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Studies of the binding of four folate derivatives to the cell surface of Dictyostel ium discoideum indicate the 
existence of five types of sites. About 99% of the total number of binding sites (160000 per cell) belongs to 
the 'non-selective' type, which recognizes folate, 2-deaminofolate and metbotrexate with equal affinity. As 
judged by the kinetics of association and dissociation this class consists of two distinct subtypes; a 
high-affinity site, designated by A n, and a low-affinity site A L. Upon addition of ligand a number of the 
low-affinity sites is converted to the high-affinity state. Prolonged dissociation revealed the presence of 
extremely slowly dissociating sites. While the A-sites released bound ligand within 5 s, the slow (B) type 
yielded a half-time of about 6 rain. This class (550 sites per cell) showed a clear selectivity for the four 
folates, with Nt0-methylfolate being the best ligand. From ~the kinetics of association and dissociation it is 
concluded that the B-sites are interconvertible with another binding type. In addition a class of sites was 
detected, which binds Nl0-methyifolate and folate with high affinity but 2-deaminofolate and methotrexate 
with approx. 100-fold lower affinity. Kinetic studies reveal that this C-class is also composed of two subtypes; 
a fast equilibrating site (within 1 s) designated as C r, and a slower site C s. It is proposed that before binding 
of ligand only C F exists, while after binding this binding type is converted into C s. At equilibrium more than 
90% of the C-sites have attained the C s state. 

Introduction 

In the vegetative stage cellular slime molds are 
free-living amoebae. Lack of food induces cell 
differentiation, during which the cells are synchro- 
nized and eventually aggregate by chemotactic 
movement. The multicellular aggregates will then 
form fruiting bodies containing spores that are 
resistant to unfavorable conditions. This asexual 
life cycle provides an excellent tool for studying 
intercellular communication. A point of much in- 
terest is the detection of extracellular signals by 
cell surface receptors and transduction of the in- 
formation into the cell. Cyclic AMP (cAMP) and 
folic acid are well known signal compounds. Folic 

acid, like cAMP, evokes several cellular responses 
in Dictyostelium discoideum. Cells show oriented 
movement in a gradient of this compound [1]. A 
rapid transient increase in cGMP can be moni- 
tored intracellularly [2,3] and a slower transient 
elevation of cAMP is observed inside the cells as 
well as in their medium [4]. Repeated stimulation 
with folate is known to accelerate development to 
aggregation competence [5,6]. 

The cells possess a highly efficient signal de- 
gradation system, i.e. rapid enzymatic conversion 
of folic acid into 2-deaminofolic acid. This prod- 
uct is at least 1000-10000-fold less active than 
folic acid as a chemoattractant [7] and elicits no 
detectable cGMP response at 10 -4 M [8]. At a 
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lower rate 2-deaminofolic acid is further in- 
activated by a folate C9-N10 cleaving enzyme, 
yielding lumazin-6-carboxaldehyde and p-amino- 
benzoylglutamate [9]. 

The presence of two distinct cell surface bind- 
ing sites, with different ligand specificity with re- 
spect to folic acid and 2-deaminofolic acid [10] 
completes a system of two independent receptors 
with their own ligand degrading enzymes. (1) One 
receptor is 'folic acid-selective', i.e., folic acid is 
bound with > 100-fold higher affinity than 2- 
deaminofolic acid. Signal degradation for this re- 
ceptor is achieved by deamination. (2) The second 
receptor is 'folic acid/2-deaminofolic acid non- 
selective', i.e. binds 2-deaminofolic acid and folic 
acid with equal affinity. The signal for this recep- 
tor is degraded by C9-N10 cleavage of the folates. 

Recently, three types of cAMP binding sites 
were demonstrated in D. discoideum using non- 
equilibrium binding studies and drugs modifying 
the proportioning between these types of sites [11]. 

For the oligopeptide receptor on leukocytes it 
has been proposed that distinct classes of sites 
transduce the signal of ligand binding to different 
cellular responses [12,13]. In the present report we 
describe several classes of folate binding sites and 
propose incubation conditions that allow specific 
determination of the ligand binding to each class. 
This knowledge was then used to study the rela- 
tionship between binding to the distinct classes of 
sites and the chemotactic response. A report of 
this study is presented in the accompanying paper 
[141. 

Materials and Methods 

Cultures. Dictyostelium discoideum NC4(H) was 
cultivated together with Escherichia coli 281 on a 
solid medium containing 3.3 g peptone, 3.3 g 
glucose, 4.5 g KH2PO4, 1.5 g Na2HPO 4. 2H20 
and 15 g agar per liter. Cells were harvested after 
40 h of growth at 21°C, before clearing of the 
bacterial lawn occurred. The cells were then washed 
three times by centrifugation at 150 × g for 4 min 
in 10 mM sodium/potassium phosphate buffer 
(pH 6.5) at 5°C. The cell density was adjusted to 
5.10 7 per ml and the suspension was aerated at 
0°C for 10 min before use in binding assays. 

Chemicals. The radioligands [7,3',5'-3H] 
methotrexate (15 Ci/mmol) and [7,9,Y,5'-3H]folic 
acid (15 Ci/mmol) were purchased from the Ra- 
diochemical Centre (Buckingshamshire, U.K.). 2- 
Deamino[7,9,Y,5'-3H]folic acid was prepared en- 
zymatically from [3H]folic acid as reported previ- 
ously [10]. Unlabeled 2-deaminofolic acid was pre- 
pared by enzymatic deamination of folic acid 
(BDH Biochemicals, Poole, U.K.) as described in 
Ref. 7. N10-Methyl[7,Y,5'-3H]folic acid and un- 
labeled Nm-methylfolic acid were prepared by al- 
kaline hydrolysis from [7,Y,5'-3H]methotrexate 
and unlabeled methotrexate [15]. The products 
were purified by RP-18 HPLC and identified by 
their ultraviolet spectra [16]. Methotrexate (L- 
amethopterin) was obtained from Sigma Co. (St. 
Louis, MO). 8-Azaguanine was purchased from 
Fluka A.G. (Buchs SG, Switzerland). Silicon oil 
AR 20 and AR 200 were from Wacker Chemie 
(Mi~nchen, F.R.G.). The purity of all labeled and 
unlabeled folates was routinely checked by RP-18 
HPLC. If necessary the compounds were purified 
by HPLC. Since folic acid and 2-deaminofolic acid 
are extremely light sensitive, samples were kept in 
the dark as much as possible. Methotrexate is 
easily hydrolyzed to N10-methylfolic acid (which is 
over 100-fold more active in some cases). Purifi- 
cation by HPLC yielded less than 0.05% of N m- 
methylfolic acid in the methotrexate preparation. 
The high deaminase activity of D. discoideum cells 
was inhibited by 0.33 mM 8-azaguanine, resulting 
in less than 5% degradation during the incuba- 
tions. 

