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ABSTRACT: Histone self-aggregation processes have been
studied by '3C and 'H nuclear magnetic resonance (NMR)
as a function of ionic strength and protein concentration.
This has led to a model involving apolar aggregation be-
tween structured regions of these molecules. This analysis

In the chromatin of eukaryotic organisms DNA is com-
plexed with five types of histones (Johns, 1967a,b) which
are thought to be responsible for the contraction of the nu-
cleic acid into a folded or coiled conformation. X-Ray dif-
fraction studies of isolated chromatin have revealed (Luzza-
ti and Nicolaieff, 1963; Richards and Pardon, 1970) a re-
peat distance of 110 A, which has led to the super-coil
mode! (Pardon and Wilkins, 1972), and recent evidence
from many techniques has led to the suggestion of a sub-
unit construction for chromatin (Kornberg, 1974). An inte-
gral part of the postulated subunit structure is specific het-
erologous interaction between the histones and there have
been several such complexes reported (D’Anna and Isen-
berg, 1973; Kelley, 1973; Clark et al., 1974; Kornberg and
Thomas, 1974). In order to gain some insight into the na-
ture of this interaction, and ultimately the means by which
super-coiling is induced in the DNA, it is first necessary to
have a knowledge of the solution conformation of the indi-
vidual histones.

Optical methods have been applied extensively to solu-
tions of histones (Bradbury et al., 1967; Li et al., 1972;
D’Anna and Isenberg, 1974a,b), both individually and as
mixtures, but while they can provide information on helical
content they cannot indicate the distribution of secondary
structure with respect to the primary structure of these mol-
ecules. Nuclear magnetic resonance (NMR) is capable of
yielding more detailed information. Boublik et al. (1970)
and Bradbury and Rattle (1972) have used '"H NMR in a
series of studies of histone solution conformation, conclud-
ing that histones in pure water are entirely in the random-
coil state and that regular secondary structure is only in-
duced on raising the ionic strength. In a previous paper
(Clark et al., 1974) we have shown that }*C NMR may be
used to study histone conformation. The results indicated
that histones F2A; and F2A; in pure water both contain
considerable secondary structure which is located away
from the N-terminus. An important difference between the
experimental techniques for the 13C and 'H studies was the
concentration of histone solutions examined. The low natu-
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supports the validity of the acquisition of conformational
data on histones by the simulation of 13C NMR spectra at
high concentration. Solution conformations for histones
F2B and F3 are presented.

ral abundance and sensitivity of '3C had required us to
work with solutions which were ten times the concentration
used in the '"H NMR work (i.e., 100 mg/ml and 10 mg/ml,
respectively). The physiological significance of this is not
easy to assess, for the concentration of histone in either the
nuclear volume or in chromatin is not available, but it is
likely that our more concentrated samples are a better rep-
resentation of the in vivo state than the lower concentra-
tions used by other workers.

Histones are known to aggregate, even at protein concen-
trations below 1 mg/ml. It is likely that considerable aggre-
gation occurs at concentrations of 100 mg/ml. To investi-
gate this aggregation we have studied both 'H and '°C
spectra over a range of histone concentrations. It has been
possible both to determine which regions of the histones are
involved in homologous interactions and also to show that
the aggregation process does not affect the secondary struc-
ture of the histones. The original '*C studies of histones
F2A, and F2A, (Clark et al., 1974) have been extended
and similar studies made with histones F2B and F3.

Experimental Section

Histones were extracted from calf thymus using the
methods of Johns (1967a,b). In the cases of F2A, and
F2A,, three ethanol washes were performed before the final
acetone wash (Clark et al., 1974). Spectra were recorded as
soon as possible after preparation, all samples being stored
at 0°C under acetone and the acetone removed under vacu-
um for 24 hr immediately prior to use. The purity of all his-
tone fractions was checked by polyacrylamide gel electro-
phoresis (Panyim and Chalkley, 1969). All histone solutions
used for NMR experiments were homogeneous.

