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Synthesis of Tetrahydrobiopterin in Friend Erythroleukemia Cells 
and Its Modulator Effect on Cell Proliferation 
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The induction of the enzymes in the tetrahydrobiop- 
terin pathway by dimethyl sulfoxide (DMSO) was in- 
vestigated in subclones F4N and B8/3 of the proeryth- 
roblastoid Friend erythroleukemia cell line (MEL). 
GTP-cyclohydrolase, the initial enzyme in the biosyn- 
thetic pathway, is virtually absent in both clones, but 
expression increases during 3 days of DMSO treatment. 
The flnal enzyme levels show 12-fold (subclone B8/3) 
and 40-fold (subclone F4N) increases compared to ini- 
tial values. Enhancement of 6-pyruvoyl tetrahydro- 
pterin synthase activity is detectable 6 h after exposure 
to DMSO and continues to increase in the 3-day time 
period to 2.4-fold and l&fold levels in subclones B8/3 
and F4N, respectively. Sepiapterin reductase is present 
in unstimulated F4N cells and absent in BS/3 cells. The 
enzyme activity is not affected by DMSO treatment in 
either cell line. This explains why DMSO treatment 
causes accumulation of tetrahydrobiopterin in the MEL 
subclone F4N, but not in subclone B8/3. MEL cells are 
devoid of phenylalanine hydroxylase for which tetra- 
hydrobiopterin serves as cofactor. In F4N, but not in 
B8/3, tetrahydrobiopterin modulates the rate of [‘HI- 
thymidine incorporation, thus being functionally 
linked w.ith cell proliferation rather than with differ- 
entiation. In contrast to T lymphocytes, periods of tet- 
rahydrobiopterin synthesis and of modulator function 
are uncoupled in MEL cells. o WSO ACMI~XII~~ PRUS, IUC. 

INTRODUCTION 

The de novo synthesis of tetrahydrobiopterin (H,bi- 
opterin) begins with GTP (Fig. 1; cf. Ref. [l]). The for- 
mation of the first intermediate, dihydroneopterin tri- 
phosphate (NH,TP), is catalyzed by GTP-cyclohydro- 
lase (GTP-CH; EC 354.16). Its further transformation 
to H,biopterin proceeds via tetrahydropterin intermedi- 
ates and was only recently elucidated [2-51. Upon tri- 
phosphate elimination from NH,TP, 6-pyruvoyltetra- 

1 To whom reprint requests should he addressed at GSF-Institut fiir 
Experiment&e Hlimatologie, Marchioninistr. 25, D-8000 Mtichen 
70, FRG. 

hydropterin synthase (PPHI synthase) catalyzes an 
intramolecular reaction yielding the unstable interme- 
diate, 6-pyruvoyltetrahydropterin (PPHJ. The hydride 
equivalents for the reduction of this diketo compound to 
H,biopterin are provided by NADPH. The enzymes and 
the sequence of reactions by which they are introduced 
at positions 1’ and 2’ have not been unequivocally deter- 
mined. In addition to sepiapterin reductase (SR, EC 
1.1.1.153), which potentially catalyzes the reduction of 
each of the l’- and 2’-monoketo tetrahydropterins [6], 
another enzyme, PPHl reductase, has been character- 
ized [4,7]. It was shown to be identical to aldose reduc- 
tase [8]. Measurement of the contribution of this en- 
zyme in crude cell extracts, however, is not yet possible. 

The role of Hlbiopterin as a cofactor for the hydroxyl- 
ation of aromatic amino acids is well established (cf. Ref. 
[9]). In tissues which are competent for neurotransmit- 
ter biosynthesis, changes in the activities of GTP-CH 
occur in response to physiological conditions and phar- 
macological treatments [lo, 111 and are claimed to be 
caused by induction of this enzyme [ 111. 

