (v*') and equilibrium
exchange (v®) at a hypoxanthine concentration
(2mM in Fig. 1B) well above the Michaelis-Menten
constant for hypoxanthine transport (K; see be-

TABLE 1

509

10, T 400 . T
A 8
ee _
zt ee -~
’
L // zt
5 4 200/
S,orNy =1OuM !/ Ny or $) =350 pM
=
a
by a1 i 1 1
= % s 10 s % 10 20 30
- 100 T o= 20 T T =
° c o7 D. e
s ees -
m(\‘ 7 ee’/
/ ’
/ zt ,/
/ ’
soor ! 1000k 7 zt 4
? /
1/ s10r N, =1000 uM ,l
[}
1/ S10rN; = 2000 um
0 i 1 o L
(o] 20 {0 60 o] 25 50 75

TIME (SEC)

Fig. 2. Simulated time courses of zero-trans entry and inward
equilibrium exchange for a simple transporter with directional
symmetry and equal mobility when substrate loaded and empty.
The progress curves for S,, and N,, were generated for the
indicated substrate concentrations (S, or N,) by numerical
solution of Eqns. 1 and 2, respectively, with K = K =450uM
and V=V =130 uM/s.

KINETIC CONSTANTS FOR ZERO-TRANS ENTRY (1—2) AND INWARD (1—2) AND OUTWARD (2~ 1) EQUILIBRIUM
EXCHANGE OF HYPOXANTHINE IN HYPOXANTHINE-GUANINE PHOSPHORIBOSYLTRANSFERASE-DEFICIENT

NOVIKOFF CELLS

The [*H]hypoxanthine concentrations were generally 40, 80, 160, 320, 640, 1280, and 2560 uM (between 500 and 900 cpm/pl,
regardless of concentration in individual experiments). The intracellular and extracellular H,O spaces fell between 15 and 20 pl and 2
and 4 pl per sample, respectively. The appropriate integrated rate equations (1-3) were fitted to the pooled data and the best fitting
parameters are listed. Where indicated zero-trans entry and inward equilibrium exchange were measured in the same population of
cells. Representative time courses of inward and outward equilibrium exchange from experiments 1 and 9, respectively, are illustrated
in Fig. 3. Analyses of the residuals of the least-squares fits of the appropriate rate equations to the data from experiments 1 and 9 by a

number of statistical procedures are illustrated in Fig. 4.

Direc- Expt. Zero-trans Equilibrium exchange
tion
K V (pmol /s ) Kee Ve (pmol /s r.s
(M) per ul cell H,0) (uM) per pl cell H,0)
1-2 1 509=18 11714 0.996 881109 109=8.8 0.993
2 595=21 58=+0.8 0.996 551+ 85 6854 0.993
3 588+35 6714 0.984
4 45482 76+7.6 0.989
S 295+27 6120 0.963 331= 70 82x45 0.978
6 734+97 107=5.0 0.963 563= 91 140=7 0.989
7 39145 154=70 0.976
8 495x53 96+3.6 0.964 424=117 82=+5 0.978
2-1 9 636~ 78 92=7 0.997
Average (=S.E)) 508=+48 564+ 77
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Fig. 3. Representative time courses of inward (A-D) and outward (E-H) equilibrium exchange of hypoxanthine in hypoxanthine-
guanine phosphoribosyltransferase-deficient Novikoff cells at 25°C. The data are from experiments | and 9 in Table I, which lists the
best fitting kinetic parameters obtained by fitting the appropriate integrated rate equations to the complete data sets. The initial
velocities (in pmol/s per pl cell H,0) were calculated from the estimated values of K and V** for the given substrate concentrations

as slopes of the theoretical curves at r =0.

low). Differential mobilities of empty and loaded
carrier are most clearly detectable by a difference
between v*' and v when S>> K [4], whereas the
two velocities approach identity when S < K [4].
The time courses for zero-trans accumulation and
inward equilibrium exchange of 2 mM hypo-
xanthine differed greatly (Fig. 1B), and might seem
to suggest a difference in initial rates. But this
difference is entirely predictable from Eqgns. 1 and
2, based on the simple carrier model. In fact, the
time courses of [*HJhypoxanthine accumulation in
the zero-trans and equilibrium exchange mode cor-
related very well with those simulated by computer

for a simple carrier with directional symmetry,
equal mobility when loaded or empty and with
kinetic parameters equal to those measured for the
hypoxanthine transporter (compare Fig. 1B with
Fig. 2D). Graphical estimation of initial velocities
from such time courses (or fitting quadratic or
exponential equations) would have led to the erro-
neous conclusion that v* >0, indicative of
trans-stimulation, whereas integrated rate analysis
clearly indicates that the two did not differ signifi-
cantly. On the other hand, the time courses of 20
pM [*H]hypoxanthine accumulation were about
the same for zero-trans entry and inward equi-

