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ABSTRACT: Previous reports on the interaction between calmodulin (CaM) and Mg2+ range from no binding 
to a binding constant of lo4  M-' [for a summary, see Cox, J. A., Comte, M., Malnoe, A., Berger, D., & 
Stein, E. A. (1984) Met. Ions Biol. Syst. 17, 215-2731. In order to resolve the controversy, we used 25Mg 
N M R  to study the binding of Mg2+ to apo-CaM, CaM.Ca22+ (in which sites I11 and IV are occupied by 
Ca2+), CaM.La?+ (in which sites I and I1 are occupied by La3+), and the two tryptic fragments of calmodulin, 
TR,C  (containing sites I and I1 of CaM) and TR2C (containing sites 111 and IV of CaM).  In each system, 
a "titration set" and a "temperature set" were obtained, and the spectral data were analyzed by total 
band-shape analysis to calculate the association constant (K,) and off-rate (koff). As in the case of Ca2+ 
binding, sites I and I1 and sites I11 and IV were treated as two sets of equivalent sites, and a Ca2+/Mg2+ 
competition experiment suggested that Mg2+ competes with Ca2+ for the same sites. For both CaM-Ca?' 
and TR,C,  moderately large K,  (2000 and 3500 M-I, respectively) and moderate off-rates (koff = 2300 and 
3000 s-', respectively, at 25 "C) were observed. For both CaMSLa?' and TR2C, binding of Mg2+ was weaker 
by a factor of ca. 10 (K ,  = 300 and 200 M-I, respectively) while the off-rates were also moderate (koff = 
3500 and 2200 s-l, respectively). In consistency with these, the data from binding studies of Mg2+ to apo-CaM 
were fitted well with two strong sites ( K ,  = 2000 M-l, kOff = 2700 s-l a t  25 "C) and two weak sites ( K ,  
= 300 M-I, koff = 6600 s-' a t  25 "C). The results indicate that Mg2+ shows opposite site preference relative 
to Ca2+ and binds to sites I and I1 of C a M  with a binding constant of ca. 2000 M-I, as compared to ca. 
5 X lo5 M-' for CaZ+. Since the intracellular concentration of Mg2+ is higher than that of Ca2+ by a factor 
of ca. 104-105 at the resting state and ca. 102-103 during stimulation of cells, it is possible that sites I and 
I1 are constantly occupied by Mg2+ at the resting state and by Mg2+ or Ca2+ during stimulation. W e  
hypothesize that sites I and I1 of C a M  may indeed be "Mg2+-Ca2+ sites" and play a structural role in some 
systems, in analogy to sites I11 and IV of skeletal muscle troponin C [Johnson, J .  D., Charlton, S .  C., & 
Potter, J. D. (1979) J. Biol. Chewt. 254, 3497-35021. 

T e  biological functions of calmodulin (CaM)' [for recent 
reviews, see Manalan and Klee (1984) and Cox et al. (1984)] 
appear to be regulated by the binding of Ca2+ ions to the four 
Ca2+-binding domains, numbered I-IV starting from the 
N-terminus (Vanaman et al., 1977). The kinetics and ther- 
modynamics of Ca2+ binding to calmodulin have been studied 
extensively by various techniques and the results interpreted 
by various models [for recent reviews, see Potter et al. (1983), 
Cox et al. (1984), and ForsCn et al. (1986)]. The model that 
has been gaining broad acceptance is that the four sites can 
be grouped into two high-affinity sites (sites 111 and IV) with 
binding constant K ,  N 5 X lo6 M-' and two low-affinity sites 
(sites I and 11, K, N 5 X lo5 M-I), with a certain degree of 
positive cooperativity between the two sites in each class 
(Wang, 1985). Such a model has been supported strongly by 
the results of 43Ca and 'I3Cd NMR studies (Drakenberg et 
al., 1983; Teleman et al., 1986; Anderson et al., 1982b; Thulin 
et al., 1984), Tb3+-induced fluorescence studies (Kilhoffer et 
al., 1980a,b; Wallace et al., 1982; Wang et a]., 1982, 1984), 
Mn2+ paramagnetic resonance studies (Xu et al., 1983), 'H 
NMR studies (Ikura et al., 1984), and stop-flow kinetics 
(Martin et al., 1985). The 43Ca NMR and stop-flow kinetics 
gave koff values of 11 50 and 650 s-', respectively, for the 
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low-affinity sites and <40 and 9 s-l, respectively, for the 
high-affinity sites (Drakenberg et al., 1983; Martin et al., 
1985). 

Considering the importance of Ca2+-calmodulin complexes 
in the regulation of a wide variety of cellular events, it is 
surprising to find that the metal ion specificity of calmodulin 
(Chao et al., 1984; Wang et al., 1984) is much broader than 
that of phospholipase A2, which has a considerably weaker 
affinity for Ca2+ ( K ,  = 4 X lo3 M-I) (Drakenberg et al., 1984). 
While substitution of Ca2+ by Cd2+ reduces the activity of 
phospholipase A2 to < I% (Tsai et al., 1985), most cations with 
effective ionic radii in the range of 1 f 0.2 8, can substitute 
for Ca2+ (0.99 A), both in binding and in the activation of 
calmodulin (Chao et al., 1984). The ubiquitous Mg2+ ion, 
however, has an ionic radius of 0.65 A and was thought not 

Abbreviations: CaM, calmodulin; NMR, nuclear magnetic reso- 
nance; TRiC,  tryptic fragment of calmodulin containing residues 1-77; 
TR& tryptic fragment of calmodulin containing residues 78-1 48; TnC, 
troponin C; ATP, adenosine 5'-triphosphate; EDTA, ethylenediamine- 
tetraacetate: EGTA, ethylene glycol bis(&aminoethyl ether)-N,N,N',- 
"-tetraacetic acid: ATPase, adenosinetriphosphatase; CAMP, adenosine 
cyclic 3',5'-monophosphate; K,, association constant; ken, off-rate of 
bound ion ( = 1 / ~ , ) ;  AG*, free energy of activation for Mg2+ binding; 
AH*, enthalpy of activation for Mg2+ binding: AS*, entropy of activation 
for Mg2+ binding: xB, quadrupolar coupling constant, (e2qQ/h) ,  of bound 
2sMgz+; R,,, transverse relaxation rate of bound 25Mg2+; Au, line width 
of "Mg2+ resonance; Au,, Au of bound zsMg2+; w,  Larmor velocity; T,, 

correlation time: Q, quadrupole moment; P A  and P,, molar fraction of 
free and bound ions, respectively. 

