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Summary. The transport routes used by CCRF-CEM hu- 
man lymphoblastoid cells for the influx and efflux of un- 
conjugated pteridines were analyzed using [3H]6-hydroxy- 
methylpterin as a model compound. Influx proceeds by a 
mechanism that exhibits a Km of 66.7 gM and a Vmax of 
0.077 nmol/min per mg cellular protein. The process is 
somewhat sensitive to metabolic inhibitors, particularly 
uncouplers of oxidative phosphorylation, and is signifi- 
cantly affected by the presence of other pteridines in the 
extracellular medium. The results suggest that pterins with 
either no 6-substituent (pterin) or those with methyl, hy- 
droxyl, or formyl groups in this position, which exhibit 
K i values between 25 and 77 ~tM, may share the same path- 
way for uptake. 6-Carboxypterin exhibits low affinity for 
the system (Ki > 500 ~m), as do 7-substituted and 6,7-di- 
substituted derivatives and compounds with larger groups 
at the 6-position, such as neopterin and biopterin (Ki = 
250-300 ]xM). Effiux of [3H]6-hydroxymethylpterin occurs 
rapidly and can proceed by at least two routes. The first, 
comprising approximately 50% of total efflux, is inhibited 
by extracellular pterins and exhibits similar properties to 
the uptake system in both its pattern of sensitivity to meta- 
bolic inhibitors and its specificity for pteridine structure. 
The route by which the remaining efflux occurs is rela- 
tively insensitive to metabolic inhibition. Adenine signifi- 
cantly inhibits 6-hydroxymethylpterin influx and efflux 
(K i = 10.6 gMfor  uptake) but does not appear to share the 
same transport system. Similarly, methotrexate and folic 
acid exhibit little affinity for the unconjugated pteridine 
transport routes. 
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1.9 mM CaC12, 1 mM MgCI2, 7 mM glucose, adjusted to pH 7.4 
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0.5 mM MgC12, HEPES-sucrose, 20 mM HEPES, 225 mM su- 
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Introduction 
The transport properties of folates and antifolates have 
been examined extensively in a variety of bacterial and 
mammalian cell types [6, 8, 12, 19, 25]; however, the trans- 
port properties of pteridines have received little attention. 
The finding that the compounds of this class with known 
biological functions (notably, dihydro- and tetrahydro- 
biopterin) are synthesized intracellularly from GTP [4, 16] 
has probably lessened the impetus to determine whether a 
translocation system for unconjugated pteridines exists. 
However, several recent reports suggest that, at least in 
certain cell types, these derivatives can be transported effi- 
ciently. For example, the breakdown of radioactively la- 
beled folate on storage, which produces unconjugated 
pteridine products, has been found to generate transport 
kinetics in routine L1210 cells [9] that differ significantly 
from those observed with purified folate, apparently due 
to the significant contribution of the pteridine contami- 
nants (particularly 6-hydroxymethylpterin) to cellular ra- 
dioactivity uptake. These results concur with direct investi- 
gations showing the existence of an active transport system 
for unconjugated pterins in this cell type [22], a process 
which is distinct from the mechanism of uptake of folates 
and antifolates. An active transport system for biopterin 
has also been described in the microorganism Crithidia 
fasciculata [17, 18], although the existence of a growth re- 
quirement for unconjugated pteridines in this species sug- 
gests that its transport system may differ from those in 
cells that can synthesize these compounds intracellularly. 

The transport of unconjugated pteridines in human 
cells has not been directly examined, although there is evi- 
dence to suggest that these compounds are excreted and 
perhaps taken up by certain cell types in ways that can be 
altered in several disease states. For example, both neo- 
pterin and biopterin are excreted in man, where various 
neoplasias [2, 7] and viral infections [11] have been shown to 
result in marked elevations in urine and serum levels. Cul- 
tured tumor cells have been shown to excrete higher levels 
of 6-hydroxymethylpterin than normal cells [21], and mod- 
ulation of human T-lymphocyte activation [24] has been 
reported for a variety of pteridine derivatives, although it 
is not known whether this results from interactions at the 
cell surface or from uptake. 

Intracellular unconjugated pteridines can originate by 
at least two routes. In the first instance, derivatives of 
biopterin and neopterin can be synthesized from GTP. Re- 
duced derivatives of the former compound are involved as 
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cofactors in aromatic amino acid hydroxylations [1, 3, 15] 
in certain tissues, and dihydroneopterin triphosphate is an 
intermediate formed during biopterin biosynthesis. The 
second possible source includes those pteridines that could 
arise from the breakdown of either folates or biopterin and 
neopterin; these include pterin and its 6-formyl, 6-carbox- 
yl, 6-hydroxymethyl, and 6-hydroxyl derivatives. It has 
been suggested [13] that transport mechanisms may be nec- 
essary primarily to rid the cell of these compounds rather 
than for the purpose of uptake. 

