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Chemical Modification Studies on the Ca2+-Dependent Protein 
Modulator: The Role of Methionine Residues in the Activation of 
Cyclic Nucleotide Phosphodiesterase? 

Michael Walsh and Frits C .  Stevens* 

Appendix: Circular Dichroism Studies on Ca2+-Dependent Protein Modulator Oxidized 
wi‘th N-Chlorosuccinimide 

Michael Walsh, Frits C .  Stevens,* Kim Oikawa, and Cyril M 

ABSTRACT: Methionine residues have been implicated in the 
activation of cyclic nucleotide phosphodiesterase by the 
Ca2+-dependent protein modulator [Walsh, M., & Stevens, 
F. C. (1977) Biochemistry 16, 2742-27491. Treatment of the 
modulator with N-chlorosuccinimide in the presence of Ca2+ 
resulted in selective oxidation of methionine residues at  posi- 
tions 7 1,72,76, and, possibly, 109 in the modulator sequence. 
These residues lie on the surface of the molecule exposed to 
solvent. This modification has several effects on the modulator 
protein: ( 1 )  the Ca*+-binding properties of the oxidized 
modulator are changed with apparent loss of high-affinity 

Cons iderable  evidence has been provided in recent years that 
a ubiquitous Ca*+-binding protein, originally discovered as an 
activator of a cyclic nucleotide phosphodiesterase by Cheung 
(1970. 1971) and Kakiuchi et al. (1970) in rat brain and by 
Goren & Rosen (1971) in bovine heart, may serve as the cen- 
tral regulator which couples Ca2+ to the regulation of cyclic 
nucleotide metabolism and nonmuscle contractile and secre- 
tor) processes. This so-called modulator protein exhibits many 
Ca’+-dependent regulatory activities in  addition to its stimu- 
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binding sites, (2) the oxidized protein no longer interacts with 
phosphodiesterase, and (3) troponin C like activities, viz., 
Ca2+-dependent change in mobility on urea-polyacrylamide 
gel electrophoresis and formation of a urea-stable complex with 
troponin I, are lost upon oxidation of the modulator. The 
phosphodiesterase binding domain of the modulator protein 
appears to be located between the second and third Ca*+- 
binding loops, a region of the molecule known from previous 
partial proteolysis studies [Walsh, M., Stevens, F. C., 
Kuznicki, J., & Drabikowski, W. (1977),J. Biol. Chem. 252, 
7440-74431 to be exposed in the presence of Ca*+. 

lation of phosphodiesterase: (1) activation of a specific ade- 
nylate cyclase (Brostrom et al., 1975; Cheung et al., 1975); (2) 
troponin C like activity with a reconstituted Ca2+-sensitive 
actomyosin ATPase system (Amphlett et al., 1976; Dedman 
et al., 1977); (3) activation of smooth-muscle myosin light- 
chain kinase (Dabrowska et al., 1978), skeletal-muscle protein 
kinase (Yagi, et al., 1978), and brain protein kinase (Schulman 
& Greengard, 1978); (4) activation of erythrocyte membrane 
(Ca*+,Mg*+)ATPase (Jarrett & Penniston, 1977; Gopinath 
& Vincenzi, 1977); and ( 5 )  stimulation of erythrocyte-mem- 
brane Ca2+ transport (Macintyre & Green, 1977). Further- 
more, an unidentified protein, which appears to be an addi- 
tional modulator-regulated enzyme, has been isolated from 
brain and shown to interact with the modulator in a C a z f -  
dependent manner (Wang & Desai, 1976, 1977). These 
modulator-regulated enzymes may contain a common mod- 
ulator-binding domain. 

The modulator protein exhibits none of the above-mentioned 
activities in the absence of Ca2+ ions. The protein binds four 
Ca2+ ions per mole, and the binding of Ca*+ is accompanied 
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by a substantial conformational change in the modulator, 
whereupon the protein assumes an active form. The Ca2+- 
binding properties of the modulator indicate that it functions 
as a physiological regulator alternating between active and 
inactive forms with fluctuations in the intracellular Ca2+ 
concentration. This Ca2+-mediated conformational change, 
therefore, may serve a crucial role in the regulation of nu- 
merous Ca2+-dependent physiological processes. 