Binding assay. Cells were prepared as described 
above. Final density in the incubation mixture was 
3.3 • 10 7 cells/ml. The sample volume was 150 ~tl, 
which was layered on top of 180/~1 silicon oil (AR 
20:AR 200 = 11:4) and 10 #1 10% sucrose, All 
incubations were performed at 0°C and terminated 
by centrifugation of the cells through the oil layer 
at 10000 × g for 15 s. For this purpose a swing-out 
rotor was developed for the Eppendorf centrifuge. 
The tubes were frozen in liquid nitrogen and the 
tips containing the sucrose drops and cell-pellets 
were cut off. Radioactivity was measured after 
dissolving the pellets in 1.5 ml Instagel (Packard). 
Less than 5% of the radioligand was degraded by 
C9-Nlo cleavage or deamination during the incuba- 
tions. Blank values were obtained in the presence 



of excess (0.2 mM) unlabeled ligand and sub- 
tracted from all data, unless indicated otherwise. 
The standard error in all determinations was 5%. 
E. coli 281 at a density of 5 • 107 ml-1 did not bind 
detectable amounts of [3H]folic acid as judged by 
this assay. The density of bacteria in the washed 
cell suspension was always lower than 5 • 10 6 ml-a. 
In addition, D. discoideum cells (strain AX 2) 
which were grown axenically, showed binding 
properties similar to those of cells grown on 
bacteria. Therefore, bacteria should not be re- 
sponsible for any folate binding. All five binding 
types were also detected in similar amounts on 
isolated D. discoideum membranes. It is thus un- 
likely that the minor binding types (B- and C-sites) 
result from broken or damaged cells, while only 
the principal sites (A-sites) are localized on the 
intact cell surface. 

Technique for incubations shorter than 4 s. For 
rapid association experiments 100 /~1 cell suspen- 
sion was layered on the silicon oil, while the 
reaction tube was already in the centrifuge. In- 
cubation was started by pipetting 50 #1 harvesting 
buffer containing radioligand onto the cell suspen- 
sion. In the case of short dissociation times, 100/~1 
cell suspension was mixed with 50 /~1 incubation 
mix and layered on top of the oil. After the desired 
incubation time dissociation was started by ad- 
dition of 3 #1 10 - 2  M unlabeled ligand. For the 
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purpose of rapid pipetting and mixing a mem- 
brane air pump was used to blow the 50 #1 or 3 #1 
aliquot into the cell suspension and immediately 
afterwards air bubbles were blown through the 
mixture without disturbing the oil layer. This pro- 
cedure took less than 0.5 s; consequently celatrifu- 
gation was started at the desired time point (1-4 s) 
in order to terminate the incubation (or dissocia- 
tion) and separate bound from unbound ligand. 

Results 

Binding of methotrexate and 2-deaminofolic acid 
reveals A-sites 

The kinetics of association of methotrexate, 2- 
deaminofolic acid and folic acid at several con- 
centrations are shown in Fig. la. From the loga- 
rithmic plots of these data (Figs. lb, lc) it is 
obvious that association is biphasic. Within 2 s a 
fast exchanging site is at equilibrium, while after 
that time point a slower first order association 
process is observed. The rate constant of associa- 
tion (i.e. the slope in Fig. lb) of 5 nM methotre- 
xate, or 3.5 nM 2-deaminofolic acid and 3.5 nM 
folic acid, is 0.07 s -1. Higher ligand concentra- 
tions (670 nM) yield an on-rate of 0.12 s -k  

If the biphasic association is caused by the 
presence of two independent classes of sites, mainly 
the fast exchanging sites will be occupied after 
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Fig. 1. Kinetics of association. (a) Time-course of association of [3H]methotrexate at 5 nM (e), and at 671 nM (5 nM 
[3H]methotrexate plus 666 nM unlabeled methotrexate) (v); 2-deamino[3H]folic acid at 3.5 nM (A) and at 671 nM (3.5 nM 
2-deamino[3H]folic acid plus 666 nM unlabeled 2-deaminofolic acid) (11); [3H]folic acid at 3.5 nM in the presence of 0.33 mM 
8-azaguanine (©). Each data point is the mean of duplicate determinations in five independent experiments. (b) Semilogarithmic plot 
of the kinetics of association. 5 nM [3H]methotrexate (o); 3.5 nM 2-deamino[3H]folic acid (A); 3.5 nM [3H]folic acid (O). (c) 
Semilogarithmic plot of the kinetics of association at high ligand concentrations. 671 nM [3H]methotrexate (v); 671 nm 2- 
deamino[3H]folic acid (11). b represents binding at the time points indicated; the equilibrium binding (boo) was determined after 60 s 
incubation. 
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short incubation times. As a result, dissociation 
after short association will reflect the off-rate of 
the fast exchanging sites. After longer incubations, 
also the slower equilibrating sites will be occupied. 
As a consequence the dissociation should be bi- 
phasic, reflecting release of ligand from both classes 
of sites. The results of such an experiment are 
presented in Fig. 2. T h e  dissociation of 
[3H]methotrexate was followed after either 4 s or 
60 s of association. Apparently [3H]methotrexate 
is released with a rate constant of 0.9 s-  1 irrespec- 
tive whether the preincubation was for 4 s or 60 s. 
This result is incompatible with a model of two 
fixed classes of sites; the slowly associating bind- 
ing component must represent a process different 
from binding to a slowly associating site. In order 
to obtain more information about this process, 
Scatchard analysis of the binding data after 2 s of 
incubation and at equilibrium was performed (Fig. 
3). According to the kinetics of dissociation of 
[3H]methotrexate, also association of this ligand 
should achieve at least 83% of the equilibrium 
value at 2 s of incubation, since 

b, = b=(1 - e -tklL+k-1)t)  (1) 

in which b, represents bound ligand at a given 
time point, b~ is bound ligand at equilibrium, L 
is the ligand concentration, t is time, and k] and 
k 1 are the rate constants of association and dis- 
sociation, respectively. If L > K o, association is 
faster than the rate of dissociation. Hence, all the 
data in Fig. 3 are obtained at binding equilibrium, 
though a distinct process occurs which requires 
approx. 30 s for equilibration. Apparently this 
process results in an increase of the affinity of the 
population of [3H]methotrexate binding sites 
without changing the number of sites. At 2 s as 
well as 60 s the Scatchard plots are concave up- 
ward suggesting either binding site heterogeneity 
or negative cooperativity. 

