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Abstract

Using human erythrocytes as a model system for the study of mammalian polyamine transport, detailed kinetic parameters regarding
the uptake and export of putrescine and spermidine were determined. The putrescine uptake data indicated a multi-component uptake
system comprised of a low-capacity saturable component and a non-saturable component. The saturable putrescine uptake component
demonstrated a calculated K,, of 21.0 uM and a V,, of only 6.52 X 107!* M /s. The non-saturable linear putrescine uptake rate was
defined by a significant pH dependence, a lack of uptake inhibition by related polyamines, and a permeability 7 of 3.19 X 1078 s~
These findings suggested that non-saturable putrescine uptake involved a process of simple diffusion. Spermidine uptake exhibited
Michaelis-Menten kinetics with a K, and V. of 12.5 uM and 1.36 X 10~ ' M /s, respectively. Spermidine uptake did not demonstrate
pH dependence and was not significantly inhibited by any of the tested polyamines. The Arrhenius plot of spermidine uptake was
determined to be biphasic with calculated activation energies of spermidine uptake of 135.2 kJ /mol for 19-21°C and 59.3 kJ /mol for
21-35°C. These data suggest the possibility of multiple spermidine uptake processes which are not mediated by simple diffusion across
the cell membrane. The putrescine export process demonstrated both saturable and non-saturable components. The calculated K,,, V..,
and 7 for putrescine export were 33.8 uM, 1.19 X 10~'" M /s and 2.81 X 10~7 s, respectively. The spermidine export process was
non-saturable up to intracellular spermidine concentrations of 4 uM. At similar intracellular and extracellular concentrations of putrescine
and spermidine, however, export processes displayed rates which were an order of magnitude greater than their respective uptake rates.
This finding supports the possible presence of mediated putrescine and spermidine export processes different than simple diffusion.
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1. Introduction

A wide variety of polyamine uptake processes have
been described for many different mammalian cell systems
[1-8]. Both specific and non-specific transporters of pu-
trescine and spermidine have been reported with varying
rates, affinities and substrate dependences [1-11]. Along
with polyamine biosynthesis and turnover, these polyamine
uptake processes have been implicated in the regulation
and maintenance of intracellular polyamine concentrations
in mammalian cells undergoing growth and differentiation
[12-23].
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Less is known, however, about polyamine export from
mammalian cells. While the molecular basis of putrescine
export has been extensively characterized in prokaryotes
[24], much less is known about this process in mammalian
systems [25-35]. This lab has recently reported that the
constitutive export of putrescine and cadaverine occurred
in a variety of cultured cells under serum-free conditions
[26]. Furthermore, this putrescine export process appeared
to be highly regulated by hormones, growth factors and
serum with selective inhibition by diamines and verapamil
[36]. Thus, in conjunction with polyamine turnover, this
export process could serve to lower intracellular polyamine
concentrations in response to various effectors and cellular
metabolism.

In order to thoroughly characterize the uptake and
export processes in mammalian cells, accurate quantitative
measurements of intracellular polyamine concentrations
and net transport rates were required. Since most cultured
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mammalian cells have non-uniform cell volumes and con-
tain interchangeable intracellular polyamine pools, they
were not considered good models for rigorous kinetic
characterization.

Even though they have low endogenous polyamine
levels, human erythrocytes were considered an appropriate
model system in which to study polyamine uptake and
export for several reasons. Uniform cell dimensions, water
volumes and membrane compositions are explicitly and
accurately known for erythrocytes from different species
[36]. These data make calculations of transport rates from
erythrocytes much more accurate than from cultured cells
or membrane vesicles.

In addition, hematopoietic stem cells contain a large
number of membrane transporters similar to other mam-
malian cell types. During hematopoiesis, however, a num-
ber of transporters are reduced 100-fold or more [37-39].
Along with the expulsion of the nucleus, this overall
reduction of membrane proteins produces a much simpli-
fied cell with little intracellular compartmentalization. Ery-
throcytes, therefore, represent a natural vesicle model of
the stem cells which can be used to characterize transport
rates.