Recent evidence has shown that pterins are also syn- 
thesized in tissues and in cell lines lacking aromatic 
amino acid hydroxylation. In this case, their biosynthe- 
sis appears to be related to cell proliferation (cf. Ref. 
[ 121). The formation/synthesis of H,biopterin during 
lectin-induced blast transformation [13, 141 is con- 
trolled by the activation of both GTP-CH and SR [ 131. 
In primed T-cells and in the CD4+ T-cell lines, HUT 102 
and MT 2, activities of GTP-CH, PPH, synthase, and 
SR are controlled by a synergism of both y-interferon 
(IFN-I/) and interleukin 2 (IL-2) [14, 16, 171. The final 
product, H4biopterin, in turn, functions as a feedback 
regulator of T-cell proliferation [18, 191. It operates by 
modulation of the IL-2 high-affinity receptor [ 17,201. 

Data from animal models [21,22] and from bone mar- 
row transplantations [23-251 suggest that hematopoi- 
etic activity correlates with H4biopterin synthesis. It is 
terminated during final reticulocyte maturation by a se- 
lective loss of GTP-CH activity [26, 271. The Friend 
virus-transformed murine erythroleukemia cell line 
(MEL) is commonly used as a model system for erythro- 
poiesis. It is thought to be arrested before or at the pro- 
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FIG. 1. Biosynthesis of (6R)-5,6,7,8tetrahydrobiopterin (BH,). 
NHsTP is dihydroneopterin 3’triphosphate; PPHl is 6-pyruvoyltetra- 
hydropterin. (1) GTP-cyclohydrolase I, (2) 6-pyruvoyl-tetrahydro- 

pterin synthase, (3) sepiapterin reductase. The involvement of an ad- 
ditional reductase (6-pyruvoyltetrahydropterin (2’-oxo)reductase) has 
been proposed [4,7] which was shown to be identical to aldose reduc- 

tase [8]. 

erythroblastic stage and possess unrestricted prolifera- 
tive capacity. The virus-conditioned block of erythropoi- 
etic differentiation can be counteracted by a variety of 
chemically unrelated compounds such as dimethyl- 
sulfoxide (DMSO) or hexamethylene bisacetamide 
(HMBA) (Ref. [28]; cf. Ref. [29]). The result of this 
treatment mimics many, but not all, of the normal stages 
of erythropoiesis such as a lo-fold increase in globin 
mRNA [30] and increased heme production [28]. In ad- 
dition to the control enzymes for the heme synthesis 
pathway [31,32] a range of enzymes such as acetylcho- 
linesterase and carbonic anhydrase are also coordinately 
induced by erythroid-differentiating chemicals [33]. In 
other respects the MEL cells undergoing chemically in- 
duced differentiation differ from normal erythropoiesis 
in that their nucleus does not disappear completely [28], 
glucosephosphate dehydrogenase does not decrease, and 
catalase activity does not increase [33]. 

Recent data have shown that MEL subclones may 
vary considerably with respect to the regulation of H,bi- 
opterin synthesis. In the subclone M18, which does not 
respond to chemical induction, biopterin levels were un- 
changed after exposure of the cells to DMSO. In sub- 
clone 745 this reagent increases levels two- to threefold 
[34]. The differentiation-inducing agent HMBA has 
been reported to cause a decrease in biopterin synthesis 
in subclone 745 by reducing GTP-CH activity. It has 
further been demonstrated that stimulation of DNA 
synthesis was achieved by increasing intracellular H,bi- 
opterin levels [26], suggesting that H,biopterin also has 
a functional role in control of cell proliferation in cells 
of erythroid lineage. 

In this study we have analyzed the H4biopterin-syn- 
thesizing system during DMSO treatment of two MEL 
subclones to address the questions whether it can be in- 
duced by this agent and whether the enzymes involved 
are expressed in a sequential order. We further investi- 
gated whether a correlation exists between the forma- 
tion of H4biopterin and the expression of aromatic 
amino acid hydroxylase or whether H4biopterin also 
functions as a modulator of S-phase transition in ery- 
throid cells. Two subclones, F4N and B8/3, were exam- 
ined. In subclone B8/3, in contrast to F4N, an exception- 
ally rapid accumulation of globin mRNA and a lack of 
increase in viral RNA during differentiation was found 
[35]. This indicates major differences between the two 
subclones and thus further analysis may clarify the con- 
flicting results obtained with different MEL subclones 
as outlined above. 

