
A C T I N - M E T A L - N U C L E O T I D E  C O M P L E X E S  

Spectroscopic Studies of Actin-Metal-Nucleotide Complexes? 

Joseph Loscalzo and George H. Reed* 

ABSTRACT: Structural features of metal ion and nucleotide 
complexes with actin were investigated using electron para- 
magnetic resonance, water proton relaxation, and fluorescence 
techniques. Electron paramagnetic resonance spectra at 9.1 
GHz (X band) of Mn(I1) bound to the high affinity divalent 
cation site of F-actin were obtained from pellets of F-actin 
streaked along quartz supports. The line shape of these spectra 
showed a dependence on sample orientation in the magnetic 
field, indicating that some crystalline character is introduced 
into the sample with pellet streaking. A 55Mn hyperfine cou- 
pling constant of 92 G was measured from spectra taken at 35.0 
GHz (K band) and suggests that the coordination geometry 
for Mn(I1) in F-actin is octahedral. An analysis of the tem- 
perature and frequency dependence of water proton relaxation 
rates in solutions of Mn(I1)-F-actin revealed that above -30 
"C there is one water ligand in rapid exchange with bulk sol- 

T h e  interaction of divalent cations with actin has been the 
subject of extensive investigation during the past decade. 
Several key points have evolved from metal ion binding studies 
leading to the following general picture of the nature of 
actin-divalent cation interaction. Each actin monomer of 
molecular weight 42 000 (Elzinga et al., 1973) contains from 
five to seven low affinity ( K D  N M) binding sites and one 
high affinity ( K D  N M) site for divalent cations (Mar- 
tonosi et al., 1964). Binding of divalent cations to the weaker 
affinity sites promotes polymerization of actin monomers 
(Oosawa and Kasai, 1971). On the other hand, the presence 
of a divalent cation at the high affinity site is essential for the 
structural integrity of the actin monomer (Kasai et al., 1965; 
Strzelecka-Golaszewska et al., 1974). In vivo, Mg(I1) occupies 
the high affinity site (Weber et al., 1969), although other di- 
valent cations can be readily substituted with the apparent 
order of affinity: Mn(1I) 1 Ca(1I) > Cd(I1) > Mg(I1) > 
Zn(l1) > Co(I1) > Ni(I1) (Kasai and Oosawa, 1968; Strzel- 
ecka-Golaszewska, 1973a). The presence of a divalent cation 
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vent. The paramagnetic contribution to the water proton re- 
laxation rate exhibits an apparent activation energy of 5.2 kcal 
mol-', and this temperature dependence appears to reflect a 
structural equilibrium which either permits existing water li- 
gands to exchange more readily above 30 O C  or involves in- 
corporation of an additional water ligand above 30 "C. The 
paramagnetic quenching effect of Mn(I1) on the fluorescent 
ATP analogue, 1 ,N6-ethenoadenosine triphosphate (€-ATP), 
was used to determine the proximity of the nucleotide binding 
site to the high affinity divalent cation binding site on actin. 
Both in the Mn(I1)-€-ATP complex and the Mn(II)+- 
ATP-actin complex, the fluorescence intensity of €-ATP was 
quenched by 32% compared with diamagnetic controls. Po- 
lymerization of actin did not affect the extent of quenching. 
These results suggest that the nucleotide and divalent cation 
bind to actin as a metal-nucleotide complex. 

at the high affinity site also increases the affinity of actin for 
nucleotide (Asakura, 1961; Oosawa and Kasai, 1971) and 
influences the rate of nucleotide exchange (Strzelecka-Go- 
laszewska, 1973b). With polymerization divalent cation bound 
at the high affinity site and bound nucleotide became virtually 
unexchangeable. Bound ATP is also hydrolyzed to ADP during 
the conversion of G-actin' to F-actin, although this hydrolysis 
is not an absolute requirement for the formation of F-actin 
(Kasai et al., 1965; Cooke, 1975). In contrast to the substantial 
amount of thermodynamic and kinetic data on metal ion-actin 
complexes (Oosawa and Kasai, 1971), there is much less in- 
formation available on the structural aspects of these com- 
plexes. In the present paper structural features of metal ion and 
nucleotide complexes with actin are examined using the EPR 
and water proton relaxation rate enhancement characteristics 
of the Mn(I1)-actin complex and the fluorescent properties 
of 1 ,N6-ethenoadenosine nucleotides. 

Materials and Methods 
Protein Preparations. Actin was extracted as Ca(II)/ 

Mg(I1)-G-actin (40% Ca(II), 60% Mg(I1) by atomic ab- 
sorption spectroscopic analysis) from an acetone powder of 
rabbit skeletal muscle (Straub, 1942) at 4 OC with 10 mM Tris 
buffer, pH 8.5, 0.2 mM CaC12, 0.5 mM ATP, and 0.2 mM 
dithiothreitol. The extracted G-actin was polymerized with 0.1 
M KCI and 2.0 mM MgC12, purified from the tropomyosin- 
troponin complex by centrifugation at 105 OOOg in the presence 
of 0.8 M KC1 (Spudich and Watt, 1971), and depolymerized 
by a 3-day dialysis against the extraction solution. 

