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Calretinin (CR) is a neuronal EF-hand protein previously characterized as a calcium

(micromolar affinity) binding protein. CR-containing neurons are spared in some

neurodegenerative diseases, although it is as yet unconfirmed how CR plays an active role

in this protection. Higher levels of some metal cations (e.g. copper and zinc) are associated

with these diseases. At the same time, metals such as terbium (NMR and fluorescence)

cadmium (NMR) and manganese (EPR) serve as useful calcium analogues in the study of

EF-hand proteins. We survey the binding of the above-mentioned metal cations that might

affect the structure and function of CR. Competitive
45

Ca
2+

-overlay, competitive terbium

fluorescence and intrinsic tryptophan fluorescence are used to detect the binding of metal

cations to CR. Terbium and copper (half-maximal effect of 15 �M) bind to CR. Terbium has

a similar or greater affinity for the calcium-binding sites of CR than calcium. Copper

quenches the fluorescence of terbium-bound CR, and CR tryptophan residues and com-

petes weakly for
45

Ca
2+

-binding sites. Cadmium, magnesium, manganese and zinc bind

less strongly (half-maximal effects above 0.1 mM). Therefore, only terbium appears to be a

suitable analytical calcium analogue in further studies of CR. The principal conclusion of

this work is that copper, in addition to calcium, might be a factor in the function of CR and

a link between CR and neurodegenerative diseases.

Calretinin (CR) is a neuronal EF-hand Ca
2+

-bin-

ding protein of undefined function [1, 2].

EF-hands are helix-loop-helix motifs where the

loop potentially binds Ca
2+

. CR has six EF-hands

and binds 4–5 Ca
2+

ions with micromolar affinity

[3–6]. EF-hand proteins have two principal func-

tions. They act as Ca
2+

-sensors (part of Ca
2+

-regu-

lated pathways induced by increases in intra-

cellular [Ca
2+

]) and/or Ca
2+

-buffers (protecting

cells from increases in intracellular [Ca
2+

]). Large

bodies of evidence support both a buffer and sen-

sor role for CR (see [7] for review). More recent
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work has described CR as a calcium buffer/trans-

porter that regulates other calcium sensors [8]

and the interaction of CR with intermediate fila-

ments of microtubules [9].

The S100 group of EF-hand proteins have well-

characterized zinc-binding properties [10–13] in

addition to their Ca
2+

-binding properties. S100B

was recently shown to bind Cu
2+

much more

strongly than Ca
2+

and protect engineered E. coli

cells expressing S100B from cell-damaging copper

insults [14, 15]. Parvalbumin, belonging to a dif-

ferent EF-hand sub-family, also binds Cu
2+

[16].

Cu
2+

is a metal implicated in Parkinson’s disease

[17] while a subset of CR-containing neurons are

spared from the same disease [18]. The exact role

of CR in neurons is unknown but factors other

than Ca
2+

could be involved. Only the Ca
2+

and

Mg
2+

binding properties of CR have been re-

ported to date [3–6]. It is appropriate to study the

effect of other metal cations with respect to CR’s

role in disease.

The main disadvantage of calcium is that it has

few observable properties, with the exception of

the radioactive
45

Ca
2+

isotope and the relatively

insensitive
43

Ca
2+

isotope for NMR. Therefore,

several metals with observable properties have

been used as calcium substitutes to study EF-hand

proteins. Tb
3+

is used as a calcium analogue in

fluorescence and NMR studies [19, 20] — as are

other lanthanides [21, 22], Cd
2+

in NMR studies

[23] and Mn
2+

in EPR studies [24].

The metals used in our studies include Ca
2+

and

Mg
2+

as references in addition to the metals men-

tioned above. Competitive
45

Ca
2+

-overlay, com-

petitive Tb
3+

-fluorescence and intrinsic fluores-

cence techniques are used to gauge the competi-

tiveness of the metals against Ca
2+

for CR. We

find that Tb
3+

and Cu
2+

bind to CR with micro-

molar affinities while Mg
2+

, Cd
2+

and Mn
2+

bind

in the millimolar range. Tb
3+

is a suitable calcium

analogue and Cu
2+

might be physiologically im-

portant to CR’s function.

