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Structural requirements for the modulatory effect
of 6-substituted pterins on interleukin 2 receptor binding
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(6R)-5,6,7,8- hydrobi in is produced by human Th and is known to affect various aspects of
interleukin-2-directed T cell proliferation. Using an i affinity of interleukin 2 receptor to interleukin 2 as a

measure of activity, this study explores whether other 6-substituted pterins might have the same effect, and whal slructural

features are necessary for activity. Of the compounds tested, only the T-I

acuve The di: (65)-5,6,7.8 hyds

ot derived (6R)-5,6,7,8 was

in was inactive, as were 7,8—d|hydmb:oplcnn, sepiapterin, 5,6,7,8-tetra-

in, 6,7-dimethyl-5,6,7.8- in and 6- 7.8-Dilx and in were also
found to be inactive. It follows that neither of these ici) in the iback dulati of IL-2 receptor affinity,
although both of them can be detected upon IFN-y of human ./ A p based
molecular modelling study of (6R)-5,6,7,8-tetrahydrobiopierin and (6R)-5,6,7.8 hyd il led sub ial differ-
ences in overall shape between the two molecules, with certain features figaring in the I gy fo of

(6R)-5,6,7.8-tetrahydrobiopterin.

Introduction

The de novo biosynthesis of (6R)-H biopterin {1]
begins with GTP. The first step is catalysed by GTP-
cyclohydrolase I, and leads to H,neopterin triphos-
phate with a p-erythro configuration of the side-chain
at position 6 (cf. Refs. 1,2). This side-chain configura-
tion becomes mvened dunng subsequent transforma-
tions at the in level of oxi how-
ever, so that the biosynthetic end-product, (6R)-H ;bi-
opterin, carries an L-erythro-dihydroxypropyl side chain
at position 6 (Fig. 1). Sepiapterin is considered not to
be involved in the de novo b:csymhenc pathway but
rather to ab of

intermediates. H,Biopterin acts as the cofactor for
ion of the ic amino acids phenylala-
nine, tyrosine and tryptophan [3], for the oxidation of
L-arginine during nitsic oxide formation [4], and for
cleavage of glyceryl etaers [5]. The natural material has
the 6R configuration, and its 65 diastereomer has
been shown to be significantly different in its cofactor
activity [8]. Or: the other hand, the difference in biolog-
ical activity between diastereomers having the L-eryifiro
and p-erythro configurations of the side chain does not
seem 10 be so important for amine acid hydroxylases
[7-91.
Recent evidence has slmwn that H ,biopterin is also

Caorrespondence to: §. Ziegler, GSF-Institut fir Klinische Molekular
Biologie, Marchioninisir. 75, D-8600 Miinchen 70, Germany.

Abbrevmmns bmptenn Mu’mllmJ' 2’-dibydroxypropyl - pterin;

Juced during cytokis d cell proliferation,
including clonal expansion of T cells (cf. Ref. 10), and
this lymph derived H bi in seems to have an
additional functi lated to its cof: role de-
scribed above. The clonal expansion of T cells is known
to be controlled by the binding of 1L-2 to high-affinity
receptors on the cell [11,12], and it pow appeais that

H,bic biopterin, (6R)-5.6,7.8-tetrahy-
. ,,‘ 12" 3 . this bindi

H. in, 7.8-di in; H (6RS)-5,6,7.&|=-

apterin; sep; in, 642"-hydroxy-1- 7.8-dihy-

dropterin; 6-pynlvcvl H,prerin, (6RM(1", 2"-dioxopropyl)-5,6,7.8-te-

IL-2, i kin 2; IFN-y, i £ ; HLA,

human-ieucocyte-associated antigen.

2 can be affected by H biopterin [13]. We
have shown that in the murine cytotoxic T cell clone
CTLL-2, (5R)-H ,biopterin can cause a 50% decrease
in the K, value of IL-2 for its binding sites, reducing
the dissociation rate of the ligand [13]. This lead uiti-



HaN
(6R)-L-eryikro-sewmahydrobiopterin
[(6RV'R25Y6(I' 2" dlrydsomypropyl)-
5.6,7,8-tctrabydropteria }

HN
(GR)-D-erythro-temmahydroncopterin
[(6R.1'S.2'R)6(1' 23" wibydsoxypropyl)-
5618 temabydropesia }

Fig. 1. Structural formulae and chemical nomenclature for {6R)-
H ;biopterin (above) and (6R)-H ;neopterin (below).

mately to an enhanced proliferation rate of the T cells
[14-16]. The objectxvc of the present study was to

xplere what fi of the idine were
important in this new effect on the binding of 1i-2 to

celis, and to initiate a molecular modelling
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calf serum and IL-2 were the same as in Ref. 20.
1251-1L.-2 was from NEN (Boston, USA). Remova strips
U-form welis were from Dynatech (Denkendorf, Ger-
many).