13C NMR at 22.63 MH:z and Computer Simulation of
Spectra Obtained at 100 mg/mi. This has been described
previously (Clark et al., 1974). Proton noise-decoupled '*C
NMR spectra were recorded at 22.63 MHz on a Bruker
WH-90 instrument. Spectra were obtained in 1-ml sample
volumes at protein concentrations of 100 mg/ml, dissolved
in glass distilled water containing 30% deuterium oxide.

13C NMR at 45.26 MHz. Proton noise-decoupled '3C
NMR spectra at natural abundance were recorded at 45.26
MHz in the Fourier transform mode on a Bruker WH-180
wide-bore spectrometer. This instrument was equipped with
a Bruker superconducting magnet, a probe of internal di-
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FIGURE 1: '*C NMR spectrum and simulation for histone F2B: (a) spectrum of 100 mg/ml solution of F2B in H,0-30% D,0; 3 X 105 accumula-
tions; shifts in parts per million relative to Me4Si; (b) simulation of (a) assuming free motion in residues 1-35, 49-54, and 79-90 and structure in

residues 36-48, 55-78, and 91-125.

ameter 30 mm, and a quadrature detection system. Spin-
ning sample tubes (25 mm diameter) were used at probe
temperatures 280-290 K. Sweep width and frequency offset
were set to give spectra equivalent to those recorded on the
Bruker WH-90; a 60° pulse (30 usec) was used with a 0.4-
sec recycle time. Data were collected in 8192 points in the
time domain (i.e., 4096 points for the real free induction
decay) and 4-6 X 10* pulses were recorded for each spec-
trum. Histone samples were dissolved at 10 mg/ml in 30 ml
of distilled water, containing 17% D,O to provide a field
lock. In some samples sodium chloride was added directly
to the histone solution in the NMR tube to give the desired
concentration.

Computer Simulation of 13C NMR Spectra Obtained at
10 mg/ml. This program was constructed using basically
the same approach as that for the spectra at higher concen-
trations (Clark et al., 1974). The primary sequence of the
protein was divided into regions of two types, those consid-
ered to be involved in secondary structure and those likely
to be in random-coil and capable of free movement. Two
stick maps of resonances were then calculated using pub-
lished data for '3C shifts in amino acids and proteins. The
peak heights thus obtained were scaled to allow for nuclear
Overhauser enhancement (NOE) resulting from proton
noise decoupling. For the carbon atoms of the “free” re-
gions, this scaling factor was set at a maximum for any car-
bon atom possessing a directly bonded proton, but for the
“structured” regions full NOE is only allowed for carbon
atoms further removed from the backbone than the 8 car-
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bon. The free stick map was fitted to a Lorentzian line
shape of given width but the structured resonances were ad-
justed to include line-broadening effects. Thus, peak heights
were reduced and widths increased by different factors de-
termined by the proximity of the appropriate '3C atom to
the backbone and the number of directly bonded protons.

'H spectra were recorded at 90 MHz on a Bruker
WH-90 Fourier transform instrument. The height of the
HDO peak was attenuated by irradiation in a gated mode.
Spinning sample tubes (5 mm) were used, at probe temper-
atures of 280-290 K. Histone samples were dissolved in
99.8% D,O (Fluorochem Ltd.) containing the desired con-
centration of NaCl.

Results and Discussion

22.63-MHz '3C Spectra of F2B and F3. Proton-deco-
upled 3C NMR spectra for these histones at a concentra-
tion of 100 mg/ml are shown in Figures | and 2. These
spectra show similarities to those of F2A| and F2A, (Clark
et al., 1974) but are quite clearly distinguishable. A com-
mon feature in all these spectra is the superimposition of a
number of comparatively sharp resonances onto a rather
broader background. This is consistent with the molecules
containing some regions which are structured and others
which are capable of comparatively free motion.

