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Fluorescence titration and fluorescence stopped-flow studies were performed on 

carp muscle parvalbumin components 1, 2, 3, and 5 (the latter three components 

were modified with a SH-directed fluorescent reagent, dansyl-L-cysteine). Apparent 

binding constants (Kapp) of Ca2+ to these components decrease in the order of 

component 2 (Kapp = 2.8 •} 0.9 •~ 108 M-1) > component I (Kapp =1.25 •}0.25 •~ 108 

M-1)>component 3=component 5 (Kapp=4.0•}0.5 •~ 107 M-1) in 30 mm MCl, 50 mm 

Na-cacodylate-HCl, pH 7.0 at 20•Ž. The rate constant of the conformational 

change of parvalbumin induced by Ca 2+ binding or removal decreases in the order 

of component 2 > component 1 > component 5>component 3 ; that is, component 

2 undergoes the fastest conformational change and component 3 the slowest in 

response to the rapid free Ca2+ concentration ([Ca2+]) change in the protein solu

tion. The fluorescence titration curves and [Ca 2+]-dependences of the rate con

 stants are analyzed by a simple two-state model, (partially unfolded state) _??_ (folded 

 state). It is shown that the equilibrium constant K=k1/k2 depends on the second 

power of [Ca2+], the rate constant k1 on the first power of [Ca2+] and k2 on the 
inverse first power of [Ca 2}], respectively.

Parvalbumins are a family of small, water-soluble 

proteins present in white muscles of lower verte
brates. They bind strongly two Ca" per protein 
molecule, and change their conformation upon the 
removal of bound Cal2+ (1-3). Though their phys

iological function is still unknown, their physico
chemical properties have been widely studied be

cause of their similarity in amino acid sequences

to troponin C and calmodulin (4). Among par

valbumins from various sources, carp muscle par

valbumin has been extensively studied. Carp 

parvalbumin has five components (1, 5), the amino 

acid sequences of some of them have been deter

mined (1, 6), and a detailed structural analysis of 

component 3 (PA3) has been made by X-ray cry

stallography (7, 8). Parvalbumin is divided into 

three domains, called the AB loop, the CD loop, 

and the EF loop, in sequence from the NH, ter

minal (7). Each domain consists of approximately 

one-third of the polypeptide chain and is charac

terized by an a-helix-random coil-ƒ¿-helix struc

ture (7). The two Ca2+-binding sites have been

Abbreviations: PAl, PA2, PA3, and PAS, parval

bumin component 1, 2, 3, and 5; PA2*, PA3*, and 

PA5*, dansyl-L-cysteine-labeled parvalbumin compo

nent 2, 3, and 5; EGTA, ethylene glycol bis(ƒÀ-amino

ethyl ether)-N,N•Œ-tetraacetic acid; pCa, -log[Ca2+]free.
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located within the CD and EF loops (7).
PA3 changes its conformation upon the re

moval of bound Cat}; circular dichroism (CD) 
measurement showed that the helical content re
duced from 47% to 39% (3). This conforma
tional change has been also observed by UV
absorbance, fluorescence and NMR measurements 

(9,10).
Since PA3 and the other components have a 

homologous amino acid sequence (1), the other 
components have been supposed to show the same 

physicochemical properties as PA3, though no sys
tematic physicochemical studies have been con
ducted on the family of carp muscle parvalbumins. 
This paper reports a systematic study on the con
formational change of carp parvalbumin induced 
by the binding and removal of Ca2+ by fluorescence 
titration and fluorescence stopped-flow methods. 
Since components 2 (PA2), PA3 and component 5 

(PA5) have no suitable intrinsic fluorescent chro
mophore for study, we labeled these components 
with a fluorescent SH-directed reagent, dansyl-L
cysteine. (These components have one cysteine 
residue at position 18 in their sequences (1, 5).) 
For component I (PA1), we adopted tyrosine 
fluorescence as a measure of the conformational 
change of the protein (PAl did not react with the 
SH-directed reagent). Based on the pCa-depend
ences of the fluorescence intensity and the kinetic 
rate constant of the conformational change of 
parvalbumin, we propose a molecular kinetic 
mechanism of the conformational change of carp 

parvalbumin due to the Ca 2+ binding and removal 
reactions. We also show that the static and ki
netic behaviors of carp parvalbumins are differ
ent from each other.