MATERIALS AND METHODS

Protein expression, purification and sample

preparation. Recombinant rat CR was initially

prepared as a gluatathione-S-transferase (GST) fu-

sion product from an E. coli expression system

[25]. It was purified by glutathione-Sepharose

and, after thrombin cleavage of CR from

resin-bound GST, DEAE-Sepharose affinity chro-

matography, as described [25]. Desalting was

achieved by extensive dialysis against 1 mM

EDTA plus 1 mM EGTA followed by dialysis

against Chelex-100 (BioRad) treated water and

lyophilization. Chelex-100 treated 50 mM sodium

acetate, 100 mM KCl, pH 5.5 buffer was used in

all experiments. This buffer was chosen as several

metals form hydrated oxides at higher pH and to

avoid known metal chelators such as histidine, as

used by Maruyama et al. [26] in the original
45

Ca
2+

-overlay experiments.

EGTA was found to be unsuitable for producing

the in situ apo state of the protein as it not only

binds Ca
2+

but also some of the metals we are in-

terested in, resulting in complicated competitive

titration curves. CR has a strong affinity for Ca
2+

(0.1–1.0 �M) [26] and tryptophan fluorescence ti-

trations with EGTA and CaCl2 [4] indicated that

the CR samples were partly Ca
2+

-bound. For this

reason, Ca
2+

was added to first saturate the sam-

ples for intrinsic fluorescence experiments.

Competitive
45

Ca
2+

-overlay. 200 �l of protein

stock solutions (5 �g/ml) of proteins in 50 mM so-

dium acetate, 100 mM KCl, pH 5.5 buffer, to-

gether with 100 �M of competitive metal cations,

were dotblotted (Biodot, BioRad) onto nitro-

cellulose preconditioned with modified buffer

(0.45 �m, BioRad). This gave 1.0 �g applications

of CR per dot. 10 �M of the appropriate compet-

ing metal cations were present in the buffers of all

steps. The dots were washed with 3 � 200 �l of

metal supplemented buffer. Then, about 1 �M of
45

Ca
2+

(1.88 mCi/ml, 0.1 mgCa/ml, Amersham-

Pharmacia) was added in 5 ml of metal supple-

mented buffer. The dots were incubated for 10

min on a rocking platform. 10 ml of metal supple-

mented buffer was used to wash the dots (rocking

platform, 10 min) before air-drying. After drying,

the blots were submitted for autoradiography on

Kodak Film and developed. All steps were carried

out at room temperature. Each competing metal

was measured in triplicate and the results normal-

ized to a reference
45

Ca
2+

-overlay blot in which
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no competing cations were added. Densitometry

of the blots was assessed using a Fluor-S Multi-

Imager system (BioRad) to obtain the level of
45

Ca
2+

bound to CR in the presence of different

metals. The density of three dots was measured

for each competitive cation together with three

dots without protein to serve as background read-

ings. The densities were normalized to the mea-

surement of
45

Ca
2+

-binding to CR in the absence

of metals. Results are reported for one complete

experiment; repeat experiments provided similar

results.

Competitive Tb
3+

fluorescence. These experi-

ments were carried out in 2 ml of 50 mM sodium

acetate, 100 mM KCl, pH 5.5 buffer at 37�C. 10 �l

of a CR stock solution was added to a final 1 �M

concentration. After measuring the baseline,

10 �l of a stock TbCl3 solution was added to a fi-

nal, saturating concentration of 50 �M. The solu-

tion was continuously stirred using a cuvette stir-

rer bar. Small volumes of metal chloride solutions

(Sigma and other sources, analytical grade or

better) were titrated into the CR/TbCl3 solutions

using an electronic pipetteman (Biohit Proline).

The Tb
3+

-fluorescence peak at 545 nm (�em

scanned between 530 and 560 nm) was monitored

during the experiment using �ex = 286 nm, 1 s ac-

quisition time and 0.5 nm acquisition steps. The

baseline was defined from a scan of the buffer con-

taining protein and the data was normalized to the

scan of protein with added Tb
3+

. All data was pro-

cessed with KaleidaGraph (Synergy Software).

Intrinsic tryptophan fluorescence. This ex-

periment was carried out as for the Tb
3+

experi-

ments but in the absence of TbCl3. For these ex-

periments, calcium was added to the sample at a

level determined by trial titrations with EGTA

and CaCl2 [4]. This was done to ensure that the

observed fluorescence changes are due to added

metal and not due to calcium contamination. The

protein was excited at 280 nm and emission spec-

tra recorded between 330 and 350 nm; 4 scans

with 1 nm acquisition step and 1 s acquisition

time were averaged for each titration point. All

data was normalized to the fluorescence produced

by the protein minus the baseline arising from the

buffer alone. All data was processed with Kaleida-

Graph (Synergy Software).