The current studies using the human lymphoblastoid 
cell line CCRF-CEM were undertaken to investigate the 
transport of unconjugated pteridines using labeled 6-hy- 
droxymethylpterin as a model compound. The investiga- 
tion confirmed the existence of a transport system mediat- 
ing both influx and efflux that is distinct from that used by 
folates and antifolates. 

Materials and methods 

Materials. Chemicals were obtained from the following 
commercial sources: [3H]sodium borohydride (1.4Ci/  
mmol), ICN; [2-~4C]folic acid (50mCi/mmol) ,  Amer- 
sham; HEPES, DEAE-Sephadex, Sigma; unlabeled pteri- 
dines, Dr. B. Schircks Laboratories, Switzerland; fetal calf 
serum, RPMI-1640 medium, and glutamine, Flow Labo- 
ratories; Budgetsolve, Research Products International 
Corporation. 

[~ H]6-Hydroxymethylpterin. [3H]6-hydroxymethylpterin 
was prepared from 6-formylpterin using [3H]sodium boro- 
hydride by an adaptation of the method of Thijssen [23]. 
6-Formylpterin (5.25 mg dissolved in 0.5 ml 0.1 N NaOH) 
was treated with 0.86 mg [3H]sodium borohydride (1.4 Ci /  
mmol) by slow addition over 30 min, and the reaction mix- 
ture was incubated at room temperature in a dark environ- 
ment for 2 h. Nonreacted borohydride was oxidized by the 
addition of 1 N HC1 and the pH of the reaction mixture 
was raised to 9.0; the resulting solution was then chroma- 
tographed on DEAE-Sephadex (2.5 X 15 cm), which was 
equilibrated with 0.1 M NHaHCO3 (pH 7.8) and eluted 
with the same buffer. The primary UV absorbing peak 
fractions were pooled and lyophilized. [3H]6-Hydroxyme- 
thylpterin (sp. act., 0.41 Ci/mmol) was recovered in 84% 
yield and was > 99% pure by HPLC analysis. 

[~4C]6-Formylpterin. [14C]-labeled 6-formylpterin was pre- 
pared from [2-14C]folic acid (123 txCi/mg, 0.41 mg) diluted 

• to 4 mg by the addition of unlabeled folate and cleaved 
with 30 l.tl Br2 in 100 lxl 48% HBr [23]. [2-~4C]6-Formylpter - 
in (sp. act., 5.97 × l 0  6 cpm/pmol)  was obtained in 53% 
yield. 

HPLC analysis. Pteridines were analyzed using a Beckman 
Altex HPLC and LDC/Milton Roy fluorescence detector. 
Separation was achieved on a 0.46 x 25 cm Altex C~8 re- 
verse-phase column by isocratic elution at 0.8 ml/min us- 
ing 5% methanol/water. 

Growth of  cells. CCRF-CEM cells were propagated in 
RPMI-1640 medium containing 5% heat-inactivated fetal 
calf serum and 1 m M  glutamine and maintained at 37 ° C 
in a humidified 5% CO2 atmosphere. Large-scale (I00 ml) 
cultures were grown for transport experiments and har- 
vested in the logarithmic phase of growth. 

Measurement of  pteridine uptake. Pteridine transport was 
measured at 37°C or 27°C in HEPES buffered saline 
unless otherwise stated, and the osmolarity of all buffers 
was adjusted to 280 mosmol. Individual transport mea- 
surements were made on cells collected from logarithmi- 
cally growing cultures by centrifugation for 10min at 
250 g; cells were then washed twice with HEPES buffered 
saline and suspended for use in the same buffer at 
1.2 x 10 7 cells/ml. Duplicate measurements were made on 
0.5-ml aliquots of the cell suspension after preincubation 
for 1 min at 27 ° C or 2 min at 37 ° C to ensure temperature 
equilibration before the addition of radioactively labeled 
pteridine and test compounds where indicated. [3H]6-Hy- 
droxymethylpterin uptake was measured using material of 
sp. act. 3.07 x 105cpm/nmol at a final concentration of 
50 lxM in each assay. Cells were incubated with shaking at 
27 ° C for 45 s unless otherwise indicated, and the reaction 
was stopped by the addition of 7 ml ice-cold HEPES buf- 
fered saline. Cells were centrifuged at 250 g (10 min) and 
the supernatant was removed by aspiration, after which 
the cell pellets were washed by resuspension in a second 
7-ml aliquot of buffer at 4 ° C and recovered by centrifuga- 
tion as described above. The cell pellets were finally su- 
spended in 200 ~. buffer and the amount of radioactivity 
incorporated was estimated by liquid scintillation in 4 ml 
Budgetsolve. Measurements were corrected for binding in 
controls incubated at 4 ° C and transport was expressed as 
pmol uptake/mg cellular protein. Transport measurements 
using [laC]6-formylpterin were carried out on cell suspen- 
sions incubated for 3 min in the presence of varying con- 
centrations of the label, increased incubation times being 
necessary to achieve adequate labeling due to the relatively 
low specific activity of this material. K m and Ki values for 
substrates and inhibitors were determined by Lineweaver- 
Burke and Dixon plots, respectively, and analyzed by lin- 
ear regression. Protein was measured by the Biuret reac- 
tion using BSA as a standard. 

