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Tripositive lanthanide ions, symbolically Ln(III), 
have been used for more than a decade to probe 
calcium-binding sites in proteins [l] . Efforts in 
this laboratory [2] have been devoted to the develop- 
ment of methods to exploit the luminescence proper- 
ties of certain of the lanthanide ions [3, 41, notably 
Eu(II1) and Tb(III), in the study of this class of 
protein. Central to our research is the use of a 
tunable, pulsed dye laser to excite directly the metal 
ion levels. The Eu(II1) ion, with its nondegenerate 
7F 0 ground state, is particularly useful as a probe 
species. Excitation spectroscopy of the 7F, -+ ‘D, 
transition in the 578-581 nm region (monitored 
via the ‘D, -+ 7F2 emission at -612 nm) has been 
useful in detecting and characterizing individual, 
distinct Eu(II1) ion binding sites in proteins [2, 51. 
The observation of more than one peak in such an 
excitation spectrum is unambiguous evidence for 
the existence of more than one type of binding site. 
In addition, sites can be characterized via their 
Eu(II1) (or Tb(II1)) excited state lifetimes in Hz0 
and DzO solution in order to determine how many 
water molecules are coordinated to the ion at 
each site [6]. Laser spectroscopic methods can also 
be used to measure distances between Ca(II) ion 
binding sites by monitoring Forster-type non- 
radiative energy transfer between emissive (Eu(III), 
Tb(II1)) and absorbing (Pr(III), Nd(III), Ho(III), 
Er(III)) ions occupying nearby sites [7-91. 

Calcium-modulated proteins are an important 
class of macromolecule found in the cytosol [lo]. 
These proteins, which include calmodulin, troponin 
C, myocin light chains, parvalbumin and intestinal 
calcium-binding protein, all bind Ca(I1) ions with 
pK, values (-logK,) between 5.0 and 6.5 in the 
presence of millimolar concentrations of Mg’+. 
Ln(II1) ions bind even more tightly and 
spontaneously replace bound Ca(II) ions. Two 
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‘Do excitation spectra of Eu(III) in parvalbu- 
min in solution and crystalline states. 

members of this class of protein, namely parvalbumin 
and calmodulin, are the objects of the present study. 

Results and Discussion 

Parvalbumin. This protein binds two Ca(I1) ions 
strongly. Earlier work in this laboratory [ 7, 1 l] has 
shown that at pH 4.0 the principal CD and EF 
sites are filled simultaneously during a titration with 
Eu(III), while at pH 6.5 a third site is occupied 
as well. Excited state lifetime results suggest that one 
water molecule is coordinated to the CD and EF 
Eu(III) ions while three are involved at the third 
site. The occupancy of this third site was shown 
to be responsible for the ‘quenching’ of Tb(III) 
luminescence after more than 1.5-1.8 equivalents 
of this ion have been added. The solution-state 
results are in apparent disagreement with X-ray 
diffraction studies [ 121, which show that if parv- 
albumin is crystallized in the presence of less than 
one equivalent of Tb(III) only the EF site is occupi- 
ed while with more Tb(III) present both CD and EF 
sites are filled. No evidence for a third metal ion 
binding site was found in the X-ray study [ 121. 
Figure 1 shows the 7F, + ‘D, excitation spectrum 
of a parvalbumin solution (upper trace) contain- 
ing 0.5 equivalents of Eu(III) which provides evidence 
for the occupation of all three sites. This solution, 
when dialyzed against 2.8 M (NH4)*S04 buffer at 
pH 7.0, yielded crystals whose excitation spectrum 
is shown in the lower trace. Only a single sharp peak 
indicative of the sole occupancy of the EF site is 
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Fig. 2. 7F, -+ ‘Ds excitation spectra of Eu(III) bound to 

calmodulin in pH 5.7 in the presence of 4.0 (upper trace) or 

2.0 (lower trace) equivalents of added Eu(II1). 

evident, consistent with the X-ray findings. Further- 
more, lifetimes measured on crystals grown from 
both HZ0 and DzO are virtually identical indicating 
the absence of coordinated water in the crystalline 
state. This corroborates the X-ray diffraction results 
[ 121 which reveal a peak in the Fourier map which 
suggests that a sulfate ion has replaced the coordi- 
nated water molecule at the EF site. The excitation 
spectra (not shown) of crystals grown in the presence 
of larger amounts of Eu(III) show evidence for the 
occupancy of both CD and EF sites, but not for a 
third site. Dissolving the Eu(III)-substituted crystals 
results in the reformation of the solution state 
spectra. 

CuZrnuduZin. This important regulatory protein 
contains four Ca(I1) ion binding sites, one each in 
domain numbers I-IV. Studies of tyrosine-sensitized 
Tb(III) luminescence [ 13-151 suggest that Ln(II1) 
ions bind initially at sites I and II and subsequently 
at sites III and IV. The 7F,, + ‘D, excitation spectra 
of Eu(II1) during a titration are consistent with the 
binding of four Eu(II1) ions, but do not resolve 
differences between the two classes of sites [1.5]. 
Figure 2 shows, however, that there are significant 
differences between the excitation spectra of the 

7F0 + ‘Da transition depending upon whether two 
or four equivalents of Eu(II1) ions are bound. This 
illustrates the potential of excitation spectroscopy 
of higher transitions in the study of multiple classes 
of binding sites. 

Using the same protocol as employed earlier 
with parvalbumin [8], Forster-type non-radiative 
energy transfer distance measurements were carried 

out between sites I and II of calmodulin. In the 
absence of an energy acceptor ion the reciprocal 
excited state lifetime of Tb(II1) in these sites, rir, is 
0.94 ms?. In the presence of Ho(II1) or Nd(II1) in 
the adjacent site respective r-l values of 1.18 and 
1.25 ms-r were obtained. Using the Forster theory 
parameters established for parvalbumin [8] , these 
results lead to respective distances of 11.6 and 10.8 
A between sites I and II. These values are close to 
the CD-EF site separation in parvalbumin (11.8 A) 

‘and support the idea that the calmodulin structure 
is closely related to that of parvalbumin. 

Additional results regarding Ln(II1) ion binding to 
these proteins, including relative binding constants 
across the Ln(II1) series will be presented. 
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The cytochromes P-450 which have only been 
recognized for the past two decades are now the most 


