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A B S T R A C T Chromium is a trace metal of importance
in human physiology and, in addition, as 51-chromate,
has been extensively used as a label in the study of blood
cell pool sizes and intravascular kinetics. The transport
characteristics of 51-chromate were investigated in nor-
mal human leukocytes. Chromate uptake is unidirectional
over a 1 hr incubation with extracellular chromate con-
centrations up to 200 omoles/liter. Under these condi-
tions, intracellular 51-chromium is in a form in which it
is nonexchangeable. Influx is temperature sensitive with
a Qio of approximately 2 and may be energy dependent
since a variety of metabolic poisons strongly inhibit up-
take. The unidirectional influx of chromate follows
Michaelis-Menten kinetics; the maximum velocity is 52
m/moles/g dry weight of cells per min and the chro-
mate concentration at which influx velocity is half maxi-
mal is 87 /Lmoles/liter. This transport mechanism is
highly specific for chromate; other divalent tetrahedral
anions only slightly inhibit influx at concentrations up to
10 times that of chromate. Metavanadate, however,
competitively inhibits chromate influx at equimolar
concentrations. Exposure of cells to unlabeled chromate
leads to inhibition of subsequent influx of 51-chromate.
It is suggested that this is due to a primary inhibitory
effect of chromate on cellular energy metabolism.

INTRODUCTION
Radioactive chromium as sodium 51-chromate has been
extensively used as a cell label since 1950 when Gray
and Sterling (1) first reported its ability to bind to
erythrocytes and utilized this interaction for estimation
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of red cell mass. It was subsequently applied to studies
of red cell intravascular kinetics (2) and has, in addi-
tion, been used to label tumor cells (3), platelets (4), and
leukocytes (5) in similar types of studies. Apart from
the importance of chromium in this regard, there is con-
siderable evidence that it is an essential trace mineral
in human physiology (6). Thus, an understanding of
the mechanism by which chromium is transported across
the cell membrane is of interest. As a part of investiga-
tions utilizing 51-chromate as a cell label, numerous
attempts to define optimal labeling conditions have been
made but there has been no systemic study of chromate
uptake by cells. The present investigation was under-
taken in an attempt to characterize in detail the mecha-
nism by which chromate is taken up by human leukocytes.

METHODS
Cells. Normal human leukocytes were separated from

citrated whole blood by centrifugation at 1500 g for 3 min.
To remove residual erythrocytes, the buffy coat was diluted
1:1 with 0.9% NaCl and sedimented through a column of
3% dextran (average molecular weight of 280,000) followed
by two 30-sec periods of hypotonic lysis. The cells were
washed in the incubation medium described below and then
counted with an electronic counter (Model B, Coulter Elec-
tronics Inc., Hialeah, Fla.). All separation and preparation
procedures were carried out at 40C and cells were always
used within 6-8 hr of phlebotomy. The isolated cells con-
sisted of from 55 to 70% polymorphonuclear leukocytes and
from 30 to 45%o lymphocytes. Contamination by other cell
types was negligible.