By incubating these cells with varying extracellular
concentrations of putrescine or spermidine, kinetic parame-
ters were obtained which described the uptake and efflux
transport rates and their saturabilities. In contrast to earlier
preliminary polyamine transport studies in erythrocytes
[9,40], all assays were performed under serum-free condi-
tions. Since high levels of polyamines have been found to
be reversibly bound in serum, using serum-free conditions
allowed for a more accurate quantification of true
polyamine concentrations, transport rates and saturation
kinetics. Competitive effects on uptake by additional
polyamines were also measured. It was determined that at
equivalent intracellular and extracellular concentrations of
putrescine and spermidine, efflux occurred approximately
ten times faster than uptake for both tested polyamines.

2. Materials and methods

2.1. Materials

[*H]Putrescine was obtained from Amersham Life Sci-
ence while [*H]spermidine was purchased from NEN Re-
search Products. RPMI 1640 was purchased from Gibco-
BRL. Cytoscint liquid scintillation cocktail was purchased
from ICN Biochemicals. All other reagents were obtained
from Sigma.

2.2. Erythrocyte preparation

Erythrocytes were prepared as described [9] with slight
modifications. Briefly, blood was drawn and mixed with

10% v/v 0.1 M sodium citrate as an anti-coagulant. Cells
were immediately centrifuged at 2000 X g for 15 min.
Serum was collected and the white buffy coat discarded.
Cells were resuspended and centrifuged twice in 0.22 um
filtered sterile RPMI 1640 media, pH 7.4 with 20 mM
Hepes. Cells were then placed at 50% hematocrit and
pipetted into 100 ul aliquots in autoclaved 1.5 ml mi-
crofuge tubes. Erythrocytes were stored at 4°C for no more
than 3 days.

Cell number was initially determined for preparations
by two methods: cell dry weight and a Neubauer cell
counting chamber. Aliquots of erythrocytes were dried
overnight at 70°C until no weight changes were observed.
Hematological dry cell weight was obtained from refer-
ence works [36,42] and was taken to be 3.0 x 107!
g/cell. Neubauer cell counts used Hayem red cell counting
solution for cell dilution and were performed twice. Both
methods gave nearly identical values such that the cell dry
weight method alone was eventually used.

2.3. Determination of extracellular and intracellular

polyamine levels in serum-free human erythrocytes by
HPLC

Erythrocytes were incubated in RPMI, pH 7.4 at 37°C.
After specified intervals, samples were centrifuged and
analyzed as per Gilbert et al. [41]. Briefly, collected media
was run through Bio-Rex 70 ion-exchange resin, washed
and eluted with 4.0 M NH,OH. Eluants were vacuum
centrifuged to dryness, dansylated and submitted to HPLC
analysis. Washed cells were lysed in 0.5 M perchloric acid
(PCA) by sonication. Samples were centrifuged, dansy-
lated and analyzed by HPLC.

Though the levels were quite low in comparison to
mammalian cell lines, putrescine and spermidine concen-
trations in erythrocytes were reproducibly measured. Due
to the high degree of clean-up provided by the analytical
HPLC method [41] and the use of serum-free conditions,
background polyamine levels were reduced to allow a
greater sensitivity of detection and quantitation compared
to previous studies. A large cell number per assay (approx.
10® cells /assay) also improved the detection of the low
intracellular polyamine levels present in untreated erythro-
cytes. Typical estimates from our laboratory of intra-
cellular putrescine concentrations in mammalian cell lines
range from 1 to 10 uM while erythrocytes demonstrated
intracellular concentrations in the nM range. A value of 90
fl for the erythrocyte cell volume [42] was used to calcu-
late the intracellular polyamine concentrations.

Human sera from the erythrocyte preparations were also
analyzed for polyamine content by HPLC. Briefly, a 500
w1 aliquot of human serum was placed in 0.5 M PCA for
protein precipitation. Samples were centrifuged and the
supernatant was saved. A 500 wl aliquot of this super-
natant was dansylated and analyzed by HPLC as described
[41].
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2.4. Erythrocyte net uptake assays

Aliquoted erythrocytes were equilibrated at 37°C for 5
min before assays. Radiolabelled polyamines were added
at t=0. Following the indicated time periods, aliquots
were washed three times with ice-cold phosphate-buffered
saline (PBS). Erythrocyte pellets were lysed with 0.5 M
perchloric acid, sonicated and stored overnight at —20°C.
The samples were centrifuged at 12000 X g for 7 min.
Aliquots of the supernatant were then counted. Possible
quenching from hemoglobin was not detected as deter-
mined from the H number.