EXPERIMENTAL PROCEDURES

Carp was obtained from a fish market in Tsushima 
City, Aichi. Parvalbumins were prepared accord
ing to the method of Pech&re et al. (5) with one 
modification: DEAE-Sephadex A-25 instead of 
DEAF-cellulose was used in the final stage of 

purification. In the final preparative chromato
gram, we obtained PAl, PA2, and PA3 as distinct 
bands as Pech6re et al. did (5). But we could not 
separate components 5a and 5b as two bands; 
instead, we obtained single band for PA5 as 
Brandts et al. reported (11). The purity of each

component was checked by disc polyacrylamide 

gel electrophoresis. PA2, PA3, and PA5 were 

labeled with dansyl-L-cysteine by addition of 7

- fold excess of di-dansyl-L-cystine to each protein 

in 5 mm EGTA and 20 mm KCl, pH 8.5. The 

reaction mixture was incubated overnight in a cold 

room (around 8•Ž). Free dye was removed by 

gel-filtration on Sephadex G-25 using 20 mm KCl, 

pH 8.0, as eluent. The molar ratios of bound 

dansyl-L-cysteine to the proteins were in the range 

of 0.22-0.58. The Cal} bound to the protein was 

removed by gel-filtration on Sephadex G-25 using 

5 mm EGTA and 30 mm KCl, pH 8.0, as eluent 

before use. The remaining Cat} in the protein 

thus treated was measured by lida's method (12). 

The protein contained less than 0.22 mol of Ca 2+ 

per mol of protein. All subsequent experiments 

were performed in 30 mm KCl, 50 mm Na-cacodyl

ate-HCl pH 7.0 and various concentrations of 

EGTA and CaC12 at 20•Ž (EGTA concentration 

was equal to or higher than 4 mm in all experi

ments). Protein concentrations were in the range 

of 0.68-1.97 mg/ml. The protein concentration 

was determined by the biuret method using PA3 

as a standard protein, which has a molar extinc

tion coefficient of 1,751 at 259 nm (13). The pCa 

value of the solution was calculated from the con

centrations of EGTA and CaC12 added to the solu

tion using the numerical constants of Schwarz

enbach et al. (14).

Di-dansyl-L-cystine was purchased from Sig

ma Chemical Company, U.S.A. EGTA was pur

chased from Dojindo Laboratory, Japan.

Fluorescence spectra were measured with a 

Hitachi MPF-2A Spectrofluorometer, and CD 

spectra with a JASCO J-20 spectropolarimeter.

Kinetic pCa-jump experiments were performed 

with a Union Giken RA-401 stopped-flow spectro

fluorometer for both pCa-down and pCa-up 

changes. In typical pCa-down experiments, par

valbumin or dye-parvalbumin conjugate was incu

bated in 5 mM EGTA, 30 mM KCl, 50 mM Na

cacodylate-HCl pH 7.0, and mixed with an equal 

volume of a CaC12 solution containing 5 mm 

EGTA, 30 m a KCl, and 50 mm Na-cacodylate

HCl in the stopped-flow apparatus. (The pH of 

the latter solution was preadjusted such that the 

pH of the mixed solution would be 7.0.) Then 

the time course of the fluorescence intensity change 

of the protein solution subsequent to the rapid
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change of free Ca2+ concentration (pCa-jump) was 
followed with a Tektronix 5103N storage oscil
loscope and analyzed in terms of first-order ki
netics. In typical pCa-up experiments , parvalbu
min or dye-parvalbumin conjugate was incubated 
in a buffer solution whose pCa-value was far 
below the transition region observed in the fluo
rescence titration curve , and mixed with EGTA 
solution under the same conditions as the pCa
down experiment. In these experiments , the exci
tation wavelength was 340 nm for dye-parvalbumin 
conjugate and 280 nm for PA1, and fluorescence 
emissions at wavelengths above 420 nm for the 
former sample and above 290 nm for the latter 
sample were observed. The instrumental dead 
time of the stopped-flow apparatus was 3.5 ms 
under the present experimental conditions .