Incubations. Methods of incubation and analytical tech-
niques are slight modifications of those of Goldman, Lich-
tenstein, and Oliverio (7). Cells were suspended in a me-
dium consisting of 124 mmNaCl, 5.3 mm KCl, 1.1 mM
NaH2PO4, 16.0 mmNaHCOs, 1.9 mmCaCl2, and 1 mM
MgCl2 with pH adjusted to 7.4 after equilibration with 5%
C02. Cell densities ranged from 2.5 to 10 X 107 cells/ml.
Incubations were carried out in a constant temperature bath
with agitation or stirring and with the cell suspension in
equilibrium with 95% O-5% C02. Uptake was determined
after addition of unlabeled Na2CrO4 with tracer amounts of
Nao&CrO4 (Abbott Laboratories, North Chicago, Ill.) and
with various test substances. Some cell clumping was en-
countered on occasion but did not significantly affect results.
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Analytical methods. Samples consisting of from 5 to 10 X
107 cells were obtained at appropriate times and immediately
added to 10 volumes of 0.9% NaCl at 0C. After centrifu-
gation at 2000 g for 30 sec, the supernate was removed and
discarded. The cells were then washed twice with 10-ml
aliquots of 0.9% NaCl at 00C by vigorous resuspension of
the cell button followed by centrifugation as above. More
than two washes did not result in the removal of additional
51-chromium from the cell fraction. The final supernate
was removed as completely as possible and the cell button
aspirated into the tip of a Pasteur pipet, transferred to pre-
weighed glassine discs, and dried overnight at 650C. The
dried cells on their glassine tares were then weighed and
transferred to counting tubes. Dry weights varied from 3 to
6 mg. All weighings were done on a Cahn Electrobalance
(Model RG, Cahn Instrument Co., Paramount, Calif.).
Radioactivity was determined in a well-type scintillation
counter (Nuclear-Chicago, Des Plaines, Ill.) with counting
for a time sufficient to give a counting error of less than
±+1.4%,. Chromate uptake (as 51-chromium) was computed
in millimicromoles per gram dry weight of cells, and ve-
locity is expressed as uptake per minute. The error of mea-
surement is expressed as +1 SD. All straight lines were de-
rived by the method of least squares; statistical significance
was determined by the use of Student's t test.

2000
98.2 LM

1800 _

1600

Z 1400 -

t 1200

@1000
0
E

800 -

a 600

/ l~~~~OAFuM
400

200
1.5 LM

0 10 20 30 40 50 60 70.
MINUTES

FIGURE 1 Time course of chromate uptake. Uptakes at the
indicated extracellular chromate concentrations are from a
single experiment.

1000 E

800 1

¢ 600 -

0''
400
E/
E/

200 -

/ I I I I I I
0 10 20 30 40 50 60 70

MINUTES

FIGURE 2 Nonexchangeability of intracellular chromium.
Cells were incubated with 80 ,uM 51-chromate for 33 min,
then rapidly separated from the medium by centrifugation
and resuspended (at the time indicated by the arrow) into
large volumes of chromate-free medium (0), or medium
containing 160 AM unlabeled chromate (U).

RESULTS

Time course of chromate uptake. Chromate uptake
was found to be linear for at least 65 min over an extra-
cellular concentration range of 0.1-200 umoles/liter. A
typical experiment is shown in Fig. 1. In all experiments
a positive ordinate intercept was found when the line
of best fit was extrapolated back to zero time. Thus,
there appears to be an early rapid association of chro-
mate with the cells which was found to be essentially
complete within 15 sec after addition of chromate to the
incubation medium.

Effect of temperature on chromate uptake. The time
course of uptake was studied over a range of tempera-
tures from 00 to 370C. At O°, the uptake rate was less
than 10% of the rate at 37°. The ordinate intercept was
still present at 00; however, a possible relationship be-
tween temperature and intercept was not evaluated.
Calculated Qoo values were 2.0 for the intervals 27°-
370C and 2.2 for the interval 170 to 270C.

Exchangeability of intracellular chromium. Cells in-
cubated with 51-chromate were separated from the me-
dium by centrifugation and resuspended in a large vol-
ume of medium without 51-chromate (Fig. 2). Under
these conditions there was no loss of 51-chromium from
the cells. Intracellular chromium does not exist in a

form readily exchangeable with nonlabeled hexavalent
chromium since addition of this ion to the resuspension
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FIGURE 3 Kinetics of chromate influx. The reciprocal re-
lationship between unidirectional chromate influx velocity
and extracellular chromate concentration ([CrOt.4]) is
shown. To eliminate the early rapid uptake component, the
influx rate was calculated from the rise in cell chromate
between 200 and 2000 sec.

medium (Fig. 2) did not result in net loss of 51-
chromium.