0006-2960/87/0426-3635$01.50/0 0 1987 American Chemical Society 



3636 B I oc H E M  I S T R Y  T S A I  E T  A L .  

to bind or activate calmodulin, according to Chao et al. (1984) 
and others (Cox et al., 1981; Dedman et al., 1977). 

Some researchers, however, have demonstrated binding of 
Mg2+ to calmodulin. The most convincing evidence came from 
' H  NMR studies, which indicated chemical shift changes 
induced by Mg2+, though different from the changes induced 
by Ca2+ (Seamon, 1980; Sutoo et al., 1986). Shimizu and 
Hatano (1985) also showed that the 25Mg N M R  signal of 
Mg2+ was broadened upon addition of up to 10 mol % of 
calmodulin and that such a broadening was reversed upon 
addition of Ca2+. Several other reports employing equilibrium 
dialysis or Ca2+ electrode have shown that Mg2+ can affect 
the binding constants of Ca2+ to calmodulin appreciably, and 
binding constants ranging from lo2 to lo4 M-I have been 
obtained for Mg2+ (Crouch & Klee, 1980; Haiech et al., 1981; 
Potter et al., 1981; Wolff et al., 1977; Ogawa & Tanokura, 
1984; Iida & Potter, 1986). 

Although the various reports cited above deviate greatly 
from one another, they seem to suggest that Mg2+ binds to 
calmodulin, possibly to the calcium sites, with a binding 
constant K, in the order of lo3 M-'. A key question not 
addressed in previous studies is the relative affinity of Mg2+ 
to the two classes of Ca2+ sites. Since the intracellular con- 
centration of Mg2+ is in the order of IO-, M (Williams, 1980; 
Gupta et al., 1978) and that of Ca2+ is -lo-' M in the resting 
state and increases to 10-6-10-5 M during stimulation (Wil- 
liams, 1980), binding of Mg2+ may compete favorably with 
binding of Ca2+ at the weaker Ca2+ sites (I and 11), if the 
binding constants observed for Mg2+ arise from binding of 
Mg2+ to sites I and 11. Our favorable experience in using 
quadrupolar 43Ca N M R  ( I  = 7 /2 ;  Q = -0.05 X cm2) 
(Olsson & Salomonson, 1982; Grundvik et al., 1979) to es- 
tablish the site preference of Ca2+ binding to calmodulin and 
its proteolytic fragments TR,C and TRzC (Drakenberg et al., 
1983; Teleman et al., 1986) prompted us to investigate the 
kinetic and thermodynamic properties of Mg2+ binding to 
calmodulin using 2sMg NMR ( I  = 5 / 2 ,  Q = 0.22 X cm2) 
(Lutz et al., 1975). The experimental approaches and data 
analysis parallel those of 43Ca NMR (Drakenberg et al., 1983), 
but 25Mg NMR is technically more difficult due to the larger 
quadrupole moment of 25Mg relative to that of 43Ca. 

MATERIALS AND METHODS 
Materials. Bovine testis calmodulin (CaM) and its two 

tryptic fragments, TR,C and TR2C, were prepared, and their 
purity was checked as previously described (Andersson et al., 
1983; Vogel et al., 1983). Absence of EDTA in these samples 
was confirmed by ' H  NMR at 360 MHz. 25Mg0 (98 atom 
% 2SMg) was purchased from Oak Ridge National Laboratory. 
The 25Mg2+ stock solution (0.1 M) was prepared by dissolving 
25Mg0 in 0.4 M HCIO, and adjusted to pH 8.0 with NaOH. 
All other chemicals used were of reagent grade. 

25Mg N M R  Experiments. The 25Mg N M R  spectra were 
recorded at 22.15 MHz on a Nicolet NT-360 wide-bore NMR 
spectrometer. The probe used was built in our laboratory 
(Drakenberg et al., 1983) and possesses a solenoid coil. The 
horizontal sample tube used is 17 mm in diameter and holds 
3.0 mL of liquid. The spectra were obtained unlocked and 
without sample spinning. The standard 1 M MgCI, solution 
(pH 8.0), which gives a sharp signal (line width Av < 5 Hz) 
under high-resolution conditions [Lindman et al. (1 977) and 
references cited therein], gave Av = 35 Hz (including IO-Hz 
line broadening) under our experimental conditions at 25 OC. 
Such a contribution by field inhomogeneity (ca. 20 Hz) was 
small compared to most of the observed Av and was not taken 
into consideration in  data analysis. In order to minimize the 

effects of probe ringing, we used a special pulse sequence 
(Vogel & Forsen, 1986; P. D. Ellis, private communication 
in 1982) to cancel the effect of acoustic ringing and introduced 
two left shifts to eliminate the first two data points prior to 
Fourier transformation. The number of transients varied from 
50 000 to 3 000 000 depending on the concentration and the 
line width and was collected in blocks of 5000 transients and 
then block averaged in double precision. Typically, the 90° 
pulse was 40 ps, the acquisition time was 25.6 ms (for broad 
signals) or 51.2 ms (for narrow signals), the spectral width 
was f20000 or f l O O O O  Hz, and the preacquisition delay was 
25 or 50 ps. A line broadening of 50, 100, or 200 Hz was 
applied to different sets of experiments. 

Typically, two sets of experiments were performed for each 
protein system: a "titration set" at 25 OC (with successive 
addition of Mg2+ to a ca. 1 mM protein solution) and a 
"temperature set" (with temperature variation from 1 to 65 
OC, at a fixed ratio of [Mg2+]/[protein]). The sample was 
prepared by dissolving the protein (typically 3 pmol) in 3.0 
mL of H 2 0  (pH ca. lo), followed by addition of the desired 
metal ions (CaCI, or LaCI,) and the first aliquot of a 0.1 M 
25Mg2+ solution (typically 20 pL) and then with addition of 
0.05 M HCI until the pH reached 8.0. After each further 
addition of 25Mg2+, the pH was adjusted back to 8.0 with 0.05 
M NaOH. At the later part of titration an unenriched 1 M 
MgCI, solution was used. Although it would be preferable 
to add other ions such as Na+ or K+ to mimic the physiological 
condition, we chose not to do so in order to avoid possible 
complications in the interpretation of 25Mg N M R  data. As 
mentioned under Discussion, the effect of K+ will be inves- 
tigated in the future. 

