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to the two Tb(II1) binding sites of GS. 

Registry No. GS, 9023-70-5; L-Trp, 73-22-3; Tb, 7440-27-9. 
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Fluorescent Probes for Measuring the Binding Constants and Distances between 
the Metal Ions Bound to Escherichia coli Glutamine Synthetase? 
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ABSTRACT: TNS,  2-p-toluidinylnaphthalene-6-sulfonate, has been used as a fluorescent probe to determine 
the binding constants of metal ions to the two binding sites of Escherichia coli glutamine synthetase (GS). 
TNS fluorescence is enhanced dramatically when bound to proteins due to its high quantum yield resulting 
from its interactions with hydrophobic regions in proteins. The fluorescence energy transfer from a hy- 
drophobic tryptophan residue of GS to TNS has been detected as an excitation band centered a t  280 nm. 
Therefore, T N S  is believed to be bound to a hydrophobic site on the GS surface other than the active site 
and is located near a hydrophobic Trp residue of GS. GS binds lanthanide ions [Ln(III)] more tightly than 
either Mn(I1) or Mg(II), and the binding constants of several lanthanide ions were determined to  be in 
the range (2.1-4.6) X 1 O l o  and (1.4-3.0) X lo8 M-' to the two metal binding sites of GS, respectively. The 
intermetal distances between the two metal binding sites of GS were also determined by measuring the 
efficiencies of energy transfer from Tb(II1) to other Ln(II1) ions. The intermetal distances of Tb(II1)-Ho(II1) 
and Tb(II1)-Nd(II1) were 7.9 and 6.8 A, respectively. 

Escherichia coli glutamine synthetase (GS) is a dodecameric 
enzyme which catalyzes the formation of glutamine from 
glutamate, NH4*, and ATP. The enzyme contains two es- 
sential metal binding sites per subunit-a higher affinity n ,  
site and a lower affinity nz site (Ginsburg, 1972; Hunt et al., 
1975). The metal-metal interaction for the two binding sites 
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of GS has been investigated by using different chromophoric 
metal ions [e.g., Mn(II), Co(II), Cr(III), and lanthanide ions 
(Ln(III))] and by different spectroscopic methods [e.g., NMR, 
EPR, fluorescence energy transfer, and sensitized Tb( 111) 
luminescence] (Villafranca & Ash, 1976; Villafranca et al., 
1977, 1978; Balakrishnan & Villafranca, 1979; Gibbs et al., 
1984; Eads et al., 1985). 

Tb(II1) luminesces in solution at room temperature, and its 
luminescence is significantly enhanced when bound to proteins 
due to Forster-type energy transfer. The energy relay system 
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of tryptophan - Tb(lI1) - other Ln(l1I) has been success- 
fully applied to determine the metal-metal and metal-Trp 
distances in enzymes (Horrocks & Sudnick, 1981; Rhee et al., 
198 1 : Horrocks et al., 1975; Horrocks & Collier, 198 1 ) .  A 
similar approach has been attempted to determine the inter- 
metal distances between the two binding sites of GS by as- 
suming equal binding for the various lanthanide ions to GS. 
However, the calculated intermetal distances may be subject 
to a substantial error without knowledge of the binding con- 
stants of metal ions to the two binding sites of GS. 

TNS, 2-p-toluidinylnaphthalene-6-sulfonate, is a compound 
which does not fluoresce in water but fluoresces strongly in 
organic solvents and when bound to proteins (McClure & 
Edelman, 1966, 1967). Because TNS fluorescence is very 
sensitive to the local environment in a TNS-enzyme complex, 
binding of the substrate, inhibitor, or metal ions to the active 
site may cause a conformational change and hence induce a 
change in T N S  fluorescence. Thus, in the present studies, 
TNS was used as a fluorescent probe to determine the binding 
constants of metal ions to GS. 

EXPERIMENTAL PROCEDURES 
Materials. E .  coli glutamine synthetase in a low state of 

adenylation was prepared by the method of Miller et al. 
(1974). Enzyme concentration and state of adenylation were 
determined spectrophotometrically (Shapiro & Stadtman, 
1970). All enzyme concentrations were given as subunit 
concentrations. Metal-free enzyme was prepared by dialysis 
against 3 mM EDTA, 10 mM Hepes, and 100 mM KCI, pH 
7.0, followed by extensive dialysis against the same buffer 
without EDTA. Lanthanide(Il1) solutions were prepared from 
the chloride salts obtained from Aldrich. MgC12 and MnCI, 
were purchased from Sigma. All experiments were carried 
out i n  IO mM Hepes/100 mM KCI, pH 7.0 at  25 "C. 

