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We have used near-infrared tNIR) vibronic fluorescence spectro~opy 1o study the vibrational structure of ligands associated with 
model complexes of the lanthanide Yb 3~. This technique exploits the similar binding properties of the lanthanide Yb 3+ to probe 
CaZ*-binding sites in proteins. The (N1R) fluorescence of complexed Yb 3. exhibits, in addition to main 0-0 (:F5/2 -~ 2F?/2) 
electronic transition of Yb 3+, weak vibronic sidebands which provide infrared-like, local vibrational spectra of the chelates (inner 
sphere ligands) of Yb 3÷. A similar approach i:as been used for the lanthanide Gd ~+ (MacGregor. R.B., Jr. (1989) Arch. 
Biochem. Biophys. 274, 312-316) which fluoresces in the. UV and which is usually complicated by amino-acid residues fluorescing 
in the same spectral region. In this same spectral region, other complications in studying photosynthetic membranes occur in the 
form of the excitation wavelength being actinic, promoting photodegradation of the membranes, as well as the reabsorption of 
Gd "~* fluorescence. NIR excitation and fluorescence detection of Yb 3÷ avoid these problems when studying photosynthetic 
membranes. A preliminary study has been conducted here on rat muscle parvalbumin. 

Calcium-binding proteins are currently the subject 
of  much interest. Functional and local conformational 
properties of many proteins [1-3], including the oxy- 
gen-evolving enzyme of higher plants, are modulated 
by the site.specific binding of Ca 2+ [4-6]. 

Ca 2. does not lend itself to be directly probed by 
traditional spectroscopic methods (e.g., optical and 
EPR). However, EPR spectroscopy in conjunction with 
Ca2÷/Mn 2÷ [7] or Ca2*/Ln 2÷ [8,9] exchange, has been 
used to probe the nature and distances of  atoms inter- 
acting with Ca z+ in proteins. Trivalent lanthanides 
have been used to probe Ca 2÷ sites because they are 
fluorescent and also exhibit Ca2÷-like binding proper- 
ties based largely on the similar size of lanthanides and 
Ca 2+ [1,2,9-11]. Most of the fluorescence work has 
involved measuring the quenching of the lanthanide 
fluorescence which provides estimates of  distances, but 
not directly the nature, of the ligands binding to the 
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Ca2+/Ln 3+ ions. However, Gd 3÷ vibronic sideband 
spectroscopy in the UV has been shown by MacGregor 
to be effective in model complexes to provide the 
partial vibrational spectrum of chelates of Gd 3+ [12] 
but requires sophisticated time-resolved techniques to 
eliminate tryptophan fluorescence in real biological 
samples [13]. We have extended this technique to the 
near-infrared (NIR) spectral region. Working in the 
N1R circumvents the tryptophan fluorescence problem 
because excitation in this spectral region does not 
induce fluorescence of this amino acid in proteins. 

The vibronic sidebands observed in the fluorescence 
spectrum of the Ln 3+ complexes are shifted to longer 
wavelengths with respect to the main 4f-4f electronic 
transit;on of the lanthanide and arise from the 
dip,~:~,:-dipole coupling of the electronic transition and 
the infrared-active vibrational oscillators of the 
chelates; the shifts in energy (in cm-~) correspond to 
the vibrational frequency of the chelate oscillators. The 
vibrations of the chelate chemical groups associated 
wita the ligation of Ln 3+ are expected to be more 
acUve than those modes of chemical groups further 
from the metal. 

The choice of Ln 3+ ion is important in this applica- 
tion because one needs a single well-isolated electronic 
transition so that there are no complications and over- 
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lap of ( } - 0  eleetrt~nic transitions and the respective 
vibronic sidebands. Yb 3" meets this criterion because 
it has an isolated electronic t ransi t ion/energy tevcl at 
about IO IXX)  c m  t and wh~se ;:b::'~rption b~md is at  