RESULTS

Competitive
45

Ca
2+

-overlay identifies metals

that compete directly with Ca
2+

The
45

Ca
2+

-overlay results indicate that Tb
3+

is

the strongest competitor of
45

Ca
2+

-binding,

Fig. 1, as it reduces the amount of bound
45

Ca
2+

to a similar extent as ‘cold’ Ca
2+

. This indicates

the suitability of Tb
3+

as a reporter of CR struc-

ture in fluorescence experiments (below). Cu
2+

produced an about 30% decrease in
45

Ca
2+

-bind-

ing to CR. Other metals have undetectable or

moderate effects on
45

Ca
2+

suggesting that they

are poor direct competitors for the
45

Ca
2+

-bind-

ing sites.

Tb
3+

fluorescence

Ca
2+

does not completely remove Tb
3+

from CR,

Fig. 2A. This reflects the concentration of Tb
3+

and the fact that this metal probably has a stron-
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Figure 1. Results of competitive
45

Ca
2+

-overlay.

A. Autoradiogram of 1 �g CR dots exposed to 1 �M
45

Ca
2+

plus 10 �M competing metals indicated at the bottom of

Fig. 1B. B. The density of three dots was averaged and the

relevant background reading subtracted before normaliza-

tion to
45

Ca
2+

bound in the absence of any competing cat-

ion (ref). Competing metals are indicated at the bottom of

the figure.



ger affinity than Ca
2+

for the calcium-binding

sites of CR, as found for the related calbindin

D28k [27]. However, this curve serves as a suit-

able reference to measure stronger or weaker ef-

fects of other metals. Mg
2+

gives a mild response,

Fig. 2A in agreement with previous data that

Mg
2+

binds to CR with a low affinity, if at all [5,

6].

The results indicate that Cu
2+

, at low concentra-

tions, diminishes the Tb
3+

signal more strongly

than any other cation, Fig. 2B. Zn
2+

also binds to

CR at low concentrations (0–50 �M), Fig. 2B, but

the small maximum change in the Tb
3+

signal is

not much larger than that of Mg
2+

. The HME for

Cu
2+

is estimated as between 10 and 20 �M. Cd
2+

behaves as modestly as Mg
2+

, with no significant

changes in the Tb
3+

signal, Fig. 2C. Mn
2+

binds to

CR and strongly quenches the Tb
3+

signal,

Fig. 2C, the half-maximal effect is about 100 �M.

Intrinsic tryptophan fluorescence

No shifts in the emission maxima of CR (340

nm) were noted for the binding of any of the com-

peting metals. Mg
2+

-binding is undetected; the

curve falls within the experimental error of the

starting values, Fig. 3A. Fig. 3B shows that Cu
2+

binds and quenches the CR tryptophan emission

fluorescence. Cu
2+

binds to CR with a similarly

strong affinity as in the Tb
3+

-competition experi-

ment (10–20 �M HME). A change in binding

slope occurs at concentrations of Cu
2+

above 50

�M. Zn
2+

does not induce any large change in the

intrinsic CR fluorescence, Fig. 3B. An about

100 �M HME is observed for Cd
2+

, in contrast to

the other fluorescence data, Fig. 3C. Mn
2+

-bind-

ing is complex, with two apparent binding events.

The HMEs of Mn
2+

-binding are about 50 and

about 600 �M, Fig. 3C.
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Figure 2. Normalized competitive Tb
3+

-fluorescence (540–550 nm) as a function of metal cation concentration

(�ex = 286 nm).

A. Ca
2+

(circle and full line), Mg
2+

(square and dotted line) and Zn
2+

(triangle and dot-dash line); B. Cu
2+

(circle and full

line) and Zn
2+

(square and dotted line); C. Cd
2+

(circle and full line) and Mn
2+

(square and dotted line). Average result of

triplicate experiments, standard errors of individual points estimated as ±5%. Smoothed curves are fitted for data visual-

ization.



DISCUSSION

It is important to note that this study focuses on

the Ca
2+

-binding sites of CR. A pH of 5.5 is suit-

able for these experiments and optimal to avoid

the formation of insoluble metal hydroxides. Even

so, an accurate estimate of the HME was not pos-

sible for Cu
2+

-binding effects as a visible turbidity

of buffer solutions was noted at concentrations

above 50 �M, indicating insolubility of the metal.