Ca(I1) /Mg(II)-G-actin was converted to Mg(I1)-G-actin 
or Mn(I1)-G-actin by diluting the G-actin approximately 
fivefold to 25 pM with 10 mM Tris buffer, pH 8.5, and 0.2 mM 
dithiothreitol, treating the solution with wet, anion-exchange 
resin in the chloride form (-25% of the actin solution's volume) 
followed by wet, cation-exchange resin in the sodium form 
(-10% of the actin solution's volume), and then incubating the 
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actin (-I5 pM) with 75 pM MgCll or 75 p M  MnC12, re- 
spectively. A second cation-exchange resin treatment after 
polymerization with 0. I M KCI removed virtually all excess 
Mg(I1) or Mn(I1) as well as displaced Mg(I1) and Ca(I1). The 
resulting Mg(I1)-F-actin or Mn(I1)-F-actin was sedimented 
as described above. The Mg(I1)-F-actin and Mn(I1)-F-actin 
typically contained 90-95% Mg(I1) and Mn( I I ) ,  respectively, 
as determined by atomic absorption spectroscopy of the su- 
pernatant of actin solutions in which the protein was precipi- 
tated with 0.5 N perchloric acid or liquid-scintillation analysis 
of s4Mn added as 54MnC12 in the incubation step (-3.5 pCi/ 
ml). 

t-ATP-G-actin was prepared by treating Ca(I l ) /Mg- 
(11)-G-actin in 10 mM Tris buffer, pH 8.5, 0.2 m M  CaC12, 
0.2 mM ATP, and 0.2 mM dithiothreitol with wet, anion- 
exchange resin in the chloride form (-25% of the actin solu- 
tion's volume) and then incubating the actin (-25 pM) with 
a fourfold molar excess (-100 pM) of t-ATP. The actin was 
then converted to the Mg(I1) or Mn(I1) form by the procedure 
described above. Approximately 0.95 t-ATP per actin molecule 
was found to be incorporated by fluorescence analysis of the 
supernatants of actin solutions adjusted to pH 8.0 in which 
protein was precipitated with 0.5 N perchloric acid. 

Copolymers of different actin species were made by rapidly 
mixing the two populations of actin in the monomeric state and 
subsequently polymerizing with 0.1 M KCI after the addition 
of a small amount of F-actin (-5% of the total actin). 

The tropomyosin-troponin complex was prepared according 
to the method of Ebashi and Ebashi (1964). Subfragment 1 
was prepared as previously described (Loscalzo et al., 1975). 
Pellets of regulated actin were made by centrifuging F-actin 
mixed with a twofold weight excess of tropomyosin-troponin 
complex a t  105 OOOg. Subfragment 1 -F-actin pellets were 
made by centrifuging solutions of equimolar F-actin and 
subfragment 1 at 105 OOOg. 

Magnetic Resonance Methods. X-band (9.1 GHz) and 
K-band (35.0 GHz) EPR spectra were recorded with Varian 
E-3 and 4503 spectrometers, respectively. Samples of actin 
suitable for EPR measurements were obtained by streaking 
a pellet of actin linearly on the flat surface of a Scanco S-807 
quartz cell or, alternatively, by streaking the pellet along the 
inner wall of standard 3 mm i.d. or 2 mm i.d. quartz tubing. 

The longitudinal relaxation times, T I ' S ,  of water protons 
were recorded a t  8.13, 15.0, 24.3, 40.0, and 60.0 M H z  using 
a pulsed N M R  spectrometer as described previously (Reuben 
and Cohn, 1970). 

Fluorescence Measurements. Fluorescence spectra were 
recorded with a Perkin-Elmer MPF-2A ratio-recording 
spectrofluorimeter. Fluorescence intensity was taken as the 
height of the emission spectrum, in arbitrary units, a t  the 
wavelength of maximal emission. The excitation and emission 
bandwidths were 5 nm in all cases. The temperature of the 
sample was controlled by water which was temperature reg- 
ulated and circulated with a Lauda-Brinkmann K-2/R cir- 
culator. All measurements were taken a t  24 f 1 O C .  During 
temperature equilibration, the slits were closed and the sample 
was kept in darkness. The absorbance of the solutions never 
exceeded 0.12 using 0.4 cm path length cuvettes; hence, no 
correction for self-absorption of incident and emitted light was 
applied to the observed emission intensities. 