RESULTS

As the pCa value of the protein solution decreased 
from above 9.5 (in 5mM i EGTA) to 3 .0 at pH 7.0, 
both PA3 and dye-PA3 conjugate (PA3*) showed 
25% increase of the absolute value of the molar 
ellipticity at 222 nm; and PA3* showed 83% in

crease of the fluorescence intensity of the bound 
chromophore. Relative fluorescence intensity of 
PA3* was measured as a function of pCa by titrat

ing PA3* solution containing 5 mM EGTA with 
I M CaC12 solution at pH 7.0. Fluorescence of 
PA3* showed a transitional increase as pCa de
creased from 9 to 6 and became constant below 

pCa 6.0 (Fig. 1). The molar ellipticity of PA3* 
at 222 nm showed the same transitional change as 

the fluorescence (Fig. 1). The transition point was 
at pCa 7.6 in both curves. Thus, we can conclude 
the conformational change of the dye-parvalbumin 
conjugate can be monitored by measuring the fluo
rescence intensity change of the chromophore. 
Though the molar ratio of the bound chromophore 

to the protein was 0.22 for PA3* in Fig. 1, the 
transition curve obtained from the circular di
chroism measurement showed single transition 

point. So we can regard the fluorescence titration 
curve of the dye-parvalbumin conjugate as the con
formational transition curve of the protein.

Fluorescence titration curves of PA1, dye
PA2 conjugate (PA2*) and dye-PA5 conjugate 

(PA5*) are shown in Fig. 2. Transition points 
of the fluorescence titration curves are pCa 8.10

Fig. 1. Change in the relative fluorescence intensity (I) and the molar ellipticity 

at 222 nm (161222) of PA3* as a function of pCa. Concentration of PA3* was 

1.35 mg/ml. Solvent compositions were 30 mm KCl and 50 mm Na-cacodylate

HCl, pH 7.0 at 20•Ž. pCa of the solution was adjusted with Ca2+-buffer of 

5 mm EGTA plus CaCl2. Excitation wavelength was 335 nm and emission 

wavelength 520 nm. The solid lines were calculated curves using Eqs. (4a), 

(4b), and (5) and numerical constants in Table I.
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Fig. 2. Fluorescence titration curves of PAl (•¢), PA2* 

(• ), and PA5* (•¤). Experimental conditions were the 

same as in Fig. 1 except that excitation wavelength for 

PA1 was 280 nm and emission wavelength 305 nm. 

Protein concentrations were 1.97 mg/ml for PA1, 1.31 

mg/ml for PA2*, and 0.79 mg/ml for PA5*. Symbols 

•œ and •› show the amplitude of the reaction observed 

in the stopped-flow experiments on PAl: •œ in pCa-up 

experiment; •›, in pCa-down experiment. Dotted line 

shows the fluorescence titration curve of PA3* shown 

in Fig. 1. Solid lines are the calculated fluorescence 

titration curves (see text).

for PA1, pCa 8.45 for PA2*, and pCa 7.60 for 

PA5*.