Determination of the Dissociation Constants of TNS and 
GS. The fluorescence experiments with Tb(II1) and TNS were 
measured by using a Perkin-Elmer MPF-44B fluorescence 
spectrophotometer equipped with a differential corrected 
spectra unit and a variable-temperature cell holder. 

T N S  fluoresces strongly when bound to proteins. Analysis 
of a titration curve monitoring T N S  fluorescence allows the 
evaluation of the dissociation constant of GS and TNS. The 
observed fluorescence of TNS, F, is related to the equilibrium 
concentration of TNS, [TNS], by 

(1) 

where Fo is the fluorescence of the GS-TNS complex. KD is 
the dissociation constant of the GS-TNS complex and is de- 
fined as 

(2) 
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F = Fo - K,(F/[TNS]) 

KD = [E] [TNS] /[E*TNS] 

[TNS] is related to the total concentrations of enzyme and 
TNS, [E], and [TNS],, by 

(3) 

Determination of the Binding Constants of Metal Ions to 
GS. Fluorescent probes are analogous to adsorption indicators 
(Laurence, 1952), and their behavior may be studied by 
standard equilibrium methods. T N S  is believed to bind to the 
enzyme at some site other than the active site. Thus, i t  does 
not compete with metal ions for the metal binding sites and 
is acting like an indicator. 

There are four possible configurations of GS when consid- 
ering the binding of metal ions to the two binding sites of GS: 
E(--), E(M-), E(-M), and E(MM) for apo, n,-occupied, 
n2-occupied, and double-occupied enzymes, respectively. 

[TNSI = [TNSlo - (F/Fo)[EIo 
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Table I: Expressions Relating Binding Constants and Fluorescence 
Properties of Different Metal Ion Complexes of Glutamine 
Svnthetase 

configuration fraction fluorescence 
E(- -1 4 0  = I / @  @OF0 
WM-) 61 = Kl[Ml/@ 6lFi 
W-M) 62 = K2[MI/@ 42F2 
E ( M W  63 = KiK2[M12/@ &(FI + F2) 

Suppose that the binding constants of the metal ions at n, and 
n2 are K, and K2, respectively, and that the binding of the metal 
ion at  one site does not affect the binding of the other; then 
K, and K2 are given by 

Kl = [E(M-)I / [El [MI = [E(MM)I/ [MI [E(-M)I 

K2 = [E(-M)I / [El [MI = [E(MM)I / [MI [E(M-)I 

(4) 

(5) 

where [E] and [MI are the equilibrium concentrations of free 
enzyme and metal ion, respectively. The mass balance 
equation for the enzyme is given by 

[El, = [E1(1 + KI[M1 + K2[M1 + K1K2[MI2) = [El@ 
(6) 

where [E], is the total concentration of the enzyme. The mole 
fractions and the fluorescence for the four configurations are 
given in Table I where Fo is the T N S  fluorescence in the 
absence of metal ions. F I  and F2 are the TNS fluorescence 
when n ,  or n2 is fully occupied by M. The observed fluores- 
cence (F), which is the sum of the fluorescence of the four 
configurations, is given by 

(7) 
To determine the binding constants K, and K,, T N S  

fluorescence was measured as a function of the total metal ion 
concentration, [MI,, at fixed concentrations of GS and TNS. 
For given values of K ,  and K2, [MI can be estimated by 
successive approximation using eq 6 and the mass balance 
equation of the metal ion (eq 8) 

F = 4oFo + (4, + cb3)FI + (42 + 4 M 2  

[MI = [MIT - (41 + 42 + 243)[ElT (8) 
where [MI, is the total concentration of the metal ion. For 
given values of K,, K2, and [MI, the fraction for each con- 
figuration was calculated, and the values of F,, F,,  and F2 were 
also evaluated by a least-squares method according to eq 7. 
The binding constants were determined by varying the values 
of K, and K2 until the best fit of the experimental T N S  
fluorescence titration curve by eq 7 was achieved. 