Scatchard Analysis and Competition. Titrations of G-actin 
with Mn(I1) or €-ATP were performed in the presence of bound 
metal and nucleotide. The binding data for these titrations 
reflect a competition between added ligand and ligand already 
present in solution. The Scatchard equation (Scatchard, 1949) 

for ligand binding to a protein binding site(s) has the form: 

G/[Alr  = (nt i  - Z.J/Ktl ( 1 )  

where Fa = [A]b/[PIt, [A] is the concentration of ligand, [PI 
is the protein concentration, the subscripts f, band t, represent 
free, bound and total, respectively, n, is the number of binding 
sites for A on P, and K;,  is the dissociation constant for A 
binding to P. In the presence of competing ligand, B, which 
binds to the same site(s) as A, eq 1 can be rewritten as (cf. 
Reuben and Gabbay, 1975; Simonson et al., 1975): 

F,/[A]r = K,i n (  1 -I- [BIf/[KIb >-"(  K,i 1 + [Bl~./[Klt, ' )  
(2)  

where Kb is the dissociation constant for B binding to P. 
In the absence of a competing ligand, the binding of A to P 

can be analyzed according to eq 1. A plot of S,/[A]f vs. F,, will 
be linear with a negative slope equal to Ktl-' and have an x 
intercept of n,. Systems in which two different ligands with 
different affinities for the same site(s) compete are analyzed 
according to eq 2. This equation predicts that curvature should 
be evident in Scatchard plots of systems in which [Blrchanges 
appreciably with respect to Kb over the range of [A]b exam- 
ined. Systems in which [B]f changes insignificantly with re- 
spect to Kb will produce Scatchard plots with apparent K.,'s 
which are different from the true K ,  (i,e,,  that in the absence 
of inhibitor) and with n,'s which are not different from that 
in the absence of inhibitor. I n  the protein binding experiments 
described in this paper, conditions were chosen in order that 
the Scatchard plots produced have limited curvature. 

Binding Measurements. Solutions of Ca( II)/Mg(II)-G- 
actin at 60 pM were titrated with MnC12. Since the amplitudes 
of EPR signals for Mn(I1) bound to G-actin are much lower 
than those for Mn(H10)62+, the residual signals for 
Mn(H20)62+ in solutions of Mn(I1) and G-actin can be used 
to determine the concentration of free Mn(HlO)(,'+ (Cohn and 
Townsend, 1954). 

The affinity of G-actin for €-ATP was determined by fluo- 
rescence techniques. Ca(II)/Mg(II)-G-actin (30 pM) was 
titrated with t-ATP. Each sample was polymerized with 0.1 
M KCI and subsequently treated with anion-exchange resin 
to remove unbound t-ATP and displaced ATP. The superna- 
tants of 0.5 N perchloric acid precipitates readjusted to pH 8.0 
were analyzed by measuring the fluorescence intensity at 410 
nm on excitation at  3 15 nm. A comparison of the measured 
intensities with those of free t-ADP standards similarly treated 
with perchloric acid permitted a determination of the con- 
centration of bound t-ATP. 

The affinity of t-ATP for Mn(I1) was determined by EPR 
techniques (Cohn and Townsend, 1954; Jallon and Cohn, 
1970). The quenching of the fluorescence emission of t-ATP 
by Mn(l1) was also used as a measure of nucleotide-metal 
complex formation. 

Analytical Methods. Protein concentrations were deter- 
mined according to the method of Lowry ( I  95 1 ). 

Viscosity measurements were performed in a water bath at  
24 f 1 "C with an Ostwald viscometer having a 60-s outflow 
time for water and a total volume of 10 ml. 

Atomic absorption measurements were made with a Per- 
kin-Elmer Model 403 atomic absorption spectrometer. 

Radioactivity was measured in a Packard Tricarb Model 
3385 liquid scintillation counter using Hydromix scintillation 
fluid (Yorktown Research, Hackensack, N.J.). 

54Mn was obtained from New England Nuclear (Boston, 
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FIGURE I :  Scatchard plot of Mn(1I) binding to G-actin in  I O  mM Tris 
buffer, pH 8.0, and 0. 2 mM dithiothreitol at 23 "C. The G-actin con- 
centration was 60 fiM. Mn(I1) binding was measured by the EPR tech- 
nique described in Materials and Methods. 

Mass.) and €-ATP and €-ADP were from Sigma Chemical Co. 
(St. Louis, Mo.). The purity of €-ATP and e-ADP was checked 
by polyethyleniminecellulose thin-layer chromatography as 
described by Randerath and Randerath (1967). 

Results 
Binding Measurements. Substitution* of Mn(I1) into 

Ca( II)/Mg(II)-G-actin was monitored by the decrease in 
amplitude of the EPR signal for free Mn(H20)6*+ (see Ma- 
terials and Methods). The data are shown in the form of a 
Scatchard plot in Figure 1. Two classes of binding sites are 
indicated with stoichiometries of one and approximately five 
and apparent dissociation constants of 2.6 FM and 0.6 mM, 
respectively, although the extent to which free Ca(I1) and 
Mg(I1) changes with respect to its dissociation constant for 
G-actin may influence the apparent dissociation constant for 
the weaker sites substantially. 

Substitution* of t-ATP into G-actin was analyzed by fluo- 
rescence (see Materials and Methods). A Scatchard plot of the 
data is shown in Figure 2 and indicates a single binding site 
with an apparent dissociation constant of 0.16 pM. 