The time courses of the fluorescence intensity 

change in all the pCa-jump experiments indicated 

a pseudo-first-order reaction as typically shown in 

Fig. 3; that is, 41(t)=[1(t)-I(t•¨•‡)]=[I(t=0)

I(t•¨ •‡)] •~ exp( •\kt), where I(t) is the fluorescence 

intensity at time t. The dependence of the am

plitude ??I(t=0)-I(t co)?? of the reaction on the 

final pCa value of the protein solution coincided 

with the transition curve obtained in the static 

fluorescence titration experiment (as typically shown 

in the case of PAl in Fig. 2). The dependence of 

the rate constant k on the final pCa value of the 

protein solution is shown in Fig. 4. (The rate 

constant did not depend on the pCa value of the 

protein solution before the pCa-jump experiment.) 

The rate constant showed a minimum at the tran

sition point of the conformational change of the 

protein.

The reaction between EGTA and Ca2+ is so

Fig. 3. Oscilloscope tracings of the fluorescence stop

ped-flow experiment on PA5*. (a) pCa-down experi
ment from above pCa 9.5 (in 5 mm EGTA) to pCa 
6.72, (b) pCa-up experiment from pCa 4.0 to pCa 7.40. 
Excitation wavelength was 340 nm, emission was ob
served above 420 nm. Arrows i and f show initial and 
final levels of the fluorescence intensity. Protein con
centration, 1.0 mg/ml. The other experimental condi
tions were the same as in Fig. 1.

fast as to reach equilibrium within the instrumental 

dead time under the present experimental condi
tions (15). Therefore the time course of the fluo
resence intensity change subsequent to the pCa

jump was due to the conformational relaxation of 
the protein toward a new equilibrium state.

In pCa jump experiments on the mixture of 

PA2* and PA5*, two phases were observed: one 
corresponded to the pseudo-first-order reaction of 

PA2*, the other to that of PA5*. The rate con
stant of each process was the same as had been 
observed in the separate experiments on PA2* 
and PA5*. Thus we can conclude that the ki
netic processes of conformational change of carp 

parvalbumins are independent of each other.
The fluorescence titration and fluorescence 

stopped-flow experimental results can be analyzed 

by a simple two-state model:

J. Biochem.
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Fig. 4. The rate constant (k) of the conformational 

change of parvalbumin in 30 mm KCl and 50 mm Na

cacodylate-HCl, pH 7.0 at 20•Ž, pCa on the abscissa 

indicates the pCa-value of the mixed solution. •£,•¢, 

k of PAl (1.48 mg/ml); •¡,• , k of PA2* (0.68-1.25 

mg/ml); •@•œ, •›,k of PA3* (0.68-0.91 mg/ml); •¥,•¤, k 

of PA5* (1.0-1.37 mg/ml). Solid symbols show k 

values obtained from the pCa-up experiments, open 

symbols the pCa-down experiments. The solid lines 

are the calculated curves using Eqs. 2, 4a, and 4b and 

numerical constants in Table Z

where X shows the state of parvalbumin in very 

low concentration of free Ca2+ (high pCa region 
far from the transition region), Y shows the state 
of the protein in high concentration of free Ca2+ 

(low pCa region far from the transition region) 
and k1, k2 are rate constants of the transition be
tween state X and state Y. According to this 

Scheme I, we can calculate kl and k2 from the 
equilibrium constant K and the observed rate con

stant k using the following equations:

k=k,+k2 (2)

where I is the relative fluorescence intensity shown 

in Figs. 1 and 2.

Fig. 5. The equilibrium constant K calculated from the 

fluorescence titration curve of PA3* in Fig. 1.

Fig. 6. The rate constants k, and k2 (in s-1) of PA3* 

in Scheme I (see text). •¡ and • , k, and k2 obtained 

from the pCa-down experiment, respectively; •œ and •›

, k, and k2 obtained in the pCa-up experiment, 

respectively.

