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The fluorescent properties of terbium (Tb 3+) were used to study the cal- 
cium (Ca 2+) binding sites on GH3 pituitary tumor cells. The fluorescence 
emission of Tb 3+ was enhanced with the binding of GH3 cells, accompanied by a 
red shif t  in i ts excitation maximum to resemble the excitation peak of the na- 
tive cell fluorescence. The Tb 3+ fluorescence enhancement increased with 
increasing concentrations of GH3 cell protein. Scatchard plots revealed at 
least two classes of Tb 3+ binding sites on GH3 cells. The low and high af- 
f i n i t y  binding sites have apparent dissociation constants equal to 0.56 mM and 
11 ~M, respectively. The high af f in i ty  Tb 3+ binding was displaced by Ca 2+, 
but the more abundant low af f in i ty  site was not sensitive to Ca 2+. The data 
suggest that GH3 cells possess a specific Ca 2+ binding receptor on their 
plasma membrane. 

The importance of Ca 2+ in stimulus-secretion coupling is unquestioned 

(1-15). In the presence of extracellular Ca 2+, thyrotropin-releasing hormone 
+ 

(TRH) or depolarizing concentrations of K have been reported to stimulate 

the release of prolactin from neoplastic GH3 pituitary cells (3-13). A de- 

tailed molecular description of the involvement of Ca 2+ in stimulus-secretion 

coupling is not easy to obtain because Ca 2+ has few spectroscopic and physi- 

cal properties that are suitable for probing i ts environment (16-18). Fortu- 

nately Tb 3+ possess qualities which makes i t  an excellent probe for studying 

the interactions of Ca 2+ with GH3 pituitary cells (17,19). Tb 3+ has been 

successfully used to study Ca 2+ receptor sites on biological membranes 

(16-18, 20-25). The fluorescence intensity of Tb 3+ undergoes a significant 

enhancement when i t  binds to biomembranes (16, 25). The enhanced fluorescence 

emission of the bound Tb 3+ is sensitized by resonant energy transfer from 

nearby aromatic residues in the receptor which are directly excited by ultra- 
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violet radiation. In this report we describe the binding of Tb 3+ to the 

plasma membrane of GH3 pituitary cells. 

MATERIALS AND METHODS 

Terbium chloride (TbCI3.6H20) was obtained from Aldrich Chemical Co., 
and terbium chloride stock solutions were made with double-distilled water. 
All other solutions were made with sterile Hepes buffered saline containing 
0.87 percent NaCl in 0.01M Hepes (N-2-hydroxyethylpiperazine-N'-2 ethanesul- 
fonic acid) (Sigma Chemical Co.) buffer; the pH was adjusted to 7.4 with 12 N 
NaOH. All chemicals were of analytical quality and were used without further 
purification. 

The GH3 pituitary tumor cells were purchased from American Type Culture 
Collection, Rockville, Md. The cells were grown as a monolayer culture, on a 
wet polylysine (20 mg/ml) coated surface, in 75-cm 2 plastic flasks (Falcon) 
containing Ham's F-IO medium supplemented with 15 percent horse serum and 2.5 
percent fetal bovine serum at 37oc in a humidified atmosphere of 90 percent 
air and 10 percent CO 2. Penicillin and streptomycin were added to the cul- 
ture medium at a final concentration of 50 U/ml and 50 ~g/ml, respectively. 
All experiments were performed on subcultures having a low number of serial 
passages from tissue of origin. Four to six hours prior to each experiment, 
the culture medium was removed from the flasks, the cells were harvested and 
washed 3 times with cold (4oc) Hepes buffered saline. The final pooled pel- 
let was gently resuspended in Hepes buffered saline, filtered through a mesh 
and placed on ice. The protein concentrations were determined by the Bio-Rad 
protein assay, according to the method of Bradford (26), using bovine plasma 
albumin as standard. 

The fluorescence excitation and emission measurements were made on an 
Aminco-Bowman Spectrophotofluorometer with Ellipsoidal Condensing System, using 
Ixl-cm quartz cuvettes. The excitation and emission wavelengths were 280 nm 
and 543 nm, respectively. In order to eliminate error due to light scatter- 
ing and interferences due to the native fluorescence of the cells, the Tb 3+ 
fluorescence was followed in conjunction with a 455 nm long wavelength pass 
f i l te r .  All experiments were performed at room temperature. 