Wang et al. (1975) originally observed that the mechanism 
of Ca2+ activation of phosphodiesterase closely resembles the 
mechanism of Ca2+ regulation of muscle actomyosin ATPase, 
which is also modulated by a Ca2+-binding protein, troponin. 
Stevens et al. (1 976) and Watterson et al. (1976) demonstrated 
that the protein modulator and troponin C, the Ca2+-binding 
subunit of troponin, exhibit striking similarities in physical and 
chemical properties. Comparison of the tryptic fragments 
obtained by controlled enzymatic digestion of the protein 
modulator in the presence and absence of Ca2+ (Walsh et al., 
1977) with similar fragments of troponin C (Drabikowski et 
al., 1977) lent further support to the postulate that these two 
Ca2+-binding proteins are homologous proteins. The amino 
acid sequence determination of the bovine brain protein 
modulator has recently been completed by Vanaman et al. 
(1977). Comparison of this sequence with that of rabbit skel- 
etal muscle TN-C1 (Collins et al., 1977) indicated 80% se- 
quence homology between the two proteins, taking into account 
conservative replacements. Furthermore, as mentioned above, 
Amphlett et al. (1976) and Dedman et al. (1977) demonstrated 
that the protein modulator could substitute for Tn-C in a re- 
constituted Ca2+-sensitive actomyosin ATPase system. 
Waisman et al. (1975) showed the protein modulator to be 
ubiquitous in the animal kingdom and suggested that it may 
have been one of the earliest Ca2+-binding proteins to emerge 
with a defined function and be a precursor of Tn-C. 

We have been interested for some time in the structure- 
function relations of the protein modulator, particularly with 
respect to its activation of phosphodiesterase. An earlier survey 
of the effects of various chemical modifications of functional 
groups in the protein modulator implicated methionine and 
lysine residues as being essential for the expression of modu- 
lator activity (Walsh & Stevens, 1977). We report here the 
results of detailed investigations of the role of methionine 
residues of the modulator protein in its activation of phos- 
phodiesterase. The Appendix describes circular dichroism 
studies on the N-chlorosuccinimide-oxidized modulator pro- 
tein. 

Materials and Methods 
Materials. The bovine brain protein modulator of cyclic 

nucleotide phosphodiesterase was isolated and purified by a 
modification of the procedure described by Teo et al. (1973) 
for the purification of the bovine heart modulator, as described 
in detail elsewhere (Walsh & Stevens, 1978). The preparation 
was judged to be homogeneous by the criteria of 15% polyac- 
rylamide gel electrophoresis, NaDodS04-polyacrylamide gel 
electrophoresis in the presence of urea, and isoelectric focusing. 
Modulator-deficient phosphodiesterase was prepared from 
bovine heart as previously described (Teo et al., 1973). Bovine 
cardiac troponin I was a generous gift from Dr. C. M. Kay of 
the University of Alberta. 

’ Abbreviations used: EGTA, ethyleneglycol bis(0-aminoethyl ether)- 
NN-tetraacetic acid; NCS, N-chlorosuccinimide; PDE, cyclic nucleotide 
phosphodiesterase (EC 3.1.4.17); NaDodS04, sodium dodecyl sulfate; 
Tris, tris( hydroxymethy1)aminomethane; TN-C, troponin C; TN-I, tro- 
ponin I .  

Cyclic 3’,5’-adenosine monophosphate (CAMP), N-chlo- 
rosuccinimide, and NaDodS04 were obtained from Sigma 
Chemical Co. (St. Louis, Mo.). Formic acid was purchased 
from Aldrich Chemical Co. (Milwaukee, Wis.), and EGTA 
was from Eastman Organic Chemicals (Rochester, N.Y.). 

All other chemicals were reagent grade or better. 
Assay Procedure. Cyclic nucleotide phosphodiesterase ac- 

tivity was measured by the procedure of Butcher & Sutherland 
(1962) as described in detail by Teo et al. (1 973). The protein 
modulator was assayed for its ability to activate a standard 
amount (0.4-0.5 unit) of modulator-deficient phosphodies- 
terase; 1 unit of modulator activity is defined as the amount 
giving 50% maximal activation of the enzyme (Teo et al., 
1973). 

Acid Hydrolysis. Samples containing 0.02-0.1 pmol of 
protein were hydrolyzed with 6 N HC1, containing 50 FL of 
5% aqueous phenol per mL to protect tyrosine against de- 
struction (Howard & Pierce, 1969), at 110 “C in sealed, 
evacuated tubes for 22 h. 

Amino Acid Analyses. Analyses were carried out in a Spinco 
120/ 139 amino acid analyzer as outlined in the Spinco man- 
ual. 