The concentrations of the stock solutions of the cations used 
were determined by atomic absorption. The apocalmodulin 
and its tryptic fragments usually contain 0.1-0.4 and 0.05-0.1 
equiv, respectively, of Ca2+ as indicated by atomic absorption. 
In the Ca2+/Mg2+ competition experiment and in the Mg2+ 
titration of C a M - C a p ,  the residual Ca2+ content was included 
in the total concentration of [Ca2+], while in other experiments 
it was not corrected in data analysis. The protein concentration 
was first determined on the basis of the initial total weight and 
the total volume at each titration point and corrected by ap- 
plying a "correction factor" of 0.8-0.9 in calculations to obtain 
the best fitting. The protein concentrations in the figures are 
the corrected values. Routinely, the protein concentrations 
were also determined by UV absorbance (Newton et al., 1984) 
at the end of the NMR experiments (the metal ions were found 
to have very small effects on the extinction coefficients of 
CaM), and the values often agree with those obtained by data 
fitting. After the temperature experiments, a spectrum at 25 
OC was obtained to assess possible denaturation. For cal- 
modulin the same Av was obtained before and after heating, 
and the protein was recovered for reusage by extensive dialysis 
followed by passage through a column of Chelex-100 (washed 
extensively with H,O followed with dilute NH,OH, pH 8, 
before usage). For T R I C  and TRzC some denaturation oc- 
curred after heating, and the protein was not reutilized. 

Using the case of Mg2+ binding to 
CaM-Ca22+ as an example (see the first section under Results), 
we describe the steps involved and the assumptions made in 
the total line-shape analysis. The general principles have been 
described and illustrated by several examples for NMR 
(Drakenberg et al., 1983), and we only emphasize the practical 
aspects relevant to the present systems. The observed spectra 
in Figure 1 indicate that the NMR signal of Mg2+ is appre- 
ciably broadened by CaM and suggest a significant affinity 

Data Analysis. 
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7c values at 25 “C: 6418 cal mol-’ for CaM and 6232 cal mol-] 
for its fragments. The w7, obtained for CaM at 25 “C is 1.14, 
which justifies the use of eq 1.  At lower temperatures, UT, 
may exceed 1.5 (e.g., UT, = 2.67 at 1 “C), but we believe the 
errors resulting from deviation of eq 1 will still be quite small. 
In particular, the koff under such a slow exchange condition 
is mainly deduced from the AV of the “free” Mg2+ while eq 
1 concerns only the Av of “bound” Mg2+. 

(3) The temperature dependence of koff is also assumed to 
follow the transition-state theory: 

of Mg2+ to CaM. The line shapes are approximately Lor- 
entzian within experimental errors, which suggests two pos- 
sibilities: very fast exchange (the observed signals are due to 
average of free and bound Mg2+) or slow exchange (the ob- 
served signals are predominantly due to the free Mg2+ 
broadened by exchange; the signal of the bound Mg2+ is likely 
to be broadened beyond the limit of detection; the situation 
is to be differentiated from ‘‘very slow exchange” where the 
signal of free Mgz+ should not be broadened by exchange). 
The temperature curve in Figure 2B rules out the first pos- 
sibility since it indicates the exchange rate goes from “slow” 
via “intermediate” to “fast” with increasing temperature. Thus, 
it should be possible to determine the exchange rate from the 
temperature curve. In addition, since the titration curve 
(Figure 2A) does not show a clear turning point a t  
[Mg2+]/[protein] = 2.0, the binding constant should also be 
in the measurable range. We then set forth to perform the 
total band-shape analysis as summarized below (Drakenberg 
et al., 1983): 

(1) Bloch equations modified to take into account the effect 
of exchange (McConnell, 1958) were used to derive a band- 
shape equation for the exchange system. The parameters 
required to define such a band-shape are as follows (A and 
B refer to free and bound ions, respectively): 

( a )  Chemical Shifts bA and bB. Values of 0 and 20 Hz, 
respectively, were used. The bB value was probably not ac- 
curate, but it should have little effect on the calculations since 
Ab is quite small compared to the line width. 

( b )  Populations PA and PB. These are defined by [Mg”], 
[protein] (experimental values), and binding constant K,. In 
all calculations sites I and I1 were treated as two equivalent 
sites, as were sites 111 and IVS2 

( c )  Transverse Relaxation Rates R Z A  ( = I / T Z A )  and RZB 
(=I/TZB). In the present systems, R Z A  is negligible relative 
to RZB in the absence of exchange. According to Halle and 
Wennerstrom (1981), for nuclei with Z = 5 / 2  or and for 
WT, < 1.5, R2B can be described by 

C ’  ’ 1 -.- ’ 
1 + (UT,)’ 

where xB is the quadrupolar coupling constant for the bound 
z5Mg2+. 

(2) The rC values for the bound 25Mg2+ were assumed to 
be the same as those determined from 43Ca NMR: 8.2 ns for 
calmodulin (Anderson et al., 1982a) and 6.0 ns for TR2C 
(Teleman et al., 1986) (which is also assumed for TRIG). In 
other words, it is assumed that both Mgz+ and Ca2+ are bound 
rigidly, such that the 7, for the bound ion approximates the 
7, of the protein itself. If the bound Mg2+ possesses internal 
rotational freedom relative to the protein, xB will be under- 
estimated, but koff at 25 “ C  and binding constant K,  will not 
be affected. The temperature dependence of 7, is assumed 
to be defined by the transition state type equation: 

(2) 
kT 
h 7,-l = - exp(-AG/RT) 

The AG values used in the analysis were calculated from the 

We have also considered the possibility of other weak Mg2+ sites in 
the line-shape analysis. As shown in Table I, one of the data sets can 
only be fitted with the introduction of two additional weak Mg2+ sites. 
The significance of this result is unclear. 

(4) The association constant K, is assumed to be tempera- 
ture independent. This may give substantial errors in the 
fitting of the temperature curve of the weaker sites since they 
are only 50-70% saturated under the present experimental 
conditions, thus sensitive to temperature variations in K,. This, 
however, will not affect the conclusion of this work as discussed 
later. 

(5) Digitized NMR spectra, defined by 50 points each, were 
then used in an iterative least-squares fit to find a proper 
combination of values for AS* and AH* (which define koff ) ,  
xB, and K,. In general, koff is best defined by the “slow” region 
of the temperature curve, xB by the “intermediate” and “fast” 
regions of the temperature curve, and K, by the titration curve. 
However, all the parameters are interrelated, and the set of 
values that fit both curves are accurate to within 5% in the 
analysis (i.e., by changing one of the parameters by 5% a poor 
fit will be obtained). The more important question is how 
accurately do these parameters represent the “real” values. 
Taking into consideration the possible errors in concentrations, 
temperatures, field inhomogeneity, signal/noise ratio, and the 
possibility of fitting at a local minimum, we estimate that the 
good data sets (those for sites I and 11, with complete tem- 
perature and titration curves) should be accurate to within 
f20% in K,, koff,  and xB. The AS* may have larger errors, 
and the physical meaning for the strongly negative AS* values 
is not clear. However, this should not affect other parameters 
and conclusions. 