Efflux measurements. Cells were harvested as for uptake 
measurements and preloaded with labeled pteridine by in- 
cubation at 37°C for 15 min in the presence of 50 ~tM 
[3H]6-hydroxymethylpterin. Cells were cooled to 0 ° C, cen- 
trifuged (250g, 10min) and washed twice with 8 ml 
HEPES buffered saline at 4°C to remove extracellular 
substrate. They were then suspended at 1.2 × 10 7 cells/ml 
and divided into 0.5-ml aliquots, each containing 6 x 10 6 

cells for individual measurements. Efflux was determined 
at 27 ° C after the addition of test compounds, where indi- 
cated, by measurement of the radioactivity associated with 
the cells following a 2-min incubation with shaking. Efflux 
was stopped after this time by dilution with 7 ml ice-cold 
HEPES buffered saline, and the residual radioactivity was 
determined by liquid scintillation after washing and pro- 
cessing the cells as described above for uptake measure- 
ments. 

Analysis of  the intracellular pool of  [3 H]6-hydroxymethyl - 
pterin. Cells (2.12x 108) were preloaded with [3H]6-hy- 
droxymethylpterin during a 20-min incubation at 37 ° C in 
the presence of a 50 l.tM concentration of the radiolabeled 
compound (sp. act., 2.57 x 105cpm/nmol). Unbound mate- 
rial was removed by two washes at 0 ° C with 10 ml HEPES 
buffered saline, and the cells were then lysed by three 
freeze-thawing cycles. The membrane and supernatant 
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fractions were separated by centrifugation at 16,000 g for 
45 min, and the radioactive content of the pellet and su- 
pernatant was estimated by liquid scintillation. The latter 
fraction was then subjected to the acid oxidation proce- 
dure of Fukushima and Nixon [5] and the resulting eluents 
from Dowex H + chromatography were analyzed by HPLC 
as described above. The effluent was collected in 0.4-ml 
fractions and monitored for fluorescence and radioactive 
content. The specific activity of [3H]6-hydroxymethylpterin 
recovered from the cell supernatant was estimated by 
quantifying the pterin in the HPLC eluent using a Beck- 
man model 427 integrator and external standards contain- 
ing known quantities of pure 6-hydroxymethylpterin. 

In separate experiments, 1 x 108 cells were preloaded 
with [3Hl6-hydroxymethylpterin, lysed in three freeze- 
thawing cycles,-then separated into pellet and supernatant 
fractions by centrifugation as described above. The soluble 
component was then analyzed by chromatography on a 
1.2 x 28 cm column of Sephadex G-75 equilibrated and 
eluted with 0.05 M potassium phosphate buffer (pH 7.0); 
fractions (1 ml) were analyzed for absorbance at 280 nm 
and radioactivity. Separate chromatographic runs under 
the same conditions were used to establish the elution vol- 
ume of [3H]6-hydroxymethylpterin alone and protein mo- 
lecular weight standards comprising 0.5 mg BSA (tool. wt. 
66,000) and 0.5 mg cytochrome C (mol. wt. 12,400). 

Results 

General characteristics of 6-hydroxymethylpterin uptake 

The time dependence of [3H]6-hydroxymethylpterin up- 
take in HEPES buffered saline at 37 ° C and 27 ° C is shown 
in Fig. 1. Influx was extremely rapid at both temperatures. 
An initial linear phase of uptake lasting less than 1 min 
was seen at 37 ° C; it increased to a plateau of 0.32 nmol/  
mg protein after 20-30 min. Uptake at 27°C was more 
gradual; the initial linear phase lasted approximately 
2 rain and was followed by steadily slowing uptake to a 
plateau of 0.28 nmol/mg protein after 40 min. Using a cell 
volume of 4x 10-1°ml/cell [10] and a mean protein con- 
tent of 1.87 x 10-7mg/cell, determined by Biuret measure- 
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Fig. 1. The influx of [3H]6-hydroxymethylpterin into CCRF-CEM 
cells as a function of time. Measurements were made in HEPES 
buffered saline at 27°C (A) or 37°C (O) in the presence of 
50 p,M [3H]6-hydroxymethylpterin, which was added after a 
preincubation of 1 min at 27 ° C or 2 min at 37 ° C to achieve tem- 
perature equilibration. Uptake (nmol/mg protein) was corrected 
for the incorporation into controls incubated at 4 ° C for the same 
times (0) 

ment, the concentration ratio at the steady state between 
the intracellular 6-hydroxymethylpterin level and that pre- 
sent in the extracellular medium was calculated. With an 
extracellular pterin concentration of 50 lxM, the calculated 
steady-state ratio was 3 : 1 at 37 ° C and 2.6:1 at 27 ° C, indi- 
cating that at both temperatures [3H]6-hydroxymethylpter- 
in was transported by CCRF-CEM cells in a concentrative 
manner. The possibility that the radioactive pterin was 
merely binding at the cell surface was considered unlikely, 
since the labeling in 4 ° C controls (Fig. 1) represented only 
4%-5% of that observed in the cells incubated at 27 ° C or 
37 ° C. However, this question was further investigated in 
experiments designed to establish whether [3H]6-hydroxy- 
methylpterin was sequestered or metabolized in a manner 
that might affect uptake or effiux. 