Using the simulation program described previously
(Clark et al., 1974) close agreement has been obtained be-
tween simulated and observed spectra (Figures 1 and 2).
For F2B the best simulation was obtained where residues
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FIGURE 2: '3C NMR spectrum and simulation for histone F3: (a) spectrum of 100 mg/ml solution of F3 in H,0-30% D,0: 3.1 X 10% accumula-
tions; (b} simulation of (a) assuming free motion in residues 1-20, 27-46, and 106-135 and structure in residues 21-26 and 47-105.

1-35, 49-54, and 79-90 were allowed freedom of motion,
the rest of the molecule being structured (Figure 1). The
simulation procedure was estimated to be sensitive to
changes in boundary position of at most two residues on ei-
ther side. For F3 the best simulation was obtained assuming
free motion in the residues 1-20, 27-46, and 106-135, and
two structured regions at 21-26 and 47-105 (Figure 2). It
is to be noted that the regions of structure in both histones
derived by this method are in close agreement with those
predicted (Pardon and Richards, 1973) for the presence of
o helix using the rules of Prothero (1966) and Schiffer and
Edmundson (1967).

A common feature of all the histone conformations deter-
mined by means of 13C NMR is a freely mobile N-terminal
peptide containing a large number of basic residues, which
accords with the view generally held that it is this region
which is involved in binding to DNA in chromatin.

In contrast with the behavior exhibited by histone F2A,,
raising the ionic strength of 100 mg/ml solutions of F2B
and F3 produced a comparatively slight overall reduction in
signal-to-noise ratio. Figure 3 shows spectra of F2B and F3
at 0.4 and 0.6 M sodium chloride, respectively. Some reduc-
tion in signal-to-noise is evident but the spectra are qualita-
tively essentially the same as the zero ionic strength solu-
tions. It is apparent that histones F2A,, F2B, and F3 are
less susceptible to salt induced aggregation than is F2A;.

90-MHz 'H Spectra of F2A,, F2A,, F2B, and F3. (a)
Histone F2A,. Proton NMR spectra of histone F2A, at
100, 30, and 10 mg/ml are shown in Figure 4. While the
100 and 30 mg/ml spectra are quite similar, at 10 mg/ml
there are changes. An assignment for some of the reso-
nances (McDonald and Phillips, 1969) is shown on the
lower concentration spectrum. The regions showing concen-
tration-dependent effects are the methyl resonances of va-
line, leucine, and isoleucine, occurring at the high-field end
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of the spectrum, and the aromatic region, downfield from
the HDO peak, all of which show a decrease in apparent in-
tensity with increasing histone concentration. Phenylala-
nine, tyrosine, valine, leucine, and isoleucine are all residues
of distinctly hydrophobic character and hence it seems rea-
sonable that the spectral change observed may be ascribed
to processes involving apolar aggregation. While a simple
helix-coil transition would be expected to affect the correla-
tion times of backbone and 3-CH protons and, hence, their
resonance line widths, many side-chain protons should still
be capable of rapid isotropic motion and thus produce nar-
row resonances. However, aggregation between the hydro-
phobic side chains of regions which are already involved in
secondary structure would be predicted to lead to just the
changes in the spectra which have been observed. It can also
be seen that of the aromatics, tyrosine shows the major sig-
nal {oss from broadening effects.

Simulation of the '3C NMR spectra of F2A, at 100
mg/ml indicated that the primary sequence could be divid-
ed into structured regions between residues 40-70 and 96-
116, the rest of the molecule being freely mobile. The struc-
tured regions contain a high proportion of valine, leucine,
and isoleucine and also tyrosine as the only aromatic resi-
due. Furthermore, if a model of the 40-70 regions is built
assuming 3.6 residues per turn, then it is seen that Tyr-50
and Tyr-57 lie on the same side of the helix and that Tyr-
39, while being considered formally as lying in the free re-
gion, is also coaligned. Hence, hydrophobic aggregation of
F2A; molecules by the central 40--70 region, either alone or
in concert with the 96-116 region, is entirely consistent
with the observed spectral changes.