Kinetics of chromate influx. The linearity of the time
course of chromate uptake and the lack of exchangeable
intracellular chromium indicate that net chromate uptake
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is a measure of its unidirectional influx velocity. The
relationship between influx velocity and extracellular
chromate concentration was quantitated. The rate of
chromate influx was measured between 200 and 2000
sec to exclude the contribution of the early- rapid uptake
component. During this time interval and over a range
of extracellular chromate of from 1 to 200 umoles/liter,
changes in the extracellular concentration due to cellu-
lar uptake were not significant and chromate uptake was
linear with time.

The results of a typical single experiment are shown
in Fig. 3. The linearity of the double reciprocal plot with
a positive ordinate intercept suggests that chromate in-
flux is compatible with Michaelis-Menten kinetics. In
12 experiments, the maximum influx velocity (V.a.)
was 51.9 ±9.6 mnmoles/g dry wt per min, and the chro-
mate concentration at which influx velocity was i Vmax
(Kt) was 87.1 ± 11.7 imoles/liter.

Since the chromate concentrations are so much higher
than reported normal human blood chromium values of
from 0.5 to 1.0 moles/liter (6), we were concerned
that a higher-affinity, lower-capacity transport system
might have been overlooked. That such a mechanism
could be significant is unlikely since chromate influx
velocity is a linear function of the extracellular chro-
mate concentration over a range of from 0.1 to 8 Moles/
liter (Fig. 4) and the intercept of this plot passes
through the origin.

&O 7.0 8.0 9.0
CONCENTRATION(AuM)

FIGURE 4 The relationship between low extracellular chromate concentrations and uni-
directional influx velocity. Influx was measured as described in the text and the legend in
Fig. 3.
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TABLE I

Effect of Various Anions on Chromate Transport
by HumanLeukocytes

Uptake
Concen- velocity Inhibi-

Compound tration (4 1 SD) tion P

pmoles/liter %
Control - 26.46 ±0.76 -

Control without
phosphate - 24.66 L0.44 6.8 <0.025

Sodium sulfate 750 22.78 IiO.70 13.9 <0.005
75 25.54 40.54 3.5 >0.1

Sodium tungstate 750 22.45 =,0.40 15.1 <0.005
75 25.87 ±60.37 2.2 >0.2

Sodium molybdate 750 20.23 40.48 23.5 <0.001
75 25.13 ±0.51 5.0 >0.05

Sodium metavanadate 75 23.51 ±0.47 11.1 <0.01

Data from a single experiment with determinations in triplicate. Uptake of
75 pM 51-chromate over 35 min was measured in the presence of the above
anions. Velocity is expressed as mpsmoles/g dry wt per min.

In these experiments, the magnitude of the rapid up-
take component was found to be proportional to the ex-
tracellular chromate concentration up to a level of at
least 150 ,moles/liters.

Effect of various anions on chromate influx. All
anions studied caused significant inhibition of chromate
influx velocity (Table I); only metavanadate, however,
caused inhibition at concentrations equimolar with chro-
mate. The time course of uptake in the presence of meta-
vanadate was linear, indicating that under these condi-
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FIGURE 5 Kinetics of chromate influx in the presence and
absence of 150 AuM metavanadate (VO8-).

tions chromate flux remains unidirectional. The effect
of 150 l.M metavanadate on the kinetics of chromate
influx is seen in Fig. 5. In the presence of metavanadate
the slope of the reciprocal plot is increased while the
ordinate intercept is unchanged, indicating competitive
inhibition.

Results with phosphate-free buffer indicate that 1.1 mM
phosphate present in the usual medium does not inhibit
chromate influx; on the contrary, the presence of phos-
phate appears to cause a small (6.8%) but significant
rise in chromate influx possibly due to an enhancement
of energy metabolism (see below).