The metabolic fate of the radioactive compound was 
examined by HPLC analysis of cell extracts that had been 
allowed to accumulate [3H]6-hydroxymethylpterin during 
a 20-rain incubation at 37 ° C, as described in Materials 
and methods. After removal of unbound label by washing 
(0 ° C) and lysing the cells by freeze-thawing, 89% of the to- 
tal cell-associated counts were found in the cell superna- 
tant and 11%, in the pelleted membrane fraction. When the 
pellet was washed three times with 1 ml HEPES buffered 
saline, a further 75% of the initial counts were recovered, 
supporting the concept that [3H]6-hydroxymethyipterin is 
taken up by CCRF-CEM cells, not merely bound to the 
external cell surface. The fate of the [3H]6-hydroxyme- 
thylpterin in the soluble fraction was analyzed after oxida- 
tion with acidic iodine and separation on HPLC as de- 
scribed in Materials and methods, using the method of 
Fukushima and Nixon [5]. Recovered pteridines were de- 
tected fluorometrically and identified by comparison with 
known standards. One major peak and four or five minor 
components were identified; the major peak was the only 
fraction containing radioactivity, exhibiting the same re- 
tention time as authentic 6-hydroxymethylpterin (22 min) 
as well as chromatographing with this compound as a 
single peak when cell extracts were mixed with the stan- 
dard. In two separate experiments, 86% and 95% of the ra- 
dioactive content of the cell supernatant was recovered in 
the form of 6-hydroxymethylpterin, indicating that no 
significant metabolism of this compound occurs. The spe- 
cific activity for the [3H]6-hydroxymethylpterin recovered 
after HPLC was found to be 2.79 x 10%pm/nmol by using 
the procedure outlined in Materials and methods. This val- 
ue is close to the specific activity of the starting material 
incubated with the cells (2.57 x 10%pm/mol), further sup- 
porting the conclusion that intracellular metabolism of 
6-hydroxymethylpterin did not occur during the course of 
the uptake experiment. 

The possibility that [3H]6-hydroxymethylpterin might 
be bound intracellularly was also investigated by the anal- 
ysis of cell extracts by gel filtration on Sephadex G-75. The 
results are shown in Fig. 2. Chromatography of the extract 
obtained from 1 x 108 cells by freeze-thawing gave a profile 
containing five broad peaks. Radioactivity was detected in 
only one of these, which corresponded to the point where 
a standard of pure [3H]6-hydroxymethylpterin was recov- 
ered when it was chromatographed alone under the same 
conditions. Protein molecular weight standards compris- 
ing BSA (mol. wt. 66,000) and cytochrome C (mol. wt. 
12,400) eluted significantly earlier from the column than 
did the radioactivity in the cellular extract, indicating that 
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Fig. 2. The elution profile obtained on Sephadex G-75 after appli- 
cation of the soluble supernatant from 1 x 108 CCRF-CEM cells 
prelabeled with [3H]6-hydroxymethylpterin (501xM) during a 
20-min incubation at 37 ° C. Excess label was removed by washing 
at 4°C and the cells were lysed by three freeze-thawing cycles. 
Membranes were removed by centrifugation and the supernatant 
was applied to a 1.2 x 28 cm column of the resin equilibrated and 
eluted with 0.05 M potassium phosphate buffer (pH 7.0). Frac- 
tions (1 ml) were analyzed for 280 nm absorbance (O 0 )  
and radioactivity ( •  • ) .  Separate experiments carried out 
under the same conditions were used to determine the elution pat- 
tern of [3H]6-hydroxymethylpterin alone (A . . . . .  /x) and molec- 
ular weight standards comprising 0.5 mg BSA (A) and 0.5 mg cy- 
tochrome C (B) 

the 6-hydroxymethylpterin was probably unbound in the 
intracellular matrix. 

In view of  these results, the characteristics of  the trans- 
port  system were investigated in greater detail. Because of  
the extremely rapid uptake observed at 37 ° C, measure- 
ments of  initial rates at this temperature were subject to in- 
accuracy; therefore, the majority of  subsequent analyses 
were carried out at 27 ° C. Cells were preincubated for 
1 min to achieve temperature equilibration and uptake was 
measured for 45 s during the linear phase of  uptake. 