The effects of raising the ionic strength may also be ra-
tionalized within the above framework. Figure 5 shows the
effect of various concentrations of sodium chloride upon the
'H spectrum of F2A; at 10 mg/ml protein. At the lowest
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FIGURE 3: (a) '3C NMR spectrum of 100 mg/ml solution of F2B in 0.4 M NaCl in Hy0-30% D;0; 2.7 X 10° accumulations; (b) !>C NMR spec-
trum of 100 mg/ml solution of F3 in 0.6 M NaCl in HO-30% D,0; 2.3 X 10° accumulations.
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FIGURE 4: 'H NMR spectra of solution of histone F2A; in D,O: (a) 10 mg/ml, some resonances have been assigned on this spectrum; (b) 30 mg/
ml; (¢) 100 mg/ml.
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FIGURE 5: "H NMR spectra of 10 mg/ml solutions of histone F2A in: (a) pure D,0O; (b) 0.1 M NaCl in D,0; (c) 0.6 M NaCl in D,O; (d) 1.0 M

NaClin D;0.

sodium chloride concentration, the spectrum is closely simi-
lar to that recorded at 100 mg/ml in the absence of any
salt. The methyl region of the spectrum has been considera-
bly reduced in apparent intensity. Tyrosine is the most af-
fected aromatic residue, being almost indistinguishable
from noise at 0.1 M sodium chloride. As the sodium chlo-
ride concentration is raised from 0.1 to 0.6 M, the methyl
region continues to decrease in intensity, but the phenylala-
nine and histidine intensities are not reduced further. At 1
M sodium chloride the methyl region has suffered extensive
broadening and the histidine has undergone some intensity
loss. The similarity between the effects of protein concen-
tration and those of raising the ionic strength of the histone
solution suggest that a common mechanism is involved
whereby the addition of sodium chloride to a solution of
F2A; induces aggregation between the structured hydro-
phobic region(s) of the molecule. As for the protein concen-
tration effects this aggregation might occur with both struc-
tured regions or just the central 40-70 region. As the ionic
strength is raised beyond 0.1 M the spectral changes indi-
cate that this binding becomes tighter. That the major ef-
fect is on the methyl resonances indicates that the aromatic
(tyrosine) residues are most involved in the apolar aggrega-
tion, even at the lower salt concentration, but that a further
increase in ionic strength leads to a packing down process,
further immobilizing the methyl groups of the hydrophobic
aliphatic residues. The loss of histidine intensity at the high-
est ionic strength may reflect a stronger binding of the sec-
ond structured region, i.e. that between residues 83 and
4594 1975
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116, thereby affecting the mobility of the formally free cen-
tral region, residues 71-82, which includes the His-82 resi-
due.

(b) Histones F2B and F3. 'H spectra of F2B and F3 at
100 and 10 mg/ml are shown in Figures 6 and 7. As for the
F2A, spectra there are marked changes in the region corre-
sponding to hydrophobic residues, in particular the methyl
region being considerably reduced in apparent intensity. Of
the aromatic residues, the predominant reduction in both
histones is in the phenylalanine peaks, suggesting that in the
apolar aggregation the major aromatic participant is phe-
nylalanine. In our predicted conformation for F3, the longer
structured region, i.e. that between residues 47 and 105,
contains four phenylalanine and two tyrosine residues.
Thus, aggregation between these regions of two or more F3
molecules would be expected to produce a major effect on
the phenylalanine resonances and a lesser effect on the tyro-
sine peaks. Indeed, closer examination of Figure 7 shows
that a reduction in apparent intensity of the tyrosine reso-
nances has occurred, the change being about half the mag-
nitude of the phenylalanine reduction. The '*C spectrum of
F2B indicated the presence of three structured regions of
the molecule. All contain a high proportion of hydrophobic
residues but the regions differ in their aromatic residue con-
tent. The region between residues 35 and 48 contains three
tyrosine residues, that between 55 and 78 contains two phe-
nylalanine, and that from 91 to 125 contains one tyrosine
and one histidine residue. As well as the major phenylala-
nine reduction in the spectra, some loss of intensity is also
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FIGURE 6: 'H NMR spectra of solutions of histone F2B in D;0: (a) 10 mg/ml; (b) 100 mg/ml.
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FIGURE 7: 'H NMR spectra of solutions of histone F3 in D;0: (a) 10 mg/ml; (b) 100 mg/ml.