RESULTS AND DISCUSSION 

Figure 1 shows the excitation and emission spectra of Tb 3+ bound to GH3 

pituitary tumor cells. The binding of Tb 3+ to the GH3 cells induced a shift 

in its excitation maximum from 267 nm to 284 nm, which resembles the excita- 

tion peak of the natural cell fluorescence (at 285 nm). The value of the 

284nm/267nm excitation intensity ratio for the Tb3+-GH3 complex (1.46) was 

330 percent greater than that of free Tb 3+ (0.34), indicating that energy 

was transferred from nearby aromatic residues to the bound metal ions 

(25,27). DeJersey et al (27) have reported that the 292nm1276nm ratio, R, may 

be used to diagnose the aromatic chromophore responsible for transferring 

energy to Tb 3+. The value of R in Figure 1 is equal to 1.03 and is indica- 

tive of tryptophan as the energy donor. Since our excitation spectrum of the 
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Uncorrected fluorescence excitation (A) and emission (B) spectra of 
Tb 3+ bound to GH3 pituitary tumor cells in O.01M Hepes buffered 
saline at pH 7.4 (solid lines). Note: In this experiment, the 
sample solution did not contain any unbound excess Tb 3+ because 
the labelled GH3 cells were f i rs t  centrifuged, then the pellet was 
resuspended in Tb 3+ free Hepes buffered saline. Superimposed on 
the excitation spectrum of the Tb3+-GH3 complex is an excitation 
spectrum of free Tb 3+ alone in solution (dashed line). ~ex = 
280 nm, ~em = 543 nm. Slit widths: ex = 5.5 nm, em = 11 nm. 

Tb3+-GH3 complex was obtained without correction for the wavelength depen- 

dence of the xenon arc lamp intensity, the r e l i a b i l i t y  of 1.03 as the correct 

numerical value for R must be questioned (28). In any case, the wavelength of 

maximum fluorescence emission for unlabelled GH3 cells (at 340 nm) was similar 

to that of tryptophan. The emission spectrum of the Tb3+-GH3 complex re- 

vealed the characteristic Tb 3+ fluorescence quartet at approximately 488, 

543, 584 and 619 nm. 

Figure 2 i l lustrates the enhancement of the Tb 3+ fluorescence brought 

about by i ts  binding to GH3 pi tu i tary cel ls.  The relat ive fluorescence inten- 

s i ty  of free Tb 3+ at 0 ug/ml GH3 protein was almost non-detectable or very 

low; but, the addition of GH3 cells to the solution markedly enhanced the f l u -  

orescence emission. The relat ive fluorescence intensity of Tb 3+ increased 

as the concentration of GH3 cells increases to 8 and 32 ug/ml protein for 

10-4M and 10-3M TbCl3, respectively. The fluorescence intensities for 

10-3M TbCI 3 were enhanced to a greater net extent than those for 10-4M 

TbCl 3, in that the slope of the line between 0 and 8 ~g/ml GH3 protein for 

10-3M TbCl 3 was approximately f ive times greater than that for 10-4M 
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Enhancement of Tb 3+ fluorescence as a function of GH3 protein con- 
centration. 20 ul aliquots of GH3 cell suspension at 4.9 ug/ml pro- 
tein were added to 2.0 ml of either 1x10-3M TbCl 3 (opened cir- 
cles), 1x10-4M TbCl 3 (closed circles) or 1x10-5M TbCl 3 
(opened triangles) in O.01M Hepes buffered saline at pH 7.4; and, a 
buffer control solution (closed triangles). 

TbCI 3. Since the magnitude of the Tb 3+ fluorescence enhancement is depen- 

dent on the distance between the energy donor and acceptor pair, the different 

slopes may ref lect structural differences between the various Tb 3+ binding 

sites on GH3 cells (29). Alternatively, the slopes may ref lect different 

quantum yields at the various Tb 3+ binding sites; especially, since the 

dominant mode of radiationless deactivation of the excited Tb 3+ ion is via 

loss of energy to high-frequency hydrogen stretch vibrations in i ts  local 

environment, and the loss of energy is proportional to the number of hydrogen 

vibrations which may vary among the different Tb 3+ binding sites (30). 

Also, i t  may be possible that at one type of site more than one tryptophan 

residue is transferring energy to the bound Tb 3+. 

The binding characteristics of Tb 3+ to GH3 pi tu i tary cells were deter- 

mined by a fluorometric t i t ra t ion  procedure. When increasing concentrations 
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Eadie-Scatchard plot of Tb 3+ binding to GH3 pituitary cells. 
Ordinate: the change in fluorescence intensity at 543 nm divided by 
the total Tb 3+ concentration, multiplied by 10-4 M. Abscissa: 
the corresponding change in fluorescence intensity at 543 nm. 
Inset: Tb3+-GH3 fluorescence intensity at 543 nm as a function of 
the TbC] 3 concentration. 10 ~l aliquots of 2x10-3M and 
2x10-2M TbCI 3 were added to 2.0 ml of GH3 cells at 5.1 ~g/ml 
protein in O.01M Hepes buffered saline at pH 7.4 (OD2B 0 = 0.05). 
Throughout the titration the concentration of free Tb j~ was 
assumed to be equal to the total concentration of TbCI 3 added to 
the suspension. 