Data for the binding of Mn(I1) to E-ATP obtained by EPR 
and fluorescence measurements are shown in Figure 3. The 
coincidence of these data demonstrates a one-to-one rela- 
tionship between the quenching of E-ATP fluorescence by 
Mn(I1) and the formation of a Mn(I1)-+ATP complex. 

EPR Spectra of the Mn(II)-F-Actin Complex. The EPR 
signals for Mn(I1) bound to actin are not isotropically averaged 
(cf. Reed and Cohn, 1970; Reed and Ray, 1971). EPR signals 
for this complex are, therefore, difficult to obtain in solution 
since solutions of G-actin of sufficient concentration to permit 
observation of bound Mn(I1) polymerize and solutions of F- 
actin of sufficient concentration for EPR observation of the 
bound Mn(I1) are extremely viscous. However, the spectrum 
(Figure 4) is readily obtained from a pellet of F-actin which 

Since G-actin free of metal or nucleotide rapidly denatures, binding 
studies of metal or nucleotide to G-actin could not be performed with metal 
or nucleotide-free G-actin; hence, all dissociation constants are apparent 
(see Materials and Methods for further discussion). 
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F I G U R E  2: Scatchard plot of +ATP binding to G-actin in  10 mM Tris 
buffer, pH 8.0, and 0.2 mM dithiothreitol at 23 "C. The G-actin concen- 
tration was 30 fiM. c-ATP binding was measured by the fluorescence 
technique described in Materials and Methods. 
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FIGURE 3: Binding isotherm for the interaction of Mn(l1) and t-ATP in 
10 mM Tris buffer, pH 8.0, and 0.2 mM dithiothreitol at 23 "C. The 
c-ATP concentration was 20 gM. Mn(I1)-(-ATP complex formation was 
measured both by the decrease in the EPR signal of M n ( H 2 0 ) 6 2 +  (X)  and 
the decrease in the fluorescence intensity of c-ATP (0) (excitation 315 
nm; emission 2 10 nm). 

is streaked along the surface of a quartz support. The spectrum 
for the protein-bound Mn(I1) is easily differentiated from that 
for free M I I ( H ~ O ) ~ ~ +  in a similar pellet (Figure 4C). 

Powder type EPR line shapes are expected for Mn(I1)- 
protein complexes for which there is a random orientation of 
the molecular axis of the complex in the magnetic field (Reed 
and Cohn, 1970). Since a powder line shape already represents 
the solid angle-weighted sum over all possible orientations of 
the molecular axis in the external magnetic field (Taylor et al., 
1975), the EPR spectrum for a powder sample does not change 
with orientation. However, the line shape of the EPR spectrum 
for Mn(I1)-F-actin in streaked3 pellets does change with 
sample orientation (Figure 4, inset). The shear forces involved 
in streaking the pellet are apparently sufficient to effect 
alignment of the actin filaments (Burley et al., 1971). Although 
the exact orientation of the filaments within the sample is not 

If the Mn(I1)-F-actin pellet is not streaked but simply applied to the 
quartz support, no orientation dependence is observed. 
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t:I(;LKt. 4: X-band EPR spectra of Mn(1l)-F-actin and of M I I ( H ~ O ) ~ ~ +  
in  a pellet of Ca(fl)/Mg(fI)-F-actin. (A) Streaked pellet of M n ( 1 l ) -  
F-actin (-1 mM); (B) same sample as A with a 90' rotation about the 
J' axis (see Figure 5);  (C) Mn(H20)h?+ (-1.2 mM) in  a pellet of Ca- 
(lI)/Mg(ll)-F-actin. The sample temperature was 16 O C  in all cases. The 
inset schematically represents the geometry of streaking of pellets and of 
\ample placement in the magnetic field, H.  

known, it is likely that the filaments are aligned approximately 
parallel to the direction of streaking. The geometry of the 
sample with respect to the magnetic field is sketched in the 
inset of Figure 4. Rotations about the y axis produce the 
changes in the EPR spectrum of Mn(I1) which are apparent 
in  the spectra of Figure 4A and 4B. It is surprising to find an 
orientation dependence about they  axis since this implies that 
there is sample order in the plane perpendicular to y .  Fur- 
thermore, the helical arrangement of monomers in the filament 
would already sample several angles in the x-z plane. How- 
ever, an inexact alignment of the filaments along y could also 
account for these observations. 

The six hyperfine components of the M ,  = -Ih - M ,  = +1/2 
fine structure transition (where M ,  is the electron spin quan- 
tum number) constitute the dominant transitions in the spectra 
for pellets of Mn(I1)-F-actin. There are, however, weaker 
signals to the low-field side of the central (-I/* - +l/2) set 
which are assigned4 to the M ,  = +3/2 - M ,  = +I/* fine struc- 
ture transition. The positions of these latter signals exhibit a 
strong dependence on sample orientation because of their 
first-order dependence on the zfs anisotropy (cf. Howling, 
1969). In contrast, the central fine structure transition shows 
a less pronounced orientation dependence since the anisotropy 
for this transition arises solely from second-order terms in the 
7 f S . 5  

Streaked pellets of regulated actin give orientation depen- 
dent spectra (Figure 5 )  similar to those for F-actin. In fact, in 
our experience the fidelity of alignment of filaments is typically 
greater for regulated actin than for F-actin. 