For the pH-dependent uptake assays, RPMI, 20 mM
Hepes was adjusted to the desired pH using dilute HCI or
NaOH solutions and then sterile filtered with a 0.22 um
filter. Uptake was performed as previously described.

2.5. Erythrocyte net efflux assays

Erythrocytes were incubated at 37°C in radiolabelled
spermidine or putrescine of different concentrations for 15,
30 or 60 min. After this loading period, the cells were
washed rapidly with ice-cold PBS and reincubated in fresh
RPMI at 37°C over the indicated efflux time periods.
These cells were rewashed and assayed for efflux as
above. The measured decrease of radiolabel in the cells
with time was taken to represent the amount of effluxed
polyamine.

2.6. Calculated concentration-dependent uptake and ex-
port of putrescine and spermidine using determined kinetic
constants from transport assays

Saturation curves detailing the saturable components of
putrescine export and uptake were plotted using the kinetic
constants determined from uptake and export assays and
the Michaelis-Menten equation for saturable kinetics, v =
(Voax *S)/(K,, +5), where v is the transport velocity
M/s), V., is the maximum transport velocity (M/s),
K, is the Michaelis constant (M) and § is the concentra-
tion of cis-applied putrescine (M). The total uptake and
export curves were determined by plotting both saturable
and non-saturable components of putrescine uptake and
export using the modified Michaelis-Menten equation, v =
(Voax * ) /(K. + S) + (7 * §), where 7 is the rate con-
stant of the non-saturable transport process (s~').

The saturable spermidine uptake curve was plotted as
described for the saturable putrescine process. The non-
saturable spermidine export curve was determined by plot-
ting v =7 xS, where v is the spermidine export rate, 7 is
the non-saturable rate constant of spermidine export and §
is the intracellular concentration of spermidine.

3. Results

3.1. Determination of intracellular and extracellular
polyamine concentrations in human erythrocytes assayed
under serum-free conditions

The observed basal concentration of intracellular pu-
trescine was determined as approximately 1 nM and did
not change significantly over the incubation period (Fig.
1A). Net export of putrescine into the culture media was
observed only during the initial 15 min of incubation with
media putrescine levels remaining constant over the ensu-
ing 45 min. Intracellular spermidine levels increased
slightly over the initial 30 min incubation period (Fig. 1B).
The basal intracellular spermidine concentration was also
quite low i.e. 7 nM. Compared to putrescine export, sper-
midine export did not occur to an appreciable extent and
was not within the limit of quantitation of the analytical
HPLC method [41]. The low intracellular polyamine levels
were in agreement with the observation that the export rate
was ten-fold faster than the uptake rate. The observed
increase in total putrescine was also consistent with the
reported limited degree of polyamine biosynthesis [43].

Human serum obtained during the preparation of the
erythrocytes had typical putrescine concentrations of 100-
300 nM while spermidine and spermine levels were less
than 1 nM. N'-acetylputrescine was also detected extracel-
lularly with concentrations less than 100 nM.

3.2. Concentration-dependent uptake of putrescine by hu-
man erythrocytes

In order to determine the initial linear region of the
proposed time-dependent uptake process, putrescine uptake
was assayed over a 60 min interval with an extracellular
concentration of 100 uM (data not shown). High linearity
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Fig. 1. Time-dependent changes in the intracellular and extracellular
putrescine and spermidine levels in isolated human erythrocytes. Red
blood cells were incubated at 37°C in RPMI, pH 7.4 containing 20 mM
Hepes. The intracellular and extracellular levels of putrescine (A) and
spermidine (B) over a 60 min period were determined as described in
Materials and methods. Data is represented as the mean+ SEM for three
determinations. @ = intracellular putrescine, O = extracellular pu-
trescine, A = intracellular spermidine. Trace levels of extracellular sper-
midine were also detected below the limit of quantification, i.e. femtomo-
lar or 10™'5 M range.
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Fig. 2. Concentration dependence of the putrescine uptake rate constant
k. The rate constant k of the putrescine uptake process in human
erythrocytes was plotted over a range of extracellular putrescine concen-
trations. The dashed line represents the permeability 7 which & ap-
proaches at increasing extracellular putrescine concentrations. The perme-
ability 7= was determined to be 3.19X 1078 57!,