The equilibrium constant K of each parvalbu

min component depends roughly on the second 

power of the free Ca 2+ concentration ([Ca2+]). As 
a typical example, the equilibrium constant of 

PA3* is plotted logarithmically in Fig. 5. The 
equilibrium constant K of PA3* is proportional 
to [Ca2+]1.76
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The calculated rate constant k1 of each par
valbumin component depends roughly on the first 

power of [Ca2+], and k2 on the inverse first power 
of [Ca2+]. As a typical example, k1 and k2 values 
of PA3* are plotted logarithmically in Fig. 6. 
It is determined graphically that k1 of PA3* is 

proportional to [Ca 2+10.95 and k. of PA3* to 
[Ca. 2+]-o. b3.

DISCUSSION

The findings that the equilibrium constant K de

pends on the second power of [Ca2+] (Fig. 5) and 

that the rate constant k1 of Scheme I depends on 

the first power of [Ca2+] and k2 on the inverse 

first power of [Ca2+] (Fig. 6) have the following 

implications (16): in the pCa-down experiment, 

binding of one Ca2+ to the partially unfolded Ca2+

free parvalbumin triggers the conformational 

change to the folded state which binds spontane

ously the second Ca 2+; conversely, in the pCa-up 

experiment, removal of one Ca 2+ from the folded 

two Ca2+-bound parvalbumin triggers the confor

mational change to the partially unfolded state 

which removes spontaneously remaining bound 

Ca2+. We can thus describe the molecular kinetic 

mechanism of the conformational change of par

valbumin by Scheme ‡U:

In this Scheme ‡U, conformational state F is the 

partially unfolded conformation which parvalbu

min assumes in the high pCa region far from the 

transition region; and parvalbumin can bind one 

Ca2+ in this conformational state. Conformational 

state B is the folded conformation which parvalbu

min assumes in the low pCa region far from the 

transition region; and parvalbumin binds one or 

two Ca 2+ in this conformational state. K1 and 

K2 are the association constants of Ca 2+ to the 

F state and B-Ca 2+ state, respectively. k+ and 

k- are microscopic rate constants of the confor

mational change between F-Ca2+ and B-Ca 2+. In 

the following discussion, we will see that states

F-Ca2+ and B-Ca2+ are never present in detectable 

amounts even in the transition region.

Two assumptions are made to explain our 

static and kinetic experimental results based on 

Scheme ‡U: (i) The environment of the cysteine 

residue to which the dye binds, and hence the 

fluorescence intensity of the conjugated dye, is 

almost the same in the F and F-Ca 2} states. The 

same is assumed in the case of B-Ca2+ and B-Ca22+. 

(ii) Cal+ binding and removal reactions are much 

faster than the conformational interconversion be

tween F-Ca 2} and B-Ca 2+; that is, the intercon

version process is the slow step in the overall 

process.

The X and Y states defined in the two-state 

model can then be represented as

[X ] = [F] + [F-Ca2+] (3a)

[Y]=[B-Ca 2+] + [B-Ca22+] (3b)

k1 and k2 in Scheme I can be calculated (17) as

The pCa-dependence of the fluorescence intensity 

(fluorescence titration curve) can be calculated from 
Eqs. 5, 4a, and 4b;

and the pCa-dependence of the rate constant k of 

the conformational change of parvalbumin can be 

calculated from Eqs. 2, 4a, and 4b. 

 Numerical values of K1, K2, k, and k- in 

Scheme‡U are determined graphically by com

paring the calculated curves and experimental re

sults shown in Figs. 1, 2, and 4. These numerical 

constants are listed in Table I. Solid lines in 

Figs. 1, 2, and 4 are the calculated curves.

The values of K1 and K2 in Table I suggest 

that the states F-Ca2+ and B-Ca2+ are virtually 

absent even in the transition region, because K1 

[Ca 2+] •á 1 and K2[Ca2+]•â1 in this region. There

fore, parvalbumin assumes substantially two states 

of F and B-Ca22+ even in the transition region. 

This is why the transition curves in Figs. 1 and 2
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can be analyzed by the two-state model . It is also 
shown that k1=k+K1[Ca2+], k2=k_K2-1[Ca2+]-1, 
and K=(k+/k_)K1K.2[Ca2+]2 in the transition re

gion; these relationships explain the experimental 
results shown in Figs. 6 and 5. 