The concentration of Mn(I1) in pellets of the subfragment 

The sign of D, the axial distortion parameter for the zfs, is arbitrarily 
chosen as negative. 
' The general form of the second-order terms in the zfs for M ,  = '/2 - 

,M, = -I/: transition is: ( 4 . 0 0 / H o ) [ ( D  - E cos 2$)*  sin2 28 + 4E2 sin2 8 
s in2 241 - (2 ,00 /Ho) l [D  sin2 0 + E cos 2@( I +cos? 0)12 + 4EZ cos2 0 sin? 
7-61. &here No is the unperturbed resonance position given by h u / g p ,  D,  
E represent the axial and rhombic distortions, respectively, in the sym- 
metry of the ligand field, and Band 4 are the polar and azimuthal angles, 
respectively. The orientation dependence of the central fine structure 
transition in  the regulated actin sample is manifested in  changes in  the 
relative amplitudes and shapes of the six hyperfine components. 

r ' '  " - - - -  

2620 3220 3820  
H, lgaussl 

F I G U R E  5 :  X-band EPR spectra for a streaked pellet of Lln(l1)-regulated 
actin a t  three different sample orientations in the magnetic field, 0. 90. 
and 120° relative orientations for A. B, and C,  respectively. Sample 
temperature was 20 "C in all cases. Note the changes in  the positions of 
the peaks to the low-field side of the central transition and the changes i n  
relative amplitudes and shapes of the central hyperfine transitions. 

1 -Mn(II)-F-actin complex is at  least fourfold more dilute than 
in Mn(I1)-F-actin. Thus far, the signal for the subfragment 
1 -Mn(II)-F-actin samples have been too weak for any 
quantitative statements about the influence of subfragment- 1 
binding on the spectrum of Mn(I1) bound to F-actin. 

There is improved resolution of the I/2 - -I/? fine structure 
transition in the K-band EPR spectrum (not shown) for a 
streaked pellet of Mn(I1)-F-actin. The improved resolution 
in the K-band spectrum is expected because second-order terms 
in the zfs are reduced by a factor of approximately four at  K 
band relative to their contributions a t  X band. A 5iMn hy- 
perfine coupling constant of 92 G is measured from the sextet 
splitting of the I/z - -I/* transition in the K-band spectrum. 

Frequency and Temperature Dependence of Water PRR. 
Mn(I1) bound to F-actin influences the longitudinal PRR of 
water. In order to determine whether or not this relaxation 
effect originates from an exchange of water molecules between 
the first coordination sphere of bound Mn(1I) and the bulk 
solvent, the temperature and frequency dependencies of the 
water PRR were examined (Reuben and Cohn, 1970). The 
relationship between the paramagnetic contribution to the 
PRR, l / T l p ,  and the relaxation rate of water protons in the 
first coordination sphere of Mn(II), I / T I ~ ,  is given by the 
Swift-Connick equation: 

( 3 )  

where n is the number of water molecules in the first coordi- 
nation sphere, nPbf is the mole fraction of water molecules 
bound to the ion, and T~~ is the residence time for a water 
molecule in the first coordination sphere of the ion (Swift and 
Connick, 1962). 

When  TI^ >> T~ (i.e., fast exchange conditions prevail). 
then from the Solomon-Bloembergen equation (Solomon, 
1955; Bloembergen, 1957): 

(4) 

over a frequency range from 8 to 60 MHz (Peacocke et a!., 
1969). In eq 4, B contains constantsh characteristic of the 

l /Tlp = HP\I/(TIV + Tn,)  

l / T l P  = 1/3BT,(1 + wl%c2) 

'' For water protons at a distance of 2.18 A from the center of Mn( I I ) .  
B has a value of 9.48 X I O 1 ?  M-I s-: per water molecule. 
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TABLE I :  Relative Fluorescence Intensity of t -ATP and <-ADP 
Cornplexed with Mg(II) ,  Mn(II) ,  and Actin. 