The origin and methods of long-term cultivation of
the MT-2 cells in RPMI 1640 medium, including sup-
plements, are described in Ref. 20. Details concerning
equilibrium binding of 'ZI-IL-2 by the cells are de-
scribed in Ref. 13. Briefly, the cells were first incu-
bated at 4°C in RPMI 1640 comammg 1% bovine
serum alt They were sub ferred to
Remova strip U-form wells (3-10° cells/well) and
incubated at 4°C for 40 min with serial dilutions of
151.JL.-2 in RPMI plus 1% bovine serum albumin (2:3
diluticn steps).

Scatchard analysis of the equilibrium binding data
was performed by the LIGAND computer program
[21]. Dezails of its principles are described in Ref. 21
and outlined in Ref. 13. Briefly, the program allows
nonspecific binding to be treated as a fitted parameter,
evaluates quality of fit, provides calculation of confi-
dence intervals and S.E., and, especially important,
allows pooling of multiple experiments. In this study,
n = 3-8. The program was kindly provided by Dr. P.I.
Munson (National Institute of Child Health and Hu-
man Development, Bethesda, MD). Freshly prepared
stock solutions of each pterin (1 ug pl~!) were used
for the experiments as described earlier for H bi-
opterin [13] ln some experiments, 1-1075 M 2-

I was included in the stock solution of

which might help to rationalize the resuits. The pterins
used included those which are known to be intermedi-
ates of the biosynthetic paihway, and also those which
may arise from catabolism. H,neopterin and neopterin
were of special interest because primate monocytes/
macrophages are deficient in 6-pyruvoyl-H ;pterin syn-
thase activity. As a result, the biosynthetic pathway in
these celis terminates after the lnmal step, i.e. after the

reduced pterins to yield a final concentration of 1 - 10~
M. In these cases, the same concentrations of 2-
mercaptoethanol were used in the controls. All re-
duced pterins were strictly protected from light. Exami-
nation of the absorption spectrum showed thai more
than 80% were still present in their reduced forms with
the side chain intact after the time period which was
needed for eqmllbrlum bmdng Cleavage of the C(6)

i of d1l di [17], so is d by ion of the
that I g h ylation of the laner, reduced pyrazine ring [22).
H;neopterin and neopterin are formed and rels The molecular modelling studies employed the

by the cells [17, 18]. No physxologlcal role is known for

these . 6,7-Dimethy!-5.6,7,8-tetra-
hydropterin was included t it is among the stan-
dard pterin sut for d of phenylal

nine hydroxylase activity [19).
The HTLV-L-infected T-helper cell line MT-2 was
used as a test system b it lacks i

molecular mechamcs programme CHARMm [23}, and
the i irical molecular orbital pack AMPAC
using the AM1 Hamiltonian [24]. Both were accessed
via QUANTA 3.0, supplied by Polygen, Waltham, MA,
and implemented on a Silicon Graphics IRIS 4D25TG
workstation. Initially, AMPAC was used to energy-

Hbiopterin synthesis [20]. In order to minimize
metabolism of the pterin under study, equilibrium
binding of 'ZI-1L-2 was performed at 4°C.

Maierials and Methods

All pterins were obtained from Dr. B. Schircks
(Jona, Switzerland). The sources for the medium, fetal

a sample cc of (6R)-H ,bior

The results were used to assist in the choice of atom
types for use with CHARMm, and to assign partial
charges for each atom. In particular, they indicated
that N5 of the 5,6,7 &tetrahydroptendme ring system

is and therefore needed to be
modelled as an ‘amino’ -type mtrogen wnh both pseu-
doaxial and pseud ial ible for

the N-H. N8 was found to be more nearly planar.



332

CHARMm was then ployed for i
hes of {6R)-H ,bi in and, as a comparison,
(6R)-H ;neopterin (an, 1). Four famlhes of structures
were i d for each mol ing the C(6)
side-chain and N(S)-H m all possﬂ)le pseudoaxlal/
rial

for energy were then d by rot
tions about the slarred bonds in Fig. 1. After the
CHARMm mini about 10 1 gy struc-
tures were selected from each family and subjected to
reminimizaticn using AMPAC, yielding a total of about
40 energy minima for each molecule.