Determination of the Binding Constants by Metal Com- 
petition. Suppose that there are two metal ions, MA and Me, 
competing for the two binding sites of the enzyme, n, and n2, 
and the binding constants a t  n, and n2 are KAI and KA2 for 
MA and KB1 and KB2 for Me. If the binding of the metal ion 
at  one site does not affect the binding of the other, then these 
binding constants are given by 

KAI = [E(MA-)I/[El[MA1 = 
[E(MAMA)I / (9) 

KA2 = / LEI = 
[E(MAMA)I/[MAI (lo) 

KB1 = [E(M,-)I / [El [Me1 = [E(MBMB)I/ [Me1 [E(-Me)I 
( 1  1) 

Ke2 = [E(-Me)I/[El [Me1 = [E(MBMB)I/[MBI [E(MB-)I 
(12) 

where [MA] and [Me] are the equilibrium concentrations of 
free MA and Me, respectively. [E(XY)], where X, Y = MA, 
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Table I I :  Expressions for Binding Constants for Competing Metal 
Ions Binding to Glutamine Synthetase and Related Fluorescence 
Prooerties 

configuration fraction fluorescence 

E(- -1 6 0 =  I / *  680 
E(MA-) 61 = KA, [MAI / *  61FAI 
E(MB-) 6 2  = K B l [ M B l / *  62FB1 
E(-MA) 63 = KA2[MAI / *  h F A 2  
E(-MB) 64 = KB2[MBl/@ 64FB2 

E ( M A M t d  6s = K A I K B Z I M A l [ M B l / @  6 d F A I  + FB2) 
E(MBMA) 66 = KA2KBl[MAl[MBl/*  66(FA2 + 
E(MAMA) $7 = KAlKA2[MA12/@ 67(FAI + FA2) 

E(MBMB) 68 = K B I K B ~ [ M B ] ~ / @  &(FBI + FB~) 

MB, or empty, is the concentration of E(XY). The mass 
balance equation for the enzyme is given by 

[EIT = [Ell1 + (KAI + KA2)[MAI + (KBI KB2)[MB1 
+ (KAlKB2 + KAZKBl)[MAI [MBI + KAIKA2[MA12 + 

KBIKB2[MB12~ = (13) 

There are nine possible configurations for this system; the 
mole fractions and fluorescence expressions are given in Table 
11, where FAI and FA2 are the T N S  fluorescence when the nl 
or n2 sites are fully occupied by MA while FBI and F B ~  represent 
the TNS fluorescence when the n, or n2 sites are fully occupied 
by MB. The observed fluorescence for this system is given by 

F = 480 + (41 + 45 + 47)FAI + ($3 + 46 + 47)FAZ + 
(42 + 46 + + (44 + 45 + 4 8 l F B 2  (14) 

The mass balance equations for the metal ions are 

[MA] = [MAIT - ($1 + 43 + 45 46 + ~ & ) [ E ] T  (15) 

[Me] = [MBIT - (42 + 44 + 45 + 4 6  + 248)[E]T (16) 

The procedure for obtaining KB, and K B ~  from the known 
values of KA,  and KA2 is similar to that described in the 
previous section. 

Determination of the Efficiency of Energy Transfer (E). 
Equation 14 can also be applied to Tb(II1) luminescence ti- 
tration of G S  by mixtures of Tb(III)Ln(III) [where Ln(II1) 
are the luminescence acceptors] with the following modifica- 
tions: ( 1 )  Fo = 0; (2) FBI = FB2 = 0, since Ln(II1) ions are 
nonluminescent; and (3) the luminescence for configurations 
E(TbLn) and E(LnTb) should be replaced by d5FAl(l - E) 
and c$~F,,~( 1 - E), respectively. Thus, the obtained Tb(II1) 
luminescence for the titration of GS with mixtures of Tb/Ln 
is given by 
F = + 47 + 45(1 - E)IFAI + 

[43 + 47 + - E)IFAZ (17) 

I f  KAI, KA,, Ksl, and KB2 are all known, the fraction of each 
configuration can be calculated, and the efficiency of energy 
transfer can be evaluated by fitting eq 17. 

Forster Theory. Intramolecular distances can be calculated 
from the efficiency of energy transfer assuming a mechanism 
of dipole-dipole radiationless energy transfer. The theory of 
this approach has been described in McNemar et al. (1991). 

