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Summary 

Tb 3÷, a f luorescent trivalent cation with physicochemical properties similar 
to Ca 2÷, binds to peripheral nerve membrane vesicles prepared from the walking 
leg nerve bundle of  the lobster (Homarus americanus). Saturable binding is 
measured for at least two classes of  binding site. Bound Tb 3÷ can be displaced 
by other  cations in the order: Ca 2÷ > Mg 2÷ = Zn 2÷ > NI~4. The binding of  Tb 3÷ 
to the lower affinity site (KD(app) -- 6.0 ~M) is inhibitable by Na ÷, Mg 2÷ and 
Ca 2÷, whereas the higher affinity site (KD(app) = 2.2 ~M) is only sensitive to 
Ca 2÷. Using this spectral probe the role of  Ca 2÷ in peripheral nerve membrane 
funct ion can be investigated. 

Calcium has been shown to play an essential role in many of the physiolog- 
ical processes of  nervous tissue. For example, calcium is important  in carrying 
the message of  hormonal interaction with the cell surface [1],  excitation- 
contraction coupling in muscle~ [2],  neurotransmitter  release from presyn-  
aptic storage vesicles [3], monovalent  cation translocation [4],  cholinergic 
receptor  function [5,6] and local anesthetic action [7].  This laboratory has 

* A preliminary report of this communication was presented at the 1 9 8 0  meet ing  o f  the New England 
Pharmacologis ts ,  Storxs,  CT. 

** To whom co~espondence should be addressed.  
Abbreviat ion:  Pipes, 1,4-piperazinediethanesulfonic acid. 
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been interested in the mechanism of calcium and local anesthetic interaction 
with nerve membranes.  Interpretat ion of  45Ca2+ binding studies to membranes 
is hindered by the extensive nonspecific binding to physiologically irrelevant 
sites, the overall low affinity of  extracellular binding sites, and the possibility 
of  uptake into the vesicle interior. An alternative to this approach is the use 
of  the trivalent cation, Tb 3+, as a spectroscopic probe of  calcium binding sites. 

The rare earth lanthanides have been used as Ca 2+ probes in protein (for a 
review, see Ref. 8) and membrane binding studies (for a review, see Ref. 9). By 
virtue of  its greater charge density and similar ionic radius, Tb 3+ binds tightly 
and competi t ively to Ca 2+ binding sites in some purified proteins [10] and, in 
most  cases, is not  taken up by  Ca 2÷ translocating systems [11].  Electrophysio- 
logical studies by Takata et al. [12] have shown that  La 3+, an ion that has similar 
properties to Tb 3+, affects lobster axons in the same way as Ca 2+ bu t  at lower 
concentrations. 

The present s tudy was undertaken to investigate the interaction of  TbC13 
with membrane vesicles prepared from the walking leg nerves of  the lobster. 
The binding is heterogeneous,  inhibited by various cations, and selectively 
displaced by Ca 2+ over Mg 2+. 

Materials and Methods 

Axonal membrane vesicles from the walking leg nerve of  the lobster (Horn. 
arus americanus) were prepared by  using the method of  Denburg [13] as modi- 
fied by Marquis et al. [14].  Briefly, the nerves were homogenized in 0.32 M 
sucrose, 10 mM Tris, pH 7.8, at 4°C. This was followed by a series of  differ- 
ential centrifugation steps including hypotonic  lysis and resealing with MgSO4 
to yield a plasma membrane vesicle preparation enriched in axonal membrane. 
This membrane fraction was shown to be vesicular by electron microscopy in 
10 mM Tris buffer, pH 7.8 [15].  For  the present study, the vesicles were 
dialyzed against 2 mM Pipes buffer, pH 6.8, or were recentrifuged at 100 000 × 
g, then resuspended in 2 mM Pipes, pH 6.8, in order to change buffers and 
lower the pH to a range suitable for the solubility of  terbium salts. Vesicles 
were quanti tated by their protein content  as determined by the method  of  
Lowry et al. [16].  