was observed over the first 15 min of uptake. Subsequent
measurements were determined in triplicate at 1, 2, 3 and 5
min for the indicated putrescine concentrations. Analysis
of the putrescine uptake rate constants over a range of
extracellular putrescine concentrations demonstrated an
initial decrease with a convergence to a non-zero asymp-
tote (Fig. 2) indicating the presence of saturable and
non-saturable uptake components. The putrescine uptake
data was curve-fit to the Michaelis-Menten equation with a
linear non-saturable component using the Levinson-
Marquardt iterative method of approximation (Fig. 3). The
calculated values of K, V,,,, and permeability m were
21.0 uM, 652X 107" M/s, and 3.19 X 1078 57!, re-
spectively. The goodness of fit for this curve fit was 0.995.

Due to the large contribution of the linear non-saturable
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Fig. 3. Concentration-dependent putrescine uptake in human erythrocytes.
Putrescine uptake in erythrocytes contained both saturable and non-
saturable components. Using the Levinson-Marquardt iterative method,
the data was curve-fit to the equation, ¢ = (V,,,, * S)/(K,, + §)+ (7 = §),
where ¢ is the reaction velocity, S is the extracellular putrescine concen-
tration and 7 * S represents the non-saturable component of uptake. The
calculated values of V, , K, and 7 are 6.52X107'* M/s, 21.0 uM,
3.19%x107% s7', respectively. The goodness-of-fit for this calculated
curve was 0.995. Data is represented as the mean+SEM for three
determinations.

component to the overall putrescine uptake process, addi-
tional statistical analyses were performed to assess the
curve-fit model. An inspection of the residuals, defined as
the difference of observed data from the calculated curve
fit, was done for both the proposed model and a simple
linear curve fit. A linear curve fit increasingly overesti-
mated the observed putrescine uptake rate as the extracel-
lular putrescine concentration decreased below 10 uM
(data not shown). Conversely, a Michaelis-Menten curve
fit demonstrated small residuals below 10 uM with in-
creasing random differences with increasing extracellular
putrescine concentrations.

3.3. Determination of the pH dependence and the activa-
tion energy E, for putrescine uptake

The putrescine uptake rate measured at an extracellular
putrescine concentration of 100 uM exhibited a two-fold
decrease with a two unit decrease of pH (data not shown).
By using the Henderson-Hasselbach equation and graphing
the rate versus the derived concentrations of uncharged
putrescine, a linear dependence could be seen.

To define the temperature dependence of putrescine
uptake, uptake assays were conducted from 19-35°C over
2 min. The rate constants were determined by assuming
first-order reaction kinetics [44,45]. Using the Arrhenius
equation to plot, In k vs. 1/T, the slope ‘—FE,/R’ was
found to be biphasic with a breakpoint at 21°C (Fig. 4).
The energies of activation E, of putrescine uptake were
thus determined to be 86.1 kJ /mol from 19 to 21°C and
18.8 kJ /mol from 21 to 35°C.