The initial rate of  uptake with varying concentrations 
of  [3H]6-hydroxymethylpterin and the analysis of  this data 
by a double reciprocal plot are shown in Fig. 3. A Kt value 
for half  maximal influx of  66.7 lxMwas determined for this 
process, together with a maximal velocity (Vmax) of  
0.077 nmol /min  per mg cellular protein. A similar experi- 
ment was also carried out at 37 ° C, whereby cells were 
preincubated for 2 min and uptake was measured for 30 s 
over the same concentration range of  6-hydroxymethyl- 
pterin. Analysis of  the data (not shown) gave a Kt value of  
29 ~tM and Vmax of  0.095 nmol /min  per mg protein for up- 
take at this temperature. 

The effect of  varying buffer compositions on 6-hydroxy- 
methylpterin uptake was compared using buffers employ- 
ed in previous studies that examined the transport of  folate 
and antifolate compounds  [10, 20]. The results showed that 
transport was reduced in either TRIS or phosphate- 
buffered salines to 73% and 75%, respectively, of  that 
observed with HEPES buffered saline and was also 
depressed to 85% of the control value in HEPES buffer with- 
out added anions (HEPES-sucrose). Influx in HEPES buf- 
fered saline was enhanced < 10% by the presence of  5 m M  
glucose when measured over an extended period (10 min); 
however, the initial uptake rate was unaffected. Therefore, 
transport measurements were primarily made in HEPES 
buffered saline unless otherwise stated. 
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Fig. 3. A: The uptake of varying concentrations of [3H]6-hydroxy- 
methylpterin into CCRF-CEM cells. Measurements were made at 
27 ° C after a 45-s incubation with the indicated concentrations of 
label and were corrected for the incorporation observed in con- 
trols incubated at 4 ° C; uptake is expressed in n m o l / m i n  per  mg 
cellular protein. B: Double reciprocal plot of the data in Fig. 2, A 

Inhibition of 6-hydroxymethylpterin influx 

The inhibition of  [3H]6-hydroxymethylpterin influx pro- 
duced by increasing concentrations of  unlabeled 6-hydroxy- 
methylpterin in the extracellular medium is shown in 
Fig. 4. The concentration necessary for half  maximal inhi- 
bition (Ki) calculated from this data was 52 ~tM, a value 
similar to the Km of  66.7 ~M obtained by direct uptake 
measurements using the labeled compound alone. 

A variety of  related 6-substituted pterins were tested 
for their ability to inhibit 6-hydroxymethylpterin uptake; 
the K i values determined for these compounds  are listed in 
Table 1. Pterin itself showed the greatest inhibitory proper- 
ties ( K  i = 26 ~tM), whereas methyl, formyl, or hydroxyl 
group substitution at position 6 gave Ki values of  
70 -80  ~M. However, the presence of  a carboxyl group 
produced almost no inhibitory properties ( K  i > 500 p.M). 
7-Substituted and 6,7-disubstituted compounds were also 
poor  inhibitors (Ki = 200-300 ~tM), as were those with 
larger substituents at the 6-position, such as neopterin, bio- 
pterin, and tetrahydrobiopterin. 

The uptake of  6-formylpterin was directly examined 
using the [14C]-labeled compound prepared by cleavage of 
[2Jac]-folic acid as outlined in Materials and methods, 
and a concentration for half  maximal uptake (Kin) of  
100 ~tM was determined. The similarity of  this figure to the 
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Fig. 4.A: The effect of varying concentrations of unlabeled 6-hy- 
droxymethylpterin on the uptake of a constant concentration 
(5.4 txM) of the [3H]-labeled derivative. Initial uptake over 45 s 
was measured in HEPES buffered saline at 27°C following a 
1-min temperature preincubation, after which labeled and unla- 
beled derivatives were added simultaneously. B: Dixon plot of the 
data in Fig. 3, A 
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Table 1. The inhibition of [ 3 H ] 6 . h y d r o x y m e t h y l p t e r i n  uptake in 
CCRF-CEM cells by pteridine derivatives 

Pterin Ki Maximum 
(]xM) inhibition (%) 

6-Hydroxymethylpterin 52 100 
6-Methylpterin 74 87 
6-Formylpterin 77 95 
6-Carboxypterin > 500 - 
7-Carboxypterin 275 - 
6,7-Dimethylpterin 290 - 
6-Hydroxypterin (xanthopterin) 80 87 
7-Hydroxypterin (isoxanthopterin) 208 91 
Pterin 26 91 
Biopterin 253 - 
Neopterin 291 - 
Biopterin-H4 269 - 

K i values were calculated from Dixon plots of influx at 50 lxM 
[3H]6_hydroxymethylpterin in the presence of varying amounts 
of the indicated pterin derivatives. The percentage of total influx 
inhibitable at infinite concentrations of pterin was calculated by 
the method of Inui and Christensen [14] from the intercept of plots 
of the inverse of influx remaining vs the inverse of inhibitor con- 
centration 

