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1. Introduction

After starvation, amoebae of the cellular slime
molds secrete acrasin [1] by which they attract each
other and form an aggregate that differentiates into
stalk cells and spores. In a favourable environment
spores germinate yielding amoebae which feed on
bacteria and multiply. Vegetative amoebae are also
sensitive to chemotactic stimuli {4,6], which differ
from acrasins. They are attracted to bacteria, which
apparently secrete chemoattractants for amoebae
[2,3]. Folic acid was reported a chemoattractant for
vegetative amoebae of the cellular slime molds [4].
Folic acid is also, although less chemotactically active
in the aggregative stage except in Dictyostelium dis-
coideum [5,7]. The function of folic acid in the
cellular slime molds is thought to be a signal for food
detection [4,7]. The inactivation of the chemotactic
signal is regulated by enzymatic degradation. One
way to inactivate folic acid is by folic acid deaminase,
as studied in D. discoideum and Polysphondylium
violaceum [8,9]. We examined the chemotactic activ-
ity of the deaminated folic acid in several species of
the cellular slime molds and discovered that in some
species the chemotactic activity is not lost by deami-
nation. This indicates that another chemotactic reg-
ulator enzyme exists. Folic acid metabolism has been

Abbreviations: HPLC, high performance liquid chromatogra-
phy; DAFA, 2-hydroxy-2-deamino folic acid; P6COOH, pterin-
6-carboxylic acid; 6HMP, 6-hydroxymethylpterin; 6HML,
6-hydroxymethyldumazine; pABAglu, para-aminobenzoyl-
glutamic acid; L6COOH, lumazine-6-carboxylic acid; FAS,
folic acid splitting enzyme (C,—N,, bond cleavage); k" =
(tx—to)/to; ty is the retention time of a compound; ¢, cor-
responds with the void volume
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studied in several organisms [10—16]. Degradation of
folic acid in bacteria (Pseudomonas) results in deami-
nated folic acid, pteroic acid, deaminated pteroic acid
and lumazine-6-carboxylic acid [10]. In Flavobacte-
rium folic acid is mainly degraded to pteroic acid
[13]. In the rat the Cy—N;o bond of folic acid is
cleaved [11]. Malignant cells secrete a folate catabolite
into the growth medium which has been identified as
6-hydroxymethylpterin and cleavage of the C3—Ny,
bond of folic acid has also been demonstrated in
malignant cells [12].

Here we show that cleavage of the Cy—~Nyo bond is
essential for inactivation of the chemotactic activity
of folic acid in some species of the cellular slime
molds; deamination of folic acid had no effect on its
chemotactic attraction of these species, The reaction
products were identified as 6HMP and p ABAglu.

2. Materials and methods

D. discoideum NC-4(H), D. minutum V4, D. lacteum
and P. violaceum, all kindly supplied by K. B. Raper,
were grown in association with Escherichin coli Bfr
on a solid medium [6,17]. The cells were harvested,
freed of bacteria by centrifugation [17] and resus-
pended in 10 mM phosphate buffer (pH6.0) at 5 . 10°
cells/ml. Starvation was induced by shaking [18].

The chemotactic activity of compounds was deter-
mined by the small population assay [19]. Folic acid
{Sigma) was deaminated by the method in [20] and
purified by HPLC on a Partisil PXS 10/25 SAX
Whatman column (fig.1) using an Altex pump, model
100A and a Latek UV III 1203 detector. Oxidative
degradation of folic acid and DAFA with KMnO,
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Fig.1(A) Chromatogram of DAFA prepared by the method in [20]. Column, Partisil PXS 10/25 SAX Whatman; eluent, 50 mM

sodium phosphate buffer (pH 7.0); UV, 254 nm, 2.048 AUFS (absorption unit full scale); flow rate, 2 ml/min. (B) 10 ul of the
collected DAF A peak was reinjected under the same conditions; UV, 0.064 AUFS.
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was done as in [21]. By using an excess of folic acid active for D. lacteum but not for D. minutum. The
partial oxidative degradation occurs. The reaction supernatant of D. lacteum cells was chemotactically
products were separated by HPLC and indentified by active for D. minutum but not for D. lacteum. Appar-
UV absorption spectra at different pH values [15,24, ently two types of folic acid-degrading enzymes exist.
25]. Diazotizable amines were detected as in [22,23]. D. lacteum was tested for folic acid deaminase activ-

ity [8] and a high (800 pmol . 108 cells™*. min!)
deaminase activity was measured (fig.2). The reaction