Assays of putrescine uptake in the presence of other
polyamines indicated a slight increase in uptake rate with
addition of extracellular cadaverine, spermidine, and sper-
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Fig. 4. Arrhenius plot of putrescine uptake. Assays were performed from
19 to 35°C with 0.4 uM extracellular putrescine. The temperature
dependence of the putrescine uptake rate implied use of the Arrhenius
equation, In k= E, /RT+In A, where k = the rate constant, E, =the
activation energy, R =the gas constant, T = temperature, and A = the
frequency factor. Data was plotted as In k versus 1 /T with the slope =
— E, /R. It was assumed that putrescine transport followed a unimolec-
ular mechanism (i.e. no cation, anion or substrate co-dependence). The
derived activation energies E, were 86.1 kJ/mol from 19 to 21°C and
18.8 kJ/mol for 21-35°C. Data is represented as the mean+ SEM for
three determinations.
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Fig. 5. Concentration dependence of spermidine uptake. Initial linear
uptake rates of time-dependent spermidine uptake curves at the indicated
concentrations were used to plot the concentration-dependent uptake of
spermidine. The data was fit to the Michaelis-Menten equation using the
Levinson-Marquardt iterative method. Regression analysis produced a
goodness-offit coefficient of R%=0.95. The calculated V,,, and K,
for this curve fit were 1.36X107'% M/s and 12.5 uM, respectively.
Data is represented as the mean + SEM for three determinations.

mine (data not shown). The concentration of each of the
polyamines in the uptake assay was 100 uM.

3.4. Concentration-dependent uptake of spermidine by hu-
man erythrocytes

The spermidine uptake rate demonstrated saturable up-
take kinetics over an observed concentration range of
0.33-10 uM spermidine (Fig. 5). The data was subse-
quently fit to the Michaelis-Menten equation to obtain
kinetic parameters. The derived X, and V,_,, were deter-
mined to be 12.5 uM and 1.36 X 1072 M/s, respec-
tively.

Exogenously applied polyamines at 10 times the extra-
cellular spermidine levels did not show a significant effect
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Fig. 6. Arrhenius plot of spermidine uptake. Spermidine uptake assays
were performed at each temperature with 0.33 uM extracellular spermi-
dine. The temperature dependence of the spermidine uptake rate implied
the use of the Arrhenius equation, In k= E, /RT +In A, where k = the
rate constant, E, =the activation energy, R=the gas constant, T =
temperature, and A = the frequency factor. Data was plotted as In &
versus 1 /T with the slope=— E, /R. It was assumed that spermidine
transport followed a unimolecular mechanism (i.e. no cation, anion or
substrate dependence). The derived activation energies for 19-21°C and
19-35°C were 135.2 kJ/mol and 59.3 kJ/mol, respectively. Data is
represented as the mean + SEM for three determinations.

on the rate of spermidine uptake in erythrocytes (data not
shown). A small inhibitory effect may be attributed to
putrescine but this inhibition was not statistically signifi-
cant.

3.5. Determination of pH dependence and the activation
energy E, for spermidine uptake

As the pH was raised from 6 to 8, little alteration of the
rate of spermidine uptake was observed (data not shown).
Differences in the calculated uncharged spermidine con-
centrations also did not correlate significantly to the uptake
rate though a strong dependence on temperature was seen
(Fig. 6). Since the substrate co-dependence was unknown
at this time, first-order reaction kinetics served as a first
approximation. Using the Arrhenius equation, the resultant
curve showed a breakpoint at 21°C. The activation ener-
gies of spermidine uptake were 135.2 kJ /mol for 19-21°C
and 59.3 kJ /mol for 21-35°C.

3.6. Concentration dependence of putrescine and spermi-
dine efflux

Only relatively low intracellular concentrations of pu-
trescine and especially spermidine were obtainable since
long-term loading and incubation of erythrocytes was
avoided to minimize experimental error attributable to the
potential metabolism and interconversion of intracellular
putrescine and spermidine. Over an efflux time course of
several minutes, the amounts of the labelled polyamines
retained by the erythrocytes decreased linearly (data not
shown). This measured initial putrescine efflux rate
demonstrated both saturable and non-saturable components
(Figs. 7 and 8). The K, and V,, of putrescine efflux
were determined to be 33.8 uM and 1.19 X 107" M/s.