Fig. 4 shows the results of competition of 
[3H]methotrexate binding by methotrexate, 2- 
deaminofolic acid, folic acid and Nl0-methylfolic 
acid. The concentration yielding half-maximal in- 
hibition (150) is similar for compounds modified in 
the pterin moiety: 100 nM for 2-deaminofolic acid, 
130 nM for methotrexate and folic acid. Methyl- 
ation of N]0 resulted in a decreased affinity: 1/~M 
for N10-methylfolic acid. These sites, which are 
non-selective for modification of the pterin moiety, 
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Fig. 2. Kinetics of dissociation of [3H]methotrexate and 2-deamino[3H]fohc acid after the addition of 0.2 m M  unlabeled ligand. 
Samples were preincubated with 5 nM [3H]methotrexate for 4 s (O) or 60 s (O),  or 5 nM 2-deamino[3H]folic acid for 45 s (A) or 60 s 
(ix). b 0 was determined before the addition of excess unlabeled ligand after either 4 s or 60 s incubation with radioligand. The data are 
means  of three independent experiments, in each of which incubations were in duplicate. 

Fig. 3. Scatchard analysis of the binding of 2-deaminofolic acid and methotrexate at equilibrium (60 s) or pseudo-equilibrium (2 s). 
2-Deamino[aH]folic acid binding at 2 s (v), at 60 s (O);  [3H]methotrexate binding at 2 s (A), at 60 s (O). The data at 2 s were obtained 
in two independent experiments, those at 60 s in five experiments, in which all incubations were in duplicate. 

Fig. 4. Competition of folates for the binding of 5 nM [3H]meth0trexate after 60 s incubation. All data were obtained in the presence 
of 0.33 mM 8-azaguanine. Competitors: methotrexate (O), folic acid (O),  2-deaminofolic acid (,7) and Nl0-methylfolic acid (A). Each 
data point is the mean of duplicate determination in two independent experiments. 



will be designated as A-sites. 
Since the Scatchard plot for methotrexate as 

well as 2-deaminofolic acid binding is only slightly 
curved, Lineweaver-Burk plots also should not de- 
viate much from straight lines. Thus, analysis for 
competitive or non-competitive inhibition should 
be possible. Fig. 5 presents the results of such an 
experiment. Both competition of 2-deaminofolic 
acid for [3H]methotrexate binding and competi- 
tion of methotrexate for 2-deamino[3H]folic acid 
binding were studied. 

A Lineweaver-Burk plot of 2-deaminofolic acid 
competition for [3 H]methotrexate binding is shown 
in Fig. 5a; a replot of the abscissa intercepts is 
shown in Fig. 5b. Such a replot allows simple 
determination of the K d values for the radioligand 
(ordinate intercept) and of the K i value (inhibi- 
tion constant) for the competitor (abscissa inter- 
cept). These two plots are arbitrarily interpreted as 
straight lines, though a slight curvature is ex- 
pected. The straight lines, however, allow graphi- 
cal determination of binding constants. Obviously, 
2-deaminofolic acid and methotrexate are compe- 
titive ligands. The apparent K d value for 
[3H]methotrexate is 150 nM, which is very close to 
the apparent K i for methotrexate: 145 nM (not 
shown). The same was obtained for 2-deaminofolic 
acid; the apparent K d and K i values were both 
110 nM. Scatchard analysis, as shown in Fig. 3, 
resulted in similar K03 values: 110 nM for 2- 
deaminofolic acid, 140 nM for methotrexate. Ap- 
parently, 2-deaminofolic acid and methotrexate 
compete for identical binding sites. In addition, 
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Fig. 5. Lineweaver-Burk analysis of [3H]methotrexate 
([3H]MTX) binding data. (a) Inhibition of [3H]methotrexate 
binding by 2-deaminofolic acid at various concentrations: 0 
nM (O), 33 nM (O), 100 nM (zx) and 333 nm (v). (b) Replot of 
the reciprocal abscissa intercepts from panel (a) vs. the con- 
centrations of 2-deaminofolic acid (DAFA). The symbols are as 
in panel (a). All data were determined in triplicate. 
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the kinetics of dissociation of 2-deamino[3H]folic 
acid (Fig. 2) resemble those of [3H]methotrexate 
(Fig. 2). The k_ 1 value is 0.9 s -~, which is the 
same as for methotrexate. However, after more 
than 1 min of dissociation still some binding of 
2-deaminofolic acid is detected, in contrast to 
methotrexate. The amount of this apparently more 
slowly dissociating 2-deaminofolic acid binding is 
negligible in relation to the binding to the A-sites 
(3% at 5 nM 2-deamino[3H]folic acid). Therefore, 
this observation is not discussed in this section. 
The graphs in Fig. 3 indicate that the number of 
A-sites per cell, as obtained with 2-deaminofolic 
acid, is equal to the number as obtained with 
methotrexate. These observations confirm the hy- 
pothesis that 2-deaminofolic acid and methotre- 
xate bind to identical binding sites. 2-Deamino- 
folic acid binds with a slightly higher affinity to 
these sites than does methotrexate. 

As observed with 2-deaminofolic acid, also folic 
acid and N10-methylfolic acid appear to be compe- 
titive inhibitors for [3H]methotrexate at the A-sites 
(data not shown). 