evident in the tyrosine resonances, though again this effect
is smaller than the phenylalanine reduction. Thus, it would
appear that while all the structured regions are showing
some aggregation, the most important is the central region,
containing residues 55-78.

Spectral variations with ionic strength are similar to
those for F2A; and again the similarity with the protein
concentration effects is marked. The methyl region shows
the same continuous reduction in intensity as the ionic
strength is increased but the aromatic residue most affected

BIOCHEMISTRY, VOL. 14, No. 21, 1975

is phenylalanine; again this effect is particularly evident be-
tween 0 and 0.1 M sodium chloride. This result is entirely
consistent with the above analysis for F2A; and with the
observed protein concentration dependence of the spectra,
thus reinforcing the conclusion that the central 55-78 re-
gion of structure is the most important in the aggregation
process. However, it is evident that the other structured re-
gions suffer some degree of aggregation as evidenced by a
loss of intensity of tyrosine and histidine at higher salt con-
centrations.

4595



LILLEY ET AL.

— v T v T

10 8 (-}

4 2 ppm o

FIGURE 8: 'H NMR spectra of solutions of histone F2A, in D,0: (a) 10 mg/ml; (b) 66 mg/ml.

(c) Histone F2A,. 'H spectra for F2A; at 66 and 10
mg/ml are shown in Figure 8. Together with the methyl re-
gion there is a large overall reduction in intensity of all the
aromatics. In contrast to the previous three histones there
are no differential effects between the reduction in intensi-
ties shown by the three aromatic types. The conformation of
F2A, which was derived from analysis of 1*C NMR spectra
(Clark et al., 1974) indicated that this histone is more
structured than the other three, being entirely immobilized
from residue 26 to the C terminus. This region contains
many hydrophobic residues and all three types of aromatic
residues, and hence aggregation of this region would be ex-
pected to affect the resonances of all the aromatic residues,
as observed.

If the ionic strength is increased at 10 mg/ml protein the
spectra show losses of apparent intensity in the methyl re-
gion and in all the aromatic types. This is again consistent
with our proposed conformation for F2A, and with the salt-
induced aggregation mechanism. That this is a reversible
process has been demonstrated by examination of the 'H
spectrum of a solution of F2A; in D,O which has been di-
alyzed from 0.5 M sodium chloride against 100 vol of D,O
overnight; both the methyl and the aromatic residues regain
the relative intensity observed at zero ionic strength before
the addition of salt.

13C Spectra at 10 mg/ml of F2A, and F2A,. The 3C
NMR spectrum of a 10 mg/ml solution of histone F2A; is
shown in Figure 9. Comparison with that obtained at 100
mg/ml (Clark et al., 1974) shows an essential similarity but
the two spectra are not identical. The general line width is
narrower in the former spectrum, this being due in part to
the higher field used for the lower concentration, and the
two spectra show several differences in the intensities of
some resonances. In particular, the aromatic region, 100~
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150 ppm, shows the greatest increase in intensity and both
the methyl region, upfield from 20 ppm, and the a-carbon
region, 50-70 ppm, are clearly increased. Furthermore,
there are differences in the relative intensities of lines in the
general aliphatic region, 20-50 ppm. The best simulation of
this spectrum, based on the conformation obtained from the
13C NMR spectrum at 100 mg/ml and using the method
outlined in the Experimental Section, is also shown in Fig-
ure 9, together with that obtained using the same procedure
but with the assumption of an entirely unstructured mole-
cule. Bearing in mind the relative simplicity of this ap-
proach, the agreement between the actual F2A | spectrum
and the simulation based on the structured conformation is
good.