(6) In order to show the agreement between the experi- 
mental spectra and the calculated spectra (defined by the best 
fit parameters at each experimental condition), we plot the 
line widths of both experimental and calculated spectra as a 
function of [metal]! [protein] ratio and temperature. Two 
points need clarification: (i) although the x axis of the titration 
plot is the [metal]/ [protein] ratio, the actual concentrations, 
which varied slightly from point to point, were used in the 
iterative fitting; (ii) although the Av are obtained by Lor- 
entzian fitting of the experimental or calculated spectra, the 
“total line-shape analysis” does not assume a Lorentzian line 
shape. The plots of Av are used only to provide a visual 
comparison and to avoid the necessity to show every experi- 
mental and calculated spectrum. All spectra happen to be very 
close to Lorentzian under the experimental conditions of this 
work, as shown in Figure 1. 

RESULTS 
M?+ Binding to Sites Z and ZZ of CaM. It is technically 

simpler and less ambiguous to first examine the binding of 
Mg2+ to each of the two classes of binding sites separately. 
Since under our experimental conditions Ca2+ binds to sites 
I11 and IV with a higher affinity than to sites I and I1 by a 
factor of 10-100 (Anderson et al., 1983; Fordn et al., 1983a; 
Wang, 1985), we have been able to study the binding prop- 
erties of Mgz+ to sites I and I1 using CaM.Ca22+. Figure 1 
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Table I: Summary of Kinetic. Thermodynamic. and Spectral Parameters lor the Binding of Mg" to Calmoddin and Its Tryptic Fragments. at 
25 T, PH 8.0 

AH* AS' 
(kcall [cal/(mol. 

system sites K .  (M-')' kOn ($-I)' AG' (kcal/mol) mol). K)1" x e  (MHz)" R,. (kHr) A% (kHz) 
C ~ M G I ? + ~  I. 11 2000 2300 12.87 8.7 -14 I .h 10.9 3.5 

CaM.La? 111. I V  300 3500 12.61 2.2 -35 I .5 10.3 3.3 

apo-CaM 111, I V  300 6600 12.24 2.7 -32 1.7 12.5 4.0 

TR,C 1, II 3500 3000 12.70 5.3 -25 I .5 8.2 2.6 
apo-CaM 1, I I  2000 2700 12.77 8 .3  - I S  I .7 12.5 4.0 

TR,C 1 1 1 ,  I V  200 2200 12.88 2.8 -34 I .5 8.2 2.6 

"The valuer for these parameters were obtained directly from the iterative fitting described under Data Analysis. 'In this particular calculation. 
the best f i t  was obtained with the introduction of two weak nonspecific Mg2+ sites with K. = 27 M-' and AG* = 3.6 kcal/mol. 

H . in(- 34.5 

0 - 1000 

I " ' " " "  0 -5000 

2000 0 -2000 Hr 

F I G U R E  1: "Mg NMR spectra (at 22.15 MHz, 25 "C) of Mg'+at 
various ratios of [Mgzt]/[CaMCa,'+] (A-H), which correspond to 
half of the experimental points (every other point) in Figure 2A. The 
detailed conditions are described under Materials and Methods. 
Spectra I and J are the Lorentrian fitting of spectra A and H, re- 
spectively. The circles in spectra I and J represent experimental data, 
and the solid lines represent the fitted spectra. The line broadening 
used is inn HZ. 

shows some of the 25Mg N M R  spectra a t  different ratios of 
[Mg'+]/[CaM.Ca,'+]. The line widths (A") of the 'sMg 
N M R  signals are plotted as  a function of the [Mg2']/ 
[CaMCa,2+] ratios in Figure 2A. The temperature depen- 
dence of A" a t  [Mg2+]/[CaM.Ca2'+] = 5.24 is plotted in 
Figure 2B. The solid curves were obtained by fitting the 
spectra with total line-shape analysis (Drakenberg et al., 1983). 
The kinetic and thermodynamic parameters obtained are 
summarized in Table 

It is obvious from the titration curve (Figure 2A) and the 
temperature dependence curve (Figure 2B) that the 'sMg 
NMR signal is substantially broadened upon binding to sites 
I and I I  of CaM and that the exchange rate goes from "slow" 
via "intermediate" to "fast" with increasing temperature. Such 
a behavior is similar to the N M R  properties of Ca'+ 

1200 16001! 

8001 

AY 6oo 
(Hd 

400 

LLLLLLL zooo 20 40 60 

Temperaiure ('C) 

FIGURE 2 Titration curve (A) and temperature curve (B) of Mg'+ 
binding to CaM.Ca,'+. The titration curve was obtained at 25 "C, 
with [CaMCa,*+] varying from 0.98 mM at the first point to 0.78 
mM at the last point. The temperature curve was obtained at 
[Mg'+]/[CaMCa,'+] = 5.24. Circles are experimental points, and 
solid curves are obtained by connecting the calculated points from 
the iterative fitting. The Av shown include a line broadening of 100 
HZ. 

binding to sites I and I1 of CaM (Drakenberg et al., 1983). 
The binding constant of Mg2+ is smaller than that of Ca" by 
2 orders of magnitude, but binding of Mg2+ to sites I and I I  
of CaM could still be physiologically significant since the 
physiological concentration of Mg2+ is higher than that of Ca2+ 
by ca. IO4 in the resting state (Williams, 1980). This point 
will be further elaborated under Discussion. 

It should be noted that although [Mg2'] is less than the 
concentration of binding sites in Figure I A, the observed signal 
(A" = 1400 Hz) is not due to bound Mg2+. On the basis of 
the binding constant and the concentrations used, 32% of Mg2+ 
is not bound and gives rise to the exchange-broadened signal. 
On the basis of eq I and the best fit parameters a t  25 "C, the 
line width of the signal of the bound Mg2+ should be 3500 Hz 
(last column in Table I), which is beyond the limit of detection 
under the experimental conditions. Spectrum 1 A was obtained 
with 2.4 million transients in 18 h, and the signal/noise ratio 
of the free Mg2+ signal is only ca. IO.  An increase in Au by 
a factor of 2.5 will result in loss of signal due to smaller 
signal/noise ratio and, in particular, loss of information during 
the "dead time". 