RESULTS 
Absorption, Excitation, and Emission Spectra of TNS. The 

absorption spectrum of T N S  in aqueous solution has four 
absorption bands centered at 223, 263, 317, and 362 nm as 
shown in Figure 1 .  The fluorescence spectrum of TNS bound 
to GS (Figure 1) shows an emission band centered at 454 nm. 
McClure and Edelman (1  966) have measured the emission 
spectra of TNS in several aqueous protein solutions and found 
that the emission maxima are in the range of 426-462 nm. 

0.81 I I 1 I 

FIGURE 2: Fluorescence spectra (Aex = 280 nm) of 1 pM GS in the 
presence of ( 1 )  0, (2) 4, (3) 8, (4) 12, and (5) 20 pM TNS in 10 mM 
Hepes/O.l M KCI, pH 7.0, at 25 OC. 

The excitation spectrum of TNS bound to GS has three bands 
centered at 280, 328, and 362 nm as shown in Figure 1 .  The 
excitation band at 280 nm, which is not seen in the absorption 
spectrum, is probably due to energy transfer from the aromatic 
amino acid residues of GS to TNS. 

Fluorescence Spectra of TNS-GS Complexes a t  Various 
[ TNS]. Figure 2 shows the fluorescence spectra of TNS-GS 
complexes, excited at 280 nm, of 1 pM GS with various 
concentrations of TNS. It is seen that as [TNS] increases, 
TNS fluorescence (A, = 454 nm) increases and concurrently 
the protein fluorescence (A,,, = 332 nm) decreases. The 
absorption spectrum of TNS bound to GS, centered at  317 
nm (Figure l ) ,  overlaps significantly with the emission spec- 
trum of GS centered at 332 nm (Figure 2), and efficient energy 
transfer from fluorescent protein residues (mainly from 
tryptophan residues) to TNS is expected. The observation of 
efficient energy transfer from Trp residues to T N S  implies 
that the binding site of TNS is located near the Trp residues. 
The spectra in Figure 2 show an isoemissive point at 403 nm. 
This suggests the same quantum yield of fluorescence for 
bound molecules over the range of [TNS] recorded (Anderson 
& Weber, 1965) and that binding of T N S  is monotonic. It 
is to be noted that the emission maximum of TNS fluorescence 
does not change over the entire concentration range of TNS 
used while the emission maximum of the protein fluorescence 
is red-shifted from 332 to 340 nm. 

Determination of the Dissociation Constant of the TNS-GS 
Complex. As shown in Figure 2, TNS fluorescence increases 
as the concentration of T N S  increases a t  a fixed GS concen- 
tration. The dissociation constant can be evaluated from the 
titration curve of TNS fluorescence at various [TNS] ac- 
cording to eq 1 and 3. In determining KD, an iteration pro- 
cedure was employed using eq 1 and 3 until the best fit of the 
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800 1 I 1 t 
1 

- 1 
'looo- IO 20 30 40 50 

CMnI,, pM 

F I G U R E  3: Titration of 2 pM G S  and 2 pM TNS with Mn(1I) in IO 
mM Hepes/O.l M KCI, pH 7.0, at 25 "C. The solid line is the 
thcorctical curve calculated by eq 7,  and the error bars are for &IO% 
i n  the valuc of each binding constant. 

350- 0 2 3 

tTbl, /CGSl,  

F IGURE 4: Titration of 1 pM GS, 1 pM TNS, and 20 gM Mn(I1) 
with Tb(ll1) in IO mM Hepes/O.l M KCI, pH 7.0, at 25 "C. The 
solid line is the theoretical curve calculated by eq 14. The error bars 
represent *IO% in each binding constant. 

titration curve was achieved. The final plot of F vs F/[TNS] 
is linear (data not shown), and the calculated dissociation 
constant of the TNS-GS complex was 23 pM. 

Determination of the Binding Constants of Metal Ions to 
GS. Since TNS fluorescence is very sensitive to its local 
environment in the TNS-enzyme complex, binding of metal 
ions, substrate, or inhibitor to the active site may cause a 
conformational change of the enzyme and hence induce a 
change in TNS fluorescence. Addition of Mn(1I) and Mg(I1) 
to the TNS-GS complex causes a dramatic increase in TNS 
fluorescence. Figure 3 shows the fluorescence titration of 
GS-TNS with Mn(l1). This titration curve was fit to eq 7 
according to the procedure described previously. The binding 
constants of Mn(I1) to the two binding sites of GS were de- 
termined to be K ,  = 5.7 X IO' M-' and K2 = 4.7 X los  M-'. 
The binding constants of Mg(I1) to GS were also determined 
by the same method to be K l  = 2.0 X lo4 M-I and K 2  = 9.2 
X IO3 M-I. Error bars for a variation of f10% in each binding 
constant are given in the figure. 