The spermidine efflux rate displayed a linear non-
saturable concentration dependence up to 3.5 uM (Fig. 9).
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Fig. 7. Concentration dependence of the putrescine efflux rate constant k.
The putrescine efflux rate constants were plotted over a range of intra-
cellular putrescine concentrations. The dashed line represents the esti-
mated permeability = which k approaches with increasing putrescine
concentrations. The permeability 7= was determined to be 2.81 X 1077
s~!. Data is represented as the mean + SEM for three determinations.
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Fig. 8. Concentration-dependent putrescine efflux from human erythro-
cytes. Putrescine efflux from erythrocytes contained both saturable and
non-saturable components. Using the Levinson-Marquardt iterative
method, the data was curve-fit to the equation, v =(V,,, * S)/(K, + 5)
+(7r + S), where 7 represents the non-saturable component of efflux.

The calculated values of V,,,, K, and 7 are 1.19x107'" M/s, 33.8

#M and 2.81X 1077 s~'. The goodness of fit for this calculated curve
was 0.89. Data is represented as the mean+ SEM for three determina-
tions.

The derived intracellular concentration-dependent rate con-
stant from a linear plot of the data was 3.29 X 1076 s~

3.7. Comparison of the calculated concentration-depen-
dent curves of putrescine and spermidine uptake and ex-
port using kinetic constants determined from transport
assays

In order to compare the relative rates of putrescine
transport into and out of the erythrocyte at a given pu-
trescine level, the saturable and non-saturable components
of putrescine export and uptake were plotted over a range
of cis-applied concentrations (Fig. 10A). A consideration
of both saturable and non-saturable components of pu-
trescine export and uptake showed that the overall export
process was an order of magnitude greater than the overall
putrescine uptake process.

The saturable spermidine uptake process and the non-
saturable spermidine export process were plotted up to
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Fig. 9. Concentration dependence of spermidine efflux. Intracellular
spermidine concentrations were determined by red cell volume and the
amounts of spermidine uptaken. Spermidine efflux demonstrated a linear
concentration dependence of 3.29X107% s~! with increasing intra-
cellular spermidine levels. Data is represented as the mean+ SEM for
three determinations.
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Fig. 10. Calculated concentration-dependent uptake and export for pu-
trescine and spermidine using kinetic constants determined from transport
assays. A: the putrescine uptake and export processes, comprised of
saturable and non-saturable components, were plotted by using the deter-
mined K, V., and permeability 7 from transport assays over the
indicated concentration range. B: saturable spermidine uptake and non-
saturable spermidine export were compared by using the determined K,
Vinax and permeability 7 from transport assays over the indicated concen-
tration range. - - - = the export process, = the uptake pro-
cess.

cis-applied spermidine concentrations of 4 uM (Fig. 10B).
Over this concentration range, non-saturable spermidine
export was more than an order of magnitude greater than
saturable spermidine uptake.

4. Discussion

The initial characterizations of the putrescine uptake
system in erythrocytes showed a strong dependence of
uptake rate on the extracellular putrescine concentration
(Fig. 3). This concentration dependence of the putrescine
uptake rate suggested a non-saturable mechanism involv-
ing simple diffusion of putrescine across the erythrocyte
membrane (see below). However, the uptake rate constants
at low extracellular putrescine concentrations demonstrated
values which decreased asymptotically with increasing ex-
tracellular putrescine concentrations (Fig. 2). This decrease
precluded a single component simple diffusion-mediated
uptake process and indicated a putrescine uptake system
with both saturable and non-saturable components. Some
precedence for similar putrescine uptake processes has
been reported in rat brush-border membrane vesicles [3,46]
and porcine aortic endothelial cells {47].

Due to the large contribution of the linear non-saturable
component to the overall putrescine uptake process, how-
ever, a linear curve fit to the data could not be immediately
disregarded. A more sophisticated statistical analysis em-
ploying a measure of the residuals of a linear curve fit
demonstrated an increasing systematic deviation of the
observed putrescine uptake rate from the calculated linear
curve with decreasing extracellular putrescine concentra-
tions (data not shown). These large residuals would be
expected over the log phase region of a saturable process
and suggested that a linear curve fit was inappropriate. In
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comparison, a residuals analysis of a Michaelis-Menten
curve fit with a linear non-saturable component demon-
strated small residual values at low extracellular putrescine
concentrations and increasing random deviations with in-
creasing concentrations. The observed random deviations
at higher putrescine concentrations were attributable to the
decreased sensitivity of the assay with lower specific
activity. The overall assessment of the Michaelis-Menten
curve fit thus appeared appropriate.

