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Polyglutamate anulogs of folate and reluted compounds were tested a8 inhibilors of casein kinase 13 ¢IK 11) obtained {rom Xenopies Juevis. The
inhibitory capacity of the pteroyl, S-amino-10-mzthyl pteroyl (the methotrexite aromatic moigty), and ~aminobenzoil derivatives Increused as the
number of y-glutamates attached went from 2 te 7, The nuture of the sromatic head group was ulse inportan! sinee hexa-y-glutumatic acid had
no inhibitory activity while the folylhexuglutawate derivatives were strong inhibitors with relative potency of methotrexate > pteroyl > p-
uminobenzoie ueid. The inhibition of CK 11 by mathotrexate y-pentaglutamate was competitive with casein und showed an epparent K, of 90 M.

Folylpalyglutumate: Methatrexate: Casein kinuse 2 XNenoprs leevis: Pleroylpalyglutumate

1. INTRODUCTION

Cuasein kinase I (CK II) is a ubiquitous eukaryotic
protein kinase that phosphorylutes serine or threonine
in the acidic regions of proteins. This enzyme has been
shown to phosphorylate many key enzyiues involved in
cell division such as DNA and RNA polymerases. to-
poisomerases, and the products of nuclear oncogenes
such as myc, myb, jun and fos (for reviews see [1.2]). In
addition, CK II appears to be regulated during the cell
division cycle and by factors that induce proliferation
[3.4).

The work of the laboratories of Pinna [5] and Krebs
(6] has demonstrated that CK Il phosphorylates protein
sequences in which the acceptor serine or threonine is
followed towards the carboxyl end by several acidic
residues such as aspartic or glutamic acids or previously
phosphorylated amino acids. The affinity of CK II for
these polyanionic sequences explains the very potent
inhibitory effect of heparin [7], nucleic acids [8.9], and
polyglutamic and polyaspartic peptides [10] on this en-
zyme.

However, the polyanionic nature of the compounds
is not the only factor that influences the potency of CK
11 inhibitors, Recent evidence has demonstrated that the
presence of the phenolic side chain of tyrosine in copo-
lymers of glutamic acid and tyrosine greatly enhances
the capacity of these compounds to inhibit CK 1I
{11,125

For a number of years it has been known that the
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important coenzyme tetrahydrofolate is present in the
cell as a mixture of polyglutamated derivatives that con-
tain an average of 4 ta 7 residues of glutamic acid at.
tuched to the tetrahydrofalate moiety by amide bonds
involving their y-carboxy! group [13].

The demonstration that these polyglutamate deriva-
tives constitute the true physiological substrates of the
enzymes invalved in ane-carbon metabolism [14] has
added importance to the study of these compounds. In
addition, the finding that methotrexate. a well-known
cancer chemotherapy drug used to block folate func-
tions, is also polyglutamated in the cell [14], has also
increased the interest in determining the effects that
these derivatives might have on cellular metabolism.

In this comimunication we report that folate and
methotresate y-polyglutamates cap strongly inhibit CK
II purified from Xenopus laevis, The inhibitory capacity
of these compounds is influenced both by the length of
the y-glutamate substitution as well as by the nature of
the folate analog moiety that is chemically attached to
these polyanionic derivatives.

2, MATERIALS AND METHODS

2.8, Peeparation of cusein kinase 1f

Qwaries were obtained by surgery from adult female X, laeviy, Stage
$ and 6 oocytes and nuclei were prepared as described by Burzio and
Kaide [15]. Highly purified cocyte CK II was isolated from X. kievis
oocyte nuclei by chromatography on DEAE-Sephadex and
phosphocellulose columns [16).

22, Assay of the activity of caseln kinase [I

Reactions were carried out in a final volume of 50 4l containing 50
4#M HEPES, pH 7.8; 180 mM KCl, 7 mM MgCl,: 0.5 mM dithiothrei-
tol, and 100 uM [y-*PJATP (500-1000 cpmvpmol}. In addition, the
assays included purified CK I3 (20-30 Usmi [16]), 5.0 mg/ml of des~
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Fig. 1. The structure of d-umino-10-methyl-pteroyl-di-y-t-glitamatic
aeid {metnotrexate mono-y-glutamate).

phosphoryluted cascin and the specified amount of the folate analog
inhibitor, The ruaction was started by addition of the enzyme and
incubations were carried out at 30°C for 10 min, The reaction was
terminuted by removal of an aliguot to & 2 x | em Whatiman P8I
phosphocetlulose paper which wax immersed in 75 mM phosphoric
acid, washed 3 times in the same acid, dried and counted.

Values reported have bren corrected for controls run with heat.
denatured enzyme. All assays were performed in duplicate and are
representative af 2-4 experiments.

23, Marericle

All folate-polyglutimate derivatives and the hexa-y-glutamate were
purchased {rom B. Schircks Laboratories, Switzerland. All the other
materials were obtained from Sigma Chemieal Ca,

3. RESULTS AND DISCUSSION

Fig. 1 shows the structure of 4-amino N-10-meth-
yipteroyl di-y-L-glutamate as an example of the struc-
ture of the compounds used in these studies.