ComDlexa Re1 Fluor Inten 

Mg( l l ) - t -ATP 1 .oo 
Mn(l1)- t -ATP 0.68 
Mg( 11)-t-ADP 1 .oo 
Mn(  11)-c-ADP 0.68 
t -ATP-Mg( 11)-G-actin 0.99 
e-ATP-Mn( 11)-G-actin 0.67 
c-ADP-Mg(I1)-F-actin 0.70 
t -ADP-Mn( 11)-F-actin 0.38 

fJ The fluorescence of free metal-nucleotide complexes was mea- 
sured in solutions of 80 p M  t -ATP and 10 m M  MgClz or l m M  
MnClz a t  a total ionic strength of 0.14. The fluorescence of the pro- 
tein-bound metal-nucleotide complexes was measured in a solution 
of I O  p M  G-actin containing essentially stoichiometric bound metal 
and nucleotide immediately (within 5 s) after ion-exchange resin 
treatment and subsequent dilution from a 20 p M  stock solution. Since 
the off-rates for metal and nucleotide from G-actin are relatively slow 
(Loscalzo et al., 1975; B i r i n y  et al., 1962) with half-times of -0.5 
rnin, the rapidity with which these measurements were performed 
limited the contribution by free fluorescent nucleotide to the total 
fluorescence intensity to no more than a few percent. Solutions of 
F-actin a t  I O  p M  were also used in these experiments but, since the 
bound metal and nucleotide a re  effectively unexchangeable when 
bound to the actin polymer (except for a small contribution from the 
free monomer in equilibrium with polymer (-1 pM)) ,  similar pre- 
cautions as  observed with solutions of G-actin were not necessary. 

electron and nuclear spins, the inverse sixth power of the dis- 
tance between the water protons and Mn(II), and the mole 
fraction of water molecules bound to the ion, W I  is the nuclear 
Larmor frequency, and T~ is the correlation time7 for modu- 
lation of the electron-nuclear dipolar coupling. For a fre- 
quency-independent correlation time, eq 4 predicts a linear 
relationship between TI p and W I ~ ,  and the ratio of the slope to 
intercept of a plot of T I P  vs. wr2 gives T~~ (Peacocke et al., 
1969). Since TI is an explicit function of and T,,, is inde- 
pendent of frequency, a frequency dependence of 1 /TI p 
eliminates the possibility that 1 / T i p  is completely exchange 
limited; Le., T, cannot be much greater than T I M  (see eq 3). 
Figure 6 shows Arrhenius plots, 1 / T I  p vs. 1 / T ,  for three dif- 
ferent frequencies. The data show that l / T ~ p  is frequency 
dependent. The apparent activation energies from the slopes 
of the plots, -5.2 kcal mol-l, are of the proper magnitude to 
suggest a possible involvement of a 7, process (Zetter et al., 
1972). However, the fact that the three Arrhenius plots of 
Figure 6 are approximately parallel shows that fast exchange 
conditions are satisfied.* Values of T~ evaluated from the square 
root of the ratio of the slope to intercept of the data of Figure 
6 plotted as T IP  vs. w l 2  range from 4.4 X s a t  3 O C  to 5.1 
X s at  40 O C  which correspond to a much lower activation 
energy for T~ than that observed for l / T l p  itself. Hence the 
slopes of the plots in Figure 6 do not correspond to the activa- 
tion energy for T~ or for a r ,  limited exchange process. The 
assumption which is implicit in the variable-temperature study 
is that the tertiary structure of the complex remains constant 
over the range of temperature of the measurements. Values 

' 7C is defined as: I /7c = I / r ,  + + 1 / T ~ ,  where 7, is defined above, 
T ,  is the rotational correlation time for Mn(l1) in the Mn(l1)-protein 
complex, and rS is the electron spin lattice relaxation time. 

One expects maximal exchange limitation at lower frequencies since 
T I M  is smaller at lower frequencies than at higher frequencies (see eq 
1 ) .  

n 
I= \ 1.0- 
c 

t 

0'5 t 
FIGURE 6: Temperature dependence of the logarithm of the paramagnetic 
contribution to the proton relaxation rate for water, l / T ~ p ,  for Mn- 
(11)-F-actin at threedifferent frequencies, 8.14 MHz (O), 24.3 MHz (X),  
and 60.0 MHz (A). The solution contained 50 pM Mn(l1)-F-actin (wi th  
0.95 mol of Mn(I1) per mol of actin), I O  mM Tris buffer, pH 8.0,O.l M 
KCI, and 0.2 mM dithiothreitol. 

of the hydration number, n, obtained from the magnitude of 
the relaxation rate and the correlation times (see eq 4), vary 
from 0.4 to 1.4 between 3 and 40 OC. This increase in the value 
of n with temperature together with the anomalous tempera- 
ture profile of 1 / T ,  p suggests that the structure of the binding 
site for Mn(I1) in F-actin changes with temperature. 

Fluorescence Studies. €-ATP readily substitutes for ATP 
in G-actin without loss of actin polymerizability (Thames et 
al., 1974) and with a dissociation constant not very different 
from that for ATP (Oosawa and Kasai, 1971). When bound 
to G-actin, the fluorescence intensity at  410 nm (excitation a t  
3 15 nm) does not change. Actin polymerization, accompanied 
by the conversion of t-ATP to t-ADP, leads to a 30% decrease 
in the fluorescence intensity of the bound €-ADP relative to free 
t-ADP (and t-ATP) (Thames et al., 1974). 