Fig. 4. Examination of residuals from computer fits of Equations 1, 2 and 3 to zero-frans, and inward and outward equilibrium
exchange data from experiments 1 and 9 (Table I), respectively. The observed and computed values of the dependent variable (S, , or
N, ,) were normalized to the computed asymptotic values and are designated y and y, respectively. In panels A, E and I, y — " is
plotted against §; the different letters used as plot symbols identify the various concentrations of substrate comprising each data set in
experiments 1 and 9 (with A representing the lowest concentration). In panels B, C. F, G, J and K, y — ¢ is plotted against the
independent variables (S, or S and 7). In panels D, H and L the residuals are ranked and plotted on a normal grid. In this
presentation a normal distribution approaches a straight line through the origin [13,14].
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librium exchange, just as expected from computer
simulations (compare Figs. 1A and 2A). These
results emphasize the importance of applying in-
tegrated rate analysis to estimate initial transport
velocities from time courses of substrate trans-
membrane equilibration.

TableI summarizes the kinetic parameters for
zero-trans entry and inward and outward equi-
librium exchange observed in a number of inde-
pendent experiments with transferase-deficient
Novikoff cells. In each experiment the appropriate
integrated rate equation was fitted to data pooled
for at least seven hypoxanthine concentrations
(generally from 40 to 2560 pM), each time course
consisting of 15 time points. Representative time
courses for inward and outward equilibrium ex-
change are illustrated in Fig. 3; typical time courses
for zero-trans accumulation of hypoxanthine have
been presented previously [1]. The kinetic parame-
ters for equilibrium exchange (K and V*°) did
not differ significantly from K and V, respectively,
estimated from the zero-trans data by assuming
directional symmetry and equal mobility of loaded
and empty carrier. This justifies our approach of
fitting the simplified zero-frans equation (Eqn. 1)
to the zero-trans entry data.

The values of K and V obtained in the present
set of experiments are somewhat higher than those
obtained in five other experiments conducted pre-
viously with transferase-deficient and ATP-de-
pleted wild type Novikoff cells [1,3]. The reasons
for this difference are not apparent. However,
recently we have been propagating the cells in a
somewhat modified medium (see Materials and
Methods) and the medium has been supplemented
with a different batch of calf serum.

We have assessed the closeness of fit of the
theoretical equations to our experimental data
using a number of statistical procedures [13]. The
correlation coefficient, r, ; (the slope of the linear
regression of a plot of y, the experimental value (in
our case, S,, or N,,) versus p, the computed
theoretical value), seems to be as good an indicator
of closeness of fit as any other single value, and
the appropriate values of this coefficient are listed
for each experiment. However, we have also
routinely examined the deviations of observed ( y)
from computed values () for tendential changes
with either independent variable (i.e. with S| and

t), or with y, and have ascertained the normalcy of
the overall distribution of these deviations [13].
Fig. 4 shows examples of these analyses for zero-
trans entry, and inward and outward equilibrium
exchange; the deviations, y — 7. were normalized
to S, or N, because it is this normalized
deviation squared, which the fitting program seeks
to minimize. In all three cases the deivations ap-
pear to be distributed randomly around 7 (Figs. 4
A, E and 1) and to show no bias with respect to S
or ¢ (Figs. 4 B, C, F, G, J and K). The normalcy of
the distributions of the deviations overall are dem-
onstrated in Figs. 4 D, H and L by their falling on
a straight line through the origin of the grid. These
plots are best appreciated in comparison with simi-
lar plots of samples from authentic, normally dis-
tributed populations as presented by Daniel and
Wood [14]. None of these statistical procedures, of
course, proves that the fitted equations are the
correct ones, but they indicate nevertheless, that
the experimental time courses of hypoxanthine
transmembrane equilibration both in the zero-trans
and equilibrium exchange modes are well de-
scribed by the appropriate equations derived from
the simple carrier model.

In its directional symmetry and equal mobility
of empty and substrate-loaded carrier, the hypo-
xanthine transporter is identical to the nucleoside
transporter (Refs. 3 and 18, and Wohlhueter, R.M.,
Erbe, J. and Plagemann, P.G.W., unpublished
data), but both differ in one of these properties
from the hexose transporter of cultured mam-
malian cells. The hexose transporter is also sym-
metrical with respect to direction, but it moves
more rapidly when loaded than when empty [4,15].
Work with the hexose transporter showed that a
2-fold differential mobility of loaded and empty
carrier can readily be detected by our procedures.
Nucleoside and hypoxanthine transport exhibit
other overlapping features; for example, their
kinetic parameters are similar, the transport of
nucleosides is inhibited by hypoxanthine, and the
transport of hypoxanthine is inhibited by various
nucleosides [3]. They are, however, distinguishable
genetically and on the basis of their sensitivity to
inhibition by nitrobenzylthioinosine (6-((4-nitro-
benzyl)thio)-9-8-D-ribofuranosylpurine). Nucleo-
side transport in Chinese hamster ovarian cells 1s
strongly inhibited by nitrobenzylthioinosine ( K, ~



1 nM), whereas hypoxanthine transport is little
affected by a concentration of the analog which
inhibits nucleoside transport about 90% [16]. Also,
a mutant of the mouse T-cell line S49 which is
defective in the uptake of various nucleosides
(strain AE1) takes up hypoxanthine unabated [17].
Thus, further work is required to assess the rela-
tionship between nucleoside and hypoxanthine
transport.