The results presented in Fig. 2 show the rise in the
potency in the inhibition of X. laevis CK II by metho-
trerate derivatives that contain increasing numbers of
y-glutamic acid residues. It is clear from these results
that the elongation of the y-glutamate polymer signifi-
cantly raises their inhibitory capacity. The 7, value of
the heptaglutamate derivative is approximately S-fold
lower than that of the diglutamate compound (0.36 mM
vs. 2 mM).

Similar experiments were performed with pteroyl and
p-aminobenzoyl derivatives containing different lengths
of y-polygiutamate chains (not shown). The results ob-
tained were qualitatively similar in the sense (hat an
increasing number of glutamates resulted in stronger
inhibitory compounds.

However, there are some interesting differences in the
inhibitory capacity depending on the nature of the fo-
late analog head group. Fig. 3 shows a comparison of
the effect on the activity of CK 1I of three different
derivatives all containing hexa-y-glutamate chains, The
figure also includes the effect of hexa-y-glutamate itself.
Analysis of these results demonstrates that hexa-y-giu-
tamate has no detectable inhibitory capacity, a finding
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Fig. 2. The inhibitory effect an CK Il of viirious concentrations of
methotrexute polyglutamates with different ss mbers of y-slumm_atd
residues, The activity of CK 11 was measuren as described in seetion
2. The value for 100% uctivity in the absence > inkibitor was upprox-
imately 32,500 cpm of ¥P incorporuted into casein ir: 10 min which
corresponds to 4.06 pmol/min incorporited, The symbols correspon_d
to derivatives of methotrexile containing: (O) disy-glutamate; (@) tri-
y-glutamate; (D) hexa-y-glumute and (@) hepta-y-glutamate.

which is in agreement with the report by Pinna's labora-
tory on the very low inhibitory capacity ¢ penta-a-
glutamates [10]. The aromatic head group therefore
plays a key role in determining the inhibitory capacity
of the hexaglutamate with the relative potency of the
compounds being: 4-amino N-10 pteroyl > pteroyl >
p-aminobenzoyl,

The mechanism of inhibition of the methotrerate
with 5 additional y-glutamates was assayed by anuiyz-
ing its effect on the kinetic parameters of the enzyme by
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Fig. 3. The inhibitory effect on CK I of different concentrations of
hexasy-glutnmutes. The assay of CK 11 was carried out as deseriberd
in section 2, The vatue of 100% uctivity in the absznee of inhibitos was
upproximately 30,500 ¢pm of *P incorporated into cusein in the 1
min reaction time. This corresponds to 3.8 pmol/min incorporatad.
The inhibitors teste<d were: (@) hexa-y-glutamate; (O) p-nitrobenzoyl-
hexn-y-glutamate: (u) pteroyl-hexa-y-glutarale; and (a) 4-amiro-10-
methyl-hexu-y-glulamate.
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Fig. 4. The effect of methatrexate penta-y-glutumale on the velocity
of the CK Il reaction measured with difTerent casein concentrations.
The assays were carried out us described in section 2 except for the
specified cascin conecentrations. The amount of the methotrexate
penta-y-glutamate  (4-amino-10-methyl-pteroylhexa-y.glutamate)
used in cach curve was as lollows: () none; (a) S0 uM.: (8) 100 M.
(D) 200 «M. The standard deviation of the values is indicated.

using different concentrations of casein us a substrate.
The results obtained are shown in Fig. 4. [t is clear that
this methotrexate derivative is a competitive inhibitor
of casein, a protein substrate of casein kinase II. The
apparent K; calculuted from these studies is of 90 M.
while similar studies carried out with p-uminobenzoyl-
tri-y-glutamate (not shown) produced an apparent K; of
1.7 mM. These inhibitory activities can be compared
with those of synthetic ordered peptides such as tyr - tyr
+ (glu),ag which has an apparent K; of 0.15 mM (Tellez
et al,, in preparation).

The results presented above have demonstrated that
naturally occurring and pharmacologically active folate
polyglutamate derivates have a significant capucity to
inhibit CK II. This capacity is influenced both by the
nature of the aromatic head group as well as by the
length of the ¥-polyglutamate chain. The influence of
the substituted benzene ring and pelycyclic structures of
these derivatives is noteworthy in relation to the previ-
ous findings that the presence of tyrosine greatly in-
creases the inhibitory capacity of polyglutamic acid
peptides [11,12].

The physinlogical relevance of this inhibitory capac-
ity cannot be established by the present study, The con-
centrations of the polyglutamates required for signifi-
cant inhibitien in the in-vitro assays used hcre is an
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order of magnitude higher than the concentrations of
the folate derivatives known to exist in mammalian cells
which are of the order of 15-35 uM [17]. These luiter
values agree well with those found for methotrexate
taken up by cells in culture [18). However, since these
ussays were curried out with high concentrations of ca-
sein and the inhibition is competitive, it is possible that
physiological protein substrates of CK II might be at
low enough concentrations to achieve significant inhibi-
tion by the folylpolyglutamates present in cells, It is also
known that an important fraction of these folate deriv-
atives is bound to dehydrofolate reductase under in-
vivo conditions {19]. It is possible that the protein-
bound polyglutamate derivatives may have considera-
bly greater inhibitory power for CK Il than the free
compounds that we have studied.
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