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Assignment of a Ligand in Stellacyanin by a 
Pulsed Electron Paramagnetic Resonance Method? 

W. B. Mims* and J. Peisacht 

ABSTRACT: The electron spin echo decay envelope for the blue 
copper protein, stellacyanin, and for a number of other Cu(I1) 
complexes has been studied. Particular attention was given to 
the form of the “nuclear modulation” patterns, which show the 
effects of coupling between the electron spin and the neigh- 
boring nuclei. The envelopes for the hydrated cupric complex 
and for copper(I1) glycylglycine were essentially the same and 
indicative of the coupling to protons. The peptide complex 
contains nitrogen nuclei coupled directly to Cu(II), but the 

T w o  types of mononuclear copper sites have been identified 
in copper proteins. Of these, the widest attention has been given 
to the dark blue, type I site, as is found in azurin (Suzuki and 
Iwasaki, 1962; Sutherland and Wilkinson, 1963; Gould and 
Mason, 1967; Brill et al., 1968), stellacyanin (Omura, 1961; 
Peisach et al., 1967), plastocyanin (Katoh et al., 1962; 
Blumberg and Peisach, 1966), umecyanin (Stigbrand et al., 
197 I ), and a variety of copper-containing oxidases (Malm- 
strom and Vanngard, 1960; Blumberg et al., 1963, 1964, 
Poillon and Dawson, 1963; Nakamura and Ogura, 1966; 
Malkin et al., 1968a,b; Malmstrom et al., 1968; Nakamura 
et al., 1968; AndrCasson and Vanngard, 1970). This is in part 
because of the unusual optical and magnetic properties asso- 
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coupling constant is so large for these nuclei that a modulation 
pattern ascribable to 14N is not seen. For copper(I1) bovine 
serum albumin, on the other hand, a contribution due to the 
coupling of the remote nitrogen belonging to a histidyl imid- 
azole ligand was observed. The modulation pattern for this 
complex and for stellacyanin closely resembled one another, 
strongly suggesting that an imidazole is ligated to the copper 
in this blue protein. 

ciated with them. They are generally characterized by an ex- 
traordinarily intense optical absorption near 600 nm and a I 

small value of the magnetic hyperfine coupling constant A 1 .  
Simple copper peptide complexes and copper in type I1 sites 
are, on the other hand, characterized by values of A 1 several 
times larger and also are less intensely colored (Malkin and 
Malmstrom, 1970). 

A comparison of the EPR’ data for copper proteins and 
model compounds suggests that the metal ligands for type I1 
sites in copper-containing oxidases are oxygen and/or nitrogen, 
sulfur being ruled out (Peisach and Blumberg, 1975). EPR 
studies on type I sites have not, however. provided any definite 
information regarding ligands and most of the evidence has 
been obtained by chemical means. One such study performed 
with parsley plastocyanin, a blue copper protein containing a 
single cysteinyl residue, strongly implicates cysteinyl sulfur 
as a ligand (Finazzi-Agr6 et al., 1970). Removal of the copper 
activates the cysteinyl sulfur for binding to p-mercuribenzoate. 
While in this mercurial-bound form, the protein cannot be 
reconstituted to the holoprotein with copper. Removal of the 

’ Abbreviations used are: EPR, electron paramagnetic resonance; 
EUDOR. external nuclear double resonance; Cu(II)(imid)4, copper te- 
traimidazole: Cu(  Il)(guan)a, copper tetraguanidine. 
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acetate (final concentration 1.8 mM)  to a 2.0 m M  solution of 
bovine serum albumin (Calbiochem) in 50 m M  phosphate 
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FIGURE 1 :  Sketch of the microwave cavit) used in theexperiments. The 
resonant element consists of a brass strip N '/? wavelength long. The strip 
is 10.2-mm long and the central slot in which it is located is 12.7-mm long. 
The cavity is mounted at the end of two X band waveguides tapered down 
along the narrow dimension to a cross section of 22.9 X 5 .  I mm. The ends 
of the resonator couple to the microwave electric field in  the tapered 
waveguide sections. The sample is placed in  the well situated at the center 
of the resonator where the microwave magnetic field is maximum. The 
complete unit is mounted horizontall) ki th  the Zeeman field in the plane 
of the paper. 

mercurial permits reconstitution. Some physical evidence in- 
dicating that sulfur is a ligand was obtained by McMillin and 
co-workers (1974) who substituted Co(1l) for Cu(I1) in stel- 
lacyanin, thus shifting the strong 600-nm optical absorption 
to 355 nm. This transition is known to be associated with RS- - Co(I1) charge transfer. The authors argued that the major 
visible absorption a t  604 nm in the copper-containing protein 
should be ascribed to the corresponding RS- - Cu(I1) charge 
transfer transition. 