MATERIALS AND METHODS 

Chemicals. All tissue culture reagents were supplied by GIBCO 
(Bethesda, MD). The origin of the chemicals for sample prepurifica- 
tion and HPLC analysis is listed in Ref. [13]. The Coomassie blue 

dye reagent was from BioRad (Munich, FRG). DMSO, phenylalanine, 
tyrosine, dithiothreitol (DTE), trichloroacetic acid (TCA), and all 
buffer components were from Sigma (St. Louis, MO); GTP and 
NADPH were from Boehringer-Mannheim (FRG), all pterins were 
from B. Schircks (Jona, Switzerland), and L-[U-“C]phenylalanine 
was from Amersham (Braunschweig, FRG). Sephadex G-25 was used 
as standardized NAP-5 columns from Pharmacia (Freiburg, FRG). 
The reagents for [3H]thymidine ([‘H]TdR) incorporation measure- 
ments are listed in Ref. (181. 

Cell culture. MEL cells of clones F4N and B8/3 were obtained 
from W. Ostertag (Universitiitsklinik Hamburg-Eppendorf, FRG). 
The origin of the MEL clones have been described [36]. The cells were 
maintained in suspension culture with RPM1 medium supplemented 
with 10% heat-inactivated fetal calf serum. 

Cells were induced to differentiate by the addition of 1.2% (clone 
F4N) or 1.7% (clone B8/3) DMSO to logarithmically growing cultures 
at a density of l-5 X 10s cells per milliliter. Uninduced control cells 
were cultured at a density <1.5 X 10’ cells per milliliter. Cells were 
harvested by centrifugation, washed once with cold Dulbecco phos- 
phate-buffered saline, and stored at -70°C. 

Determination of H&iopterin. Cellular biopterin was determined 
after acidic oxidation of the reduced forms by iodine. Deproteiniza- 
tion, prepurification by cation exchange, separation by HPLC, and 
fluorometric detection of the oxidized pterin have been described pre- 
viously (131. The following modifications were used: Pterins were 
eluted from the cation-exchange resin with 1 M NH,-acetate contain- 
ing 25% methanol (v/v); monapterin was added as an internal stan- 
dard prior to the oxidation step. 

Enzyme assays. For preparation of cell extracts 2-5 X lo7 cells 
were homogenized in cold 50 mM phosphate buffer, pH 7.5. After 
centrifugation at 12,OOCg for 5 min, the supematant was desalted on 
Sephadex G-25 columns equilibrated with the homogenization buffer. 
GTP-CH, PPHl synthase, and SR activities were measured in 50 n&f 
phosphate buffer, pH 7.5, at 37’C. GTP-CH activity was determined 
by the formation of dihydroneopterin triphosphate from GTP. Assays 
for GTP-CH contained 0.5 n&f GTP and cell extract in a total volume 
of 65 pl. After incubation (120 min), the reaction products were oxi- 
dized with iodine at pH 1. Neopterin phosphates (NP) were separated 
by ion-pairing HPLC and monitored by fluorometric detection. The 
total of neopterin mono-, di-, and triphosphatee correspond to enzyme 
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started after 24 h and reached maximum values on Day 
3 (Fig. 2). In contrast, biopterin did not increase in B8/ 
3 cells upon DMSO treatment. 

The Biopterin-Synthesizing Enzymes during 
DMSO Induction 

OO 
Neopterin production by GTP-CH was close to the 

1 2 3 

DAY 
detection limits (0.1 pmol min-’ mg-‘) in both F4N and 
B8/3 subclones. In each of five experiments DMSO 

FIG. 2. Increase in H,biopterin synthesis during DMSO treat- 
treatment caused a 40-fold increase in GTP-CH activity 

ment of the MEL subclones B8/3 (0) and F4N (0); *SD, n = 6. The in F4N cells during a period of 3 days (Fig. 3). The same 
biopterin levels of B8/3 were at the detection limits (0.5-0.6 pmol/106 time course was followed in B8/3 cells, but the final ac- 
cells) and no SD was calculated. tivity was increased only 12-fold compared to that of 

controls. 
The development of PPHl synthase activity upon 

activity [37]. PPH, synthase activity was determined by the formation 
of tritiated water from [2’-3H]NH,TP [38]. The specific activity of the 

DMSO treatment was determined at nonsaturating sub- 

substrate was 12.6 GBq mmol-‘. The assay mixture contained 0.47 
strate conditions for two reasons. First, maximum sensi- 

pM [2’-3H]NHzTP (specific radioactivity 12.6 GBq mmol-‘) and 8 mM tivity was achieved when the substrate was used at the 
MgCl* and protein in a total volume of 30 ~1. They were incubated at 
37°C for 120 min. Tritiated water was measured as described [38]. 