Results and Discussion

Scatchard plots of the data obtained from the equi-
librium binding experiments on '®1-13.-2 ate shown in
Fig. 2. The K, value of the control batch of MT-2 cells
was found to be 82.7 pM IL-2 (95% confidence inter-
val: 78.9-86.5 pM IL-2). In contrast, when (6 R)-H sbio-
pterin (3-10~7 M) was added during the binding pe-
riod, the K; value dropped to 41.1 pM IL-2 (95%

Kg value (pM)

e
£ 3

g
Fig. 3. Modulation of the } -2 receptor affinity for the ligand by
6-substituted prerins. $.D. n = _-3. Pterins were added at a concen-
tration of 3-10°7 M. C, control; H,B. H,,bmplcml. H,B, H,bno-

pterin; &

H,N. H H;N,

confidence interval: 39.4-43.0 pM IL-2), showing that
this pterin increases the apparent affinity of the cells
for IL-2. These experiments demonstrate that MT-2
cells react in the same way as previously found tor
CTLL-Z eetts [13).

For ine experiments which tested the effect of other

H;DMP, 6, B»dlmelhyl 5.6, 78—letml|)dro-
pterin; HMP, 6-hydmymedvylplcnn

pterins on the K, value was also investigated. H,bio-
pterin did not ciange the K, value, whereas biopterin
itself d i it slightly. N in, H,ncopterin and

pteridines on 11.-2 binding, the control cells origi d
frem a different culture batch (see Ref. 20). They
showed a slightly higher K, value of 95.5 pM IL-2
(95% confidence interval: 94.5-96.0 pM IL-2). With
these cells, (6R)-H ,biopterin reduced the K, exactly
as described above for the first culture batch. The
binding curve obtained in the of the epimeric
(68)-H ,bi in was indisti from that of
the control cells (data not shown) showing that the
modulatory effect of Hbiopterin is restricted to the
naturai (6R) isomer alone. The effect of several other

3
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BOUND (MOLEC. / CELL} /
FREE (pM)
[

H . neopterin, as well as sepiapterin, all failed to exhibit
any modulatory effect. And finally, neither 6—hydroxy-
in nor 6,7-dimethyl-5,6,7,8 b in
had any effect on the affinity of the IL-2 receptor for
its ligand. These results are summarized in Fig. 3. It
thus appears that, of all the compounds tested, only
(6R)-H ;biopterin (and biopterin to a slight extent) was
able to influence the binding of IL-2 to its high-affinity
receptor on the T cells, and thus to influence the
proliferation of these cells. This points to the impor-
tance of the 1,2-dihydroxypropy! side-chain at position
6. It also seems that, in order to exhibit maximum
activity, the pterin should be in its tetrahydro reduced
form, with the 6R configuration.
1t is important to emphasize that the assay tempera-
ture used for all our tests was 4°C. The dissociation
consiant of a given ligand is normally independent of
the temperature. At 4°C, however, any possible
metabolic change of the added pterin during the test
was minimized, thus ensuring that the results obtained
were really due to the added pterin and not to a
bolically derived p A co-mi ic effect

I.ll ;'ﬂ 0 :ﬂ {0 €0
BOUND IL-2 MOLEC. / CELL x 103

Fig. 2. Scatchard analysis of equilibrium binding of llsl IL-2 to MT-2
cells. Each data point triplicate i which
were processed by the LIGAND program. Five independent experi-
ments were pooled. (O ©O) control cells, K,=82.7 pM IL-2;
(» -®) with (6R)-H ;biopterin (3-10"7 M), K, =41.1 pM IL-2.

was previously observed {15] for H,biopterin and for
sepiapterin under experimental conditions which in-
volved incubation at 37°C. The inactivity of these two
compounds in the present study, however, would sug-
gest that their p 1y activity was probab!,

due to H bi in, formed bolically in situ at




37°C from the added H,biopterin and sepiapterin, as
was suggested earlier [15]. The data described above
also show that neopterin and H,neopterin have no
role in IL-2 receptor modulation. As already men-
tioned, these are the pterins produced by primate
monocytes/ macrophages.