Although these studies point to the conclusion that one li- 
gand in the type I copper sites is sulfur, the nature of the other 
ligands has not been determined. A limited amount of infor- 
mation, however, has been obtained by ENDOR measure- 
ments. Rist et al. ( 1  970) reported on radio frequency absorp- 
tion in stellacyanin a t  17 M H z  that they attributed to ni- 
trogen ligands of the copper. But they were unable from their 
results to ascertain what nitrogen-containing group was in- 
volved. 

In the present communication, we describe measurements 
of the electron spin echo envelope for stellacyanin and fbr a 
number of other copper compounds. The results demonstrate 
that an imidazole, presumably from an histidine residue, is 
bound to the copper of stellacyanin. 

Materials and Methods 
Copper-containing model compounds were prepared either 

from cupric acetate (Mallinckrodt), cupric chloride (Mal- 
linckrodt), or cupric perchlorate (Alfa Inorganic). The 
aquo-Cu( 11) complex was prepared by dissolving the per- 
chlorate in water (20 mM), adjusting the pH to 1 .O with per- 
chloric acid, and diluting with an equal volume of glycerol. 

Copper glycylglycine was prepared from copper acetate ( I  8 
mM) to which glycylglycine (Sigma) was added (final con- 
centration, 20 mM) and the pH was adjusted to 8.5 with 
N a O H .  An equal volume of glycerol was added. 

Copper hexaglycine (Sigma) was prepared by adding a 
stochiometric equivalent of the peptide to a 20 m M  solution 
of cupric acetate and raising the pH to 6.0 with N a O H  before 
diluting with an equal volume of glycerol. Other samples of the 
complex were prepared a t  pH 7.0 and 9.5. 

Copper-albumin complex was prepared by adding cupric 

buffer, pH 7.4. 
Copper tetraimidazole (Cu( II)(imid)4) and copper 

tetraguanidine (Cu(II)(guan)d) complexes were in each case 
prepared by adding a 40-fold molar excess of the ligand 
(Eastman Organic) together with an equal volume of glycerin 
to 20 m M  cupric acetate and adjusting the pH to 8.0. 

Stellacyanin was prepared using a modification of the 
method of Reinhammar (1970). Rhus oernirifera acetone 
powder (175 g),  prepared by Saito and Co., Ltd.. Tokyo, was 
homogenized in small batches with 3.5 1. of 0.01 M potassium 
phosphate buffer. pH 6.0, in a Waring blender run at  medium 
speed for 2-min intervals at  4 OC. The homogenate was stirred 
overnight and was filtered on a Buchner funnel using What- 
man h o .  3 filter paper. The filtrate was centrifuged at  15 OOOg 
for 20 min and was refiltered using Whatman No. 1 paper. The 
second filtration was required to remove trace particles that 
tended to clog chromatographic columns used in the proce- 
dure. 

The clear, green filtrate was applied to a 7.5 X 26 Whatman 
C M  52 cation exchange resin equilibrated with the same 
phosphate buffer. Both the conductivity and p H  were used to 
ascertain buffer equilibration with the resin. During the 
loading of the column, a dark blue band concentrated at  the 
top and yellow material that was not absorbed passed through 
in the holdup volume. The column was then washed with 4 1. 
of 0.01 M potassium phosphate buffer, pH 6.0 until the ab- 
sorption a t  250 nm (I-cm light path) was less than 0.005. The 
buffer concentration was next raised to 0.0.5 M, and laccase, 
which appeared as a dark blue solution absorbing in the visible 
at  6 13 nm, began to elute after roughly 750 ml. Approximately 
1850 ml of buffer was required to remove the laccase com- 
pletely from the column as judged from the 250-nm absorption. 
Buffer concentration was then raised to 0.1 M and the stella- 
cyanin that absorbed a t  604 nm began to elute after the addi- 
tion of 1 100 ml of buffer. Approximately 2200 ml of buffer was 
required for the complete elution of this fraction. 