about tj~()nnt [14]. 
This means that ~,nc can excite the Iluorescence of 

Yb 3" in a Ca: '-binding protein usi,rg laser radiation 
ranging from :tbout ~llt to t)c~0 rim. "l'hi~ has the :'.dded 
benefit that there arc m~ rc-absorptitm problcms that 
occur when exciting Gd 3~ fluorcsccncc (3(~)-350 nm) 
in a protein 1276-3(11) nm excitation). More iml~)r- 
tanlly, if the Ca~-binding protein contains ehro- 
mophores, as in the case of photosynthetic membranes, 
these NIR excitation wavelengths will not be actinic or 
promote photodcgradation, as can occur with UV exci- 
tation. Also, thc fluorescence will not be re-absorbed 
by the chromophorcs or protein (only weakly by water). 
I,astly, if onc has a sensitive NIR spectrometer, one 
can detcct the weak vibronic sidcbands cvcn at room 
tcmpcraturc. 

We have tested the tcasibility of this NIR vibronic 
sideband spectroscopic technique with model com- 
pounds of Yb ~ as well as with rabbit muscle parvalbu- 
rain (RMPA). a well-charactcrizcd Ca"~-binding pro- 
tein. with Ca :+ cxchanged for Yb 3+ [15]. The VSB 
spectrum of  Yb 3. in RMPA compares well with the 
Gd ~ ~ VSB of the same protein [13]. 

All chemicals were reagent grade or better and were 
used without further purification. YbCI~. 6H:O and 
2,2'-bipyridine were purchased from Aldrich (France), 
l-methylimidazole and rat muscle parvalbumin 
(RMPA) from Sigma. Near-infrared red excitation at 
910 nm was provided by a cw Ti:sapphire l a i r  (Spectra 
Physics Model 3900 S) pumped with an Ar ÷ laser 
(Coherent Innova !(11)) operating in the all-lines mode 
at aooul 8 W. Typically, 200-31111 mW was used for 
NIR excitation. NIR fluorescence spectra were 
recorded using a Bruker IFS 66 FTIR spectrometer 
modified for thc NIR spectral region and equippcd 
with a Bruker FRA i0t) FI" Raman module; the spec- 
trometer has been described elsewhere [16]. The liquid 
samples were contained in a I cnl quartz cuveltc and 
fluorcsccncc was measurcd in a 90 ° geometry. Stray 
light from the exciting laser was reduced using long- 
wave pass filters (Corion, LL-10(K) ahd LL-950) posi- 
tioned in the Jacquinot stop. All spectra were mea- 
sured at room temperature. Instrumental spectral reso- 
lution was 4 c m  t 

All the known Ca:* ligands in ~r,~teins are oxygen 
atoms from the protein backbone or the amino-acid 
side-chains [2]. Nevertheless, exceptions may occur, as 
is proposed in Photosyslcm !1 (Rcf. 4 for a review). 
Possible artificial Ca -'~ ligands may be those which 
possess (i) OH, (it) COO , and (iii) nitrogen-containing 
groups in the amino-acid side-chains. Thus, as Yb ~+ 
chelators we cht,se (i) water and methanol, (it) DPA, 

1000 1500 2000 250{) 300o 3500 4000 

l(JO0 1500 2000 ,5~0 3000 3500 4000 

. . . . .  e : i  me thy [  Imidazole 

-4 1 

1000 t500  2000 2500 3000 3500 40<~ 

~ 1000 1500 2000 2500 3000 3500 4000 

~000 ~500 2000 2500 3000 3500 4000 

'tO00 1500 2000 2500 3000 3500 4000 

VSB shift (cm-1) 

Fig. l. VSB fluorescence spectra of Yb ~" in various ligand coordina- 
tion environments. The data are plolted in terms of frequency shift 
(in cm ~) from the ()-I) transition as described in the text. All 
spectra arc at fOrM.ira temperature; lair excitalion was 91(I nm; laser 
power was 2(111-3111) roW: spectral resolution was 4 em ~. (a) 100 mM 
Yb a+ in I)~O: 4INI~) scans. (h) 500 mM Yb ~' in methanol; 2000 
scans. (c) I110 mM Yb ~' in I-methylimidazole; 9000 scans. (d) 100 
mM ~'h ~' +4(10 mM hipy in ethanol; 12(10fl scans. (e) 50 mM 
Yh a+ + 25() mM DPA in t l :O;  120011 scans. (f) 5 mM Yb ~* + I mM 
RMPA+0.3 mM sucrose+10 mM NaCI+25 mM Mes (pH 6.5) in 

H20;  15[hqn ~ a n s .  

which is a wcll-known chelator of  Ln 3+ ions [18], and 
NTA, which is a specific chelator for trivalent ions, (iii) 
l-methylimidazole and 2,2'-bipyridine (bipy). 