SR activity was determined by the formation of H,biopterin from 
sepiapterin. The assay contained 40 pM sepiapterin, 100 pM NADPH, 
and cell extract in a total volume of 300 ~1. The reaction product, H,bi- 

opterin, was determined after acidic iodine oxidation to biopterin by 
reversed-phase HPLC as described [13]. 

Phenylalanine hydroxylase (PAH) was measured by conversion of 
L-[U-Wlphenylalanine to [“Cltyrosine [39]. Tyrosine was separated 
from phenylalanine by HPLC using the ion-pair solvent system de- 
scribed above. The amino acids were identified by the UV spectra of 
the coeluting unlabeled species by means of the Hewlett-Packard HP 
1040A detection system. The assay system (100 ~1 final volume) con- 
tained 0.1 M phosphate buffer, pH 6.8, L-[U-‘“Clphenylalanine (final 
concentration 0.4 mM), and DTE (final concentration 10 n&f) [40]. 
The assay was run for 5 min (mouse liver) or 60 min (MEL cells) at 
27°C. It was stopped by the addition of 20 ~12 M TCA. The radioactiv- 
ity of the tyrosine and phenylalanine fractions was determined by a 
Beckman scintillation spectrometer. PAH activity was calculated 
from the percentage conversion of [‘“Clphenylalanine to tyrosin and 
the substrate concentration. Protein concentrations for all assays 
were determined by the Coomassie blue dye assay with bovine serum 
albumin as standard. 

wbclone B 8’3 subclone FGN 

GTP-CH 
‘i 40 
F 

T 
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E 
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[3H]TdR incorporation. Cells were harvested by centrifugation 
from an exponentially growing culture and were seeded in 200-~1 mi- 
crotiter wells at a density of 3-6 X lO’/ml. Hlbiopterin and sepiapterin 
were added from freshly prepared stock solutions and were serially 
diluted with culture medium. 2-Mercaptoethanol which had been 
added to the stock solutions resulted in a final concentration of 10.5 

nM in the first well. It had no apparent effect on the [3H]thymidine 
incorporation rate. At the periods indicated, cells were pulse-labeled 
for 1 h and then semiautomatically harvested as described in Ref. [ 181. 

SR 

RESULTS 
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Synthesis of Cellular Biopterin during DMSO Induction DAY DAY 

The concentration of Hlbiopterin during DMSO in- FIG. 3. Induction of GTP-CH, PPH, synthase, and SR activities 

duction was studied in subclones F4N and B8/3 of the during DMSO treatment of the MEL subclones B8/3 (left lane) and 

MEL cell line. Only trace amounts of biopterin (0.6-0.7 F4N (right lane). (0) Control cells; (e) addition of 1.7% (clone B8/3) 

pmol/106 cells) were found in both subclones. In each of and 1.2% (clone F4N) DMSO to the medium; &SD, n = 5. For values 

six experiments DMSO treatment of F4N cells caused a 
at the detection limits (GTP-CH: 0.1-0.2 pmol mg-’ min-‘; PPH, syn- 

marked increase in cellular biopterin levels which 
thase 30 fmol mg-’ min-‘; SR: 2 pmol mg-’ min-‘) no SD was calcu- 
lated. NP, total of neopterin mono-, di-, and triphosphate. 
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TABLE 1 

K, Values for PPHl Synthase and its Specific Activities at 
Substrate Saturating Conditions in Control MEL Cells 

Subclone B8/3 
Subclone F4N 

JL vmax 
(xlo-6iW) (pm01 min-’ mg-‘) 

2.42 19.7 + 4.4 (n = 5) 

2.77 17.0 f. 5.9 (n = 5) 

highest activity available (see Methods). Second, our 
studies focused on relative changes during differentia- 
tion. To compensate for variations in the individual in- 
duction experiments, DMSO-induced changes in PPHl 
synthase activities are expressed relative to control cells 
(Fig. 3). The graph demonstrates that in each of five ex- 
periments DMSO induced an immediate increase in ac- 
tivity which was detectable after 6 h and continued for 3 
days in subclone B8/3, resulting in 2.5-fold final levels. 
PPH4 synthase in F4N cells reached about U-fold levels 
after Day 1 and showed no further increase. 