Mg2' Binding to the N-Terminal Tryptic Fragment of CaM 
( T R , Q .  It has been shown previously that T R t C  consists of 
sites I and 11 of CaM and behaves very similarly to the native 
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1200h 
%0° ti 
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4 0 0  

200[ , I Bl , , 
0 20 4 0  60 

Temperature ("C) 
FIGURE 3: Titration curve (A) and temperature curve (B) of Mg2+ 
binding to TRIG. The titration curve was obtained at 25 "C, with 
[TR,C] varying from 0.54 mM at the first point to 0.51 mM at the 
last point. The temperature curve was obtained at [TRIG] = 0.57 
mM and [Mgz+] = 2.32 mM. Circles are experimental points, and 
solid curves are obtained by connecting the calculated points from 
the iterative fitting. The extra point (X) at 26 OC in the temperature 
curve was obtained after heating and indicated partial denaturation 
of the protein. Thus, the last three points (45, 50, and 5 5  "C) were 
not used in the iterative fitting. The Au shown include a line 
broadening of 100 Hz. 

CaM in terms of binding to Ca2+ (Teleman et al., 1986) and 
to Cd2+ (Anderson et al., 1983; Thulin et al., 1984), although 
it does not possess the full biological functions of the native 
CaM. We therefore used TRIC to further confirm the binding 
of Mg2+ to sites I and I1 of CaM. The titration curve and the 
temperature dependence in Av are plotted in Figure 3 (A and 
B, respectively) and fitted with the total line-shape analysis. 
The relatively sharp decrease in Av at higher temperatures was 
found to be caused by partial denaturation of the protein, since 
the control run a t  26 OC after heating showed a ca. 50% 
reduction in Av. Thus, only the points at 40 O C  and lower were 
used in the iterative fitting, and the theoretical curve on the 
high-temperature side was calculated from the best fit pa- 
rameters listed in Table I. The results are in the same orders 
of magnitudes as those of CaM-Ca?'. 

M?+ Binding to Sites 111 and IV of CaM. It has been 
demonstrated by luminescence studies (Wang et al., 1982, 
1984; Kilhoffer et al., 1980a,b; Mulqueen et al., 1985; Wallace 
et al., 1982) that lanthanide ions such as Tb3+ and Dy3+ 
preferentially bind to sites I and I1 of CaM. The binding 
constants for Tb3+ were estimated to be 107-108 M-' and 1.5 
X lo5 M-' for the high-affinity sites (I, 11) and the low-affinity 
sites (111, IV), respectively (Wang et al., 1984). Using 'H  
NMR, Teleman (1986) has also show that addition of 2 equiv 
of La3+ or Lu3+ induces shifts of a group of signals corre- 
sponding to the shifts induced by Ca2+ at the second half of 
the Ca2+ titration. Thus, c a M ~ L n ~ ~ +  can be used as a model 
to study the interaction of Mgz+ with sites I11 and I V  of CaM, 
and we chose the diamagnetic La3+ to avoid complications by 
paramagnetic effects. 

The titration curve in Figure 4A (curve a) indicates that 
binding of Mg2+ to CaM.Laz3+ is much weaker than the 
corresponding binding to CaM.Ca22+. The temperature curve 
(Figure 4B, curve a), however, indicates that the exchange rate 
is still in the intermediate range a t  room temperature. Since 
the temperature dependence in Av is smaller in this case, the 
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FIGURE 4: Titration curves (A) and temperature curves (B) of Mg2' 
binding to CaM.Laz3+ (curve a, the upper curve in both A and B) 
and to TR2C (curve b, the lower curve in both A and B). The titration 
curves were obtained at 25 O C .  Circles are experimental points, and 
solid curves are obtained by connecting the calculated points from 
the iterative fitting. For CaM.La?+ (curves a), the starting and ending 
[CaM-LaP] were 1.12 and 0.96 mM, respectively, the temperature 
curve was obtained at [Mg2+]/[CaM.La2'] = 2.85, and the Av include 
a line broadening of 100 Hz. For TRzC (curves b), the starting and 
ending [TR2C] were 1.22 and 0.70 mM, respectively, the temperature 
curve was obtained at [MgZ']/[TR2C] = 2.12, and the Au include 
a line broadening of 50 Hz. The extra point (X)  at 25 OC in tem- 
perature curve b for TR2C was obtained after heating and indicated 
partial denaturation of the protein. Thus, the last three points (50, 
5 5 ,  and 60 "C) were not used in the iterative fitting for TR2C. 

experimental points do not show continual changes smoothly. 
Nonetheless, there is a clear maximum, and both curves can 
be fitted with parameters comparable to those of sites I and 
I1 except with a ca. 10-fold reduction in K ,  as also listed in 
Table I.  

M?+ Binding to the C-Terminal Tryptic Fragment of CaM 
(TR2C). The weak binding of Mg2+ to sites I11 and IV of 
CaM was also confirmed with the C-terminal tryptic fragment 
TR2C, as shown by the titration curve in Figure 4A (curve 
b). The temperature dependence curve in Figure 4B (curve 
b) also indicates intermediate exchange at room temperature. 
However, the sharp decrease in Au at higher temperatures was 
again found to be caused by partial denaturation of TR2C 
(even though no precipitate formed), since the Av at 25 OC 
was found to decrease from 230 Hz prior to the temperature 
study to 165 Hz after heating to 60 OC. Since there are not 
enough data to define xB, we used the same xB as in T R I C  
(1.5 MHz) and obtained values of kOff and K,  comparable to 
those of CaM.La:+, as shown in Table I. 