Fig. la shows the vibronic fluorescence spectrum of 
0.1 M Yb -~+ dissolved in D20  which exhibits a large 
vibronie sideband (VSB) at about 2650 cm- I  shifted 
from the intense the 4]:4.[ electronic transition of 
Yb "a+. The intense I)-0 fluorescence transition band 
was observed to be distorted due to the limit of the 
spectral response of the detector in the FT Raman 
instrument, and also distorted due to the built-in rejec- 
tion filter at 1064 nm. The VSB shifts were therefore 
calculated from the 0 -0  level estimated from the mea- 
sured absorption spectrum maximum of  the complex 
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(974 nm or 10 270 c m -  ~, which corresponds to a single 
electronic energy level [17]). This vibronic sideband in 
Fig. la is identified as the OD stretching mode of the 
D , O  molecules complcxcd with Yb ~ . This shift is that 
expectcd from the infrared absorption spectrum of 
D , O  and also agrees with the vibronic sideband shifts 
observed using Gd ~* complexes [12]. The weaker sidc- 
band expected at about 1200-1300 cm-  ~ for this com- 
plex corresponding to the bending mode of D , O  is not 
observed in our spectra due to their relative weakness 
and interference from the main electronic transition. 
The observed sideband cannot arise from a Raman 
effect using 910 nm excitation (as was verified by 
recording the Raman spectra of D,0 with 910 nm 
excitation in the absence of yb3*~ because of the 
excessively large Raman shift this would imply. The 
fluorescence spectrum of Yb s+ complexed with 
methanol shown in Fig. lb exhibits a complex set of 
vibronic sidebands at about 3000 cm-~ shift in the OH 
(about 3100 era- n) and CH (about 2700 cm-  ~ in Fig. 
lb) stretching region of the vibrational spectrum. The 
shapes and frequency shifts of these resolved vibronic 
sidebands agree gratifyingly well with the infrared ab- 
sorption spectrum of methanol and illustrates the high 
resolution of the apparatus used in this work. 

For Yb ~÷ complexes with chelates containing car- 
boxylate groups, one expects to observe sibeband shifts 
at about 1600 cm-  ~ and about 14110 c m - t  based on 
infrared absorption data of  CO~ groups. These shifts 
are clearly seen in the fluorescence spectrum of the 
Yb'~+-DPA complex in Fig. le  as well as in the spec- 
trum of the YbS+-NTA complex (data not shown). The 
enhancement of. these CO~- modes indicates that these 
chemical groups are involved in the chelation of Yb s + 
as expected. The CH modes expected in our VSB 
spectra at shifts of about 2700-3000 cm-~ are very 
weak in the fluorescence spectrum; this is to be ex- 
pected, since it is the CO,( groups which are involved 
in the chelation and the CH groups are relatively far 
removed from the Yb ~+ ion and thus much weaker in 
intensity. 

The fluorescence spectra for the Yb 3+ complexes 
involving the nitrogen-containing ligands l-methyl- 
imidazole and bipy are shown in Figs. lc and ld, 
respectively. These spectra are relatively more intense 
than the others and highly resolved bands are observed 
for these complexes are seen in the 2600-2900 cm-n 
region. There is a complex cluster of bands at about 
2700 era- i, in the same region as the band observed in 
the Yb3"~-methanol complex, which most likely corre- 
spond to the - C - H  stretches. These frequencies are 
about 200 c m -  ~ lower than those of the free ligand. In 
the Yb-~÷-l-methylimidazole spectrum, however, there 
is a complex band at about 2830 c m - l  which could 
arise from the higher frequency N - H  stretching modes. 
The observed vibronic sideband shifts agree very well 