Determination of the Binding Constants by Metal Com- 
petition. Since the addition of lanthanide ions to TNS-GS 
complex causes only a small change in TNS fluorescence, the 
binding constants of these metal ions to GS were determined 
by metal competition. The TNS fluorescence for the solution 
of GS, TNS, and a saturating amount of Mn(I1) was measured 
as it was titrated with Ln(lII), and the experimental data were 
then fit to eq 14 by using the known values of KA,, KA2, Fo, 
F, ,  and F, [MA = Mn(I1); MB = Ln(III)] as described before. 
Figure 4 shows the changes in TNS fluorescence as a solution 
of 1 pM GS, 1 pM TNS, and 20 pM Mn(I1) was titrated with 
Tb(lI1). The best fit of the titration is shown as the solid curve 
(error bars for *lo% in the binding constants are given). The 
binding constants of Tb(ll1) to the two binding sites of GS 
were determined to be K ,  = 4.6 X 1Olo  M-l and K2 = 3.0 X 
I O 8  M-I. The binding constants of other lanthanide ions to 
GS were also determined by the metal competition method, 
and the results are summarized in Table 111. 

Table 111: Summary of the Binding Constants of Metal Ions 
Determined by Competition with Mn(I1) to the Two Binding Sites of 
E .  coli Glutamine Synthetase 

metal ion KI (M-') K ,  (M-l) 
Mn(I1) 5.1 x 105 4.7 x 105 
Mg(11) 2.0 x 104 9.2 x 103 

Ho(lI1) 2.9 X IO '"  2.1 x 108 
Tb(ll1) 4.6 X 10'" 3.0 X IO8 

Nd(ll1) 2.1 x 10'0 1.6 X I O 8  
1.4 X IO8 Gd(II1) 3.0 X 10'" 

FIGURE 5: Titration of 16 pM GS with Tb(1II) in 10 mM Hepes/O.l 
M KCI, pH 7.0, at 25 OC. The solid line is the theoretical curve 
calculated by eq 18. The error bars represent &IO% in the binding 
constants. 

300, I I I 

8 1  
:: 200 8-1 

F I G U R E  6: Titration of 16 pM GS with a 1:l mixture of Tb(III)/ 
Ho(II1) in IO mM Hepes/O.l M KCI, pH 7.0, at 25 OC. The solid 
line is the theoretical curve calculated by eq 17. The error bars 
represent *IO% in each binding constant. 

Determination of the Binding Constants for Tb(III) to GS 
from Tb(III) Fluorescence Experiments. Sensitized Tb(II1) 
luminescence provides an alternative way to determine the 
binding constants of Tb(II1)-GS complexes. Figure 5 shows 
the Tb(II1) luminescence titration of 16 pM GS with Tb(II1) 
in the absence of TNS. The equations derived for determining 
the binding constants of the Mn(I1)-GS complexes in TNS 
luminescence experiments can also be used to determine the 
binding constants of the Tb(II1)-GS complex. For Tb(II1) 
fluorescence experiments, Fo = 0 [Le., the fluorescence of free 
Tb(II1) ion in aqueous solution is very weak], and eq 7 be- 
comes 

(18) 
The titration data were fit to eq 18 by using the same pro- 
cedure described above (same error analysis as before). The 
binding constants for Tb(II1)GS complexes were determined 
to be K ,  = 4.1 X loLo M-I and K2 = 3.0 X lo8 M-' which are 
in excellent agreement with the results obtained from the metal 
competition method. 

Determination of the Efficiency of Energy Transfer. Since 
the binding constants of the different lanthanide ions have been 
determined, an accurate measure of the efficiencies of energy 
transfer from Tb(II1) to other Ln(II1) acceptors can be de- 
termined from the sensitized Tb(II1) luminescence titration 

F =  (41 + 43)Fi + ($2 + 43)Fz 
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at 328 or 362 nm will result in a strong TNS fluorescence at 
454 nm. On the other hand, the observation of an excitation 
band at 280 nm, which is not seen in the absorption spectrum 
(Figure l), is mainly due to energy transfer from fluorescent 
protein groups to TNS. 