M$+ Binding to Apo-CUM. The titration curve (Figure 
5A) and the temperature curve (Figure 5B) can be fitted with 
two strong sites and two weak sites, assuming the same xB in 
both sites. On the basis of the larger binding constants in 
CaM.Ca22f and TR,C, compared to those of CaM.La:+ and 
TR2C, it is most reasonable to assign the strong sites to sites 
I and I1 and the weak sites to sites 111 and I V  in the binding 
of Mg2+ to apo-CaM. The results (Table I) show that xB (1.7 
MHz) and K ,  (2000 and 300 M-') agree well with the other 
systems with isolated sites (note: they are not expected to be 
identical). The koff for sites I11 and I V  of apo-CaM (6600 
s-l) is higher than that of CaM.La23+ and TR,C by a factor 
of 2-3, but we noted earlier that the temperature curves in 
the latter two systems were quite rough. In addition, we noted 
under Data Analysis that the assumption of a temperature- 
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4 (where Avo, is the line width of the resonance of free Mg2+ 
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FIGURE 5: Titration curve (A) and temperature curve (B)  of Mg2+ 
binding to apo-CaM. The titration curve was obtained at 25 'C, with 
[CaM] varying from 0.75 to 0.65 mM. The temperature curve was 
obtained at [CaM] = 1.0 mM and [Mg2+] = 5.0 mM. Circles are 
experimental points, and solid curves are obtained by connecting the 
calculated points from iterative fitting. The Au include a line 
broadening of 100 Hz in (A) and 200 Hz in (B) .  

o b " i ' l "  2 4 6 

[ C a p ]  / [CaM] 
FIGURE 6: Addition of CaC1, to Mg2+.CaM to show competition 
between Ca2+ and Mg2+. The experiment was performed at 25 "C, 
pH 7.9, with [CaM] = 0.95 mM, [Mg2+] = 5.0 mM, and varying 
ratios of [Ca2+]/[CaM]. The AV include a line broadening of 100 
Hz. 

independent binding constant may give rise to some error in 
the temperature curve, particularly to weak sites. Thus, the 
difference of a factor of 2-3 should not be taken seriously. 

Figure 6 shows the result of a competition experiment be- 
tween Ca2+ and Mg2+. Addition of ca. 4 equiv of Ca2+ 
(relative to CaM) completely reversed the CaM-induced 
broadening in the 25Mg2+ N M R  signal. This justifies our 
assumption that Mg2+ binds to calcium sites in CaM. 
Quantitative fitting of the competition curve is beyond our 
ability a t  this time. However, it may be questioned why the 
curve is apparently linear a t  lower ratios of [Ca2+]/[CaM], 
if the first 2 equiv of Ca2+ (which bind to the strong calcium 
sites, I11 and IV) compete with the weaker binding of Mg2+. 
This can be explained qualitatively by kOff values. As shown 
in Table I, the koff of 6600 for sites 111 and IV is closer to the 
relaxation rate (R2B) of the bound Mg2+ but is still in the slow 
exchange side. The line width of the resonance of the free 
(exchanging) Mg2+, AvA, under this condition is given by eq 

koff P B  
A v A  = AV; + -- 

7r P A  
(4) 

in the absence of CaM). Thus, although less Mg2+ is replaced 
by the first 2 equiv of Ca2+ than by the last 2 equiv, the effect 
on the Au is larger by replacing Mg2+ from sites I11 and IV 
than from sittes I and 11. The two factors (k,ff and PB/PA) 
compensate for each other and give an apparently linear 
competition curve, which might have otherwise been used to 
suggest four equivalent sites for Mg2+. 

DISCUSSION 
Evaluation of the Data Obtained from Total Line-Shape 

Analysis. The accuracy in the data listed in Table I has been 
addressed under Data Analysis. In this section we evaluate 
the data from several other points of view. (a) K,, koff, and 
xB for sites I and I1 are very close in the three systems 
CaMCa?', TR,C,  and apo-CaM. The same is true for sites 
I11 and IV. These are in good agreement with the inde- 
pendence in the metal ion binding properties between the two 
classes of binding sites revealed previously in 43Ca N M R  and 
'I3Cd N M R  studies (Anderson et al., 1982b; Thulin et al., 
1984; Teleman et al., 1986). (b) The xB values seem to be 
smaller than expected. 43Ca N M R  studies gave xB = 1.08 
M H z  for Ca2+ bound to CaM and its tryptic fragments 
(Drakenberg et al., 1983; Teleman et al., 1986). Thus, in the 
bound state the xB of Mg2+ is greater than that of Ca2+ by 
ca. 50%. The difference between the x values of free Mg2+ 
and free Ca2+ is significantly larger. The T ,  values for a 1 
M MgC12 solution and a 0.2 M CaCl, solution have been found 
to be 0.192 and 1.33 s, respectively (Lindman et al., 1977). 
At the same concentration the T ,  of Ca2+ is ca. 5 times as long 
as the T I  of Mg2+. The relationship between T I  and x for 
small ions is governed by 

1 37rZ 2 1 +  3 
- = -x2 
T I  10 P ( 2 1 -  1)" 

( 5 )  

If 7c is assumed to be the same, ( x ~ ~ / x ~ ~ ) ~  should be ca. 12. 
By such a rough estimation, xMg/xCa should be ca. 3.5, and 
the xB of Mg2+ would be ca. 3.8 MHz if the ratio remains the 
same in the bound state. Two possible reasons for the "smaller 
than expected" xB of Mg2+ are a more symmetrical environ- 
ment and an internal rotational freedom (i.e., less rigid 
binding) for the bound Mg2+ ion. (c) The on-rate of Mg2+ 
(k , ,  E K,koff) is ca. (0.5-1.0) X 10' S - I  M-I for sites I and 
I1 and ca. (0.5-2.0) X lo6 s-l M-I for sites 111 and IV. Thus, 
the larger binding constant of sites I and I1 is mainly caused 
by a larger on-rate. The k,, of Mg2+ thus obtained seem quite 
large, but they are within the upper limit given by kisK,, 
according to the Eigen-Tamm mechanism (Eigen & Tamm, 
1962), where ki, is the first-order rate constant of dehydration 
in the inner solvation sphere, usually - IO5 s-I for Mg2+ (Eigen, 
1963), and KO, is the equilibrium constant for the formation 
of an outer sphere complex between the solvated metal ion and 
the ligands of the complexation agent. The k,, of MgATP 
(1.3 X IO7 SKI M-I) is among the highest values reported 
(Diebler et al., 1969). The koff and k,, of Mg2+ binding to 
troponin C have been estimated as 4 X 1 O3 s-l and 1.6 X 10' 
s-I, respectively, from 25Mg N M R  studies using a large excess 
of Mg2+ relative to TnC (Forsen et al., 1983a). Although 
N M R  is not the most accurate technique to measure on- and 
off-rates, there is yet no ideal Mg2+ chelating agent that carries 
a fluorescent chromophore and binds Mg2+ rapidly (> k,, of 
Mg2+ to CaM) and tightly (1-2 orders of magnitude higher 
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in binding constant than the protein). 
M 2 +  Binding Properties of Calmodulin. Although the 

25Mg N M R  technique and line-shape analysis have implicit 
errors in quantitation, they allow us to conclude, undisputably, 
even with only visual examination of the spectral data, that 
Mg2+ does bind to CaM, but with opposite site preference to 
Ca2+. Such a reversed site preference has been observed 
previously for trivalent lanthanide ions (Wang et al., 1984; 
Teleman, 1986) but not for divalent cations. Since the 
structural difference between the two classes of Ca2+ binding 
sites is not obvious even in the three-dimensional structure of 
CaM (at 3-.,4 resolution) (Babu et al., 1985), we are not able 
to explain the site preference of Mg2+. In addition, we will 
not attempt to assess possible reasons for the discrepancy 
between our results and the wide variety of reports summarized 
in the introduction. 