Cyanogen Bromide Cleauage. Cleavage of the protein 
modulator with cyanogen bromide was achieved by the method 
of Gross & Witkop (1961), as modified by Steers et al. (1965). 
The protein was dissolved in 70% (v/v) aqueous formic acid 
at a concenttration of 1 mg/mL. An equal volume of 70% (v/v) 
formic acid containing cyanogen bromide ( 2  mg/mL) was 
added. The reaction mixture was kept at room temperature in 
a stoppered tube in the dark for 40-48 h. Deionized water (at 
least 4 volumes) was then added, and the mixture was lyoph- 
ilized, redissolved in water, and again lyophilized. 

Electrophoresis. Polyacrylamide gel electrophoresis was 
performed on slab gels employing the discontinuous buffer 
system of Davis (1964) either with 6 M urea ( 1  1.4% polyac- 
rylamide) or without urea (1 5% polyacrylamide). Gels were 
stained overnight with 0.25% Coomassie brilliant blue G-250 
in 7.5% acetic acid and destained electrophoretically with 7.5% 
acetic acid. 

Mild Oxidation of the Modulator Protein. Selective oxi- 
dation of methionine residues of the protein modulator was 
achieved by treatment with N-chlorosuccinimide (NCS) es- 
sentially as described by Shechter et al. (1975). The modulator 
(0.5 mg/mL) was dissolved in 0.1 M Tris-HCI, pH 8.5, con- 
taining 4 mM CaC12 or 4 mM EGTA. Oxidation was initiated 
by the addition of a freshly prepared, concentrated solution of 
NCS (10 mM) to yield a threefold molar excess of NCS over 
methionine residues. The reaction mixture was incubated at 
23 OC. Aliquots of the reaction mixture were withdrawn at  
appropriate time intervals, and the reaction was terminated 
by the addition of an equal volume of 40 mM methionine. Part 
of the mixture was assayed for modulator activity, and the 
remainder was dialyzed extensively against water and lyoph- 
ilized prior to: ( I )  amino acid analysis after cyanogen bromide 
digestion and acid hydrolysis in the presence of 0.2 M di- 
thioerythritol (unoxidized methionines will show up as ho- 
moserine and oxidized methionines are reconverted to methi- 
onine) and (2) urea-polyacrylamide gel electrophoresis. 

In order to characterize the modified derivatives i n  detail, 
samples of modulator protein were oxidized on a preparative 
scale as described above starting with about 20 mg of protein. 
The reaction in the presence of Ca2+ was allowed to proceed 
for 90 min and that in the absence of Ca2+ was stopped after 
15 min. In each case the reaction was terminated by the ad- 
dition of an equal volume of 40 mM methionine followed by 
extensive dialysis against water and lyophilization. 
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FIGURE I: Time course of mild oxidation ofthe protein modulator with 
NCS in the presence of Ca2+. The modulator (0.5 mg/mL) was treated 
with NCS ( 3  equiv/methionine residue) at 23 OC, pH 8.5. in the presence 
o f 4  mM Ca2+. Aliquots werewithdrawn from the reaction mixture at the 
indicated times for assay of modulator activity (0-0) and determination 
aftheextent afmethionine modification (0-0) as described under Ma- 
terials and Methods. The inSet (B-B) illustrates the relationship between 
loss of activity and modification of methionine residues. 

Isolation of Modified Cyanogen Bromide Peptide. Elec- 
trophoretic analysis of cyanogen bromide digests of native and 
oxidized modulator protein (see below) revealed that a single 
peptide, which contains all the oxidized methionine residues, 
obtained from oxidized modulator is not obtained by cyanogen 
bromide digestion of the native protein. This peptide was iso- 
lated by preparative gel electrophoresis employing 15% poly- 
acrylamide slab gels in batches of 1 mg of digest. The first gel 
was stained and destained in the usual way to check the effi- 
ciency of the separation, and the R/ value of the modified 
peptide was determined and found to be 0.59, in agreement 
with previously obtained values. The location of the modified 
peptide in all subsequent preparativegels was identified by this 
R/ value, and this portion of each gel was cut out. The gel slices 
were cut into I-mm cubes and homogenized in a minimum 
volume of 0.1 M Tris-HCI, pH 8. I ,  in order to elute the peptide 
from the gel. The homogenate was stirred overnight and then 
centrifuged a t  27 OOOg for 30 min. The supernatant was de- 
canted into a lyophilization flask, and the pellet was resus- 
pended in a minimum volume of 0.1 M Tris-HCI, pH 8.1, and 
centrifuged as before. The resultant supernatant was combined 
with the first supernatant, and the mixture was lyophilized. The 
residue was dissolved in 3.5 mL of water and applied to a Se- 
phadex G-25 column (2.5 X 90 cm) previously equilibrated 
with deionized water and elution achieved with deionized 
water. Fractions (6.4 mL) were collected at a flow rate of 108 
mL/h. The absorbance a t  280 nm of each fraction was mea- 
sured in a Beckman Model 25 spectrophotometer. The peptide 
eluted between fractions 38 and 48, which coincided with the 
void volume as determined in an independent filtration using 
blue dextran. These fractions were pooled and lyophilized. 