The fluorescence spectrum of GS (Figure 2) shows an 
emission maximum at 332 nm which is characteristic of Trp 
fluorescence in proteins. The fluorescence maximum of Trp 
and its derivatives is red-shifted as the solvent polarity increases 
(Lakowicz, 1983). As a result, the fluorescence maximum of 
a protein is dependent on the exposure of the Trp residues to 
the aqueous phase. Emission maxima at shorter wavelengths 
are expected for more hydrophobic Trp residues, and emission 
maxima at longer wavelengths are expected for Trp residues 
more exposed to the aqueous phase (Eftink & Ghiron, 1976). 
Inspection of the fluorescence spectra in Figure 2 shows that 
the fluorescence maximum of GS is red-shifted from 332 to 
340 nm as the concentration of TNS increases. There are two 
Trp residues per subunit in GS (Colombo & Villafranca, 
1986). It is likely that the remaining fluorescence at 340 nm 
is due to the Trp residue which is more exposed to the aqueous 
solution and the energy transfer to TNS is mainly from the 
more hydrophobic Trp residue. 

As shown in Figure 3, TNS fluorescence almost doubled 
when 50 pM Mn(I1) was added. This most likely indicates 
that TNS and Mn(I1) are bound to GS at different sites. The 
binding constant for Mn(II)-GS (Table 111) is larger than that 
of the TNS-GS complex (4.4 X lo4 M-I). If Mn(I1) and TNS 
compete for the same site(s) and [Mn(II)lo is much greater 
than [TNSIo, then most of the T N S  would be displaced by 
Mn(II), and the fluorescence should be extremely weak. Thus, 
the increase in TNS fluorescence upon addition of Mn(I1) and 
Mg(1I) is consistent with the assumption that TNS is bound 
to GS at some hydrophobic site other than the active site and 
TNS is acting like an adsorption indicator. As the concen- 
tration of T N S  increases, the intensity of TNS fluorescence 
increases, but the binding constants of metal ions to G S  are 
not affected. 

The binding constants given in Table 111 varied by several 
orders of magnitude for the different metal ions with the 
lanthanide ions binding most strongly to GS. Though the 
binding constants differed only by about 2-fold among the 
lanthanides, the fractional distributions of the Tb-Ln system 
are significantly different from those obtained by assuming 
equal binding of lanthanides. For example, the mole fractions 
for the configurations of E(TbNd), E(NdTb), E(TbTb), and 
E(NdNd) for the solution of 20 pM GS, 15 pM Tb(III), and 
15 pM Nd(II1) calculated by using the binding constants in 
Table I11 are 0.23, 0.22, 0.44, and 0.1 1, respectively, while 
the mole fraction is 0.25 for each complex if the binding 
constants of the lanthanides are assumed to be equal. This 
analysis takes into account the error ranges given in the figures; 
the conclusion, therefore, is that the efficiency of energy 
transfer determined by assuming equal binding of the lan- 
thanides to GS results in a significant error in the calculation 
of the metal-metal distances. 

The intermetal distances of Tb(II1)-Ho(II1) and Tb- 
(111)-Nd(II1) are in good agreement with each other. The 
distances are somewhat longer than the Mn(I1)-Mn(I1) dis- 
tance of 5.8 8, from the crystal structure of S. typhimurium 
G S  (Almassy et al., 1986) which differs by only 10 residues 
per subunit from E .  coli GS (Colombo & Villafranca, 1986; 
Janson et al., 1986). The discrepancy may result from a 
slightly different conformation of G S  in solution and in the 
crystal and/or a slightly different conformation for trivalent 

WAVELENGTH,nm 

F i c u R E  7: Spectral overlap of the emission spectrum [(---) A,, = 
295 nm] of GS-bound Tb(ll1) and the absorption spectrum (-) of 
a 1 : l  Ho(1ll)-EDTA complex. c537nm = 5.3 M-' cm-I. 

of G S  with mixtures of Tb/Ln. Figure 6 shows the changes 
in Tb(ll1) luminescence for the titration of 16 pM GS with 
a I : l  mixture of Tb/Ho. The titration curve was fit to eq 14 
by using the values of KAI, KA2, KB], and KB2 determined 
previously. The efficiency of energy transfer from Tb(II1) to 
Ho(ll1) was determined to be 0.68. The same experiments 
were also carried out for the Tb/Nd, system and the efficiency 
of energy transfer for Tb(II1)-Nd(I1I) was 0.84. 