The IL-2 receptors on T cells are known to be
associated with class I HLA molecules (cf. Ref. 12),
and we have shown (Ziegler et al., unpublished results)
that pterin binding sites are on these class i HLA
molecules. A possible role for the H ;biopterin in com-
plexing to the HLA molecules is to induce a conforma-
tional change in the latter, which in turn couid actlvate
1L-2 receptor formation. As an aid to und
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Our initial work d on (6R)-H ,bi in
itself and, as a comparison, its inactive relative (6R)-
H,neopterin (Fig. 1). As described under Materials
and Methods, we used a lecular orbital - molecul

hanics - molecular orbital’ of calculati
to identify about 40 iow-energy conformers for each
molecule. In general. the results confirmed our expec-
tation that the molecules are sufficiently flexible to
prevent definition of the binding site by this work
alone. According to the calculations, (6R)-H jbiopterin
and (6R)-H jneopterin have 8 and 10 energy minima,
respectively, within 1.5 keal/mol of baseline. When
conformers are so close together on the energy scale, it

the specificity of the H bmptenn binding site, and with

the long-t goal of and /or antag-
onists for this ptor, we have di k a pro-
of lecular modeiling stud-

ies. This allows calculauon of the energies of the
different ibl ions of a molecule, and
can therefore point to those conformations which may
be involved in any particular process. There is alrcady
one other report in the literature of 4 molecular mod-
elling study of H,biopterin [6]. However, we have
employed a more rigorous method of calculation which,
2s discussed below, points to different conclusions.

i

“"%;;%
‘9_::%'_‘/.-"; 2

Q-0 G -t

Fig. 4. Globa!l energy minima for (6R)-H biopterin (B1), and (6R)-H,

is i ible to say with confidence which ones are
likely to be involved in binding. The interpretation is
further complicated by the fact that the calculations
give gas-phase structures and energies, and so do not
take account of the likely environment within the bind-
ing site. Bearing these limitations in mind, however, a
survey of the 1 nergy does

certain generalizations. Notably, of the eight lowest
energy minima of (6R)-H ,biopterin referred to above,
seven have an axial C(6) side-chain in which the C(1')-
OH is antiperiplanar to the C(6)-N(5) bond. These
include the ‘global miniumum’ conformer (4H,=
--92.6803 kcal /mol), which is shown as B1 in Fig. 4, in

@=cam () =Hraoem

in (N2), as by the osbital -

mecharics - molecular orbital’ sequence of calculations described in the text.
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Fig. 5. Global energy minimuin for (6R)-H jbiopterin derived from
molecular mechanics calculations, as reported by Ayling et al. [4].

both bail-and-stick and space-filling modes. All bar one
of these seven conformers have an equatorial N(5)-H
(as ir: BI) and all bar one have ihe same conformation
about C(1')-C(2) as found in Bl. The latter could thus
be a good representative of the ‘overall structure’ of
(6R)-H ;biopterin, possibly related to the active con-
former. This does not, of course, rule out the one
low-energy conformer with an equal (C6) side-chain.
For (6R)-H, in, the 6 lowest-energy

{within 1.5 kcal/mol of the baseline) all have an cqua-
torial C{6) side-chain with the orientaticn about the
C(6)-CX1’) bond, such that the C(1')-OH is antiperipla-
nar to C(6)-H. The global minimum (H; = — 140.8365
keal/mol) is shown as N1 in Fig. 4, a notable feature
being a weak hydrogen bond (249 A) between the
C(2')-OH and the N(5) lone pair of electrons.

The report of Ayling et al. already referred to [6]
described a molecular mechanics study on (6R)- and
(65)-H ;biopterin. In cortrast to our results, these au-
thors concluded that the lowest energy conformer of
(6R)-H ;bi in has a hyd bond b N(G)-H
and the C(2’)-0O, the side chain apparently being pseu-
doequatorial (Fig. 5). We have made a particular effort
to locate conformers of this type using our methodol-
ogy, but have found that the one which most closely
mimics Fig. 5 is 2584 kcal/mol above the baseline.
The lowest-energy conformer with an N(5)-H...O-
C(2’) hydrogen bond is one with a pseudoaxial side-
chain, at 1.534 kcal /mol above the baseline. As aiready
described, our calculations are based on a combination
of molezul hanics and molecular orbiial meth-
ods. The earlier work it lecul hani
as the basis for their calculations but give no other
details, and the differences between their conclusions
and ours presumably relate to the methods using to
calculate the energies.
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