The preparation, shown to be homogeneous by 15% poly. 
acrylamide gel electrophoresis, was dissolved in 5 mL of water. 
Aliquots of 0.5, 1 .O, and 1.5 mL were lyophilized in hydrolysis 
tubes and acid hydrolyzed in the presence of 0.2 M dithioer- 
ythritol prior to amino acid analysis. 

Results and Discussion 
Oxidation oJProtein Modulator with NCS. Figure 1 il- 

lustrates the effect of mild oxidation of the protein modulator 
with N C S  in the presence of Ca2+. In agreement with our 
previous preliminary observations (Walsh & Stevens, 1977), 

." 

FIGURE 2 Monitoring ofthe mild oxidation reaction in the presence of 
Ca2+ by electrophoretic analysis (I 5% polyacrylamide gel electrophoresis) 
ofcyanogen bromide digests: ( I  and 2) digests of native madulatar; (3-9) 
digests of modulator incubated with NCS far 0, IO, 20,30,60.90, and 120 
min, respectively. Approximately 100 pg of protein was applied to each 
slot. 

oxidation under these conditions results in the rapid loss of 
modulator activity. Since modulator protein does not contain 
either cysteine or tryptophan residues, the reaction is specific 
for methionine. The extent of methionine oxidation can be 
determined by quantitative modification of the unoxidized 
methionine residues with cyanogen bromide, followed by acid 
hydrolysis and amino acid analysis. In this way, methionine 
residues unaffected by oxidation are determined as homoserine 
or homoserine lactone, whereas methionine residues oxidized 
to methionine sulfoxide are unaffected by the cyanogen bro- 
mide treatment and are converted back to methionine during 
acid hydrolysis (Schechter et al., 1975). In every instance, the 
sum of methionine, homoserine, and homoserine lactone ac- 
counted, within experimental error, for the nine methionine 
residues known to be present in modulator protein, and the 
methionine value obtained was taken as representing the 
number of modified methionine residues. As shown in Figure 
I ,  loss of activity occurs concomitant with methionine modi- 
fication and from the inset it can be seen that the activity de- 
creases linearly as a function of methionine modification; 
complete loss of activity after 60-90 min of reaction correlates 
with the apparent oxidation of four methionine residues per 
mole of modulator. A control sample treated in an identical 
manner, with the exception that NCS was omitted from the 
reaction mixture, retained full modulator activity. Amino acid 
analysis of the control sample after cyanogen bromide treat- 
ment and acid hydrolysis revealed the presence of one methi- 
onine residue even at zero time; this can be explained by the 
observation (Richman & Klee, 1978) that the Met-109- 
Thr-l IO peptide bond in modulator protein is very resistant 
to cyanogen bromide cleavage. It is thus possible that complete 
loss of modulator activity occurs with the oxidation of three 
rather than four methionine residues, since our analytical 
technique cannot inform us about the oxidation state of me- 
thionine-109. 

Figure 2 shows the electrophoretic pattern on a 15% poly- 
acrylamide slab gel of the cyanogen bromide digests of native 
modulator protein and modulator protein after different times 
of incubation with NCS. The peptide pattern (slots 1-3) for 
the modulator protein is compatible with its amino acid com- 
position and changes as a function of reaction time (slots 4-7); 
after 60 min of incubation with NCS, which results in totally 
inactive material, the peptide pattern no longer changes (slots 
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7-9). The inactive material has fewer peptide bands than the 
native protein and all but one of the peptide bands appear to 
correspond to peptides obtained from the native protein. This 
peptide pattern is compatible with the modification of three 
to four methionine residues only if the modification is specific 
and if these oxidized residues are in a sequence uninterrupted 
by unmodified methionines (see below). 

A series of parallel experiments to the ones described above 
was performed in a study of the effect of oxidation of the pro- 
tein modulator with N C S  in the absence of Ca2+. Complete 
loss of activity occurs much faster (within 10 min) and corre- 
lates well with the oxidation of three methionine residues. 
However, the cyanogen bromide peptide pattern of the modi- 
fied derivatives in this case was much more complex than for 
modification in the presence of Ca2+, indicating that the re- 
action was less specific and that more methionine residues are 
available for reaction. 