13C NMR spectra and simulations for a 10 mg/ml solu-
tion of F2A; are shown in Figure 10. Comparison with the
spectrum at 100 mg/ml (Clark et al., 1974) shows fewer
differences, but the overall pattern of increased intensity in
aromatic, methyl, and a-carbon regions is observed. The
general line width is greater than in the F2A; spectrum.
Agreement between the F2A; spectrum and its simulation
based upon the structure derived from '*C NMR at 100
mg/ml is again good.

Most of the discrepancies between actual and simulated
spectra may be ascribed to the inherent simplicity of this
approach. Thus, a consistent error in our simulations is the
relatively low intensity of the peak at 40.5 ppm, which has
been assigned to arginine (8). The observed line widths are
composed of the natural carbon line widths plus the effects
of small chemical shifts between different residues of any
given type due to slight variations of environment. This lat-
ter effect would be expected to be least pronounced near the
end of a long side chain and so the apparent line width of a
resonance such as arginine é should be narrower, with a cor-
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FIGURE 9: '3C NMR spectrum and simulations for histone F2A: (a) spectrum of 10 mg/m! solution of F2A; in H20-16% D,0; 4 X 10* accumu-
lations; (b) simulation of (a) assuming free motion in residues 1-26 and structure in residues 27-102; (c) simulation of (a) assuming totally random

coil molecule.

responding increase in peak height. Another discrepancy
consistently observed has been in the region 35-37 ppm,
thought to result from slight errors in our original shift
data.

Nevertheless, with these reservations in mind, it is impor-
tant to appreciate that the agreement between simulated
and observed spectra has only been possible with the as-
sumption of a model in which the molecules contain regions
of secondary structure. Such regions would be predicted to
result in substantial reduction of rapid isotropic motions in
all backbone and B-carbon atoms, whereas in a random
coiled molecule much smaller effects would be expected. In
the simulation of F2A, a basic line width of 5 Hz has been
used and 10 Hz for the F2A, simulation. The difference in
line widths may result from the greater molecular weight of
the F2A; molecule.

Regions of these histones containing secondary structure
might be expected to be subject to further folding—the ter-
tiary structure thus producing an overall globular confor-
mation. Since no appreciable side-chain immobilization has
been detected by the simulation method it is concluded that
if tertiary structure exists, helix-helix contact must be at a
minimum.

Figure 11 shows the effects of increased salt concentra-
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tions on the spectrum of F2A . Comparisons of this with the
13C NMR spectrum obtained from 100 mg/ml solutions at
zero ionic strength (Clark et al., 1974) show remarkable
resemblances. Similar agreement is evident between the
analogous spectra for histone F2A,. Thus, it would appear
that as judged by the '3C NMR spectra of these histones,
the effects of increased ionic strength and those of increased
protein concentration are very similar, and that, therefore, a
common mechanism is involved. These results and those
from the ionic strength and protein concentration studies by
"H NMR are completely consistent.

General Discussion

13C studies of helix-coil transitions in polypeptides (Al-
lerhand and Oldfield, 1973) have indicated that there is lit-
tle change in side-chain relaxation times or NOE between
the two forms. Hence, it would seem that in 100 mg/ml his-
tone solutions there is an additional process providing a re-
straint on the motion of the entire side chain. Aggregation
between side chains of distinct histone molecules could pro-
duce such an overall immobilization. The simulations are
not very sensitive to the value for the broadening factor
used, but 20 appears to be of the right order for the “struc-
tured” regions.
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FIGURE 10: 13C NMR spectrum and simulations for histone F2A,: (a) spectrum of 10 mg/ml solution of F2A; in H,0-16% D>0; 4 X 10% accu-
mulations; (b) simulation of (a) assuming free motion in residues 1-39, 71-83, and 117-129 and structure in residues 40-70 and 84-116; (c) simu-

lation of (a) assuming totally random coil molecule.