of TbCl 3 were added to a GH3 cell  suspension, the fluorescence intensity at 

543 nm increased, then gradually tapered into a plateau at 4 x 10-5M 

TbCl3, but above i x 10-4M TbCl 3 the intensity began to increase rapidly 

(Fig. 3, inset). The fact that the fluorescence became saturated at a low 

TbCl 3 concentration, is suggestive of Tb 3+ binding to a high a f f i n i t y  

si te. I t  is clear, from the Eadie-Scatchard plot shown in Fig. 3, that the 

binding of Tb 3+ to GH3 cells involves at least two classes of binding 

sites. The apparent dissociation constant, Kd, for Tb 3+ binding to the 

high a f f i n i t y  site was estimated to be 1.1 x 10-5M and the K d for the low 

a f f i n i t y  site was 5.6 x 10-4M (the slope = -1/Kd). The value of K d for 

the low a f f i n i t y  site was more reproducible than that of the high a f f i n i t y  

site. Possibly, an aromatic residue may be attached in the f i r s t  coordination 

sphere of Tb 3+ at the low a f f i n i t y  site resulting in ef f ic ient  energy trans- 

fer. Whereas, the binding of Tb 3+ to the high a f f i n i t y  site may only be in 
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Figure 4 
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E f f e c t s  o f  Ca 2+ concen t ra t i on  on the f luorescence emission o f  
Tb 3+ at the low aff inity (opened circles) and high aff inity 
(closed circles) binding sites on GH3 cells. 10 ~l aliquots of 
2.0 M CaCl 2 were added to 2.0 ml of either 2x10-3M or 5x10-5M 
TbCl 3 with GH3 cells in O.01M Hepes buffered saline at pH 7.4. 
The fluorescence intensities are expressed relative to the value in 
the absence of Ca 2+. Inset: The fluorescence intensities of the 
high aff inity Tb3+-GH3 complex plotted against the Ca 2+ concen- 
tration in a double reciprocal Lineweaver-Burk type plot. The 
change in fluorescence intensity is expressed as the value of 
(Io-lc), where I o and I c are the intensities of the high af- 
f in i ty  Tb 3+ binding site before and after Ca 2÷ titration, re- 
spectively. 

the neighborhood of an aromatic group which would lower the efficiency of 

energy transfer (31). The lower relat ive fluorescence enhancement of the high 

a f f i n i t y  site presumably reflects a longer distance between the bound Tb 3+ 

and the aromatic side chain (29). The maximum Tb 3+ fluorescence (the x- in- 

tercept) for each component suggests that the low a f f i n i t y  sites out number 

the high a f f i n i t y  sites approximately f ive to one. In preliminary experi- 

ments, depolarizing concentrations of K + were found to increase the maximum 

Tb 3+ fluorescence intensity of the high a f f i n i t y  component, without changing 
÷ 

i t s  K d, suggesting that K may induce an increase in the number of high 

a f f i n i t y  Tb 3+ binding sites available (data not shown). The maximum fluo- 

rescence and K d of the low a f f i n i t y  component were not affected by depolar- 

izing concentrations of K +. Further, the maximum Tb 3+ fluorescence and 

K d for the high and low a f f i n i t y  components were not affected by TRH. These 
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results are in agreement with those of Moriarty and Leuschen (9). Using atom- 

ic absorption spectrophotometry, they demonstrated that GH3 cells experience a 

net increase in cellular Ca 2+ accumulation when exposed to high concentra- 
+ 

tions of K , while TRH exposure did not affect the cellular accumulation of 

Ca 2+" 

The abil i ty of Ca 2+ to displace Tb 3+ was employed to assess the bind- 

ing of Tb 3+ to Ca 2+ receptor sites on the GH3 pituitary cells. The fluo- 

rescence intensity of the high aff inity Tb 3+ binding decreased monotonically 

with increasing Ca 2+ concentration (Fig.4). In contrast, the fluorescence 

intensity of Tb 3+ bound to the low aff inity site remained virtually the same 

throughout the t i trat ion. This suggests that the low affinity site is not a 

specific Ca 2+ binding site, but a nonspecific negatively charged site. How~ 

ever, the high aff inity site is definitely a Ca 2+ binding site. The K d 

for Ca 2+ binding to the high aff inity site was estimated to be about 2.8 x 

10-2M (Fig. 4, inset). The affinity of Ca 2+ for GH3 cells was less than 

that of Tb 3+ due to the more electropositive character of Tb3+; and rela- 

t ively high concentrations of Ca 2+ were required to replace Tb 3+ from its 

binding sites because of the greater stabil i ty of Tb 3+ chelates compared to 

Ca 2+ chelates (18,20,29). 

Tan and Tashjian (10) and Gershengorn (11,15) have demonstrated that GH3 

cells have a Ca 2+ storage system associated with their plasma membrane. The 

biphasic nature of Tb 3+ binding to GH3 cells may depict specific and nonspe- 

ci f ic Ca 2+ receptor sites, distinguishable by differences in their apparent 

dissociation constant, concentration and degree of Tb 3+ fluorescence en- 

hancement. The function of the high aff inity Tb 3+ binding site is not 

known; but, i t  is tempting to suggest that this Tb 3+ binding receptor may be 

intimately associated with the activation of ion channels. Dufy and Barker 

(14) have suggested that the activation of the membrane K + conductance of 

GH3/B6 pituitary cells is dependent on membrane potential and calcium ions. 
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