When complexed with Mn(II), a 32% reduction in fluores- 
cence intensity of €-ATP (and €-ADP) occurs. In order to as- 
certain the proximity of the high affinity divalent cation 
binding site to the nucleotide binding site of actin, the fluo- 
rescence intensity of e-ATP (€-ADP) was examined when 
bound to Mg(I1) and Mn(I1)-F-actin. Table I shows the re- 
sults of these experiments: Mn(I1) quenches the fluorescence 
of €-ATP (e-ADP) a t  410 nm (excitation a t  315 nm) to the 
same extent in the metal-nucleotide complex as in the metal- 
nucleotide-actin complex. That bound Mn(I1) quenches the 
fluorescence of bound nucleotide to the same relative extent 
in both G and F-actin suggests that Mn(I1) on one monomer 
is not interacting with the nucleotide of an adjacent monomer. 
Copolymer experiments were performed to confirm the in- 
trasubunit nature of the fluorescence quenching. With co- 
polymers of F-actin in which t-ADP-Mg(1I)-containing mo- 
nomers were diluted tenfold with monomers containing Mn( 11) 
and nonfluorescent ADP, the fluorescence intensity of the 
bound t-ADP (0.96 relative fluorescence intensity) was es- 
sentially unchanged from that of pure €-ADP-Mg(I1)-F-actin 
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normalized to one-tenth the total copolymer concentration 
( 1 .OO relative fluorescence intensity). Copolymers of 
t-ADP-Mn(I1)-containing monomers diluted tenfold with 
ADP-Mg(I1)-containing monomers exhibited a reduction in 
t-ADP fluorescence intensity (0.69 relative fluorescence in- 
tensity) essentially similar to that of pure €-ADP-Mn- 
(lI)-F-actin normalized to one-tenth the total copolymer 
concentration (0.72 relative fluorescence intensity). The slight 
differences between copolymers and pure F-actins reflect the 
mild exchange of divalent cations and nucleotides between 
unpolymerized monomers during polymerization (k,ff(nu- 
cleotide-G-actin) = 0.015 s-I (Bir iny et al., 1962); 
k,ff(Mn(II)-G-actin) = 0.029 s-] (Loscalzo et al., 1975)). 
Equivalent time courses for polymerization among both types 
of copolymers and pure F-actins monitored by viscosimetry 
suggest that random copolymers formed during these experi- 
ments (Loscalzo et al., 1975). 

Discussion 
The Mn(I1)-G-actin and t-ATP-G-actin complexes exhibit 

apparent dissociation constants which are of the same order 
of magnitude as those for their physiological counterparts, 
Mg(I1)-G-actin and ATP-G-actin, respectively. Furthermore, 
these two substitutions appear to be innocuous with respect to 
actin polymerizability (Thames et al., 1974) and cofactor ac- 
tivation of subfragment 1 -Mg(II)-ATPase (J.  Loscalzo, un- 
published observation). Once actin is polymerized, the divalent 
metal ion and nucleotide moieties become virtually unex- 
changeable. This property facilitates spectroscopic studies since 
there is no interference from the free metal ion or nucleo- 
tide. 

Because of the solid state character of the EPR line shape 
for Mn(I1)-F-actin, concentrations of bound Mn(I1) of the 
order of 0.5 to 1 mM are required for reasonable EPR signals. 
Such concentrations are most easily achieved in pellets of F- 
actin obtained by centrifugation at 105 OOOg. EPR spectra for 
pellets of F-actin streaked along a quartz support exhibit an 
orientation dependence which indicates that streaking intro- 
duces a considerable degree of order in the sample. The EPR 
line shape is a hybrid with features characteristic of single 
crystal and of powder samples. It is also noteworthy that 
streaked pellets of regulated actin routinely give spectra which 
indicate a higher degree of order than do spectra for unregu- 
lated actin filaments. The 92-G "Mn hyperfine coupling 
constant for Mn(I1)-F-actin suggests that the coordination 
geometry for Mn(I1) is octahedral (van Wieringen, 1955). 

Water proton relaxation rate measurements for solutions 
of Mn(I1)-F-actin give an indication of the ease of accessibility 
of solvent to the site of the nondissociable cation and of the 
hydration number of the bound cation. Above -30 O C  the 
apparent hydration number for Mn(I1) obtained from the 
water PRR data is greater than unity, suggesting that there 
is one water ligand in rapid exchange with the bulk solvent. 
Although the paramagnetic contribution to the PRR has an 
apparent activation energy of -5.2 kcal mol-I, the origin of 
this temperature dependence appears to be a structural equi- 
librium which either permits existing water ligands to exchange 
in its high temperature state or involves addition of a water 
ligand in the high-temperature state. Since there are probably 
outer sphere contributions to the PRR at  all temperatures, the 
quantitative significance of the fractional hydration numbers 
obtained below -30 'C is not clear. 