3. Results and discussion products of folic acid degradation by D. minutum
cells were examined by HPLC. Two columns were
Folic acid induces chemotaxis in vegetative amoe- used, a Partisil SAX (anion-exchanger) and a Partisil
bae of all species tested [5,7]. In the small population SCX (cation-exchanger). Fig.3 demonstrates the
assay [19], D. minutum had a threshold of 107"— retention behaviour of the degradation products of
1078 M in the vegetative stage and 10°°—10"7 M in folic acid obtained by partial oxidative degradation
the aggregative stage. Purified DAFA, which was free with KMnO,. Complete degradationresults in pABAglu
of folic acid attracted vegetative cells of D. minutum (¢ =6 h) and P6COOH (¢ = 3 h 59 min). The peak at
with the same threshold as folic acid. To test for the 1 h 42 min was collected and treated with KMnQ,
inactivation of the chemoattractant, folic acid was and reinjected into the column. This resulted in a
added to a cell suspension of D. minutum (5 . 10° peak shift from 1 h42 min to 3 h 59 min, the P6COOH
cells/ml) and of D. lacteum (5 . 10° cells/ml) to final peak. The peak at 1 h 42 min could be either pterin-
conc. 107° M, and the suspension was shaken for 6-aldehyde or 6HMP. UV spectra showed that it was
30 min after which the cells were centrifuged. The not pterin-6-aldehyde but 6HMP [24,25]. Additionally
supernatant of D. minutum cells was chemotactically [7,9,3',5-*H]folic acid was degraded by the FAS
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Fig.2. Folic acid degradation in the cellular slime molds. DdH and Pv are in parentheses because the deamination activity of
D. discoideum NC-4 and P. violaceum, respectively, is much higher (>100 times) than the FAS activity. D1, D. lactam; DmV,,
D. minutum V,.
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from D. minutum cells and the reaction mixture was
chromatographed on a SP-Sephadex cation-exchanger
eluted with 0.01 M HCOONH,, (pH 2.5). Tritiated
water should be present if the aldehyde was formed,
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Fig.3. Chromatogram of partial oxidative degradation of folic
acid (FA) with KMnO,. Column, Partisil PXS 10/25 SAX
Whatman; eluent 50 mM KH,PO,, 20% methanol; UV,

254 nm, 0.032 AUFS; flow rate, 2 ml/min.
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because it would release a *H atom from the C-9 posi-
tion and this was not found in the void volume.

The mixture of reaction products contained a
diazotizable amine detected as in [22,23], After the
separation of the reaction products on an anion-
exchanger the same procedure was repeated on a
Partisil PXS 10/25 SCX cation exchanger with 10 mM
HCOONH, (pH 3.0) as eluent, The same peak shift
was observed (folic acid k" = 4.41; pABAglu &' = 3.28;
P6COOH k' = 1.60; 6HMP k' = 2.57).

DAFA, which is very sensitive to light, was split
by FAS of D. minutum (fig.2). The products were
pABAglu and two other compounds of which one
peak (I), L6CCOOH, may be derived from the other
(IN), probably 6HML. Peak II shifts to L6COOH when
treated with KMnQ, (retention on Partisil SAX,
eluent 50 mM KH,PO,, 20% methanol: DAFASh
12 min; pABAglu 6 h 01 min; L6COOH 2 h 18 min
and peak II 1 h 30 min).

D. discoideum and P. violaceum also secrete FAS
(fig.2). In these species, however, deamination occur-
red faster than splitting of folic acid as detected with
HPLC. FAS from D. discoideumn was inactivated
within a few days, while FAS from D, minutum is
stable for months when stored at —20°C. The FAS
activity of D. lacteum was very weak. E. coli B/r does
not excrete FAS activity when 10% cells/ml were
shaken in 10 mM phosphate buffer (pH 6.0) for 5 h,
centrifuged for 5 min at 15 000 X g and the superna-
tant was tested for enzyme activity.