The A b 0 ~ : 2 8 0  spectral ratio for stellacyanin obtained by this 
procedure was measured with a Cary Model 14R spectro- 
photometer and found to be 0.161, in good agreement with 
previously published values (Peisach et al., 1967). Using a 
standard, p-phenylenediamine assay (Peisach and Levine. 
1965), the oxidase activity of stellacyanin was determined to 
be one five-thousandths that of a laccase sample giving the 
same optical absorption at 613 nm. 

The protein was concentrated and dialyzed against 0.0 I M 
potassium phosphate buffer, pH 7.0, under pressure using 
Amicon LM2 filters. The solution used in the experiments was 
3.4 mAM as judged from the extinction at  604 nm (Peisach et 
al., 1967). 

Electron-spin-echo measurements were performed at  X 
band (-9 GHz) and at a temperature of 4.2 K.  The apparatus 
was a modification of one described by Mims ( 1  974). The 
cavity is of a novel design and is shown schematically in Figure 
I .  The resonating element consists of a strip of brass approxi- 
mately one-half wavelength long, coupled at  each end to the 
microwave electric field in sections of X band waveguide ta- 
pered along the narrow dimension. The sample is located in a 
well cut in the Teflon spacer and occupies a region in which the 
microwave magnetic field is at  a maximum. The cavity-filling 
factor for this arrangement is exceptionally high and helps to 
offset the loss in signal intensity that results from working with 
a glassy sample whose EPR spectrum is spread out over a range 
of Zeeman fields. 
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F I G U R E  2: Block schematic of the electron spin-echo apparatus. For the cavity see Figure I .  A digital voltmeter with BCD output was used as the analogue 
to digital unit. This unit was used to program two BNC Model 7030 digital delay generators that formed the principal element in the pulse sequence 
generator. 
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FIGURE 3: (a) Two pulse electron spin-echo sequence consisting of mi- 
crowave pulses ( I  and It), and spin echo signal (E). The time, T, is the 
period between applied pulses and between the second applied pulse and 
the spin echo. In  the experiments described here the microwave pulses were 
each 20 ns. long and the power level 0.1 -1 .O kW. (b) Superposition of a 
number of electron spin-echo signals illustrating meaning of the envelope 
modulation function, As T is increased the amplitude of the echo signal 
varies, giving rise to the modulation patterns shown in Figures 4-9. For 
a more complete description see Mims, 1 9 7 2 ~ .  

The block schematic of the spin-echo spectrometer is shown 
in Figure 2 .  The microwave transmitter consists of a Litton 
L5022 1 kW pulsed traveling wavetube (TWT),  modulated 
by a unit whose active element consists of a Tung-Sol 8455 
secondary emission tube. A Watkins Johnson WJ491-35 mi- 
crowave T W T  amplifier constitutes the first stage of the re- 
ceiver system. This is followed by a homodyne detection mixer 
and a wide-band ( I  50 MHz) Keithley 107 pulse amplifier. 
Echo signals are collected and averaged by means of a “boxcar 
circuit”. The timing pulses for the spin-echo sequence (Figure 

3a, see below) and for the boxcar gate were provided by a pulse 
generator and by two RNC Model 7030 programmable digital 
delay units (“pulse sequence generator”). One unit was used 
to generate the interval r between pulses I and I1  and the other 
unit to generate the equivalent interval T between pulse 11 and 
the boxcar trigger. The two units were programmed from the 
BCD output of a digital voltmeter (Newport Laboratories 
Model 2000 AIS, shown in Figure 2 as “analogue to digital 
unit”) that was driven by a linear ramp waveform (“slow sweep 
generator”). The same linear ramp provided the X axis drive 
for the X-Y recorder (Hewlett Packard Model 7004B) with 
which Figures 4- I O  were obtained. 