Effect of metabolic inhibitors on chromate influx.
The effects of a variety of metabolic inhibitors on chro-
mate transport are listed in Table II. All caused signifi-
cant depression of chromate influx. Again, the time
course of uptake in the presence of these inhibitors re-
mained linear. Inhibition by 2,4-dinitrophenol was re-
versed by the addition of glucose, while glucose alone
did not alter chromate influx. From other experiments,
0.1 mm sodium p-chloromercuribenzene sulfonate in-
hibited chromate influx by 57.3%

The effect of iodoacetate and 2-deoxyglucose on the
kinetics of chromate influx was studied. In four experi-
ments, both inhibitors caused depression of the influx
VmaX with a smaller rise in the influx Kt. A typical ex-
periment is shown in Fig. 6. Although these kinetic al-
terations were not quantitatively prominent, they were
seen in all experiments.

Self-inhibition of chromate influx by chromate. To
investigate the possibility of a carrier mechanism for

TABLE I I

Effect of Metabolic Inhibitors on Chromate Transport
by Human Leukocytes

Uptake
Concen- velocity Inhibi-

Inhibitor tration (4-1 SD) tion

mmoles/liter %
Control - 4.66 ±0.09
Control + glucose, 1 mg/ml 4.71 ±0.25 -
2,4-Dinitrophenol 0.1 4.12 +0.10 11.5
2,4-Dinitrophenol + glucose,

1 mg/ml 0.1 4.76 ±0.12 0
Sodium azide 10 3.96 ±0.04 15.0
Sodium iodoacetate 1 3.26 ±t0.17 29.9
2-Deoxy-d-glucose 5 3.22 ±0.04 30.9
Sodium arsenite 10 1.26 ±0.06 73.0

Date from a single experiment with quadruplicate determina-
tions. Cells were incubated with 8.5 AM51-chromate for 35 min
in the presence of the listed inhibitors. Velocity is expressed
as mjsmoles/g dry wt per min. The differences between control
velocity with and without glucose and between control and
dinitrophenol + glucose are not significant (P > 0.5). For
differences between control and all other values P < 0.001.
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chromate transport, attempts were made to demonstrate
exchange diffusion by measuring the initial chromate
influx velocity into cells preloaded with structural
analogs previously shown to inhibit chromate influx
when present in the extracellular compartment (see
Table I). In these experiments no significant effect was
found with any of the compounds studied. Unexpectedly
however, influx of labeled chromate was found to be
inhibited in cells preincubated with unlabeled chromate.
Inhibition was not significant at preincubatidn concen-
trations below 5 ,umoles/liter, but increased with the ex-
tracellular concentration up to at least 75 j&moles/liter.
The time course of chromate uptake in control cells and
in cells preincubated with chromate or metavanadate is
seen in Fig. 7. Cells were preincubated with 150 Imoles/
liter of unlabeled chromate or metavanadate while the
labeled chromate concentration for subsequent uptake
(5 .molesAiter) was low enough not to itself significantly
affect chromate uptake. Metavanadate was without ef-
fect, but chromate preincubation decreased subsequent
51-chromate influx velocity by 15.2%. The linearity of
uptake between 1 and 15 min in the chromate preincu-
bated cells indicates that the inhibition is constant and
irreversible over this interval. While it is possible that
partial reversal of the inhibition could occur within 1
min after resuspension of cells in the medium containing
low chromate concentrations, this would result in a
downward displacement of the ordinate intercept for the
chromate-preincubated cells, which did not occur.

It is apparent that chromate "autoinhibition" must oc-
cur instantaneously since from other experiments the
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FIGURE 6 Kinetics of chromate influx in the presence and
absence of 1 mu iodoacetate (IAA). Kt is expressed as jAM
and Vm. as mumoles/g dry wt per min.
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FIGURE 7 Time course of chromate uptake after preincuba-
tion with chromate and vanadate. Uptake in control cells
(0) is compared with cells preincubated for 30 min with
150 AM unlabeled chromate (A) or 150 ,UM vanadate (L]).
After preincubation, cells were washed twice with 00C
medium and resuspended with fresh medium containing 5 Am
51-chromate.

time course of chromate influx is linear within 15 sec af-
ter the addition of inhibitory concentrations of 51-
chromate to the incubation medium. This was confirmed
by an experiment in which it was found that preincu-
bation with unlabeled chromate for as little as 25 sec
caused maximum inhibition of subsequent 51-chromate
influx.