Residual binding after 60 s dissociation reveals B- 
siles 

As stated in the previous section, ligand bound 
to A-sites exchanges relatively fast: after 60 s 
dissociation no residual binding of the original 600 
cpm (at about 5 nM [3H]methotrexate or 2- 
deamino[3H]folic acid) is expected according to 
Eqn. 2. 

bt = bo e-k l 't (2) 

This was indeed observed for methotrexate, but 
not for 2-deaminofolic acid. After 60 s dissocia- 
tion, 6 + 3 cpm 2-deamino[3H]folic acid was still 
retained above a blank value of 50 + 2 cpm (Fig. 
2). In order to improve the ratio between the 
binding and the blank value, dissociation was per- 
formed by 8-fold dilution of the samples in buffer 
containing an excess of unlabeled ligand and the 
cell density was increased. The blank value was 
thus lowered to 13 + 1.5 cpm. Fig. 6a presents the 
kinetics of dissociation of 2-deaminofolic acid, folic 
acid and N10-methylfolic acid on a minute time 
scale. All three compounds appear to be released 
with the same velocity: k_ 1 is 2 -10  -3 s -1. Ap- 
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Fig. 6. (a) Kinetics of dissociation after 8-fold dilution with assay buffer containing 25 #M unlabeled ligand. Per sample 1.5.107 cells 
were incubated with 20 nM [3H]folic acid (e), 20 nM 2-deamino[3H]folic acid (O) or 5.5 nM N10-methyl[3H]folic acid (v) for 120 s. 
Consequently dissociation was initiated by addition of excess unlabeled ligand and the volume was 8-fold enlarged in order to lower 
the blank value. During the incubation 0.33 mM 8-azaguanine was present. (b) Time-course of 2-deaminofolic acid association as 
determined after 60 s dissociation. The chase conditions were as described for panel (a). 20 nM 2-deamino[aH]folic acid (O) or 287 nm 
2-deamino[3H]folic acid (20 nM 2-deamino[3H]folic acid plus 267 nM unlabeled) (O) was incubated with 1.5.107 cells per sample 
and 0.33 mM 8-azaguanine for 5-120 s. After the desired incubation time, the binding was chased for 60 s. Inset: semilogarithmic plot 
of the data, b~ was determined after 120 s of association followed by 60 s of dissociation. (c) Scatchard analysis of equilibrium 
binding after a 60 s chase procedure as described for panel (a). Association was for 120 s with 1.5-107 cells per sample and 0.33 mM 
8-azaguanine. The residual binding was corrected for a loss of 11% during the chase procedure [3 H]folic acid (O); N10-methyl [ 3 H]folic 
acid (v); 2-deamino[aH]folic acid (O). Each data point is a mean of duplicate determination in three experiments. 

parently, as for 2-deaminofolic acid, also the bind- 
ing of folic acid and N10-methylfolic acid to other 
classes of sites is negligible after 60 s of dissoci- 
ation, since no biphasic dissociation behavior is 
observed. According to Eqn. 2 89% of the original 
binding to this slowly dissociating class is re- 
covered after 60 s of dissociation. Thus it is possi- 
ble to study binding to this type of binding site. In 
Fig. 6b the kinetics of association are shown. 
Obviously, the kinetics of association are indepen- 
dent of the ligand concentration. The apparent 
first order rate constant is 0.024 s -1 for 2- 
deaminofolic acid. 

Since the binding is at equilibrium after approx. 
120 s of incubation, a Scatchard analysis of the 
binding of folic acid, N10-methylfolic acid and 
2-deaminofolic acid was performed (Fig. 6c). Folic 
acid and N10-methylfolic acid bind with high affin- 
ity, the apparent K d values are 17 and 4 nM, 
respectively, while for 2-deaminofolic acid an ap- 
parent K d value of 240 nM was obtained. 
Methotrexate was not bound in detectable 
amounts. Furthermore, folic acid, N10-methylfolic 
acid and 2-deaminofolic acid apparently bind to a 
similar number of binding sites: approx. 550 per 
cell. 

In order to obtain more accurate information 

about the affinity of methotrexate for this type of 
binding sites, inhibition of [3H]folic acid binding 
was determined as shown in Fig. 7. Half-maximal 
inhibition was achieved at 33 #M. In addition the 
potency of 2-deaminofolic acid and N10-methyl- 
folic acid to complete with [3H]folic acid was 
monitored. As shown in Fig. 7 the 150 values are 
400 nM for 2-deaminofolic acid and 10 nM for 
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Fig. 7. Competition of folates for the binding of 10 nM 
[3H]folic acid, determined after a 60 s chase procedure as 
described for Fig. 6a. The binding was equilibrated for 120 s 
with 1.107 cells per sample in the presence of 0.33 mM 
8-azaguanine. Competitors: methotrexate (O); 2-deaminofolic 
acid (©), folic acid (v) and N10-methylfolic acid (~,). The data 
were determined in duplicate in five experiments. 



N~0-methylfolic acid. The low affinity of 
methotrexate and the 150 values for 2-deamino- 
folic acid and Nl0-methylfolic acid are in agree- 
ment with the absence of [3H]methotrexate bind- 
ing and the apparent K d values of 2-deaminofolic 
acid (240 nM) and Nl0-methylfolic acid (4 nM) for 
these slowly dissociating sites. 

The class of slowly dissociating folate binding 
sites will be addressed as B-sites. 

Binding of Nlo-methylfolic acid and folic acid in the 
presence of excess amounts of 2-deaminofolic acid 
reveals C-sites 

The folate binding sites, as described in the 
previous sections, have in common that the dis- 
sociation constants (or inhibition constants) of 
2-deaminofolic acid all are in the range of approx. 
100 nM to approx. 300 nM. If, however, competi- 
tion of 2-deaminofolic acid for the binding of 
[3H]folic acid or Nx0-methyl[3H]folic acid is ex- 
amined, a significant fraction of bound ligand may 
only be removed by unexpectedly high concentra- 
tions of 2-deaminofolic acid. As shown in Fig. 8a, 
inhibition of 18.5 nM N~0-methyl[3H]folic acid by 
2-deaminofolic acid is clearly biphasic, 44% of the 
binding is inhibited with an 15o of 100 nM, the 
remaining 56% with an 150 of 45 /~M. Inhibition 
constants may be related to 150 values according to 
Eqn. 3, provided that inhibition is competitive. 