K i value assessed for inhibi t ion by unlabeled  6-formylpter-  
in in compet i t ion  for [3H]6-hydroxymethylpterin uptake  
(77 ~tM) suggests that  the formyl  derivative,  and  perhaps 
the other effective inhibi tors  tested, may  be substrates for 
the same t ranspor t  system as 6-hydroxymethylpter in  itself. 
This possibi l i ty  was further explored by analysis of  the in- 
hibi t ion p roduced  by these compounds ,  using the method 
of  Inui and Christensen [14] to define the magni tude  of  the 
por t ion of  6-hydroxymethylpter in  uptake that  is subject to 
competi t ive inhibi t ion by each compound.  The inverse of  
the fraction of  uptake  remaining was plot ted against  the 
inverse of  inhibi tor  concentrat ions (Fig. 5) and the inter- 
cept used to calculate the part  of  the uptake subject to inhi- 
b i t ion;  an intercept  of  1.0 corresponds to a total ly inhibi- 
table process and implies a shared t ranspor t  system. The 
results of  these analyses are shown in Table 1. Compounds  
exhibit ing high K i values could not  be accurately analyzed 
by this method due to the low levels of  inhibi t ion pro-  
duced,  but  analysis of  the remaining compounds  showed 
that all of  them inhibi ted uptake (between 87% and 95%), 
which strongly supports  the concept  that they are all sub- 
strates for a single uptake system. 

Since adenine  was found to be a strong inhibi tor  of  
6-hydroxymethylpter in  uptake in murine L1210 cells [9], it 
was also tested in the human C C R F - C E M  system and 
found to be a strong inhibi tor  of  uptake  (K i = 10.6 ~tM). 
However,  analysis of  the type descr ibed above (Fig. 5) 
showed that  only 66% of  the total  [3H]6-hydroxymethyl- 
pterin uptake could be inhibi ted by this compound ,  suggest- 
ing that, unl ike pterin analogs,  it does not  share the same 
t ranspor t  system. Adenine  uptake  is also known to be cou- 
pled to its conversion to A M P  by means o f  PRPP-depen-  
dent  adenine phosphor ibosyl  transferase,  and  the levels of  
PRPP are affected by a variety of  sugars. However ,  when 
6-hydroxymethylpter in  uptake  was measured in the pres- 
ence of  various sugars, it was not  affected in the same 
manner  as PRPP levels. For  example,  glucose and inosine, 
known to elevate PRPP levels, p roduced  no increase in 
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Fig. 5. Double reciprocal plot of the fraction of influx remaining as 
a function of the concentration of a variety of inhibitors; initial 
influx rates were measured over 45 s at 27 ° C. V, observed rate; 
Vo, uninhibited rate. Inhibitors: O, 6-hydroxymethylpterin, A, 
6-formylpterin; III, pterin; O, adenine 

pter in uptake;  in fact, t ranspor t  was reduced by almost  
50% by 5 mM inos ine .  Conversely,  pterin uptake was unaf- 
fected by 5 m M  ribose, in which PRPP levels are reduced. 
Therefore,  these results provide  addi t ional  suppor t  for the 
conclusion that adenine  and pterins do not  share the same 
t ranspor t  system. 

A variety of  structurally unrela ted compounds  were al- 
so examined for their effects on 6-hydroxymethylpter in  
t ransport .  The results are shown in Table 2. Uptake  was 
relatively unaffected by  azide, ol igomycin,  and arsenate. 

Table 2. The effect of inhibitors on the uptake and efflux of 
pH]6-hydroxymethylpterin in CCRF-CEM cells 

Addition Concen- [3H]6-Hydroxymethylpterin 
tration transport 
(mM) 

Uptake (%) Efflux (%) 

None - 100 100 
Sodium azide 5 103 103 

p-Chloromercuri- 0.1 93 95 
phenylsulfonate 

Sodium arsenate 2.0 89 95 
2,4-Dinitrophenol 0.001 81 83 

Carbonyl cyanide 1.0 20 68 
m-chlorophenyl- 
hydrazone (CCCP) 

Ouabain 2.0 68 115 
Oligomycin 6 ~tg/ml 93 98 

Uptake was measured at 27°C during a 45-s incubation in HEPES 
buffered saline with 50 [xM [3H]6-hydroxymethylpterin after a 
l-rain preincubation with the indicated compounds and is ex- 
pressed as a percentage of control uptake when cells were prein- 
cubated alone (0.036 nmol/min per mg protein). Efflux was mea- 
sured in the same buffer solution after ceils were preloaded with 
label during a 15-min incubation in the presence of 50 p~M 
[3H]6-hydroxymethylpterin. Cells were washed at 0°C and efflux 
was measured after a 2-min incubation at 27°C either alone (0.09 
nmol effluxed/mg protein) or in the presence of the indicated 
concentrations of putative inhibitors 
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However,  the uncouplers  of  oxidat ive phosphoryla t ion ,  
2 ,4-dini t rophenol  and carbonyl  cyanide m-chlorophenyl-  
hydrazone  (CCCP),  depressed t ranspor t ;  the most effec- 
tive, CCCP, reduced t ranspor t  to 20% of  that  seen in con- 
trois, al though it exhibited a relatively high K i of  325 IxM. 
Ouabain  depressed uptake to a lesser degree and the mer- 
curial,  p-chloromercur iphenyl  sulfonate, exhibited very 
slight inhibit ion.  