The weak binding of Mg2+ to sites I11 and IV may not have 
much physiological significance since the binding constant is 
smaller than that of Ca2+ by a factor of ca. lo5. However, 
binding of Mg2+ to apo-CaM and to CaM.Ca?+ could be very 
important. The binding constant of Ca2+ to CaMCa22f is ca. 
5 X lo5 M-’ (Wang, 1985), greater than that of Mg2+ by ca. 
lo2. The intracellular Ca2+ concentration is <lo-’ M at resting 
state and increases to 104-10-5 M upon stimulation, while that 
of Mg2+ is in the order of M (Williams, 1980; Gupta et 
al., 1978). Although Ca2+ and Mg2+ may be differentially 
compartmentalized (Grubbs et al., 1984), it is possible that 
under certain conditions Mgz+ may compete effectively with 
CaZ+ for sites I and I1 of CaM. We further evaluate this 
possibility in the next section. 

Could Sites I and II  Be “M2+-Ca2+ Sites”? An important 
question that has received broad attention is whether it is 
necessary to fill all four sites with Ca2+ in order to activate 
calmodulin. A Ca2+-independent calmodulin binding protein 
has been purified from bovine cerebral cortex membranes 
(Andreasen et al., 1983). However, detailed kinetic analysis 
have suggested that CaM.Ca32+ or CaM.Cad2+ is the activator 
in most calmodulin-dependent enzymes such as CAMP-de- 
pendent phosphodiesterase (Cox et al., 1983; Huang et al., 
1981), phosphorylase b kinase (Burger et al., 1983), Ca2+- 
dependent, Mg2+-activated ATPase (Cox et al., 1982), and 
myosin light chain kinase (Blumenthal & Stull, 1982). The 
detailed mechanism of these enzymes have been reviewed 
recently (Manalan & Klee, 1984; Cox et al., 1984). 

Since these enzymes also require Mg2+, the kinetic assays 
were usually carried out in the presence of several millimolar 
Mg2+. On the basis of our 25Mg N M R  results, it may not be 
impossible that CaM.Ca22+.Mg22+, like C a M ~ c a ~ ~ ’  or 
CaM.Cad2+, is an activator of the enzymes. Consider, for 
example, the standard assay condition for CAMP-dependent 
phosphodiesterase used in Chao et al. (1984). The assay 
mixture contained 9 X M CaM, 3 mM Mg2+, 40 mM 
Tris-HCI (pH 8.0), 2 mM cyclic AMP, 0.12 pg of phospho- 
diesterase, and varying concentrations of CaZ+. The activity 
of the phosphodiesterase reaches maximum and levels off at  
[Ca2+] = 10 pM. If the relative affinity between Ca2+ and 
Mg2+ to CaM is unchanged when CaM is associated with the 
enzyme, then at least half of sites I and I1 should be occupied 
by Mg2+ when [Ca2+] i= 10 pM, although further increase of 
[Ca2+] will eventually replace all Mg2+ in these sites. In 
another example, calmodulin was found to activate bacterial 
adenylate cyclase in the absence of Ca2+, although the con- 
centration of CaM required for activation was ca. lo3 times 
higher than when Ca2+ was present (Greenlee et al., 1982; 
Kilhoffer et al., 1983). The “calcium-free CaM” considered 

V O L .  2 6 ,  N O .  1 2 ,  1 9 8 7  3641 

by the authors could indeed be CaM.Mg,2+ or CaM.Mg32+, 
since their assay mixtures contained 10 mM Mg2+. 

The above argument may not hold if CaM discriminates 
Ca2+ and Mg2+ to a greater extent when it is complexed to 
the enzyme. However, another question may be raised: if only 
CaM.Ca32+ and CaM.Ca?+ bind to and activate the enzyme, 
then binding of the third and the fourth CaZ+ ions to CaM 
will have to await the release of Mg2+ from CaM. One of the 
many possible reasons for Ca2+ to be a “second messenger” 
could be that substitution of inner sphere water occurs at a 
rate of ca. 108.4 s-’ for Ca2+ (Frey & Stuehr, 1974), which 
makes the “on-rate” of Ca2+ to calmodulin essentially diffusion 
controled (ForsCn et al., 1983b). Since sites I11 and IV of CaM 
can be protected from high physiological concentration of 
MgZ+, it would be hard to rationalize binding of Mg2+ to sites 
I and 11, with such a slow off-rate that binding of Ca2+ can 
be severely hampered, without any purpose. 

With such questions in mind, it seems relevant to consider 
skeletal muscle troponin C (TnC), which also possesses two 
strong Ca2+ sites (sites I11 and IV, K ,  = 2.1 X lo7 M-I) and 
two lower affinity Ca2+ sites (sites I and 11, K, = 3.2 X lo5 
M-I) (Potter & Gergely, 1975). Sites I11 and IV are usually 
called “Ca2+-Mg2+ sites”, since they also bind Mg2+, though 
with lower affinity ( K ,  = 5 X lo3 M-l) (Potter & Gergely, 
1975). On the basis of cation-exchange rates and the rates 
of conformational changes obtained from fluorescence stop- 
ped-flow analysis, Johnson et al. (1979) suggested that the 
Ca2+-specific sites are the regulatory sites for skeletal muscle 
contraction and that the Ca2+-Mg2+ sites are probably always 
occupied by either Ca2+ or Mg2+ in vivo and serve to maintain 
the protein in a conformation ready for the regulatory event. 
On the basis of our 25Mg N M R  results of CaM and consid- 
ering the similarity between TnC and CaM in their properties 
in binding Ca2+ and Mg2+, we propose the following hypoth- 
esis: at least in some systems, sites I and I1 of CaM are always 
occupied by Mg2+ in vivo and play a structural role (thus these 
sites should be called “Mg2+-Ca2+ sites”) and sites I11 and IV 
are the regulatory sites. A possible structural role of sites I 
and I1 may be to maintain CaM in a conformation ready to 
interact with the target enzyme. It is not impossible that in 
certain systems CaM.Mg?+ is already complexed to its target 
enzyme before the stimulus (such a binding could be weak and 
not detectable by gel filtration or electrophoresis), such that 
there is no need for CaM to “travel” to its target after stim- 
ulation. The rate of diffusion of calmodulin should be slower 
than the on-rate of Ca2+ by a factor of ca. 10. When the Ca2+ 
concentration is increased during stimulation, some or all of 
the Mg2+ in sites I and I1 may be replaced by Ca2+, but such 
a replacement may or may not have structural or regulatory 
effect, depending on the various systems. 