Discussion 
The envelope of electron spin echos is the function obtained 

by plotting the amplitude of the spin-echo signal against the 
time between the echo-generating microwave pulses (Figure 
3a). In  this function it is often possible to observe a periodic 
“modulation” that can be shown to arise from superhyperfine 
structure (shfs) in the resonance line (Figure 3b) (Rowan et 
al., 1965; Zhidomirov and Salikov, 1968; Yudanov et al., 1968; 
Grischkowsky and Hartmann, 1970; Liao and Hartmann, 
1972; Newman and Rowan, 1972; Mims, 1972a, 1972b; 
Narayana et al., 1975; Kevan et al., 1975). The echo envelope 
is therefore capable of yielding information of the same kind 
as that which is obtained in ENDOK experiments, although 
the factors which determine the relative amplitudes of the 
superhyperfine (shf) frequencies are somewhat different from 
those which determine the line intensities in an ENDOR 
spectrum. 
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FIGURE 4: Envelope modulation function for Cu(I1)-aquo complex il- 
lustrating effect due to coupling between Cu(I1) and surrounding protons. 
Curves were obtained at  4.2 K and a t  a frequency of 9.014 GHz. The 
spin-echo recurrence rate was - 1  80 Hz. Recordings were obtained by 
slowly increasing r from -0.14 to ~ 2 . 4  ,us in a total time -300 s. 

The modulation effect arises as a result of interference be- 
tween allowed and semiallowed EPR transitions that are co- 
herently excited by the microwave pulses. The theory of the 
effect is given in detail in the above references (see in particular 
Rowan et al., 1965; Mims, 1972a). For the present purpose one 
of its more important predictions concerns the relationship 
between the nuclear terms in the spin Hamiltonian, the elec- 
tron-nuclear coupling term, and the depth of the modulation 
pattern. When there is a wide disparity between the nuclear 
Zeeman and nuclear quadrupole terms, and the electron- 
nuclear coupling term S-A-I, the modulation pattern will either 
be shallow or fail to show up at  all. (See Mims, 1972a, section 
VI.) Under these conditions there is a clear distinction between 
allowed and forbidden transitions, thus eliminating the pos- 
sibility of interference effects. This property has proved to be 
especially useful in the present study, since, as we show later, 
it has enabled us to discriminate between strongly coupled 
nitrogen nuclei directly coordinated with the copper and other 
more weakly coupled nitrogen nuclei occurring in the li- 
gands. 

The measurement itself is straightforward enough but the 
analysis of the envelope function in terms of a frequency 
spectrum presents serious difficulties. This is largely because 
one cannot record the initial portion of the envelope corre- 
sponding to the time taken by the experimental equipment to 
recover from the second microwave pulse (Figure 3a) 
(Blumberg et al., 1973). Fortunately, in the present set of ex- 
periments we have been able to dispense with this problem 
altogether by making direct comparisons between the recorded 
envelope functions for stellacyanin and a number of other 
copper complexes. 

Figure 4 shows the electron spin echo envelope for the 
Cu( 11)-aquo complex as recorded at  a magnetic field setting 
i n  the vicinity of gll (Walker et al., 1972). The curve differs 
little from that obtained at the gi setting and is typical of the 
results obtained with hydrated complexes of other paramag- 
netic ions (Mims and Davis, 1976). Its general features have 
been explained by assuming an approximately spherical dis- 
tribution of hydrogen nuclei surrounding the paramagnetic ion. 
(This approximation, though perhaps a poor one in the case 
of a single crystal sample, is acceptable for a glass, in which 
the paramagnetic complexes are oriented a t  random.) The 
N90-ns period observable at  the beginning of the trace cor- 

0 
I 1 I I 

1 I 

0.5 1.0 1.5 2.0 

T ( p s e c i  

F I G L R E  5 :  Envelope modulation function for Cu(lI)-glycylglycine. 
Conditions were similar to those in Figure 4. The effect of proton coupling 
i b  almost the same as in Figure 4. Coupling between Cu(I1) and the directly 
coordinating I4N nucleus yields no visible effect in this experiment. This 
is because the term A I 8  dominates other terms in  that portion of the spin 
Hamiltonian that describes the interactions of the I4N nucleus. 

C u  Bovine Serum Albumin 

t I 

r ! p s e c ]  

I IGC ~t 6: Envelope modulation function for the complex formed between 
C u ( l l )  and bovine serum albumin measured at  the gl end of the EPR 
spectrum. Conditions were similar to those in Figure 4. The lob-frequency 
period shown by the line joining the proton peaks is due to coupling with 
the nucleus belonging to the N-I  nitrogen in the imidazole ligand (I4h 
nuclei immediately adjacent to the Cu(l l )  ion do not contribute to the 
cnvelope in  this type of experiment. (See Figure 5 . ) )  