The degradation of the chemotactic signal, folic
acid, in the cellular slime molds is not achieved uni-
formly. One way is the deamination at the C2 posi-
tion [8,9] and the other way is the cleavage of the
Cy—Ny, bond, resulting in 6HMP and pABAglu. The
degradation of folic acid by different species of the
cellular slime molds is summarized in fig.2. Substrate
specificity and other characteristics of FAS in the dif-
ferent species should be examined.

Acknowledgements

We are grateful to Dr Jastorff for making available
his HPLC equipment. This study was supported by
the foundation for Fundamental Biological Research
(BION), which is subsidized by the Netherlands
Organization for the Advancement of Pure Research
(ZWO).

219



Volume 115, number 2

References

[1] Bonner, J. T. (1947) J. Exp. Zool. 106, 1-26.

[2] Bonner, J. T., Hall, E. M., Sachsenmaier, W. and Walker,
P. B. (1970) J. Bacteriol. 102, 682—687.

[3] Konijn, T. M. (1969) J. Bacteriol. 99, 503-509.

[4] Pan, P., Hall, E. M. and Bonner, J. T. (1972) Nature
New Biol. 237, 181-182.

[5] Konijn, T. M. (1975) in: Primitive sensory and commu-
nication systems: The taxis and tropisms of micro-
organisms and cells (Carlile, M. J. ed) pp. 101153,
Academic Press, London.

[6] Kakebeeke, P. 1. J., De Wit, R.J. W., Kohtz, S. D. and
Konijn, T. M. (1979) Exp. Cell Res. 124, 429-433.

[7] Pan, P., Hall, E. M. and Bonner, J. T. (1975) J. Bacte-
riol. 122, 185-191.

[8] Pan, P. and Wurster, B. (1978) J. Bacteriol. 136,
955-959.

[9] Kakebeeke, P. I. J., De Wit, R. J. W. and Konijn, T. M.
(1980) J. Bacteriol. in press.

[10] Rappold, H. and Bacher, A. (1974) J. Gen. Microbiol.
85,283-290.

[11] Murphy, M., Boyle, P. H., Weir, D. G. and Scott, J. M.
(1978) Br. J. Haematol. 38, 211-218.

[12] Stea, B., Backlund, P. S., Berkey, P. B., Cho, A. K.,
Halpern, B. C., Halpern, R. M. and Smith, R. A. (1978)
Cancer Res. 38, 2378-2384.

220

FEBS LETTERS

June 1980

[13] Pratt, A. G., Crawford, E. J. and Friedkin, M. (1968) J.
Biol. Chem. 243, 6367-6372.

[14] Harvey,R.J.and Dev, I. K. (1975) Adv. Enzyme Regul.
13,99-124.

[15] Blakley, R. L. (1969) Frontiers. Biology, vol. 13,
North-Holland, Amsterdam.

[16] Shin, Y. S., Williams, M. A. and Stokstad, E. L. R.
(1972) Biochem. Biophys. Res. Commun. 47, 35-43.

[17] Konijn, T. M. and Raper, K. B. (1961) Dev. Biol. 3,
725-756.

[18] Gerisch, G. (1962) Wilhelm Roux Arch. Entwicklungs-
mech. 153, 603-620.

[19] Konijn, T. M. (1970) Experientia 26, 367—369.

[20] Angier, R. B., Boothe, J. H., Mowat, J. H., Waller, C. W.
and Semb, J. (1952) J. Am. Chem. Soc. 74,408-411.

[21] Zakrzewski, S.F., Evans, E. A. and Phillips, R. E. (1970)
Anal. Biochem. 36, 197-206.

[22] Brody, T., Shane, B. and Stokstad, E. L. R. (1979)
Anal. Biochem. 92, 501-509.

[23] Blakley, R. L. (1957) Biochem. J. 65, 331342,

[24] Waller, C. W., Goldman, A. A., Angier, R. B., Boothe,
J. H., Hutchings, B. L., Mowat, J. H. and Semb, J.
(1950) J. Am. Chem. Soc. 72, 4630-4633.

[25] Karrer, P. and Schwyzer, R. (1949) Helv. Chim. Acta
32,423-435.