Allerhand has shown (Doddrell et al., 1972) that !3C re-
laxation in macromolecules is dominated by dipolar interac-
tion with directly bound protons, if such exist. Thus, the
transverse relaxation times, which are inversely proportion-
al to line widths, will be given by:

1 _ Nyc*yu?h?
T,

for a CH decoupled system, where N is the number of di-
rectly bonded protons, y¢c and yy are the magnetogyric ra-
tios of carbon and hydrogen, respectively, A is Planck’s con-
stant divided by 2w, rcy is the length of the C-H vector, Av
is the line width in hertz, and f(r¢) is a function of the rota-
tional correlation time (7¢) given by:

f(r¢c) = 1Ay Q)]

IOI‘CH6

0.5t 1.5
f(rc) = 2rc + c—— T
1 + (we — wy)?7c 1 + welre
3rc 3r¢
+ 2
wn?rc? 1+ (we + wy)?rc? 2

where wc and wy are the resonance frequencies of carbon
and hydrogen, respectively, 1.49 X 102 rad sec™! and 6.6 X
4598
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108 rad sec™! at a field of 2.11 T. For any given carbon
atom

Ay = f(1¢) 3)

and making the assumption that an unhindered side chain
would have a correlation time of the order of 10710 sec,
whereas the overall tumbling time for a small protein is
generally about 1078 sec, substitution into eq 2 and 3 shows
that:

Av(rc = 10~8) _
Apv(rc = 10_10)

In view of the uncertainties in the actual correlation times
involved, the agreement between the calculated factor and
that necessary to obtain a good simulation is indicative that
the order of magnitude in the change of mobility is correct.
Thus, it does appear that in 100 mg/ml histone solutions
aggregation is sufficiently extensive to immobilize com-
pletely the entire side chain.

In order to simulate the spectra from 10 mg/ml histone
solutions, it was necessary to broaden the methylene car-
bons at positions 4 and beyond by a factor of 2.5 for the

28
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FIGURE 11: '3C NMR spectra of 10 mg/mi solutions of histone F2A; in: (a) 0.1 M NaCl in H,0-16% D,0; (b) 0.2 M NaCl in H0-16% D,0.

“structured” regions. Histone solutions are known to show
some self-aggregation even at concentrations below 1
mg/ml (D. M. J. Lilley, unpublished observation) and
hence if the aggregation of these molecules is considered to
be a fast process relative to the NMR time scale, and this
assumption would appear reasonable in view of the compar-
atively weak apolar effects involved, then it is apparent that
the extent of aggregation at 10 mg/ml is at most 12% of
that at 100 mg/ml, and probably less.

The simulation of 13C NMR spectra of 100 mg/ml his-
tone solutions in pure water thus rests on the assumption
that aggregation between histone molecules occurs entirely
between structured portions of the molecules but this would
seem very plausible a priori and is also supported by the evi-
dence of the proton NMR spectra and '3C NMR spectra at
lower concentrations.

The general conclusion that histones contain secondary
structure when dissolved in pure water is in contrast with
views expressed by Bradbury (1972) and Isenberg. D’Anna
and Isenberg (1973, 1974a,b) would claim that histones iso-
lated using methods such as those for these studies are de-
natured in dilute aqueous solution. The addition of salt to
this solution produces an increase in « helicity. An impor-
tant difference between our results and those of Isenberg is
that we have never subjected our histones to very high dilu-
tions; in our hands secondary structure appears to have
been preserved. It may be important that within the nucleus
histone concentrations similar to those used in our studies
are present.