PPH, synthase follows normal Michaelis-Menten ki- 
netics [ 381. The apparent K, values were determined by 
standard curves using lower specific radioactivities and 
thus V,, under substrate-saturating conditions could 
also be calculated for the enzyme from MEL cells (Table 
1). This allows comparison of its activity in control cells 
with both of the other biosynthetic enzymes which are 
presented in this study in a conventional manner for 
substrate-saturating conditions (to in Fig. 3). The values 
demonstrate that GTP-CH, rather than PPHI synthase 
or SR is the rate-limiting enzyme in control and also in 
DMSO-induced F4N cells. 

In F4N cells SR activities remained unchanged after 
DMSO treatment (Fig. 3, right lane). On the contrary, 
no SR was found in subclone B8/3 and the block in each 
of five experiments could not be counteracted by DMSO 
treatment. This explains the finding that H,biopterin 
cannot develop upon DMSO induction in these cells. 

Absence of Phenylalanine Hydroxylase (PAH) in MEL 

To address the question whether H,biopterin synthe- 
sis in MEL cells is related to its known cofactor function, 
we have examined whether PAH activity is constitu- 
tively present in MEL or can be induced by DMSO. The 
activity of PAH in mouse liver extract was found to be 
2.43 f 0.38 nmol tyrosine min-’ mg-’ (n = 4). No activity 
could be detected in uninduced or in DMSO-induced 
MEL cells from either subclone. 

Modulation of [3H]TdR Incorporation Rate 
by H4biopterin 

The apparent lack of cofactor function prompted us 
to examine whether H4biopterin modulates the prolifer- 

ation of MEL cells similarly as in T-cells [18, 191. H,bi- 
opterin and sepiapterin added to the cells at the time of 
seeding significantly increased the rate of DNA synthe- 
sis in the rapidly dividing cells of subclone F4N. They 
were inactive in cells from subclone B8/3. Maximum en- 
hancement was found in the range 5-9 X lo-’ M (Fig. 4). 
No toxic effect on either subclone could be observed at 
these pterin concentrations. 

In F4N dihydrofolate reductase activity amounts to 
1.19 f 0.41 nmol NADPH mg-’ min-’ and high activi- 
ties of SR were also found (Fig. 3). Thus, by sequential 
activity of SR and DHFR these cells readily convert se- 
piapterin to H4bipterin via the salvage pathway [41]. In- 
deed, intracellular H4biopterin levels increase to 60 
pmol/lO” cells after incubation with sepiapterin for 3-8 
h. It can therefore be concluded that sepiapterin be- 
comes effective after conversion to H4biopterin. This 
pathway has also been suggested for the sepiapterin-me- 
diated increase in proliferation in subclone 745 [26]. In 
subclone B8/3 the activity of DHFR was the same (1.21 
+ 0.21 nmol NADPH mg-’ min-‘) as in F4N, but due to 
the lack of SR activity (Fig. 3) no conversion to H,biop- 
terin was found. The failure of these cells to respond im- 
mediately to H4biopterin, however, suggests that the 
DNA synthesis rate in B8/3, contrary to that in F4N, is 
not modulated by the final product of the biosynthetic 
pathway. 

pterin(Ml 
10-e 

pterin(t4 

FIG. 4. Effect of HIbiopterin and sepiapterin on DNA synthesis 
in MEL subclones F4N (A) and B8/3 (B). Cells from exponentially 
growing cultures were seeded with pterins at the concentrations indi- 
cated. 13H]TdB incorporation was measured after 19 h by pulse label- 
ing for 1 h. (0) H,biopterin; (A) sepiapterin. Dotted area: 95% proba- 
bility levels of DNA synthesis in medium alone. 
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DISCUSSION 