It was important to demonstrate that the observed
chromate influx kinetics were due to saturation of the
transport mechanism rather than to a concentration-
dependent autoinhibition by chromate. To evaluate this
possibility, experiments were done to minimize the ef-
fects of chromate "autoinhibition" on chromate uni-
directional influx kinetics. Cells were preincubated with
150 smoles/liter of unlabeled chromate after which the
51-chromate influx velocity was measured over a range
of concentrations below that used in the preincubation.
This procedure was designed to give maximum inhibition
during preincubation so that subsequent incubations
at lower chromate levels would not cause additional in-
hibition. Under these conditions influx continues to fol-
low Michaelis-Menten kinetics (Fig. 8). The kinetic
changes produced by chromate preincubation are diffi-
cult to evaluate since the inhibition is small and experi-
mental scatter was consistently greater in this type of
experiment than in others.
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FIGuRE 8 Kinetics of chromate influx in control cells and
cells preincubated with chromate. Cells were preincubated
with 150 jM unlabeled chromate for 30 min, washed twice
with 0C medium, and resuspended with fresh medium con-
taining 51-chromate. Kinetic parameters are expressed in
the same units as in Fig. 6.

DISCUSSION

These studies establish the existence of a transport
mechanism for chromate ion in the human leukocyte.
Chromate influx follows Michaelis-Menten kinetics and
the influx Qio is compatible with a mediated process.
This mechanism is highly specific since related anions
only weakly inhibit chromate influx even at very high
concentrations. Only metavanadate inhibited chromate
influx at equimolar concentrations and the kinetics of
this inhibition were competitive.

Evidence that chromate transport is uphill against
an electrochemical-potential gradient was not obtain-
able since conditions were never achieved under which
significant free intracellular chromate could be demon-
strated. However, the data suggests that the transport
process may be energy dependent since influx was in-
hibited by a variety of metabolic poisons. In the absence
of exchangeable intracellular chromate, it was also
difficult to test for a possible carrier mechanism by ex-

change phenomena. While the unidirectional influx of
chromate into cells preincubated with metavanadate was

unchanged, the degree to which metavanadate enters the
cell, if at all, and its intracellular fate are not known.

These studies indicate that the intracellular disposition

for chromate involves reaction(s) that render it in-
capable of readily leaving the cell or of exchanging with
extracellular unlabeled chromate. Because free intra-
cellular chromate does not accumulate, these reaction(s)
must proceed as fast as chromate enters the cell and thus
the influx process is unidirectional, uptake is linear with
time, and influx is the rate-limiting step in the associ-
ation of 51-chromate with these cells. In addition, since
this linear relationship is maintained under a number of
inhibitory conditions such as in the presence of meta-
bolic poisons or metavanadate, or after exposure to un-
labeled chromate, these inhibitory effects must be due to
a direct effect on the transport process itself or its
energetics rather than to an effect on the intracellular
disposition of chromate.

The lack of exchangeable intracellular chromate in
this study is compatible with other reported data. Most
intracellular chromium in erythrocytes incubated with
51-chromate is protein bound, largely to the P-chain of
the globin moiety of hemoglobin (8). There is evi-
dence that hexavalent chromate (Cr VI) is reduced to
the trivalent state (Cr III) before, or during the bind-
ing to hemoglobin (9), and after uptake into Ehrlich
ascites cells (10) and leukocytes (11). Cr III does not
exist in biological systems in a simple cationic form but
rather as coordination compounds with substituent
groups of low molecular weight compounds, such as
glutathione, or larger molecules, such as proteins (6, 12).
These chromium coordination compounds have a slow
rate of ligand exchange and the complexes are quite
stable (6).