The change in slope of Fig. 3B also occurs at

about 50 �M added Cu
2+

, providing confidence

that binding effects in the 0–50 �M Cu
2+

range

occur in the soluble range of Cu
2+

in the acetate

buffer. Our study surveys metals capable of bind-

ing to CR but not the accurate determination of

binding affinities: CR has six EF-hands, an un-

known number of other potential metal binding

sites and the fluorescence methods rely on two

tryptophan residues to report on all metal-binding

sites. Also, the methods used here are unlikely to

be sensitive to all metals binding outside the

Ca
2+

-binding sites.

The affinity of CR for Mg
2+

has been established

as > 1 mM by two independent laboratories [5, 6].

Mg
2+

-binding sites are unobserved in the Tb
3+

flu-

orescence data and 10 �M Mg
2+

is too low a con-

centration to efficiently compete with
45

Ca
2+

(Figs. 1 and 2). The changes in intrinsic fluores-

cence are <10% and are considered insignificant.

Therefore, our results agree with the published

data that Mg
2+

does not bind strongly to CR (mM

affinity for chick CR [6] and no affinity for human

CR [5]) and does not induce a large conforma-

tional change.

Our results indicate which metals might be suit-

able as Ca
2+

-analogues in fluorescence, NMR and

EPR experiments. The
45

Ca
2+

-overlay results
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Figure 3. Normalized intrinsic tryptophan fluorescence (330–350 nm) as a function of metal cation concentra-

tion (�ex = 280 nm).

A. Mg
2+

; B. Cu
2+

(circle and full line) and Zn
2+

(square and dotted line); C. Cd
2+

(circle and full line) and Mn
2+

(square and

dotted line). Average result of triplicate experiments, standard errors of individual points estimated as ±5%. Smoothed

curves are fitted for data visualization.



clearly indicate a strong affinity of CR for Tb
3+

,

Fig. 1. The affinity of other EF-hand proteins, in-

cluding CR’s close analogue — calbindin D28k, for

Tb
3+

and Ca
2+

are often of a similar order [19,

27–29]. We use Tb
3+

-bound CR to observe the

binding of several metals in fluorescence experi-

ments. Tb
3+

has also been used to obtain

long-distance restraints in NMR structural stud-

ies of EF-hand proteins [20] and the knowledge

that CR has a strong affinity for Tb
3+

is of value

to the NMR structure studies of truncated CR do-

mains that are in progress. However, other

lanthanides might better serve this purpose than

Tb
3+

[21, 22, 30]. We conclude that a large excess

of Cd
2+

or Mn
2+

would be required to saturate

CR. Also, we cannot conclude from the set of pre-

sented data that Mn
2+

binds only to the Ca
2+

-bin-

ding sites of CR.

Cu
2+

strongly quenches the fluorescence of

CR-bound Tb
3+

and tryptophans in CR. A moder-

ate level of
45

Ca
2+

-displacement is also detected.

The simplest interpretation of this data is that

Cu
2+

displaces Ca
2+

from the Ca
2+

-binding loops

of CR. However, it is possible that Cu
2+

-binds out-

side the Ca
2+

-binding sites, effects a confor-

mational change and antagonizes Ca
2+

-binding to

CR. The second interpretation corresponds to the

Cu
2+

-binding properties of some S100 proteins

and the lack of obvious Cu
2+

-binding ligands

(histidine and cysteine) in the Ca
2+

-binding loops

of CR. Zn
2+

and Cu
2+

share similar chemistries

and S100 binding properties. Therefore, Zn
2+

could share the same binding site as Cu
2+

but the

employed methods are insensitive as Zn
2+

does

not have the same fluorescence quenching proper-

ties as Cu
2+

. The location of the Cu
2+

-binding

sites are the subject of current investigation and

preliminary data, utilizing more sensitive proto-

cols, promise that both Cu
2+

and Zn
2+

bind to CR

with a higher affinity at physiological pH than at

pH 5.5. However, our main conclusion from the

data presented here is that the Cu
2+

-binding HME

of 15 �M for CR might be relevant to CR’s func-

tion.

To summarize, terbium, but not manganese or

cadmium, is a suitable calcium analogue for fur-

ther fluorescence and NMR studies of CR. Also,

further research into the Cu
2+

-binding properties

of CR at physiological pH is worthwhile with re-

spect to the possible link this might have with

CR’s possible role in neurodegenerative disease.
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