0.0 0.5 1.0 1.5 2.0 2 .5 

responds to the proton precession period in the Zeeman field. 
Since the proton frequencies are shifted in varying amounts 
owing to the proximity of the Cu(I1) magnetic moment, the 
corresponding signals tend to interfere and the -90-ns period 
decays rapidly, having almost disappeared by the end of the 
trace. The shorter period -45-11s that dominates the pattern 
towards the end corresponds to the sum of the two ENDOR 
frequencies associated with the upper and lower electron spin 
levels (see eq 45 in Mims, 1972a) and is approximately twice 
the proton frequency. Since the dipolar coupling contributes 
opposite shifts in the two ENDOR intervals this sum frequency 
is more nearly monochromatic and persists for a longer period 
in the time waveform than the proton frequency itself. 

The curve in Figure 5 shows the echo envelope for the 
Cu( 11)-glycylglycine complex a t  pH 8.5, the immediate li- 
gands in this case being oxygen (2 ligands) and imino and 
amino nitrogen (1  ligand each) (Freeman, 1966; Crawford and 
Dalton, 1969). The 14N nuclei belonging to the imino and 
amino ligands make no contribution to the modulation enve- 
lope here, indicating that in this case the I-A-S term exceeds 
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FIGURE 7: Envelope modulation function for Cu(1I)-hexaglycine pre- 
pared at pH 6.0. Conditions were similar to those in Figure 4. The major 
features in the spectrum show the effect of proton coupling, similar to that 
seen for hydrated Cu(I1) (Figure 4) or for Cu(I1)-glycylglycine (Figure 
5 ) .  The weak feature observed near 1 ws is ascribed to interaction with 
nitrogen atoms not directly ligated to copper. 
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FIGURE 8: Envelope modulation function for stellacyanin. Conditions 
were similar to those in Figure 6. The low-frequency period is assigned 
to an imidazole ligand as i n  Figure 6. 

the Zeeman term ( N 1 MHz)  and the I4N quadrupole terms 
( E  1-2 MHz; Edmonds and Summers, 1973; Hunt, 1974) by 
a comfortable margin. This is not surprising, since, in the 
analogous case of the Cu(I1)-o-phenanthroline dichloride 
complex A /~,cI = 36 M H z  and A 1 , ~ ~  = 26 M H z  (Kokoszka et 
al., 1967). 

The echo envelope for the Cu(I1)-bovine serum albumin 
complex in Figure 6 shows a new low-frequency component 
in addition to the high-frequency proton components observed 
in Figures 4 and 5. Studies have shown that in this case, the 
Cu(1I) ion is coordinated by one amino nitrogen, two peptide 
nitrogens, and one nitrogen from an imidazole group (Peters 
and Blumenstock, 1967). The new modulation period is pre- 
sumably due to the imidazole ligand, since, as we have seen in 
the preceding case (Figure S), nuclear coupling with the I4N 
in an amino or imino ligand is not observable in echo envelope 
experiments. It seems probable, moreover, that the nitrogen 
responsible for the modulation pattern is the N-1 nitrogen of 
the imidazole group rather than the N-3 nitrogen that coor- 
dinates the Cu(I1) ion directly. Coupling between the Cu(I1) 
ion and the remote nitrogen nucleus is more likely to be of the 
correct order of magnitude to contribute to echo envelope 
modulation (Le., to be comparable with the quadrupole and 
Zeeman couplings). 

r i p s e c )  

FIGURE 9: Envelope modulation function for the compound Cu(11)- 
(imid)4. Conditions were similar to those in Figure 6. This curve is re- 
produced for comparison with the curve in Figure I O .  

The low-frequency modulation period ascribed to imidazole 
in Cu(I1)-bovine serum albumin cannot arise from close lying 
peptidic or amino nitrogen. Recordings of the spin-echo en- 
velope for Cu(I1)-hexaglycine prepared a t  pH 7.0 or 9.5 show 
that the modulation pattern is essentially the same as that 
which is observed for hydrated Cu(I1) (Figure 4) or for 
Cu(I1)-glycylglycine (Figure 5). However, for the Cu(I1)- 
hexaglycine sample prepared a t  pH 6.0 (Figure 7) the pattern 
contains a shallow modulation feature near 1 .O ps that is at- 
tributed to interaction with nitrogen not directly bonded with 
the copper. As can be seen, the depth of nitrogen modulation 
here is considerably less than for Cu(I1)-serum albumin 
(Figure 6). 