Kd 
K i = 150- Kd + ~  (3) 
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It has already been mentioned that N~0-methyl- 
folic acid binds with low affinity to the A-sites. An 
150 value of 1 /tM was obtained for competition 
with 5 nM [3H]methotrexate at the A-sites. Using 
Eqn. 3, it may be calculated that 2-deaminofolic 
acid should compete for the binding of 18.5 nM 
N~0-methyl[3H]folic acid at the A-sites, with an 
apparent 150 of 110 nM. Indeed, one of the ob- 
served values fits this predicted 150 value. Binding 
of N~0-methylfolic acid to the B-sites will be in- 
hibited by 2-deaminofolic acid with an 15o of 
about 360 nM; the contribution of the B-sites to 
the total binding is very low (approx. 5%). There- 
fore, these sites will not affect the data in Fig. 8a. 
The second 150 value (45/~M) should reflect bind- 
ing of Nw-methylfolic acid to a distinct class of 
sites with a relatively low affinity for 2-deamino- 
folic acid. Fig. 8b is a Lineweaver-Burk plot of 
competition of 2-deaminofolic acid for N w- 
methyl[3H]folic acid binding to this new class of 
sites. The binding of labeled Nw-methylfolic acid 
to A-sites was prevented by addition of at least 2.7 
#M 2-deaminofolic acid. As is clear from Fig. 8a, 
this concentration will inhibit the majority of Nlo- 
methylfolic acid binding to the A-sites, while only 
a slight inhibition of the binding of N10-methyl- 
folic acid to the other class of sites is expected. 
This class of sites with. a low affinity for 2- 
deaminofolic acid will be addressed by C-sites. 
Fig. 8b suggests that 2-deaminofolic acid is a 
competitive inhibitor of Nlo-methylfolic acid bind- 

8 x 

E 13. 
o 6 

4 \ 
2 

o 16 8 

a 

-e. 

kx \°.....//_, 

1~6 164 olank 
[DAFA], M 

/ b  

0 4 t 8 6 12 
1/[lO-MFA] (M") ,,1() 8 [DAFA] ,j.JM 

12 

8 

4 

f 
o 

Fig. 8. (a) Inhibition of binding of 18.5 nM N10-methyl[3H]fofic acid by 2-deaminofolic acid (DAFA). Incubation was for 60 s in the 
presence of 0.33 mM 8-azaguanine. These data were not corrected for the blank value as obtained in the presence of 0.2 mM 
Nlo-methylfolic acid (10-MFA). The data are means of determination in duplicate. (b) Lineweaver-Burk analysis of the inhibition of 
N10_methyl[3 H]folic acid binding in the presence of 0.33 mM 8-azaguanine by various concentrations of 2-deaminofolic acid: 2.7/1 M 
(O); 4.1/~M (©); 6.7/~M (zx) and 17/~M (v). The data were determined in duplicate in three experiments. (c) Replot of the reciprocal 
abscissa intercepts from panel (b) vs. the concentrations of 2-deaminofolic acid. The symbols are as in panel (b). 



206 

ing to the C-sites. Apparently, no interference by 
binding to A-sites has occurred, since also higher 
2-deaminofolic acid concentrations yield the same 
maximal binding level (ordinate intercept). A re- 
plot (Fig. 8c) of the abscissa intercepts of Fig. 8b 
yields the dissociation constant for N10-methylfolic 
acid (2.8 nM, ordinate intercept) and the inhibi- 
tion constant for 2-deaminofolic acid (abscissa 
intercept, 6.3 /~M). These data suggest that the 
C-sites obey Michaelis-Menten kinetics. Though 
2-deaminofolic acid at 3.3 ktM slightly competes 
with N10-methyl[3H]folic acid, this 2-deaminofolic 
acid concentration was used during further investi- 
gations in order to prevent binding of N10- 
methyl[3H]folic acid to A-sites (and B-sites). The 
fact that 2-deaminofolic acid is present at a con- 
centration which slightly inhibits Nl0-methylfolic 
acid binding, should result in an apparent dissoci- 
ation constant for Nm-methylfolic acid that is 
higher than the real value: 4.0 nM instead of 2.8 
nM (Fig. 8c). The k_l  value, obtained in associa- 
tion experiments, will be increased proportional to 
the K a value. The k I value should be unaffected. 

Fig. 9a shows the kinetics of association of 
various concentrations of Nm-methylfolic acid. An 
observation that was already used for the preced- 
ing experiments, is that binding equilibrium is 
reached within 60 s. A semilogarithmic plot of the 
association process (Fig. 9b) is clearly biphasic, 
suggesting that association is composed of a fast 

and a slower component. At the earliest time point 
that could be achieved (1 s) the fast component 
was already in equilibrium. After 1 s, the binding 
increased with apparently first order kinetics. Be- 
cause of the widely different rate constant of the 
two association components, two experiments were 
designed to measure both processes separately. (1) 
After various incubation times, bound ligand was 
(partially) chased for 6 s with excess unlabeled 
ligand. The aim of this experiment was to monitor 
the association rate to the slower type of site. The 
faster sites apparently reach equilibrium within 1 
s, and should not retain bound ligand after a 6-s 
chase. (2) The rate of dissociation was determined 
after equilibrium binding as well as after only 4 s 
of association. Assuming that association proceeds 
to faster and slower sites, mainly the faster sites 
will be occupied after 4 s of association, since 
these are already at equilibrium, while the slower 
sites just start to be occupied. After longer associa- 
tion times also the slower sites will be occupied. 
Fig. 9b shows the rate of association, with and 
without the 6-s chase procedure. As expected, the 
biphasic behavior is absent after the chase proce- 
dure. Furthermore, the two lines are parallel, indi- 
cating identical rate constants. Using the chase 
procedure, association to only the slower binding 
type seems to be measured. Fig. 9c presents the 
kinetics of association of various ligand concentra- 
tions, as obtained using the chase procedure. A 
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Fig. 9. (a) Kinetics of association of N10-methyl[3H]folic acid as determined in the presence of 3.3 #M 2-deaminofolic acid and 0.33 
mM 8-azaguanine. Concentrations of N10-methyl[3H]folic acid: 1.85 nM (O); 3.7 nM (O); 5.5 nM (*); 27.6 nM (zx) and 55 nM (v). 
(b) Semilogarithmic plot of the kinetics of association of 3.7 nM Nlo-methyl[3H]folic acid (e). The conditions were as described for 
panel (a). Identical samples were treated with a 6-s chase procedure by addition of 0.2 mM unlabeled Nl0-methylfolic acid after the 
desired association time (O). (c) Kinetics of association of various concentrations of Nlo-methyl[3H]folic acid, measured after a 6-s 
chase procedure as described for panel (b). The incubation conditions and symbols are as in panel (a). The data were corrected for a 
21% loss of the original binding during 6 s of dissociation. The data were obtained in duplicate in five independent experiments. 



semilogarithmic plot of these data yields linear 
relationships for all ligand concentrations that were 
tested (Fig. 10). Clearly, the rate constant of as- 
sociation to the slower site is dependent of the 
ligand concentrations. 