The virtual equivalence of the extent of quenching of €-ATP 
fluorescence by Mn(I1) in the free Mn(I1)-nucleotide complex 
and in the ternary complex with actin indicates a close prox- 

imity of the divalent cation and nucleotide binding sites on 
actin. In fact, these data indicate that Mn(l1) and t-ATP bind 
to actin as a metal-nucleotide complex. While it is tempting 
to suggest that the free metal-nucleotide and actin-bound 
metal-nucleotide complexes have similar conformations, no 
suitable quantitative description of fluorescence quenching by 
paramagnetic ions is available to substantiate this interpre- 
tation (Bennick et al., 1971; Green et al., 1973). 
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Interactions between Pancreatic Lipase, Co-Lipase, and 
Taurodeoxycholate in the Absence of Triglyceride Substrate? 

Jakob Donntr,*%§ Charles H. Spink,t Bengt Borgstrom,§ and Ingvar Sjoholme 

ABSTRACT: We have studied the interactions between lipase, 
co-lipase, and taurodeoxycholate by calorimetry and circular 
dichroism determinations. Porcine pancreatic lipase binds to 
co-lipase to form a 1:l complex with an association constant 
of 2 X I O h  M-I. The binding is exothermic and proceeds with 
an increase of entropy and the ACp of the reaction is highly 
negative, - 1.3 1 kJ K-l (mol of lipase)-' at 25 OC. This is in- 
terpreted to be due to hydrophobic interactions between lipase 
and co-lipase. The binding of taurodeoxycholate to lipase and 

Pancrea t ic  lipase (EC 3.1 . I  .3), which preferentially hydro- 
lyzes water-insoluble esters of fatty acids in the diet, is inhibited 
by conjugated bile salts, which are normally found in the du- 
odenal contents. The lipase activity is restored in the presence 
of a polypeptide cofactor, co-lipase. Co-lipase also enhances 
lipase activity in the absence of bile salts (Borgstrom and Er- 
lanson, 1973). The system lipase-co-lipase-bile salt-substrate 
surface involves several important binding reactions, the nature 
of which are not well understood. Recently, equilibrium dialysis 
experiments were employed to elucidate the characteristics of 
the binding between some conjugated bile salts and lipase and 
co-lipase, respectively (Borgstrom and Donntr, 1975). As far 
as co-lipase-bile salt interactions are concerned, the results of 
these experiments have been confirmed by interaction studies 
in the ultracentrifuge (Charles et al., 1975). 

In order to provide a basis for a better understanding of the 
effect of the different binding reactions mentioned above on 

'From the Department of Physiological Chemistry and the Department 
of Thermochemistry, University of Lund, Lund, and the Department of 
Pharmaceutical Biochemistry, University of Uppsala, Uppsala, Sweden. 
Receiced June 28, 1976. This work was supported by Dr. PBhlssons 
Stiftelse and the Medical Faculty a t  the University of Lund. 

*Present address: Chemistry Department, State University of New York 
at Cortland. Cortland, New York. 

SDepartment of Physiological Chemistry 4, P. 0. Box 750,  S-220 0 7  
Lund 7,  Sweden. 

"Department of Pharmaceutical Biochemistry, Box 578,  S - 7 5  1 23 
Uppsala, Sweden. 

co-lipase is an endothermic process, which proceeds without 
any gross conformational changes as judged by circular di- 
chroism measurements, although spectral changes are observed 
in the aromatic region. No binding between taurodeoxycholate 
and co-lipase is detected until concentrations near the critical 
micellar concentration of the former are reached. It is sug- 
gested that taurodeoxycholate and co-lipase form mixed mi- 
celles. 

the enzymatic activity, the lipase-co-lipase-bile salt system 
was studied by calorimetry and circular dichroism measure- 
ments. 

Experimental Procedure 
Porcine pancreatic lipase Lg was prepared by a modification 

(Donntr, 1976) of the method of Verger et al. (1969); the li- 
pase obtained was free of co-lipase activity. Porcine pancreatic 
co-lipase was purified as described by Erlanson and Borgstrom 
(1972) and TDC'  was synthesized by us (Norman, 1955). 
Sodium dodecyl sulfate of approximately 95% purity was re- 
crystallized three times from 95% ethanol (Ray et al., 
1966). 

Protein concentration was determined spectrophotometri- 
cally using E280nrn1% = 13.3 for lipase and E280nml% = 4.2 for 
co-lipase. The molecular weights for lipase and co-lipase were 
taken to be 52 000 and 1 1 260, respectively. The solutions were 
stored at +4 OC. All experiments were carried out at pH 
7.0. 

In the calorimetric experiments, solutions of lipase, co-lipase, 
and TDC were made such that the final buffer composition was 
2 mM Tris-HCI, 150 mM NaC1, 1 mM CaC12, and 0.02% 

'Abbreviations used: TDC, sodium taurodeoxycholate; cmc, critical 
micellar concentration; CD, circular dichroism; Tris-HCI, tris(hydroxy- 
methy1)aminomethane hydrochloride; UV, ultraviolet; N M R ,  nuclear 
magnetic resonance. 
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