Further Characterization of Protein Modulator Inactivated 
by Oxidation with NCS in the Presence of Ca2+. Inactive 
modulator protein, obtained by incubation with NCS in the 
presence of Ca2+ for 90 min as described under Materials and 
Methods, was further characterized in terms of its secondary 
structure, as determined by circular dichroism, its Ca2+- 
binding ability, its TN-C-like activities, and the location of the 
modified methionine residues. 

Studies described in the Appendix show that the oxidized 
modulator protein is still able to undergo Ca2+-dependent 
conformational changes and that in the presence of a sufficient 
Ca2+ concentration the C D  spectrum of the oxidized modu- 
lator is virtually indistinguishable from that of the native 
molecule. In addition, the C D  titration studies, also described 
in the Appendix, show that, whereas the native modulator 
contains both high- (Kd = 1.9 X lo-’ M) and low-affinity (4 
X M )  binding sites, the oxidized modulator appears to 
possess only low-affinity binding sites ( K d  = 3.8 X M). 
Even a t  Ca2+ concentrations well above (6 mM) those required 
to elicit the full conformational change in the oxidized mod- 
ulator (as measured by circular dichroism), the oxidized 
modulator not only fails to activate phosphodiesterase but a 
more than 20-fold excess of inactive, oxidized modulator is also 
without consequence in an assay mixture containing enough 
native modulator to give 50% maximal stimulation of the en- 
zyme. Thus, not only is the oxidized modulator inactive but it 
also can probably no longer bind to the enzyme, since it does 
not seem to interfere with the interaction between native 
modulator and phosphodiesterase. 

Two properties of troponin C which are shared by modulator 
protein are a Ca2+-dependent change in mobility on urea- 
polyacrylamide gel electrophoresis (Perry et al., 1972; Am- 
phlett et al., 1976) and the Ca2+-dependent formation of a 
complex with troponin I which is stable in 6 M urea (Perry et 
al., 1972; Amphlett et al., 1976) as demonstrated by urea- 
polyacrylamide gel electrophoresis. These TN-C-like prop- 
erties of the modulator are lost upon oxidation with NCS.  

In an attempt to identify the actual residues modified by 
oxidation with NCS, the new cyanogen bromide peptide 
(Figure 2) was isolated by preparative slab gel electrophoresis 
as described under Materials and Methods. Its amino acid 
composition is shown in Table I ,  together with the theoretical 
amino acid composition of residues 52-1 24 as calculated from 
the sequence data (Vanaman et a]., 1977). Residues 51 and 
124 are methionine residues, and the peptide composed of 
residues 52-124 would represent a cyanogen bromide peptide 
in which the methionines a t  positions 71,72,76, and 109 were 
not subject to cleavage by cyanogen bromide. The agreement 
between actual and theoretical amino acid compositions is 

TABLE I: Amino Acid Composition of Methionine-Oxidized 
Cyanogen Bromide Peptide of the Protein Modulator. 

amino acid compa 
res 

amino acid ava integer 52-124b 

His 0.60 1 1 

ASP 11.91 12 13 
Thr  5.07 5 5 
Ser 1.91 2 2 
Glu 15.1 1 15 1 1  
Pro trace 0- 1 1 
GlY 5.79 6 5 
Ala 5.14 6 5 
CYS 0.00 0 0 
Val 4.00 4 4 
Met 2.98 3c 5 
Ile 3.89 4 4 
Leu 4.58 4-5 4 

Phe 3.82 4 4 

LYS 4.52 4-5 4 

Arg 3.28 3 4 

TYr 1.16 1 1 

The results represent amino acid analyses of three independent 
hydrolyses of the peptide. Values taken from the amino acid se- 
quence as determined by Vanaman et al. (1977). Only cyanogen 
bromide resistant (oxidized) methionine residues would have been 
analyzed as methionine and this value therefore does not include the 
carboxv-terminal homoserine residue. 

within experimental error, and the results are in accord with 
the previously discussed observations that complete inactiva- 
tion occurs concomitant with the modification of three to four 
methionine residues (Figure 1) and that these oxidized me- 
thionine residues occur in a sequence uninterrupted by un-  
modified methionine residues. 