Considering the diversity and complexity in the biological 
functions of calmodulin, we are not attempting to generalize 
its mechanism by the simple hypothesis. Rather, it is just a 
“working hypothesis” based on the data of this work and to 
be further tested in the future. The recent finding by Kincaid 
and Vaughan (1986) that less Ca2+ is required for binding of 
calmodulin with calcineurin than for activation of calcineurin 
by calmodulin seems to lend some support to the above hy- 
pothesis. Whether it is a viable hypothesis or not, the binding 
of Mg2+ to calmodulin should be further investigated, both 
biochemically and biophysically. For example, the confor- 
mation of CaM.Ca22+.Mg22+ should be compared with that 
of CaM.Ca,ZC. In addition, the effect of monovalent cations 
such as K+, which has been shown to accelerate the rate of 
the slow process and reduce the rate of the fast process in the 
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binding of Ca2+ to CaM (Martin et al., 1985; Teleman et al., 
1986), should also be evaluated for Mg2+. 
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Polyamines and Acetylpolyamines Increase the Stability and Alter the 
Conformation of Nucleosome Core Particles 
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ABSTRACT: The interactions of spermine (4+ charge at  physiological pH),  N1-acetylspermine(3+), sper- 
midine(3+), N'- and P-acetylsperimidine(2+), putrescine(2+), hexaamminecobalt(3+), and magnesium(2+) 
with nucleosome core particles have been examined by using thermal denaturation and circular dichroism. 
Tetra- and triamines were 2-3 times more effective than diamines at stabilizing core particles against thermal 
denaturation. Secondary effects were also observed, with acetylpolyamines slightly less effective than 
unmodified polyamines of equivalent charge. Hexaamminecobalt(3+) was less effective than the triamines, 
while magnesium had essentially no effect. This is surprising since magnesium is more effective than diamines 
at  stabilizing naked DNA. All the cations tested altered the circular dichroism spectra of the core particles 
in the D N A  region (284 nm). The  peak a t  284 nm was suppressed by tetra- and trivalent compounds to 
approximately twice the extent of divalent compounds. Magnesium appears to suppress the peak by a lesser 
extent than the diamines. This indicates that  the D N A  twist and/or folding is changed by these cations. 
A plateau of both thermal denaturation and circular dichroism effects was observed at cation concentrations 
where 30-40% of the total D N A  negative charges could be neutralized by the added cations. We  suggest 
that polyamine and histone acetylation function in concert to lower the stability and change the conformation 
of the nucleosome core, thus facilitating replication and transcription in vivo. 

C h r o m a t i n  undergoes substantial structural modifications 
during replication and transcription (Reeves, 1984; Igo-Kem- 
enes et al., 1982; DePamphilis & Wassarman, 1980). These 
modifications may be significant in the control and mechanism 
of chromosomal activity, but their functions are as yet poorly 
understood. Histone acetylation has been correlated with 
replication and transcription (Matthews & Waterborg, 1985; 
Doenecke & Gallwitz, 1982; Allfrey, 1977) and spermato- 
genesis (Christensen et al., 1984). Two purified histone 
acetyltransferases possess polyamine acetylation activity 
(Libby, 1978, 1980) as does a crude nuclear preparation 
(Blankenship & Walle, 1977, 1978). Polyamines, especially 
spermine (4+ charge at physiological pH) and spermidine(3+), 
are essential for normal cellular processes, including prolif- 
eration, replication, and transcription (Tabor & Tabor, 1984; 
Janne et al., 1978; Lowkvist et al., 1986; Gallo et al., 1986). 
Polyamines appear to be present in the nucleus in quantities 
sufficient to neutralize 15-30% of the DNA negative charges 
(McCormick, 1978). This leads to the hypothesis that histone 
and polyamine acetylation function together to modulate or 
modify chromatin structure during replication and transcrip- 
tion. To begin investigating this hypothesis, we previously 
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carried out thermal denaturation studies of polyamines and 
magnesium with naked DNA (Morgan et al., 1986). We here 
report thermal denaturation and circular dichroism studies of 
polyamines, acetylpolyamines, hexaamminecobalt and mag- 
nesium with nucleosome core particles. 

EXPERIMENTAL PROCEDURES 

Preparation of Nucleosome Core Particles. All procedures 
were carried out at 0-4 OC unless otherwise specified. Phe- 
nylmethanesulfonyl fluoride (PMSF)' (50 mM in 2-propanol) 
was added to 0.5 mM final concentration to all solutions, 
except final dialysis buffer, shortly before use. Nuclei were 
isolated from frozen (-70 "C) young steer thymus according 
to the procedure of Bloebel and Potter (1966), including Triton 
X- 100 extraction, adapted to available equipment. Chromatin 
was isolated from the nuclei by a variation of the method of 
Huang and Cole (1984). Briefly, nuclei were suspended in 
0.25 M sucrose, 50 mM Tris, pH 7.0, 25 mM KC1 and 5 mM 
Mg2+ at OD260 = 50 (measured in 0.1 N NaOH). Digestion 
was carried out by addition of Ca2+ to 1 mM and micrococcal 

' Abbreviations: Tris, tris(hydroxymethy1)aminomethane: SDS, so- 
dium dodecyl sulfate; PCA, perchloric acid; bis, N,N'-methylenebis- 
(acrylamide); EDTA, ethylenediaminetetraacetic acid: EGTA, ethylene 
glycol his(@-aminoethyl ether)-N,N,N',N'-tetraacetic acid; PMSF, phe- 
nylmethanesulfonyl fluoride: PM2, virus PM2 DNA: HueIII, restriction 
endonuclease HueIII; bp, base pair(s); HMG, high mobility group. 

0006-2960/87/0426-3643$01.50/0 0 1987 American Chemical Society 