It is clear that the conformations of histone molecules
which are obtained from simulation of the 13C NMR spec-
tra at 100 mg/ml are really a description of the molecules
in terms of hindered and free regions rather than complete-
ly random coil and rigorously a-helical regions. In all four
histones there are regions designated as being structured
which contain proline, and hence cannot be regular « helix.
However, in the context of this work structured is taken to
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mean a region showing a high degree of some kind(s) of
secondary structure. For example, a structured region
might be composed of short lengths of helix with one or
more breaks where the residues at the breaks are still essen-
tially constrained, such that the region behaves as a unit in
the aggregation process.

Conclusions

The '"H NMR and '3C NMR data present a consistent
picture of histones as molecules possessing regions of ran-
dom coil and regions of structure, which are induced to un-
dergo self-aggregation by increases in either ionic strength
or protein concentration within the ranges studied here.
This is in contrast to the view expressed by Bradbury and
Rattle (1972) and D’Anna and Isenberg (1974a,b), where
histone molecules are regarded as completely random coil
molecules in the absence of salt.

These results allow greater confidence to be placed in the
conformations resulting from the simulation method and,
furthermore, demonstrate that the concentration induced
aggregation processes actually result in a greater sensitivity
to conformation of 13C NMR spectra at the higher concen-
tration. These conditions, rather than introducing artefacts
into the system, probably are a better representation of the
in vivo state of these molecules.
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An Immunological Approach to the Role of the Low
Molecular Weight Subunits in Myosin. I. Physical-Chemical
and Immunological Characterization of the Light Chains®

John C. Holt! and Susan Lowey*

ABSTRACT: The light chains of chicken breast muscle myo-
sin (alkali 1 and 2, 5,5-dithiobis(2-nitrobenzoic acid)
(DTNB) l.c.) have been isolated in pure form and charac-
terized with respect to amino acid composition, uv and cir-
cular dichroism (CD) spectral properties, and molecular
weight. Antibodies specific for each of the light chains have
been used to demonstrate the similarity of alkali 1 and 2
(mol wt 21,000 and 16,000, respectively), and the distinct-
ness of these from DTNB l.c. (mol wt 18,000). The DTNB
l.c. isolated by a variety of methods were all immunological-

All myosins so far studied, whether from vertebrate or
invertebrate muscle, or from nonmuscle sources, contain
small subunits (mol wt ~20,000) known as light chains
(Lowey and Risby, 1971; Sarkar et al., 1971; Lehman et al.,
1972; Adelstein and Conti, 1972; Pollard and Korn, 1972).
That these are integral components of myosin is implied by
their survival of all purification procedures for myosin;
moreover, fluorescent antibodies specific for light chains
stain only the A-band of myofibrils (Lowey and Steiner,
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ly identical. Significant cross-reactivity was observed be-
tween corresponding rabbit and chicken light chains, con-
firming other indications of homology between these pro-
teins in the two species. The immunological difference be-
tween alkali 1 and 2 was largely accounted for by an N-ter-
minal peptide, rich in proline, alanine, and lysine, which is
unique to alkali 1. The presence of antibodies to this peptide
in anti-alkali | serum suggests an immunological approach
to the question of how alkali l.c. are distributed in myosin.

1972). Since light chains are retained in the proteolytic sub-
fragments heavy meromyosin and subfragment 1, they are
presumably localized in or near the globular heads of myo-
sin (Weeds and Lowey, 1971).

As discussed in the following paper (Holt and Lowey,
1975), several lines of evidence suggest that light chains are
involved in the hydrolysis of ATP by myosin, although only
in the case of invertebrate molluscan myosin is this function
understood in any detail. A class of light chain (EDTA
l.c.),! which can be selectively and reversibly dissociated
from scallop myosin, has been shown to be responsible for
the myosin-linked Ca-regulation present in this species
(Szent-Gyorgyi et al.,, 1973). Vertebrate DTNB l.c. can,
moreover, substitute for EDTA l.c. in restoring Ca sensitivi-

! Abbreviations used are: EDTA, ethylenediaminetetraacetic acid;
DTNB, $,5-dithiobis(2-nitrobenzoic acid); Gdn-HC!, guanidine hy-
drochloride.