It has been previously shown by Richman & Klee ( I  978) 
that the Met-109-Thr-110 peptide bond is very resistant to 
cyanogen bromide cleavage. Our own (see above) results show 
that even in native modulator protein our analysis shows one 
“modified” methionine. It is thus not unlikely that in the oxi- 
dized modulator, Met-109 is actually not oxidized but simply 
resistant to cyanogen bromide cleavage; if that is indeed the 
case, then only residues 71, 72, and 76 were oxidized by 
treatment with NCS in the presence of Ca2+. Under the re- 
action conditions used, NCS will only oxidize exposed methi- 
onine residues (Shechter et al., 1975), and thus we can con- 
clude that methionine-71, -72, and -76 (and possibly -109) are 
exposed on the surface of modulator protein in the presence 
of Ca2+ and are probably important for its interaction with 
phosphodiesterase. The remaining methionine residues are 
either partially or completely buried within the hydrophobic 
interior of the molecule. Our finding that methionine-7 1, -72, 
and -76 are exposed is in agreement with our earlier observa- 
tion (Walsh et al., 1977) that, in the presence of Ca2+, the 
peptide bond between Lys-77 and Asp-78 is readily available 
to tryptic cleavage. Also, one would expect the site involved in 
protein-protein interaction to be located on the surface of the 
molecule. 

It is widely believed that protein-protein interaction involves 
an initial recognition which occurs via charged side chains and 
provides an initial relatively weak interaction, followed by the 
formation of strong intermolecular binding which occurs via 
hydrophobic residues (Chothia & Janin, 1975). W e  observed 
earlier (Walsh & Stevens, 1977) that neutralization of the 
positive charge of the €-amino group of two or three lysine 
residues of the modulator resulted in a loss of -60% of PDE- 
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stimulating activity. It is conceivable that the charged side 
chains of Lys-75 and/or Lys-11, and perhaps other neigh- 
boring side-chains, are involved in the initial recognition of 
PDE by the modulator and that, once weak binding occurs via 
ionic interactions, the binding is strengthened by the formation 
of hydrophobic bonds involving any one or more of Met-7 1 ,  
-72, and -76. This PDE-binding domain is disrupted upon re- 
moval of Ca2+ ions from the modulator. Based on the sequence 
homology with troponin C (Vanaman et al., 1977) and the 
predicted structure of troponin C (Kretsinger & Barry, 1975), 
the proposed phosphodiesterase-binding domain would be lo- 
cated in the region of the sequencejoing the second and third 
calcium-binding loops. 
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Appendix: Circular Dichroism Studies on Ca2+-Dependent 
Protein Modulator Oxidized with N-Chlorosuccinimide 
ABSTRACT: The structural features and Ca2+-binding prop- 
erties of native and N-chlorosuccinimide-oxidized modulator 
protein were compared by circular dichroism. In the presence 
of Ca2+, the far-UV spectra of native and oxidized modulator 
protein are virtually indistinguishable, indicating that oxidation 
of surface methionine residues does not alter the overall con- 
formation of the molecule. In the absence of Ca2+, however, 
the circular dichroism spectra of native and oxidized modulator 
are different with calculated helical contents of 40% and 26%, 
respectively. As judged by circular dichroism titration studies, 
the native modulator contains both high- (& = 1.9 X M) 
and low-affinity (Kd = 4 X low4 M)  Ca2+-binding sites, 
whereas the modified modulator appears to possess only low- 
affinity sites (& = 3.8 X M). The reduced secondary 
structure in Ca2+-free oxidized modulator protein may account 
for the absence of high affinity Ca2+ binding sites. 

Circular dichroism provides a convenient method for de- 
termining the gross conformational properties of a protein in  
solution and is particularly suitable for detecting changes in 
conformation brought about by chemical modification of 
amino acid residues. We report here the results of comparative 
circular dichroism studies on the structure and Ca2+-binding 
properties of native modular protein and modulator protein, 
in which methionine-71, -72, -76 and, possibly, -109 were ox- 
idized by mild oxidation with N-chlorosuccinimide. 

Materials and Methods 
Materials. Native and NCS-oxidized modulator were 

prepared as described in the main paper. 
Circular Dichroism. The circular dichroism (CD) mea- 

surements were made on a Cary Model 6001 circular di- 
chroism attachment whcih was connected to a Cary 60 re- 



M E T H I O N I N E  R E S I D U E S  O F  P R O T E I N  M O D U L A T O R  V O L .  1 7 ,  N O .  1 9 ,  1 9 7 8  3929 

210 230 

WAVELENGTH (nm) 

FIGURE 3: Far-UV spectra of native and oxidized bovine brain modulator 
protein in 0.15 M KCI, 25 mM Tris, 2 mM EGTA, pH 7.5, with or without 
3 mM CaC12. Protein concentration was 1.05 mg/mL for the native protein 
and 1.17 mg/mL for the oxidized protein and the pathlength was 0.050 
cm: Native protein without Ca2+ (- - -); native protein with Ca2+ (-); 
oxidized protein without Ca2+ (. e); oxidized protein with Ca2+ (- -). 

cording spectropolarimeter in accordance with previously 
described methodology (Oikawa et al., 1968). 