Determination of Inter/ Metal Distances Using Measured 
Binding Constants of Ln(ll1) to GS.  In order to calculate 
distances using the Forster equation, we need to evaluate the 
quantum yield of Tb(III), the overlap integral, and the effi- 
ciencies of energy transfer. The quantum yields of Tb(II1) 
bound to G S  were estimated to be 0.21 and 0.36 for 1 and 2 
equiv of Tb(ll1) per subunit (McNemar et al., 1991) from the 
change in the luminescent exponential decay constant as the 
H20:D20 ratio was varied. 

The overlap in the fluorescence spectrum of Tb(II1) bound 
to GS and the absorption spectrum of the Ho(II1)-EDTA 
complex are illustrated in Figure 7. The Ho(II1)-EDTA 
absorption spectrum was measured due to the weak absorption 
properties of Ho(ll1) which precludes use of the spectrum of 
Ho(ll1) bound to G S .  The overlap integral was estimated 
from eq 17 to be 8.20 X cm6 mol-'. The overlap integral 
for Tb-Nd was also determined from the fluorescence spec- 
trum of Tb(lI1) ion bound to GS and the absorption spectrum 
of the Nd(ll1)-EDTA complex (data not shown) to be 8.34 
x 10-18 cm6 mol-'. 

The critical distance for 50% energy transfer, Ro, was 
calculated from eq 16. The orientation factor, K ~ ,  was taken 
as 2/ , ,  the value for an isotropic donor and an isotropic ac- 
ceptor. According to Horrocks and Collier (1981), it is un- 
likely that the true value of K~ deviates from this value suf- 
ficiently to cause a significant error in the calculation of R,. 
A value of 1.36 was used for the refractive index, n. The 
critical distances for Tb-Ho and Tb-Nd systems were cal- 
culated to be 8.95 and 8.97 A, respectively. The Tb-Ln 
distances were then estimated by equiv 15 to be 7.9 and 6.8 
8, for Tb-Ho and Tb-Nd, respectively. 

DlSCUSSlON 

TNS is essentially nonfluorescent in aqueous solutions but 
fluoresces strongly when adsorbed to proteins. This is due to 
the high quantum yield of protein-bound TNS which results 
mainly from interactions between T N S  and hydrophobic re- 
gions on the protein surface, consistent with the fact that TNS 
fluorescence is enhanced in solvents of low dielectric constant 
or of high viscosity (McClure & Edelman, 1966). As a result, 
TNS has been used as a probe for hydrophobic regions in 
proteins. It is evident from the excitation spectrum of the 
TNS-GS complex (Figure 1) that direct excitation of TNS 
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Ln( 111) binding compared to divalent Mn(I1) binding. 
However, the Ln(II1)-Ln(II1) distances are in good agreement 
with metal-metal distances previously determined by EPR 
(Balakrishnan & Villafranca, 1978). 

Since T N S  fluorescence is very sensitive to its local envi- 
ronment, TNS is also a very sensitive probe for detecting the 
conformational changes in  the enzyme. Addition of Mn(I1) 
or Mg(I1) to a TNS-GS solution causes a dramatic increase 
in T N S  fluorescence, and thus significant conformational 
changes in G S  are expected. These conformational changes 
may be necessary for the enzyme to be active. The effect of 
Ln(Il1) on the T N S  fluorescence is quite different. There is 
essentially no fluorescence change when Ln(II1) is bound to 
the n, site of GS while the TNS fluorescence decreases slightly 
when Ln(lI1) is bound to the n2 site (data not shown). These 
results may suggest that the conformation of Ln(II1)-GS is 
different from that of Mg(I1)-GS or Mn(I1)-GS, and it may 
also explain why Ln(II1)-GS is catalytically inactive. In 
addition, the differences in conformations between Ln(III)-GS 
and Mn(l1)-GS may lead to the internal distances being 
different. Analysis of the crystal structure of Ln(II1)-GS 
should help resolve the differences among the active and in- 
active metal complexes of G S .  

Registry No. GS, 9023-70-5; Mn(II), 7439-96-5; Mg(II), 7439- 
95-4; L a ( l l 1 ) .  7439-91-0; Tb(lll), 7440-27-9; Ho(lll), 7440-60-0; 
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