Fluorescence measurements were made on either an American Instruments 
SPF1000 or a Perkin-Elmer 44A spect rophotof luorometer  operating in cor- 
rected or ratio mode,  respectively. In a typical experiment,  100 ~g of  vesicle 
protein were added to 2 ml of  buffer  (2 mM Pipes, pH 6.8, and the specified 
NaC1 concentrat ion) at 20°C. The excitation wavelength (kex) was 280 nm. 
The emission scan (Fig. 1) was obtained by  scanning from 300 to 700 nm. For 
the kinetic experiments the vesicles were t i trated with TbC13 while measuring 
the emission fluorescence (kern) at 546 nm. From these studies a K D value 
for Tb 3÷ binding was obtained. The KI value for calcium inhibition was deter- 
mined by  performing a similar t i tration in the presence of  three Ca 2÷ concen- 
trations: 1, 5 and 10 mM. Cation displacement studies were performed as 
above, except  the TbC13 concentrat ion remained constant  and cations (NH~, 
Mg 2÷, Zn 2÷, Ca 2÷) were added in the concentrat ion range 0.05--1mM. 

TbC13 was obtained from Alfa-Ventron and Pipes buffer  from CalBiochem. 
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All other reagents were purchased from Sigma Chemical Co. Deionized, dis- 
tilled water was used for all solutions. 

Results 

The axonal membrane fraction prepared from lobster leg nerves has pre- 
viously been shown to form sealed vesicles 1 0 0 0 - - 4 0 0 0 / ~  in diameter [15] .  
Incubation of  TbC13 with the vesicles results in a large increase in fluorescence 
at the characteristic Tb 3÷ emission maximum (546 nm). The emission spectrum 
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Fig.  2. E a d i e - H o f s t e e  p l o t  o f  t e r b i u m  b i n d i n g  at  d i f f e z e n t  i o n i c  s t rengths .  T e r b i u m  is a d d e d  to  I 0 0  # g  o f  
ves ic le  p r o t e i n  in 2 m l  o f  2 m M  Pipes  b u f f e r  ( p H  6 . 8 )  cont~inln~g: 0 (~  "-); 5 0  m M  (o  o)  or 
4 0 0  m M  ( s  I )  NaCI.  h e m  = 5 4 6  n m .  E x p e r i m e n t s  w e r e  r u n  o n  a Perk in -E lmer  4 4 A  f l u o r o m e t e r  
o p e r a t i n g  in the  rat io  m o d e .  S l i t  w i d ths :  e x c i t a t i o n  = 4 n m ,  e m i s s i o n  = 2 n m .  T = 2 0 ° C .  R .F . I . ,  re lat ive  
f l u o r e s c e n c e  i n t e n s i t y .  
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(Fig. 1) demonstrates that  excitation of  12.5 pM TbCl3 in 2 mM Pipes buffer  
at 280 nm does not  yield a fluorescence signal. Excitation of  115 ~g of  axonal 
vesicles at 280 nm results in some scattering but  no fluorescence at 546 nm. 
However, when Tb 3÷ is added to a suspension of  vesicles and excited at 280 
nm, a peak appears at 546 nm with smaller peaks at 490, 588 and 620 nm. 
This fluorescence results from non-radiative energy transfer from aromatic 
amino acids, the primary fluorophores,  to bound Tb 3÷, the acceptor  ~fluoro- 
phore. The efficiency of  this transfer process is related to the interatomic 
distance and the degree of spectral overlap of  the two fluorophores [17].  
Therefore, the relative fluorescence intensity approximates the quanti ty of  
bound  Tb 3+. 