Protein Concentrations. Modulator concentration was 
measured by ultraviolet absorption employing an 
E:Y<!;G nm of 1.9 (Stevens et al., 1976). 

Calcium Ion Concentration. The level of free Ca2+ ions in 
solution was adjusted by means of an EGTA-containing buffer, 
employing principles discussed by Perrin & Dempsey (1974), 
and the concentration of free Ca2+ ions was calculated as de- 
scribed by Burtnick & Kay (1977). 

Results and Discussion 
Circular Dichroism Spectra of Native and Oxidized 

Modulator Protein. Figure 3 shows the far-UV circular di- 
chroism spectra of native and oxidized modulator protein in 
the presence and absence of Ca2+. Experimental details are 
given in the figure legend. As previously shown by others using 
both bovine brain modulator protein (Wolff et al., 1977; Liu 
& Cheung, 1977) and modulator protein from other sources 
(Kuo & Coffee, 1976; Klee, 1977; Dedman et al., 1977), Ca2+ 
binding to the native protein induces a conformational change 
in the molecule with a substantial increase in helical content. 
Calculations of helical content from the observed ellipticities 
by the method of Fasman (1976) show that in our hands the 
native protein exhibits 49% a-helical content in the presence 
of Ca2+ and 40% a-helical content in the absence of Ca2+. The 
circular dichroism spectrum of the oxidized modulator in the 
presence of Ca2+ is essentially indistinguishable from that of 
the native protein in the presence of Ca2+, indicating that the 
average degree of secondary structure in the molecule is un- 
affected by the oxidation of surface methionine residues. Thus, 
the loss of phosphodiesterase-stimulating activity upon the 
oxidation of modulator protein with NCS is probably not the 
result of gross conformational changes in the molecule. It is 
clear from Figure 3 that removal of Ca2+ ions has much more 
of an effect on the oxidized modulator protein than on the 
native protein; the oxidized modulator in the absence of Ca2+ 
exhibits only 26% helical content, compared to 40% helical 
content for the native protein under the same conditions. 

Circular Dichroism Titration Studies of Ca2+ Binding. The 
Ca2+-binding properties of the oxidized modulator were 
compared to those of native modulator by observing the effect 

PCO 

FIGURE 4: CD calcium titration of the conformational change in native 
(0 )  and oxidized protein modulator (0). Protein was dissolved in  0.1 5 M 
KCI, 25 mM Tris, 2 mM EGTA, pH 7.47. CaC12 was added incrementally 
and [6]222nm recorded after each additi0n.f is the fraction of completion 
of the conformational change, and pCa = -log [Ca2+]. The lines represent 
computer-calculated theoretical titration curves which best fi t  the data 
points. 

of incremental additions of Ca2+ on far-UV spectra of the 
proteins. Such a technique can identify different classes of 
Ca2+-binding sites within the molecule and yield the corre- 
sponding dissociation constants for Ca2+; it is particularly well 
suited for comparing the Ca2+-binding properties of the 
chemically modified form of the modulator protein with those 
of the native molecule. The results are shown in Figure 4. The 
fraction of completion of the CD spectral change,f: is plotted 
against the negative logarithm of the free Ca2+ concentration 
in solution, pCa. The solid curve in Figure 4 is a best-fit com- 
puter-calculated theoretical titration curve for the native 
modulator calculated according to the method of Hincke et al. 
(1978) assuming the native protein possess two classes of 
Ca2+-binding sites with apparent dissociation constants for 
Ca2+ of 1.89 f 0.19 X low7 M and 4.03 f 2.28 X M. 
This theoretical curve is constructed on the assumption that 
the binding sites in any class are equivalent, independent, and 
noninteracting (Hincke et al., 1978). The theoretical curve is 
not steep enough for the data in the region above pCa -6; it 
is possible that a better fit of this portion of the curve would 
be obtained by assuming cooperativity in the state function 
change. Ca2+ binding to the high-affinity sites ( K d  = 1.89 X 

M) of the native modulator elicits 80% of the observed 
CD spectral change, the remainder occurring upon binding of 
Ca2+ to the low-affinity site(s) with Kd = 4 X M. Similar 
CD titration studies on the native modulator protein have been 
performed by Dedman et al. (1977) and by Wolff et al. (1977). 
Our results differ from theirs in that our mathematical treat- 
ment of the data assumes two classes of sites. It is generally 
accepted that the modulator contains four Ca*+-binding sites 
divisible into two classes of sites: a high- and a low-affinity 
class. The reported apparent dissociation constants for Ca2+ 
range from 2 X M (Klee, (Wolff et al., 1977) to 4 X 
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1977) for the high-affinity class of sites and from 1 X 
(Wolff et al., 1977) to 8.6 X M (Watterson et al., 1976) 
for the low-affinity class of sites. 