The calculated V,,, of the saturable component in the
putrescine uptake system of erythrocytes, 6.52 X 107'3
M/s, was similar to the V,_,, for the uptake system in
human platelets [48] (i.e. 8.52 X 1073 M/s; V. value
converted from original units using reference data as per
Materials and methods). Since erythrocytes and platelets
are both derived from hematopoietic stem cells, this simi-
larity in putrescine uptake rate seems reasonable. In com-
parison, the calculated K of putrescine uptake in human
erythrocytes was several times higher than comparative
putrescine uptake systems in rat and rabbit brush-border
membrane vesicles [3,46], human pulmonary artery en-
dothelial cells [6], and B16 melanoma cells [1]. This higher
K., may have resulted from our use of serum-free condi-
tions in the erythrocyte uptake assays. As noted previ-
ously, our lab has found variable levels of putrescine and
spermidine in fetal bovine serum (i.e. up to 500 uM
putrescine). With additional polyamine contributions from
reversible binding to serum proteins [49], these serum
polyamine levels may interfere with the accurate and
quantitative determination of kinetic parameters.

In addition to a strong linear concentration dependence,
the putrescine uptake rate showed a dependence on tem-
perature. Such a temperature dependence is often charac-
teristic of simple diffusion processes [50]. With an ob-
served E, of 18.8 kJ/mol from 21 to 35°C (Fig. 4),
putrescine uptake compared favorably to the diffusion of
low molecular weight alcohols across red cell membranes
(i.e. 32 kJ/mol [50]). Since low temperatures induce a
greater membrane rigidity and inhibit the function of mem-
brane transport proteins, the higher E, from 19 to 21°C did
not represent an active transport mechanism and a simple
diffusion process was implicated.

Further, no competitive inhibition by the other
polyamines on the putrescine uptake rate was observed
(data not shown). Such a result would be expected for a
non-specific transport process such as simple diffusion
across the ceil membrane.

At physiological pH, however, putrescine exists largely
as a divalent cation exhibiting a low permeability to the
erythrocyte cell membrane. The hydrophobic interior of
the lipid bilayer provides an effective barrier to elec-
trolytes and greatly reduces ion transport by simple diffu-
sion [51]. If simple diffusion were involved in the pu-
trescine uptake process, the uncharged form of putrescine
would be implicated as the nominal transported species
due to its greater hydrophobicity. To test this possibility,

the extracellular pH of the reaction mixture was raised to
produce a greater proportion of uncharged extracellular
putrescine. A distinct increase in putrescine uptake was
demonstrated with increased pH. Since H™ equilibrates
rapidly between intracellular and extracellular spaces [52],
differences of putrescine uptake rate with increasing pH
were not attributable to a proton gradient. This observed
acceleration of the putrescine uptake rate with increasing
pH supported the possibility that simple diffusion was
involved in the uptake process.

This two-fold increase in the putrescine uptake rate did
not correlate proportionally with the calculated 100-fold
increase in the uncharged putrescine concentration (data
not shown). This result suggested that putrescine export,
which exceeds putrescine uptake by an order of magnitude
with similar cis-applied putrescine concentrations (Fig.
10A), was involved. Though putrescine uptake may have
increased proportionally with pH increases of the reaction
mixture, the overall uptake rate may have been moderated
by a concomitant increase of the putrescine export rate.

Saturable kinetics for the uptake of spermidine were
also observed in human erythrocytes (Fig. 5). Using a
Michaelis-Menten curve fit on the direct plot of uptake
rates versus concentrations, the K. and V_,. of spermi-
dine uptake were determined to be 12.5 uM and 1.36 X
107" M/s. These values compare with the facilitated
diffusion systems of arginine and lysine in human erythro-
cytes [50]. Since arginine and lysine are precursors to
putrescine and cadaverine, respectively, some overall con-
trol of polyamine biosynthesis and intracellular leve! may
be indicated.