A first point to emerge from the present study is that 
H4biopterin synthesis in both F4N and B8/3 subclones 
of MEL cells is blocked. The enzymes of the de nouo 
H4biopterin synthesis are individually and selectively 
affected. GTP-CH and PPHl synthase are initially ab- 
sent, but are induced by DMSO treatment in both sub- 
clones with similar time courses, even though the final 
levels are different. SR appears to be governed by a 
different program since it is not subject to the block in 
subclone F4N, but is irreversibly suppressed in subclone 
B8/3. Therefore, DMSO treatment does not commit 
these MEL cells to H4biopterin synthesis. B8/3 is the 
first cell type found to lack SR activity, so far. 

In both subclones the induction of PPHl synthase pre- 
cedes the induction of GTP-CH, although the latter cat- 
alyzes the first step in the biosynthetic pathway. Nonco- 
ordinate expression has also been reported for other 
pathways, e.g., for commitment to terminal cell division 
[42]. It should be noted that the accumulation of Hlbi- 
opterin in F4N cells precedes the induction of GTP-CH 
by 24 h. A similar divergence in these time courses was 
induced in the HTLV-I-transformed T cell line MT-2 
by synergistic action of IFN-7 and IL-2 [ 171. A “salvage 
pathway” has been postulated to exist in addition to de 
nouo biosynthesis in a number of cell lines. It proceeds 
from intermediates which have not yet been character- 
ized [41]. Whether this pathway also operates in MEL 
cells and thus gives rise to the early increase in H4bio- 
pterin levels after DMSO treatment remains to be fur- 
ther elucidated. 

In our study F4N responds to DMSO in a way similar 
to that which has been reported for subclone 745 [34]; 
namely, biopterin production increases upon treatment 
with this agent. In contrast, HMBA was found to termi- 
nate H4biopterin synthesis in the same subclone through 
a decrease in GTP-CH activity [ 261. Treatment with ei- 
ther agent, however, induces differentiation as indicated 
by hemoglobin synthesis [26, 341. The conflicting data 
suggest that H,biopterin synthesis is not coupled to the 
events resulting in differentiation. Second, they demon- 
strate that MEL subclones may react individually and 
differently, imposing limitations for a generalized use 
of MEL cells as a model system for studying erythro- 
poiesis. 

Since MEL cells express PAH activity neither by con- 
stitution nor after induction with DMSO, a functional 
role for endogenous H4biopterin in the biosynthesis of 
tyrosine can clearly be ruled out. An additional role of 
H,biopterin synthesis with respect to the control of cell 
proliferation has been documented for the MEL sub- 
clone 745 [26]. The present study demonstrates a similar 
phenomenon in subclone F4N, but not in subclone B8/ 
3. As in activated T-cells [la, 191, the enhancement of 
[3H]TdR incorporation in F4N cells follows an optimum 

curve with respect to H,biopterin concentration. In both 
cases it culminates at 6-9 X lo-’ M. In the case of clonal 
expansion of T-cells, Hgiopterin appears to operate via 
modulation of IL-2 receptor assembly [17, 201. The 
pathway of its operation in MEL cells has not been iden- 
tified. 

It should be pointed out that in T-cells H,biopterin 
synthesis and its modulator function are temporally co- 
ordinated. Periods of H4biopterin synthesis closely pre- 
cede the periods of main DNA synthesis during blast 
transformation of resting T-cells [ 13,141 and during IL- 
2-induced proliferation of primed T-cells [ 161. In spite of 
the fact that MEL subclone F4N responds to exogenous 
H4biopterin, the events are uncoupled in these cells. In 
subclone B8/3, on the other hand, both H4biopterin syn- 
thesis and responsiveness are lost. 

We thank Dr. W. Ostertag (Universitiitsklinik Hamburg-Eppen- 
dorf, FRG) for both MEL subclones F4N and B8/3. The experiments 
were performed with the help of Mrs. Ingrid Gruber. They were most 
skillfully assisted by Mr. W. R&dl. This work was supported by the 
Deutsche Forschungsgemeinschaft, the Bundesministerium fiir For- 
schung und Technologie and the Thyssen-Stiftung. 
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