The dashed line in Figure 4 represents a best-fit computer- 
calculated curve for the oxidized modulator, calculated as- 
suming the oxidized protein possesses two classes of Ca2+- 
binding sites with apparent dissociation constants for Ca2+ of 
4 . 2 5 f  1.54X 10- ' 0and3 .83f0 .46X 10-4M.Inviewofthe 
negligible conformational change associated with it, the 
high-affinity (Kd = 4.25 X site(s) are probably an ar- 
tifact of the mathematical treatment of the data and do not 
truly exist. Thus, the affinity for Ca2+ of sites whose occupancy 
results in the major conformational change in the molecule has 
been reduced by two to three orders of magnitude in the oxi- 
dized modulator protein. I n  view of the circular dichroism 
spectra in Figure 3, this change in affinity probably reflects 
the conformational differences between the Ca2+ free forms 
of native and oxidized modulator rather than any conforma- 
tional difference between the Ca2+-bound states. 
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Structural Organization of the Lipoprotein HDL, from Atherosclerotic 
Swine. Structural Features Relating the Particle Surface and Core? 

D. Atkinson,* A. R. Tall, D. M. Small, and R. W .  Mahleyt 

ABSTRACT: The plasma lipoprotein HDL, from miniature 
swine fed a high-cholesterol, saturated-fat diet exhibits a 
thermal transition (temperature range 25-45 "C) of its core- 
located cholesterol esters. This transition from an ordered, 
smectic-like structure to a more disordered structure is similar 
to that described for human plasma low-density lipoprotein 
(LDL). Small-angle X-ray scattering measurements demon- 
strate that HDL, is a spherical particle (-180-A diameter) 
intermediate in size between human LDL (-220 A) and nor- 
mal high-density lipoprotein (-100 A). The electron-density 
profile of HDL, below the transition (10 "C) exhibits a single 
core-located electron-density peak associated with a region of 
overlapping steroid moieties of the cholesterol esters arranged 
in a layered structure in the particle core. This electron-density 

H u m a n  plasma low-density lipoprotein ( L D L ~ )  undergoes 
a reversible thermal transition between 20 and 45 "C (Deck- 
elbaum et al., 1975, 1977). This transition is associated with 
a change from an ordered to a more disordered organization 
of the cholesterol esters localized in the core of the quasi- 
spherical LDL particle. Recently, we have used models of the 
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profile may be compared to that for human LDL (below the 
transition temperature) which exhibits two core-located 
electron-density peaks due to layered cholesterol esters. Thus, 
the smaller size of HDL, results in one fewer molecular units 
in the repeating, layered cholesterol ester organization. 
Comparison of the electron-density profiles for HDL, and 
LDL demonstrates a common structural feature. The region 
of overlapping steroid moieties juxtaposed to the surface-lo- 
cated phospholipids and apoproteins is positioned at a constant 
distance from the particle surface in HDL, and LDL. This 
constant structural feature relating the core-located cholesterol 
esters and the particle surface suggests a common interaction 
between the phospholipid and proteins a t  the surface and the 
initial layer of cholesterol esters in the particle core. 

molecular organization of the cholesterol esters in LDL to 
interpret the X-ray small-angle scattering profiles obtained 
from these assemblies and, hence, derive information on the 
molecular packing of the cholesterol esters below and above 
the transition (Atkinson et al., 1977). At 10 OC, the cholesterol 
esters are arranged in the core of the LDL particle in a radially 
repeating organization with a molecular packing similar to that 
of the smectic phase exhibited by the isolated esters. At 45 "C, 
this regular radial repeating organization is absent and the 
organization of the cholesterol esters is less ordered. 

The lipoprotein designated HDL,, which appears in the 
plasma of cholesterol-fed miniature swine, has a2 mobility and 
an apoprotein composition including the arginine-rich and A- I 
apoproteins (LDL apo-B is absent) (Mahley et al., 1975). 
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