Compared to spermidine uptake in other cell systems
[1,3], however, saturable spermidine uptake in human ery-
throcytes occurred at a much lower rate. This result may
have been due partially to the significant reduction of
some membrane transporters that erythrocytes undergo in
hematopoiesis. This high degree of differentiation and
enucleation may significantly reduce the number of puta-
tive membrane transporters and thus the overall uptake
rate. Although some investigators [1,4,40,53] report K,
values for spermidine uptake that are lower than was
determined here, it should again be noted that many of
those assays were performed in the presence of serum.

In contrast to putrescine uptake, spermidine uptake
showed little dependence on pH changes (data not shown).
No significant pH-dependent effect upon the spermidine
uptake rate was seen by increasing the relative amounts of
uncharged spermidine. This pH independence suggested
that simple diffusion was not a prominent determinant of
the spermidine uptake process. Rather, other mediated
processes such as co-transport may be indicated.

Further evidence that spermidine uptake differs from
putrescine uptake was demonstrated by the large effect of
temperature on rate. The derived activation energies for
19-21°C and 21-35°C (E,; and E,,, respectively) showed
a difference of approximately 80 kJ/mol (Fig. 6). This



G.H. Fukumoto, C.V. Byus / Biochimica et Biophysica Acta 1282 (1996) 48-56 55

large increase in activation energy indicated a severe inhi-
bition or down-regulation of the spermidine uptake process
with decreased temperature. Further, both E, values greatly
exceeded the E, for putrescine uptake from 21 to 35°C,
ie., 18.8 kJ/mol (Fig. 4). Thus, significant spermidine
uptake by simple diffusion appeared unlikely.

Extracellularly applied polyamines did not appear to
affect the spermidine uptake rate to a large extent (data not
shown). Though other investigators have reported both
competitive and non-competitive inhibition of spermidine
uptake by putrescine [1,3], the observed inhibition by
putrescine on spermidine uptake in human erythrocytes
was not statistically significant.

Though spermidine export did not demonstrate sat-
urable kinetics up to 4 uM intracellular spermidine (Fig.
9), this non-saturable spermidine export rate was much
greater than the saturable spermidine uptake rate with
similar cis-applied spermidine concentrations (Fig. 10B).
This difference in transport rates suggested the presence of
a relatively high-capacity spermidine export process which
could not be saturated under the specified assay conditions.
The low intracellular spermidine level detected in vivo (i.e.
approximately 7 nM) appeared to be in keeping with this
greater export capacity. Due to the high comparative level
of spermidine export, however, some process or series of
processes must be present in human erythrocytes to pre-
vent spermidine depletion. Some degree of coordinated
polyamine biosynthesis may thus exist to maintain the
intracellular spermidine levels depleted by the processes of
spermidine degradation and export. In addition, reversible
spermidine binding to cytoskeletal proteins and cell mem-
branes may serve to maintain an intracellular pool of
spermidine [11]. Along with a possible coordinated regula-
tion of export and uptake rates, such processes may exist
to maintain and regulate the intracellular spermidine level.

As mentioned previously, a rate comparison of pu-
trescine export to putrescine uptake demonstrated an order
of magnitude difference with similar cis-applied putrescine
concentrations (Fig. 10A). This relatively greater rate of
putrescine export appeared to contribute more significantly
than putrescine uptake to maintaining the intracellular
putrescine level measured in vivo and may lend support to
reported low levels of intracellular putrescine in erythro-
cytes [54). As described for spermidine, coordinated bio-
synthesis, protein binding or regulation of uptake and
export processes may serve to maintain and regulate the
intracellular level of putrescine [55-58].

Though the data for the non-saturable component of
putrescine uptake supported a process mediated by simple
diffusion, the non-saturable component of putrescine ex-
port appeared to be more complex. Since the permeability
of the cell membrane for putrescine should be the same for
inward or outward movement, putrescine uptake and ex-
port should exhibit equal rates if mediated by simple
diffusion alone. The observed ten-fold greater permeability
of putrescine export (Fig. 2 vs. Fig. 7), however, suggested

that an additional export process may exist. This high-
capacity putrescine export process may exhibit saturable
kinetics if intracellular putrescine concentrations could be
raised to higher levels and may be the same or different
process as that determined for spermidine export.
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