The effect of  the conjugated pterin,  folic acid, and the 
antifolate,  methotrexate,  which are known to be t ransport-  
ed efficiently in this cell type [10], were also examined for 
their  effects on 6-hydroxymethylpter in  uptake.  Fol ic  acid 
was not inhibi tory at 200 ~tM levels and methotrexate  pro-  
duced less than a 10% reduct ion in influx at the same con- 
centration. Since the K i for inhibi t ion o f  methotrexate  
t ranspor t  by these compounds  is 0.9 and 13 IxM, respec- 
tively, the results suggest that unconjugated  pterin trans- 
por t  does not  take place by the same route. 

Efflux of [3 H]6-hydroxymethylpterin 
The efflux of  [3H]6-hydroxymethylpterin from C E M  cells 
incubated at 37 ° C and 27 ° C after pre loading with the la- 
beled compound  is shown in Fig. 6. Efflux, like influx, was 
extremely rapid  at both  temperatures,  whereas almost  no 
radioact ivi ty was lost from cells incubated at 4 ° C. As 
with uptake measurements ,  the major i ty  of  analyses were 
carried out at 27 ° C, where an initial l inear phase of  efflux 
could be measured with greater accuracy,  da ta  being col- 
lected after 2 min efflux in all cases. 

The effect of  buffer composi t ion  on pter in efflux was 
examined using the same buffers previously described for 
uptake experiments.  Efflux was slowed 10%-15% in TRIS 
and phosphate-buffered salines and was unaffected by the 
presence of  1 or 5 m M  glucose in HEPES buffered saline 
or by the replacement  of  anions by sucrose. 

The presence of  unlabeled  6-hydroxymethylpter in  in 
the extracellular  medium reduced efflux in a concentra-  
t ion-dependent  fashion (Fig. 7, A); however,  efflux was not  
fully preventable  by this means. Analysis  by the method of  
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Fig. 6. The efflux of [3H]6-hydroxymethylpterin with time from 
CCRF-CEM cells incubated at 4°C (11), 27°C (A), and 37°C 
(O). Cells were preloaded with labeled compound (50 lxM) during 
a 15-rain incubation at 27°C, cooled to 4°C and washed to re- 
move unin6orporated substrate, then incubated for the indicated 
times, after which the radioactivity present in the cells was mea- 
sured. Efflux is expressed as the percentage of labeled derivative 
remaining; initial loading (100%) was 0.24 nmol/mg 
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Fig. 7.A: The inhibition of efflux of [3H]6-hydroxymethylpterin 
from CCRF-CEM cells at 27 ° C, with varying concentrations of 
unlabeled 6-hydroxymethylpterin in the extracellular medium. 
Efflux, expressed as nmol/mg, was measured during a 2-min in- 
cubation as described in the legend to Fig. 5. B: The inverse of 
the fraction of efflux remaining as a function of extracellular un- 
labeled 6-hydroxymethylpterin concentration. 11, observed rate; 
Vo, uninhibited rate 

Table 3. The inhibition of [3 H]6-hydroxymethylpterin efflux from 
CCRF-CEM cells by extracellular pteridines 

Pterin K i Effect of 
(p.M) 100 lxM pterin 

(% of control) 

6-Hydroxymethylpterin 45.0 53.8 
6-Methylpterin 48.3 47.8 
6-Formylpterin 50.0 63.1 
6-Carboxypterin - 92.6 
7-Carboxypterin - 94.2 
6,7-Dimethylpterin - 85.2 
6-Hydroxypterin (xanthopterin) 40.5 47.4 
7-Hydroxypterin (isoxanthopterin) - 92.7 
Pterin 15.8 60.1 
Biopterin - 84.2 (200 ~M) 
Neopterin - 90.8 (200 pM) 

Efflux was measured as described in the legend to Table 2. Inhi- 
bition constants (K0 were measured from Dixon plots of initial 
efflux rates measured in the presence of varying concentrations of 
the indicated pterin derivatives. The initial efflux rate observed in 
the presence of 100 IxM pterin (or 200 lxM in the case of biopterin 
and neopterin) is also tabulated as a percentage of the control ef- 
flux rate measured in the absence of any extracellular pterins 