 The binding curve of Ca 21 to parvalbumin is 
calculated as

The pCa-dependence of y gives almost the same 
curve as the fluorescence titration curve of each 

parvalbumin shown in Figs. 1 and 2; for instance, 
the pCa value at which y= 1 (midpoint of the Ca2+ 
binding curve) is 8.15 for PA1, 8.45 for PA2*, 
7.50 for PA3*, and 7.45 for PA5*. 

 Based on the three-dimensional structure of 
the Ca 2+-binding sites of PA3, Coffee et al. (1) 

predicted that removal of Ca2+ from the EF loop 
induced the conformational change because one 
of the ligands in the EF Cal}-binding site was an 
oxygen atom of water, and lanthanides were easily 
displaced from the EF Ca21-binding site but not 

from the CD site. Scheme 11 supports this 

prediction. We can deduce that, when the free 
Ca 2+ concentration of the protein solution is de
creased, Ca 2+ is first removed from the EF Ca21
binding site of parvalbumin in the B-Cat2+ state, 

and that this removal reaction triggers the con
formational change from the B-Ca 2} state to F
Ca2+ state.

The other interesting finding in this work is 
the difference in the static and kinetic behaviors

of carp parvalbumins: the apparent binding con

stant of Ca2+, which can be calculated as the in

verse of [Ca2+] at the transition point, is 1.25•} 

0.25 •~ 108 M-1 for PAL 2.8 •} 0.9 •~ 108 M-1 for PA2*, 

and 4.0•}0.5•~ 107 M-1 for PA3* and PA5* (Figs. 

I and 2). The rate constant of the conformational 

change of parvalbumin due to the Ca 2+ binding 

and removal reactions decreases in the order of 

PA2* > PA1 > PA5* •†PA3* (Fig. 4 and Table 1). 

That is, PA2* binds Ca2+ more strongly and un

dergoes the conformational change more rapidly 

in response to the change of [Ca 2+] than the other 

components. PA3* and PA5* show almost the 

same static and kinetic behaviors; they bind Ca2+ 

more weakly and undergo the conformational 

change more slowly than the other components.

T hough the reason for these differences be

tween the components remains to be solved, some 

possible factors can be indicated. First, replace

ments of amino acids in PA2 compared to PA3 

are more frequent in the AB loop than in the CD 

and EF loops (1). Thus the AB loop, which can

not itself bind Cat+, probably regulates the Ca 2+ 

binding capability and the rate of the conforma

tional change of parvalbumin; that is, the AB 

loop may be a regulatory domain in the parvalbu

min protein. Second, the amino acid replacement 

in the EF helical regions of PA2 favors the ƒ¿

helical stabilization in this region compared to 

PA3 and PA5 (1, 18). It is therefore also probable 

that the Ca2+ binding capability and the rate of 

the conformational change depend on the stability 

of the ƒ¿-helicies in the EF loop. Alternatively, 

there may be an unidentified amino acid on which 

the Ca 2+ binding capability and the rate of the 

conformational change of the protein depend.

For the binding constant of Ca2+ to PA3, the 

following values have been determined by the 

equilibrium dialysis method : 2.7 •~ 109 M-1 in 25 

mm Tricine buffer, pH 7.4, 80 mm KCl and 0.1

TABLE I. Numerical constants in Scheme II.
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mm dithiothreitol at 25•Ž (19); and 2.8 •~ 108 M-1 

in 0.1 M KCl, 20 mmM imidazole, pH 7.5 (20). Our 

Kapp value is 4.0•}0.5 •~ 107 M-1 in 30 mM KCl and 

50 mM Na-cacodylate-HCl, pH 7.0, at 20•Ž. Large 

discrepancies exist between these values, the causes 

of which remain for future study.
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