The echo envelope for stellacyanin is shown in Figure 8. As 
can be seen, there is a low frequency modulation pattern with 
features that show a close correspondence to those obtained 
for the Cu(I1)-bovine serum albumin complex, and it is pri- 
marily on these grounds that we assign an imidazole ligand to 
the copper of stellacyanin. In addition, the high-frequency 
component ascribed to protons is less pronounced for stella- 
cyanin than it is for Cu(I1)-bovine serum albumin suggesting 
that there are less protons near the copper in stellacyanin than 
in the copper albumin complex. 

Although our findings suggest copper coordination to an 
imidazole ligand in stellacyanin, it would be useful to be able 
to exclude the possibility of coordination by a guanidine residue 
from arginine, since this ligand would, like imidazole, contain 
nitrogen atoms twice removed from Cu(I1) in addition to a 
directly coordinating nitrogen atom. Unfortunately, in this case 
we were not able to obtain a suitable model with a single 
guanidyl ligand to copper, but some evidence excluding the 
possibility of a guanidyl ligand in stellacyanin can be obtained 
by comparing the echo envelopes for the complexes Cu(1I) 
(imid)4 and C ~ ( I I ) ( g u a n ) ~  in Figures 9 and 10, respectively. 
The curve for Cu(I1) (imid)4 is different in appearance from 
the curve for Cu(I1)-bovine serum albumin (Figure 6) where 
the Cu(I1) is coordinated by only one imidazole ligand, but, 
from the maxima associated with the low-frequency compo- 
nent (at = O S ,  0.7, 1 . 1 ,  1.3, and 2.0 ps), it can be seen that it 
isgenerated by similar superhyperfinecouplings. TheCu(l1)- 
(guan)4 curve (Figure 10) differs markedly from the Cu(1I)- 
(imid)d curve (Figure 9), indicating that there is little likeli- 
hood of mistaking the pattern due to guanidyl ligands for the 
pattern due to imidazole ligands. 

B I O C H E M I S T R Y ,  V O L .  1 5 ,  N O .  1 7 ,  1 9 7 6  3867 



M l U S  A N D  P E I S A C ‘ H  

r ( u s e c l  

F l G L R E  10. Envelope modulation function for the compound Cu(l1) 
(guan)a. Conditions were similar to those in Figure 6. Comparison with 
Figure 9 shows that coupling between Cu(1l) and the remote I4N nuclei 
in the guanidine ligands results in a pattern that is quite different from 
that resulting from coupling between Cu(1I) and the N-1 nitrogens in 
imidazole ligands. 

These results leave open the question as to the number of 
imidazole ligands coordinating Cu(I1) in stellacyanin. In 
general, it is true that the more the equivalent groups, the 
deeper the modulation pattern,* but it is necessary to have some 
more specific information as to the relative orientations of the 
ligands before one is able to analyze results quantitatively in 
this way. From a rough comparison of Figures 9 and 10 we 
should infer that one imidazole ligand is the more likely as- 
signment, though the possibility of there being two cannot be 
ruled out. 

In summary, we have shown how the nuclear modulation 
effect in pulsed EPR spectroscopy gives new types of infor- 
mation about paramagnetic centers in  biomolecules. This 
technique provides a useful means for identifying muclei in the 
neighborhood of a paramagnetic center and can also in certain 
cases be used to identify the ligands of metal ions in pro- 
teins. 
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Comparison of the Phosphorus Magnetic Resonance and Circular 
Dichroism Properties of Calf Thymus DNA and Chromatin? 

Sue Hanlon,* Thomas Glonek, and Aurelia Chan 

ABSTRACT: Dual measurements of the 31P magnetic resonance 
spectra and the circular dichroism spectra have been made on 
calf thymus D N A  and purified chromatin. The 31P magnetic 
resonance signals for all samples fell a t  1.2 f 0.1 ppm relative 
to 85% orthophosphoric acid. The full width a t  half-height of 
the signal of samples in which the molecular weight of the 
native DNA component was in the 2-9 X lo6 range was ca. 50 
Hz. This bandwidth was reduced dramatically to ca. 20 H z  by 
reducing the molecular weight to 140 000 (by sonication) or 
by heat denaturation of the high-molecular-weight DNA. The 
position of the signal and the bandwidth of the chromatin 
samples did not differ significantly from that of the D N A  
samples of comparable molecular weight and state of nativity. 
The intensities of the chromatin signals, however, were all less 
than those of signals of DNA in companion runs conducted 