Inui  and Christensen [14], as described earl ier  for uptake 
measurements  (Fig. 7, B); revealed that only 40% of  total 
efflux could be inhibited by 6-hydroxymethylpter in ;  a K i 
value of  52 lxM was determined for the inhibi table  compo-  
nent. The inhibi t ion constants for the effect of  other pter- 
ins on efflux are shown in Table 3. Since this constant  
could only be determined for compounds  that exhibi ted an 
appreciable  effect on efflux, the effect of  the presence of  
100 or 200 IxM concentrat ions of  each compound  in the 
extracellular  medium are also tabula ted  for comparison.  
The compounds  that  affected efflux to the greatest extent, 
namely,  pterin and its 6-hydroxymethyl ,  6-methyl, 6-for- 
myl,  and 6-hydroxyl  derivatives, were the same com- 
pounds  that showed the greatest abil i ty to inhibit  6-hy- 
droxymethylpter in  influx (Table 1). Adenine  (100 IxM) in- 
hibi ted efflux to 50% of  the control  value, folic acid had no 
effect, and methotrexate  inhibi ted the process by 5%-7% 
at concentrat ions above 150 ~tM. 
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The same range of  metabolic inhibitors tested for their 
effects on uptake were also examined with 6-hydroxyme- 
thylpterin effiux (Table 2). The pattern was similar to that 
seen with influx: azide, arsenate, p-chloromercuriphenyl- 
sulfonate, and oligomycin had little effect, whereas the un- 
couplers 2,4-dinitrophenol and CCCP depressed efflux, al- 
though the magnitude of  the effects were less than those 
produced on influx. For example, using high levels of  
CCCP it was shown that approximately 55% of  total efflux 
was not affected by this agent. In contrast to its slight de- 
pression of  influx, ouabain produced a small enhancement 
in effiux. 

Discussion 

A process by which 6-hydroxymethylpterin is taken up in- 
to C C R F - C E M  human lymphoblastoid cells that is con- 
centrative, saturable, temperature-dependent,  and sensi- 
tive to inhibition by substrate analogs has been identified. 
Efflux follows more than one pathway, but approximately 
50% occurs by a process sharing the same specificity as the 
uptake mechanism. 

The affinity of  a variety of  unconjugated pteridines for 
the 6-hydroxymethylpterin uptake system were examined, 
and those with either no substituent (pterin) or methyl, for- 
myl, and hydroxyl groups at the 6-position appeared to be 
likely candidates as alternate substrates for the same path- 
way. Compounds  with more bulky 6-substituents, such as 
the dihydroxypropyl  and tr ihydroxypropyl groups of  bio- 
pterin and neopterin, exhibited low affinity, as did 
6,7-dimethylpterin and the 7-carboxy and 7-hydroxy de- 
rivatives. Compounds  with the greatest affinity for the up- 
take pathway therefore appear to be neutral, unconjugated 
pterin molecules with relatively small 6-substituents. 
6-Carboxypterin is probably a poor  substrate because of  
its anionic form at neutral pH. The observation that un- 
charged pterin derivatives are the most effective substrates 
for the uptake process as well as its relative insensitivity to 
inhibition by metabolic inhibitors suggest that the process 
may occur by facilitated diffusion. 

The existence of  a pathway for pterin uptake that exhi- 
bits similar specificity has also been described in murine 
L1210 cells [22]. However, small differences are identifi- 
able; for example, biopterin exhibited a somewhat higher 
affinity for the 6-hydroxymethylpterin uptake system of  
L1210 cells (Ki = 180 ~M) than that found in the present 
study using human cells (Ki = 253 ~tM) and tetrahydro- 
biopterin showed very poor  affinity (Ki = 1.1 mM), where- 
as in CEM cells the affinity of  the reduced compound 
(269 gM) was comparable with that of  the oxidized com- 
pound.  

Efflux of  6-hydroxymethylpterin, which was not ana- 
lyzed in detail in the murine cell system, appears to occur 
by more than one route in CEM cells. The component  that 
could be delineated, comprising approximately 50% of  the 
total, shared properties similar to the influx process. If  cel- 
lular influx and efflux occur by the same route, it might be 
expected that the presence of  extracellular pterins might 
stimulate efflux from preloaded cells if the two processes 
are coupled. However, the observation that pteridine ef- 
flux was inhibited under  such conditions suggests that it 
does not occur by an exchange mechanism and that the 
presence of  extracellular pterins may inhibit release by the 
blockage of  common carrier molecules. 

Interest in the transport of  unconjugated pteridines in 
vivo centers around observations that certain derivatives 
are excreted at elevated levels in association with many 
disorders, particularly malignancies. Some of  these com- 
pounds have yet to be identified; however, this group is 
known to include 6-hydroxymethylpterin as well as neo- 
pterin, although the source of  the latter, often identified by 
its elevated levels in urine, is unknown. The necessity for 
an uptake mechanism for these derivatives in vivo has yet 
to be assessed; however, the transport process described in 
this report provides evidence that 6-substituted pterins can 
be released (or taken up) with considerable efficiency at 
least in this line of  human lymphoblastoid cells. However, 
neopterin and biopterin are somewhat poor  candidates for 
this transport process, which suggests that the origins of  
excreted 6-hydroxymethylpterin and neopterin in man 
may differ unless the intracellular levels of  neopterin are 
significantly elevated under some metabolic conditions. 
Experiments using [14C]- or [3H]-labeled neopterin and 
biopterin are in progress to assess directly the influx and 
effiux of  these compounds  in human cells. 
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