Fig. 11 shows the results of the second ap- 
proach: the rate of dissociation after short incuba- 
tion (4 s) and after equilibrium binding (60 s). As 
expected, dissociation proceeded faster after 4 s of 
association than after 60 s. This suggests that 
association first occurs to faster dissociating sites 
and that longer association is required to occupy 
the slower dissociating sites. The k_ 1 value of the 
faster site could not be determined, since this type 
had already completely released its ligand within 4 
s. As association to this site proceeds within 1 s, a 
minimum value for k_ l may be proposed: 2 s -1 
(i.e. 86% of the equilibrium binding is reached at 1 
s). The rate constant for the slower site is 0.04 s-1. 
This value allows calculation of the binding re- 
covery after the 6-s chase procedure: 79%. (The 
data in Fig. 9c were corrected for 21% loss in 
binding). From now on the faster sites will be 
designated by C F, the slower sites by C s. 

Fig. 12 presents a replot of the association rates 
to C s (from Fig. 10) versus the ligand concentra- 
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Fig. 10. Semilogarithmic plot of the association kinetics of 
Nlo-methyl[3H]folic acid, measured after a 6-s chase. Con- 
centrations of labeled N10-methylfolic acid: 1.85 nM (O); 3.7 
nM (©); 5.5 nM (*);  27.6 nM (zx) and 55 nM (v). The data 
were calculated from Fig. 9c, bo~ was determined after 60 s of 
incubation. 

Fig. 11. Kinetics of dissociation of Nlo-methyl[3H]folic acid 
after association of 5.5 nM N10-methyl[3H]folic acid in the 
presence of 3.3 /~M 2-deaminofolic acid and 0.33 mM 8- 
azaguanine for 4 s (©)  or 60 s (©). b 0 was determined without 
addition of excess (0.2 mM) Nlo-methylfolic acid. The data 
points are means of duplicate determinations in two experi- 
ments. 
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tion. Michaelis-Menten kinetics should result in a 
linear relationship; the K d value may be de- 
termined from the abscissa intercept, k_ 1 from the 
ordinate intercept and k I may be determined from 
the slope. The three constants are: K d 4.0 nM, k_ 1 
0.048 s -1 and k 1 1.2- 107 M -1 • s -1. These values 
are in exact agreement with data from equilibrium 
binding (Fig. 8c): after correction for the effect of 
2-deaminofolic acid, the K d value is 2.8 nM and 
k l is 0.034 s -1. So, equilibrium binding mainly 
reflects the C s sites: more than 90% of the equi- 
librium binding is contributed by C s sites (Fig. 
11). Apparently, an upper limit for the rate of 
association to C s exists, since at concentrations 
higher than 10 nM N10-methyl[3H]folic acid a 
plateau is reached. A possible cause for this ob- 
servation will be discussed later. 

A piece of information, which is still missing, is 
the affinity of the C v sites for Nl0-methylfolic 
acid. This may be determined by studying binding 
at a time point, at which binding to C v is in 
equilibrium, while no or little binding has occurred 
to C s sites. As mentioned before, this may be done 
by incubating for only 2 s. However, at higher 
ligand concentrations the rate of occupation of C s 
is 0.2 s -1 (upper limit), yielding 33% of the equi- 
librium binding to C s at 2 s. This will cause 
overestimation of the actual binding to C F. How- 
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Fig. 12. Replot of the apparent rate constants of association 
(kapp) , i.e. the slopes from Fig. 10 vs. the concentration of 
Nl0-methyl[3H]folic acid: 1.85 nM (O); 3.7 nM (O); 5.5 nM 
(*);  27.6 nM (zx) and 55 nM (v). 

Fig. 13. Scatchard analysis of the binding of Nlo-methyl [ 3 H]folic 
acid at equilibrium (60 s, (©)) and pseudo-equilibrium (2 s 
(O)). Incubations were done in the presence of 3.3 /~M 2- 
deaminofolic acid and 0.33 mM 8-azaguanine. The dashed line 
was obtained after correction of the binding at 2 s (mainly C r 
sites) for the contribution of C s sites. The data were obtained 
in duplicate in three independent experiments. 
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ever, at low ligand concentrations, e.g. 1.5 nM, 
11% of the equilibrium binding to C s will be 
found after 2 s. These percentages may be derived 
from Fig. 12 and since the equilibrium binding to 
C s is known, the binding at 2 s may be corrected 
for the contribution by C s. Fig. 13 shows the data 
of binding at equilibrium (to cS),  at 2 s, and a 
corrected graph for the actual binding to C F 
(dashed line). As expected, C F as well as C s be- 
have as simple Michaelis-Menten binding sites un- 
der these extreme conditions. The K d value of C s 
is 3.6 nM (2.6 nM, after correction for the effect of 
3.3 #M 2-deaminofolic acid), which is close to the 
value as obtained by other methods. The K d value 
of C F is 20 nM. The number of C sites per cell 
amounts to about 1500. 

These properties of N~0-methylfolic acid bind- 
ing were checked by a study of the binding of 
[3H]folic acid. As with N10-methyl[3H]folic acid 
the association process is biphasic: a fast compo- 
nent within 1 s and a slower process with a veloc- 
ity of 0.22 s-1 (data not shown). After a short (4 s) 
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chase procedure, the fast component is absent, 
while the slower process is still observed: 0.18 s -1. 
Since binding should be at equilibrium within 30 s, 
Scatchard analysis of [3H]fohc acid binding was 
performed at that time point. Apparently, one 
binding site is observed, with a K d value of 22 
nM. The presence of 3.3/~M 2-deaminofolic acid 
results in a 1.43-fold increased k d value (as with 
N10-methylfolic acid). Thus, the actual K d should 
be 15 nM. The number of binding sites per cell is 
1500, as was also derived from N10-methyl[3H]folic 
acid binding. After equilibration, the kinetics of 
dissociation yield a k_ 1 value of 0.32 s -1. 