The ionic strength dependence of  binding was examined by changing the 
buffer NaC1 concentration.  Terbium was added in increments to obtain a titra- 
t ion curve. Fig. 2 is an Eadie-Hofstee plot  of  the data where the ordinate is 
total  bound Tb 3. and the slope yields the KD(app) value. Binding of  Tb 3. at the 
higher ionic strength appears to involve at least two components .  While the 
higher affinity componen t  is no t  dependent  on ionic strength or sodium, the 
lower affinity binding is sensitive to ionic strength or sodium. A control  experi- 
ment  demonstrated that  Tb 3* fluorescence follows Beers law in this range. With 
CaC12 as the inhibitor, a different pattern results. Fig. 3a shows that  Tb 3* 
binding in 2 mM Pipes, 50 mM NaC1, is biphasic with apparent affinity con- 
stants of  2.2 and 6.9 pM. With 5 mM CaC12 in the medium, the data yield a 
single apparent K D value of  8.7 pM. At 10 mM CaC12, the binding is again 
biphasic with apparent dissociation constants of  12 and 19 pM. Calcium inhibi- 
t ion of  high-affinity Tb 3* binding exhibits competi t ive kinetics (linear KD(app) 
vs. [Ca 2. ] plot) with a K I value of 1.8 mM (see Fig. 3b). The non-linearity that  
is observed when the KD(app) values for the low-affinity componen t  are 
plot ted against Ca 2* concentrat ion indicates that  this inhibition is no t  purely 
competit ive.  

The data are summarized in Table I. NaC1 affects the lower affinity Tb 3* 
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Fig .  3.  (a)  C a l c i u m  i n h i b i t i o n  o f  t e r b i u m  b i n d i n g .  T e r b i u m  is added  to  1 0 0 / ~ g  vesicle  p r o t e i n  in  2 m l  of  
2 m M  Pipes,  5 0  m M  NaC1 ( p H  6 .8 )  c o n t a i n i n g :  0 (e  --); 5 m M  (o .... o)  o r  1 0  m M  (v G) 
CaC12. E x p e r i m e n t s  w e r e  run  as in  F ig .  2.  (b)  K D f o r  T b  3+ b i n d i n g  vs. C a  2+ c o n c e n t r a t i o n .  L o w - a f f i n i t y  
T b  3+ b i n d i n g  (o  o) ;  h i g h - a f f i n i t y  b i n d i n g  (e  - ') .  R .F . I . ,  r a l a t ive  f l u o r e s c e n c e  i n t e n s i t y .  
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T A B L E  I 

E F F E C T  O F  C A L C I U M  A N D  S O D I U M  O N  T H E  A P P A R E N T  A F F I N I T I E S  O F  T E R B I U M  B I N D I N G  T O  
A X O N A L  M E M B R A N E  V E S I C L E S  

K D ( a p p  ) (M) (X10  - 6 )  

High a f f in i ty  L o w  af f in i ty  

Calc ium inhib i t ion  
2 m M  P i p e s / 5 0  m M  NaC1 

+0  CaC12 2 .2  6 .9  
+ 5  m M  CaCI 2 8 .7  8 .7  

+ 1 0  m M  CaCI 2 1 2 . 4  1 9 . 0  

S o d i u m  inhib i t ion  
2 m M  Pipes 

+ 0  NaC1 5 .6  5 .6  
+ 5 0  m M  NaC1 7 .3  1 8 . 0  

+ 4 0 0  m M  NaC1 6 .2  4 0 . 3  

binding without  altering the higher affinity sites. Preliminary results suggest 
that Mg 2÷ also inhibits lower affinity sites without  significantly affecting 
the higher affinity sites. In contrast, Ca 2÷ alters the apparent affinity of  both 
groups of  binding sites. It should be noted that Ca 2÷ and Na ÷ inhibition studies 
were carried out  on two separate membrane preparations. Absolute KD(app) 
values were found to vary somewhat  between membrane preparations, but 
measurements within one preparation were reproducible. 