with frequencies observed in the IR spectrum of l- 
mcthylimidazolc. The bands at about 1530 and 1330 
cm ~ (and 1050 cm ~, band not shown in the scale ~t 
Fig. Ic) in  the Yb ~ '-I-methylimidazole VSB spcctrum 
match very well with the intense 1520 and 1285 cm 
(and 1082 c m  '~ bands observed in the IR absorption 
spectrum for thc frcc ligand (data not shown). Compar- 
ison of Figs. lc and ld illustrates that the VSB spec- 
trum of l-mcthylimidazolc is distinct and can be used 
as a spectral signature to distinguish it from other 
nitrogen-containing ligands. 

Fig. If shows the fluoresecncc spectrum of 1 mM 
RMPA and 5 mM Yb 3~, Under these conditions we 
expect that all of the Ca -'+ in the protein has been 
exchanged with Yb 3+ and that the majority of the 
Yb ~+ is complexed with H : O  or unspccifically "at- 
tached' to the protein surface. The spectrum is weak 
and of modest signal-to-noise ratio; however, some 
features are discernible. The appearance and shape of 
the vibronic sideband shifted about 3000 cm-~ indi- 
cates that H , O  is chelating some fraction of the total 
Yb ~+ ions, most likely from those in solution. There is 
also the appearance of a very weak, broad unresolved 
VSB at about 151)0 e m - i  which is not resolved but 
corresponds well with the resolved VSB bands at 1460 
and 1570 c m - t  observed for the Gd3+-RMPA complex 
reported by Iben et al [13]. The crystal structure of 
carp parvalbumin indicates that the Ca-'+-binding sites, 
in the EF and CD domains, have five and six, respec- 
tively, oxygen-donating ligands of the CO.;- variety co- 
ordinating Ca ~' ~ [15]. Thus, the majority of the ligands 
coordinated to the Yb 3. complexed in the RMPA 
protein are expected to be of the CO_;- variety. The 
observation of the broad sideband at 1500 cm-  ~ which 
is atributable to CO;- modes is consistent with these 
structural data. There is also observable a sideband at 
about 2650 cm-~ which can be atributable to a C - H  
stretch based on the Yb3+-methanol VSB spectrum 
(Fig. lb). 

We have demonstrated thai NIR fluorescence vi- 
bronic sideband spectroscopy provides vibrational in- 
formation concerning chelates of Yb 3 + in total agree- 
ment with the UV analogue technique using Gd 3+. 
The model complexes presented here indicate that 
distinct VSB spectra arc obtained and that they may be 
used as spectroscopic signatures to identify chemical 
groups in amaino acids which act as ligands to the 
Yb 3+ ion. The advantages of this technique are that 
potentially destructive UV radiation is not used and 
protein fluorescence which usually requires sophisti- 
cated t;me-resolved techniques is not required. An- 
other benefit is that greater spectral resolution is af- 
forded by the FT Raman spectrometer (4 cm- ~) work- 
ing in the NIR, where the wavelength dispersion is less 
congested. We have verified with a Photosystem II 
preparatioe that 91(I nm excitation does not induce 
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protein fluorescence, which is not the case when the 
fluorescence of  Gd 3. complexed to the Ca-'* binding 
site is excited with about  3(10 nm excitation. Thus,  
near-infrared vibronic sidcband fluorescence spec- 
troscopy using Yb a" In probe the Ca2*-binding site of 
proteins in general, and of photosynthet ic  reaction 
center  proteins specifically, should consti tute a power-  
ful technique to probe Ca 2 ' -binding sites without com- 
plications from protein fluorescence and actinic effects. 
We are currently improving this technique by fitting 
our  spect rometer  with highly efficient cut-off filters to 
remove stray light from the exciting laser beam to 
improve signal quality and to allow more efficient 
pumping of  fluorescence by using laser wavelengths 
closer to the abso)ption maximum of Yb ~* (about  970 
nni). 
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the loan of  the Ti:sapphirc laser as well as Drs. Philippe 
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