Estimation of kinetic parameters for hypoxanthine

transport from uptake curves with wild type cells
We have also determined whether the kinetic

parameters for hypoxanthine transport can be de-
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Fig. 5. Fits of Eqn. 1 to time-courses of zero-trans uptake of
[*H]hypoxanthine by wild type Novikoff cells at 25°C. The
uptake of the various concentrations of [*Hlhypoxanthine (600
cpm/pl, regardless of concentration) was measured by the
rapid kinetic technique. All radioactivity values were corrected
for substrate trapped in extracellular space (2.5 pl/509 pl
sample of cell suspension) and converted to pmol /ul cell H,O
on the basis of an intracellular H,O space of 15 pl per sample.
Eqgn. 1 was fitted in turn to the data pooled for panels A-G,
B-G, C-G, D-G and E-G and the best fitting kinetic parame-
ters (=S.E. of estimate) are listed in the inset. (See text for the
rationale of progressively excluding low concentrations of exog-
enous hypoxanthine from the kinetic analyses.) The theoretical
curves shown are those resulting from fitting Eqn. 1 to the
complete data set (A-G). S, is set in quotations to indicate
that the measurement includes all radioactivity derived from
hypoxanthine, and is not strictly the chemical concentration of
hypoxanthine. Initial velocities (in pmol/ul cell H,0) were
calculated from the estimated values of K and V for a given
substrate concentration as the slopes of the theoretical curves
at t=0.
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duced from time-courses of zero-frans hypo-
xanthine uptake by wild-type Novikoff cells in
which hypoxanthine is phosphoribosylated. Fig.5
illustrates early time courses of uptake at hypo-
xanthine concentrations from 40 to 2560 uM. From
replicate cell samples we extracted the acid-soluble
pools and used chromatographic analysis to
quantitate the amount of radioactivity in phos-
phorylated products. When the hypoxanthine con-
centration was 40 pM (Fig. 5A), uptake was ap-
proximately linear and the intracellular concentra-
tion of radioactivity exceeded that in the medium
within 10s of incubation. The data are in agree-
ment with previously reported results [1]. Within a
few seconds free hypoxanthine attained an in-
tracellular steady-state level of about 80% of that
in the medium and uptake reflected the accumula-
tion of labeled nucleotides. After 60s of incuba-
tion 50% of the intracellular radioactivity was as-
sociated with nucleotides (data not shown). The
hypoxanthine phosphoribosyltransferase (K, =
2-6 pM [1]), therefore, became rapidly saturated
at this and higher hypoxanthine concentrations
and with increase in hypoxanthine concentration,
a progressively smaller proportion of the entering
hypoxanthine became phosphoribosylated, until at
a concentration of 2560 pM only about 5% of the
intracellular radioactivity was associated with
nucleotides after 60 s of incubation. Thus at higher
concentrations the rate of phosphoribosylation was
insignificant in comparison to the rate of hypo-
xanthine entry, and the time-courses of hypo-
xanthine uptake largely reflected the accumulation
of unmodified substrate. This is borne out by the
fits of Eqn. 1 to the data. Curves drawn according
to the kinetic parameters obtained by fitting all
the data coincide reasonably well with the data at
concentrations above 160 pM, and the estimated
kinetic parameters were similar to those obtained
with cells deficient in phosphoribosylation. We
fitted Eqn. 1 to increasingly smaller sets of data by
omitting one concentration at a time beginning
with 40 uM (see values in inset of Fig.5). Little
improvement in fit was statistically evident since
decreasing deviations were offset by smaller num-
bers of data, although slightly higher K values
were obtained by omitting the lower concentra-
tions. The analyses show that the kinetic parame-
ters for substrate transport can be approximated
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with reasonable accuracy from time-courses of
substrate uptake if analysis is confined to time
intervals at which intracellular concentrations of
isotope remain substantially less than that in the
extracellular fluid. This condition is readily met if
the Michaelis-Menten constant and maximum
velocity for transport are two orders of magnitude
higher than those for the enzyme that is rate-de-
termining in its conversion to phosphorylated
products as is the case for hypoxanthine [1].
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