The inhibitory effect of chromate preincubation on
subsequent 51-chromate influx is interpreted as reflecting
a primary inhibition of energy metabolism by chromate
which in turn affects the energy-dependent transport of
that ion. In the absence of exchangeable intracellular
chromate, this cannot be related to an exchange phe-
nomenon. The rapidity of onset of the chromate "auto-
inhibition," the observation that uptake is linear with
time, and the dependence of the inhibitory effect on
extracellular chromate concentration rather than on the
total amount of chromium within the cell suggests that
this action of chromate on the metabolic apparatus is at
sites on or near to the cell surface. This would be con-
sistent with an effect on the site of energy coupling with
transport but the lack of a suitable model for chromate
transport does not allow for precise localization.

The mechanism of chromate "autoinhibition" is likely
related to the ability of chromate to inhibit energy
metabolism. Thus 200 uM chromate inhibits red blood
cell oxygen consumption (13); and in preliminary
studies in this laboratory with human leukocytes, 35 uM
chromate decreased base line oxygen consumption while
20 /AM chromate abolished the increment in oxygen con-
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sumption associated with the phagocytosis of latex par-
ticles. This effect may be related to inhibition of en-
zymes in the energetic pathways; chromium inhibits
erythrocyte glutathione reductase (14) and has been
isolated in erythrocyte fractions which contain a num-
ber of other important enzymes including glucose-6-
phosphate dehydrogenase (12).

Although the measured portion of the time course
of chromate uptake is linear, there is an early rapid
uptake component which occurs instantaneously and per-
sists at 0°C. This probably represents a surface ad-
sorption of 51-chromium to the cell membrane. It is
also possible that this component represents a burst of
chromate influx before autoinhibition becomes significant.
To account for this, however, the uninhibited rate would
have to be far greater than seems likely with the degree
of inhibition observed. In addition, the early rapid com-
ponent was present even at extracellular chromate levels
which did not cause significant "autoinhibition."

Because exchangeable intracellular chromate was not
demonstrated in these studies, the question may be
raised that all the phenomena observed are related to
chromate binding to sites on or near the cell surface
rather than to a transmembrane flux. We exclude this
possibility for the following reasons: (a) over the ex-
tracellular chromate concentration range studied, the
rate of chromate uptake is constant with time and
thus independent of the total amount of chromate as-
sociated with the cells. However, the influx rates are a
hyperbolic function of the extracellular chromate level.
If the uptake kinetics were related to saturation of sur-
face-binding sites, the rate of uptake at high chromate
concentrations should fall with time as the number of
available binding sites are reduced. (b) A dependence
on energy metabolism would be unique for a surface
binding; (c) surface binding might be expected to be
exothermic while chromate uptake is clearly increased
with a rise in temperature; and (d) other studies dis-
cussed above suggest that chromate enters the intracel-
lular compartment of a number of cell types and par-
ticipates in intracellular reactions.

It is likely that chromium is an essential trace ele-
ment in human physiology; this has recently been re-
viewed extensively (6). Although chromium is ab-
sorbed from the gut as Cr VI, it appears to be present
in blood as Cr III which is considered to be the bio-
logically active state. However, a number of mammalian
tissues, including erythrocytes (15) and intestine (16),
are impermeable to this ion. This suggests that an im-
portant intracellular role for chromium would require
that chromium be present in the blood in a form which
can readily traverse cellular membranes. The presence
of a highly specific transport mechanism for Cr VI in
human leukocytes suggests that Cr VI may be the form

in which chromium penetrates the cell membrane and
thus Cr VI may have an important physiological func-
tion. It is possible that the sensitivities of current meth-
ods for the detection of trace amounts of Cr VI in the
blood are inadequate.
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