The sensitivity of  bound Tb 3÷ to displacement by various cations was exam. 
ined in 12 /~M TbC13. The competing cation was added, equilibrated (4--5 min) 
and the fluorescence emission recorded. Cations displaced Tb 3÷ in the order 
Ca 2÷ > Mg 2+ = Zn 2+ > NH~ (Fig. 4) with Ca 2+ displacing about 26% of  the 
bound Tb 3+ while Mg 2+ displaced 10%. This selectivity is consistent with that 
of  physiologically relevant Ca 2÷ binding sites [ 18].  
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Fig.  4.  D i s p l a c e m e n t  o f  b o u n d  t e r b i u m .  1 0 0  # g  ves ic le  prote in  axe i n c u b a t e d  w i t h  12  # M  TbOl 3 in 2 m l  o f  
2 m M  Pipes ,  5 0  m M  NaCI  b u f f e r  ( p H  6 .8 ) .  Th e  relat ive  f l u o r e s c e n c e  wa s  m e a s u r e d  after  addi t ion  o f  NH~ 
(m o) ,  Z n  2+ (o --), Mg 2+ (o o) o r  Ca  2+ (¢ --). E x p e r i m e n t s  w e r e  run as in Fig.  1. 
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Discussion 

Terbium exhibits saturable binding to axonal membrane vesicles. The bind- 
ing appears to be biphasic with high- and low-affinity components  exhibiting 
different sensitivities to Na ÷ and Ca 2+. While the high-affinity sites are com- 
petitively inhibited by Ca 2÷ and not  inhibited by Na ÷, the low-affinity com- 
ponent  can be blocked by  both  ions. The selectivity observed between Mg 2+ 
and Ca 2+ in displacing Tb 3÷ suggests that  these axonal sites are physiologically 
relevant [18].  In Tb 3+ binding studies using ery throcyte  membranes this ion 
selectivity was not  observed [19].  

4SCa2÷ binding to lobster axonal membranes has recently been measured 
by  Baumgold [20] who reports that  uptake as well as binding of  Ca 2÷ can occur 
with these vesicles. The association of  4SCa2+ with the vesicles exhibits ion 
specificity in high salt medium (412 mM), as more Ca 2÷ associates in NaC1 than 
in KC1 media. The author interprets this as being caused by  altered rates of  
uptake in the presence of NaC1 or KC1. Whether' these Ca 2÷ sites reported by  
Baumgold [20] are related to the Tb 3+ binding sites reported here is uncertain. 
Terbium fluorescence does not  increase with t ime and the bound Tb 3÷ is com- 
pletely accessible to displacement by EDTA (data no t  shown), suggesting that, 
similarly to other systems, uptake of  Tb 3+ is not  occurring in the axonal 
membrane vesicles [ 11 ]. 

The advantage of  using Tb 3+ as a calcium probe in axonal membranes is 
that  it focuses on a particular subset of  Ca 2+ binding sites. Only those sites 
on or close to protein will fluoresce when excited at 280 nm, as energy 
transfer efficiency decreases by  the sixth power  of  the distance between 
the fluorophores [17].  The biphasic nature of  Tb 3+ binding may represent 
either (a) heterogeneity of  protein binding sites, including nonspecific negative 
surface membrane sites, or (b) phospholipid binding sites in proximity to 
protein, as Tb 3+ may bind to the phosphate  groups o f  membrane phospho- 
lipids. The nature of these binding sites is presently being investigated with 
proteases and phospholipases. 

It is hoped that  by using Tb 3+ as a fluorescence probe many of the putative 
roles of  Ca 2+ in excitable membrane funct ion can be elucidated. For  example, 
Blaustein and Goldman [7] have shown that Ca 2+ inhibits the conduct ion 
blocking action of  procaine in lobster  circumesophageal axons. We are cur- 
rently investigating the interaction of  Tb 3+ and local anesthetics with axonal 
vesicles to characterize further the role of  Ca 2÷ in local anesthetic funct ion and 
other calcium-mediated phenomena in peripheral nerve. 
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