In preceding papers from this laboratory we have proposed a 
model for purified calf thymus chromatin in which the D N A  
constituent is in two discrete secondary structures. As ascer- 
tained by circular dichroism (CD)’ spectral analysis, anywhere 
from 30 to 50% of the nucleotide residues are in a forin re- 
sembling the Watson-Crick B conformation, whereas the re- 
mainder are in a C conformation, which is a helical variant of 
the B form. The distribution of residues between the two con- 
formations can be varied by several methods. Exhaustive di- 
alysis against EDTA,’ high concentrations of denaturants such 
as urea, proteolytic digestion, and removal of histone proteins 
with dissociative reagents such as sodium deoxycholate or 
NaCl will result in substantial increases in the B character a t  
the expense of the C (Hanlon et al., 1974a), whereas nuclease 
digestion (with subsequent removal of the low-molecular- 
weight products of digestion) results in a macromolecular 
product which displays a C D  spectrum almost identical to that 
exhibited by the C form of DNA (Hanlon et al., 1972; Johnson 

From the Department of Biological Chemistry, College of Medicine, 
and the Research Resources Center of the University of Illinois a t  the 
Medical Center, Chicago, Illinois (6061 2). Receiced February 19, 1976. 
This work was supported by Grant BMS 75-16488 from the National 
Science Foundation, and Grant PHS-GRSG 615 from the National I n -  
stitutes of Health. ’ Abbreviations used are: EDTA, the sodium salt of (ethylenedini- 
tri1o)tetraacetic acid; CD. circular dichroism; Tris, 2-amino-2-hydroxy- 
methyl- 1.3-propanediol; T N H ,  purified chromatin. 

under comparable experimental conditions. The reduction of 
the intensity of the magnetic resonance signal paralleled the 
lowering of the intensity of the positive band above 260 nm in 
the circular dichroism spectrum of the given sample of chro- 
matin relative to the spectrum of protein-free DNA. In fact, 
the percent reduction of the magnetic resonance signal of 
chromatin relative to protein-free D N A  was, within experi- 
mental error, equal to the percentage of nucleotide residues 
in the Watson-Crick B secondary structure. Since the latter 
fraction of residues can be correlated with those in the inter- 
bead regions of the superstructure of chromatin, we have 
concluded that the signal of the nucleotide residues in the 
beads, or u bodies, has been broadened to the point of extinction 
by a packing arrangement which maximizes phosphate-protein 
interactions and structural rigidity. 

et al., 1972; Rill and Van Holde, 1973; Hanlon et al., 1975). 
The arguments in favor of discrete conformations in intact 
chromatin have included the results of this latter experiment, 
as well as the almost exact correlation between the %B char- 
acter and the fraction of bases melting out in the lower tran- 
sition regions of the complex melting profile which is exhibited 
by purified chromatin (Hanlon et al., 1972, 1974b; Johnson 
et al., 1972). 

Electron microscopic observations on chromatin from in- 
terphase nuclei have revealed a structure resembling “beads 
on a string” (Olins and O h ,  1974). The beads, referred to as 
u bodies by Olins and Olins (1 974), can be ,produced by nu- 
clease treatment (Van Holde et al., 1974; Finch et al., 1975) 
or extensive sonication (Senior et al., 1975). Since the products 
of digestion by nucleases have a C D  spectrum which is almost 
identical with C spectrum DNA above 250 nm (Johnson et al., 
1972; Rill and Van Holde, 1973), it is reasonable to conclude 
that the DNA in the “beads” or u bodies is in the C confor- 
mation, whereas the DNA in the interbead or string regions 
of intact chromatin is in the B conformation (Hanlon, S., 
Berman, S., and Chan, A., in preparation). 

A further aspect of our model includes the limited accessi- 
bility of the portions of chromatin in which D N A  is in the C 
form. These regions are resistant to nuclease digestion and 
seem to be very well stabilized to heat denaturation as they 
melt in the high T ,  transitions of the thermal melting profile 
of chromatin (Johnson et al., 1972; Rill and Van Holde, 1973). 

B I O C H E M I S T R Y ,  V O L .  1 5 ,  N O .  1 7 ,  1 9 7 6  3869 