Because of the higher affinity of N10-methyl- 
folic acid compared to folic acid, and therefore 
more favorable binding-blank ratios for N10- 
methyl[3H]folic acid, this compound was used for 
studying the C sites. The binding parameters as 
presented above, are all summarized in Table I. In 
addition, the missing constants were determined as 
described in the legends to Table I. Table II shows 
the conditions that may be applied to determine 

TABLE II 

CONDITIONS FOR SEPARATE MEASUREMENTS OF THE DISTINCT BINDING CLASSES 

FA, folic acid; DAFA, 2-deaminofolic acid; 10-MFA, Nlo-methylfolic acid; MTX, methotrexate. 

Type 

A" 

A L 

B 

C F 

C s 

Conditions 

5 nM [3H]MTX, 60 s incubation 

670 nM [3H]MTX, 2 s incubation 

5 nM [3H]FA, 120 s incubation followed by 60 s 
dissociation (8-fold dilution in the presence of 
excess unlabeled FA) 

after 120 s dissociation 

2 nM [3H]10-MFA, in the presence of 3.3/~M DAFA, 
2 s incubation 

2 nM [3H]10-MFA, in the presence of 3.3 ~tM DAFA, 
60 s incubation 
(K d and k_ 1 as obtained from equilibrium and 
association studies will be 1.43 times the 
actual values) 

Calculated % of binding 
caused by other sites 

13% by A L 
< 0.1% by B, C F and C s 

37% by A n 
< 0.1% by B, C F and C s 

20% by A H and A L 
< 0.1% by C F and C s 

< 0.1% by A H, A L, C F and C s 

1% by A" and A L 
1.5% by B 
27% by C s, up to 
31% C s at ligand concentrations 
higher than 30 nM 

0.6% by A" and A r 
1% by B 
12% by cF; less at higher 
ligand concentrations 
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binding to each type of site separately. Addition- 
ally, the calculated deviations as a result of the 
other sites are given. 

Discussion 

In the present report a detailed study of folate 
binding to D. discoideum cells has been described. 
Two approaches allowed the detection of five dis- 
tinct classes of binding sites, (1) the use of four 
different radioligands: folic acid, N10-methylfolic 
acid, 2-deaminofolic acid and methotrexate, (2) 
non-equilibrium binding studies. Two of these 
classes, referred to as A sites, do not discriminate 
between folic acid, 2-deaminofolic acid and 
methotrexate as ligands, while N10-methylfolic acid 
is about 10-fold less potent as ligand. The dif- 
ference between the two A types is found in the 
affinity of ligand binding. If binding of 2- 
deamino[3H]folic acid or [3H]methotrexate is 
monitored, only the A sites will be observed and 
slightly curved Scatchard plots will be obtained. 
This curvature may be caused either by hetero- 
geneity of the A class or by negative cooperativity. 
A previous report on 2-deamino[3H]folic acid bi- 
nding [17] is in agreement with the present results, 
while [3H]methotrexate binding [18] was reported 
to yield a linear Scatchard plot. The curvature 
might have been obscured by the larger experi- 
mental errors in those experiments than in ours. 
As observed in our hands, the centrifugation assay 
employing polyethylene glycol instead of silicon 
oil, is less accurate. 

Binding of folic acid, 2-deaminofolic acid or 
methotrexate (equilibrium within 2 s) is followed 
by a slower process (half-time 7-10 s), which is 
visible as an increase in affinity of the receptors 
for these ligands, without affecting the number of 
binding sites. Recently, we have shown that this 
affinity modulation is absent in isolated mem- 
branes from D. discoideum, but that it may be 
induced by guanine nucleotides [19]. Probably, 
high-affinity A-sites (A H) and low-affinity H-sites 
(A L) exist, which may interconvert upon ligand 
binding. If the Scatchard plots for methotrexate 
and 2-deaminofolic acid in Fig. 3 are curve-fitted 
for a two-class binding site model, the parameters 
in Table I are obtained. These data suggest that 
initially the radioligands bind to a heterogeneous 

receptor population consisting of approx. 16% A H 

(K d 50-70 nM) and approx. 84% A L (K 0 370-450 
nM). Consequently part of the AL-sites is con- 
verted to the A H form, yielding 50% A H and 50% 
A L" 

As reported in Ref. 18, the potency of folic acid 
to act as a competitor of [3H]methotrexate binding 
was about 30-fold lower than that of methotrexate. 
This is in contradiction with the present data 
suggesting that folic acid and methotrexate are 
equipotent. A simple explanation for this was not 
found. It may, however, be the result of two 
plausible processes. At the one hand complete 
deamination of the added folic acid is expected, 
when the deaminase activity is not inhibited. The 
newly formed 2-deaminofolic acid should, how- 
ever, effectively compete for [3H]methotrexate 
binding. At the other hand, [3H]methotrexate is 
readily hydrolyzed to N10-methyl [3 H]folic acid. The 
latter will bind to sites of the C type, for which 
2-deaminofolic acid will only compete at con- 
centrations much higher than required for compe- 
tition at the A sites. 

A third type of binding site (B) is recognized by 
its relatively slow kinetics of dissociation. Also the 
specificity for the four ligands is different from 
that of the A sites: folic acid and N10-methylfolic 
acid are bound with high affinities, 17 nM and 4 
nM, respectively. 2-Deaminofolic acid is bound 
less effectively (K d = 240 nM), while methotrexate 
is a more than 1000-fold weaker ligand compared 
to folic acid. Two observations suggest that these 
compounds bind to identical sites. (1) Scatchard 
analysis yields the same number of slowly dissoci- 
ating binding sites per cel for each of the ligands. 
(2) The ligand specificity of the slowly dissociating 
sites, as obtained from binding of the labeled 
ligands (Fig. 6c), is similar to the specificity as 
obtained by competition of the four ligands for the 
binding of [3H]folic acid to these sites (Fig. 7). The 
rate of association to this binding site is indepen- 
dent of the ligand concentration. In addition, the 
rate of association is about 12-fold higher than the 
dissociation rate. These properties are in conflict 
with the law of mass action. This may indicate the 
B site to be more complicated than a single fixed 
class. Scatchard analysis and kinetics of dissoci- 
ation, however, apparently reveal only one binding 
type at equilibrium. If association would proceed 
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been slower than was observed. Also, the rate 
should have been dependent on the ligand con- 
centration (provided that according to Eqn. 1 the 
concentration is equal to or higher than the dis- 
sociation constant). Since this was not observed, 
association might take place to a more rapidly 
equilibrating type of site, which is then converted 
into the observed B sites. The velocity of conver- 
sion might be rate limiting and independent of the 
ligand concentration. Thus, the apparent associa- 
tion of ligand to the B sites might actually be the 
process of formation of (already occupied) B sites 
out of a more rapidly equilibrating type of site. At 
this moment no data are available about the iden- 
tity of this hypothetical site. 

In an earlier report the presence of binding sites 
with a high affinity for folic acid and a much 
lower affinity for 2-deaminofolic acid was already 
shown [1]. This binding type, now referred to as C 
sites, shows properties significantly different from 
those presented in the preliminary study. The K d 
value is now 15 nM, instead of 700 nM. However, 
the latter value was obtained in the presence of 20 
/~M 2-deaminofolic acid (3.3 /~M 2-deaminofolic 
acid in this study). The relationship between the 
apparent K d value obtained in the presence of 
competitor, and the real Kd is given by 

Kd app = Ka(1 + ~i ) (4) 

in which I is the concentration of competitive 
inhibitor. After correction according to this equa- 
tion, the actual K a value becomes 165 nM. This is 
still significantly different from the K d value of 15 
nM as obtained in the present investigation. Also 
no explanation was found for the difference in 
number of sites per cell: 100000 in the earlier 
report, but 1500 presently. The present data, how- 
ever, are highly reproducible in more than 30 
experiments. 

At a first glance the C-sites are composed of 
two kinetically distinct subtypes: C F and C s. 
However, closer examination of the data in Figs. 9, 
10 and 11 suggests a binding site model different 
from a simple system with two fixed classes. Several 
observations are incompatible with such a fixed 
class model. (1) The binding increments contrib- 
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uted by C s in Fig. 9a are significantly smaller than 
the binding levels to C s in the 6 s chase experi- 
ment in Fig. 9c. (2) Even when the total binding 
appears to be at equilibrium (e.g. 55 nM N~0-meth- 
ylfolic acid in Fig. 9a), binding to C s, as measured 
in the chase experiment, still increases (Fig. 9c). (3) 
The rate of association to C s is dependent of the 
ligand concentration only up till 27.6 nM. Above 
that value no further increase is observed (Fig. 10). 
(4) Dissociation after equilibration with e.g. 5.5 
nM N10-methylfolic acid suggests 97% of the bind- 
ing to occur to C s sites and 3% to C F sites (Fig. 
11). In contrast, association of 5.5 nM N~0-methyl- 
folic acid suggests 57% to C s and 43% to C F sites 
(Fig. 9a). A plausible explanation for point 4 is, 
that initially more C F sites are present than after 
longer incubation. Point 2 suggests that binding 
may be constant, though binding to C s increases. 
Thus, an increasing binding to C s may be accom- 
panied by a decreasing binding to C F. As a result, 
total binding may be constant. Since this was 
observed at saturating concentrations of N~0- 
methyl[3H]folic acid (binding did not increase fur- 
ther, when the ligand concentration was raised 
from 27.5 nM to 55 nM), also the number of C 
sites per cell should be constant, while the number 
of C F and C s sites may change. Whether or not 
C v sites are transformed to C s sites, may be 
indicated by point 1. If part of the ligand eventu- 
ally bound to C s, did not associate to C s (slow), 
but to C v (fast), after which the occupied C F site 
was transformed to a C s site, the binding to C s 
should be underestimated in Fig. 9a. However, in 
Fig. 9c, the actual amount of binding to C s was 
determined after a chase of the binding to C F. 
Thus, as mentioned in point 1, the binding level to 
C s is expected to be lower in Fig. 9a than in Fig. 
9c. 

If association to C s would obey Michaelis- 
Menten kinetics, Fig. 12 should have shown a 
linear relationship. However, at concentrations 
above 10 nM N10-methyl[3H]folic acid an upper 
limit for the rate of association is reached. A very 
plausible hypothesis may be, that this limit corre- 
sponds to the rate of transformation of C v into C s 
sites. Obviously, the apparent rate of occupation 
of C s sites cannot exceed the rate of formation of 
these sites. The rate constant of this transforma- 
tion may thus be 0.2 s -1. It is not clear whether 
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low ligand concentrations induce complete conver- 
sion or not. Apparently, the lowest concentration 
of N10-methylfolic acid that was used (0.5 nM) still 
induced maximal conversion, since a Scatchard 
plot (Fig. 13) is linear down till that concentration. 
Lower concentrations could not be used as a result 
of the low specific activity of N10-methyl[3H]folic 
acid (15 Ci-mmol-1). 

Generally, ligand induced increases in affinity 
are described by two models. (1) Positive cooperao 
tivity, in which an occupied site induces another 
site to enhance its binding affinity. In this model, 
site-site interactions occur [20]. (2) After occupa- 
tion with ligand, the binding protein may attain an 
energetically more favorable conformation. This 
second state shows a higher ligand binding affin- 
ity. It is well known for vertebrate cells, that 
B-adrenergic ligands induce the receptor to inter- 
act with a GTP-binding protein, which in turn is 
reflected in an altered affinity between receptor 
and ligand [21]. At the moment no data are availa- 
ble for folate binding to C and B sites in D. 
discoideum, that discriminate between these two 
possible models. Ligand induced affinity changes 
seem to be a universal property of membrane 
bound receptors. It has been reported for fl-adren- 
ergic receptors [21-23], acetylcholine receptors 
[23,25] and muscarinic receptors [26] in higher 
organisms and for cAMP receptors in D. dis- 
coideum [11]. Probably these changes reflect the 
first steps in the pathway of signal transduction. 
Thus, a further investigation of the post-binding 
processes of folate receptors in D. discoideum might 
add to the general understanding of signal trans- 
duction across the plasma membrane. 

Like the folate binding sites in this study, multi- 
ple oligopeptide receptor classes were also re- 
ported in leukocytes [12,13]. Furthermore, it was 
proposed that specific functions might be trans- 
duced by each receptor class. An intriguing ques- 
tion is, whether also in D. discoideum distinct 
responses are mediated by the different binding 
classes. In the accompanying report it is attempted 
to link one of the distinct binding classes to the 
chemotactic response [14]. 

Besides chemotaxis, folic acid also elicits cAMP 
synthesis and secretion. In recent reports 
methotrexate was observed to antagonize the folic 
acid induced cAMP response [27,28]. Presently, we 

are trying to elucidate the mechanism of this effect 
of methotrexate at the level of the binding sites. 
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