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Nuclear Magnetic Resonance Studies of Histone IV

Solution Conformation

A. Eugene Pekary,! Hsueh-Jei Li,§ Sunney I. Chan,* Chen-Jung Hsu,

and Thomas E. Wagner#

ABSTRACT: The 220-MHz high-resolution proton magnetic
resonance (PMR) spectrum of histone IV has been exam-
ined as a function of histone concentration, salt concentra-
tion, and pD. The hydrophobic C-terminal portion of the
histone IV monomer appears to be largely PMR “invisible”
indicating that this region of the polypeptide contains rigid
secondary structure. Further loss of PMR resonance areas
with increased histone IV concentration in neat D,O has

Cationic histones participate in nuclear chromatin func-
tion by forming electrostatic-hydrophobic complexes with
anionic DNA (Lewin, 1969; 1970; Tanford, 1961; Bradbu-
ry et al., 1967; Smart and Bonner, 1971). In the presence of
high ionic strength, however, such complex formation is
suppressed (Hoare and Johns, 1971), presumably by coun-
terion stabilization of the components. A similar complex
destabilizing effect occurs when the pH lies outside the in-
terval between the component isoelectric points. Nucleohis-
tones may dissociate in this latter case because the sign of
the component net charges will then be the same. For these
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been attributed to self-aggregation involving a monomer-
dimer equilibrium. An equilibrium between the monomer
and large aggregates, on the other hand, appears to domi-
nate at NaCl concentrations above 0.01 M. pD studies re-
veal an abrupt increase in histone IV aggregation at pD
<0.8 and precipitation of histone IV at pD values in the
neighborhood of its isoelectric point, pD ~11.

reasons salt and acid extraction are the most commonly em-
ployed techniques for dissociating histones from purified
nuclear chromatin (Elgin et al., 1971).

Upon dissociation from DNA, however, the polybasic
histones experience increased aggregation, particularly at
high ionic strengths (Tanford, 1961; Bradbury et al., 1967).
Among the well-characterized histones, histone IV self-as-
sociates in electrolyte-containing media to the greatest ex-
tent (Diggle and Peacocke, 1971; Edwards and Shooter,
1969; Jirgensons et al., 1966). Investigations by optical ro-
tatory dispersion (ORD) (Bradbury et al., 1965; Jirgensons
and Hnilica, 1965; Tuan and Bonner, 1969), circular di-
chroism (CD) (Wagner, 1970; Shih and Fasman, 1971; Li
et al., 1971), and CD and fluorescence (Li et al., 1972)
have revealed that ionic strength changes affect not only the
histone 1V self-association tendency but also its conforma-
tion. According to these studies, the histone 1V “extended
coil” may acquire up to 20% «-helical content in uni-uni-
valent salt solutions exceeding 0.1 M. Additional secondary
and tertiary structure may also be present in the solution
conformation of this histone since previous interpretations
of ORD and CD spectra for “unordered” proteins based on
a combination of random and helical segments may not
have been entirely adequate (Dearborn and Wetlaufer,
1970; Li et al., 1971). The time course of changes in the his-

BIOCHEMISTRY, VOL. 14, No. 6, 1975 1177



Histone I¥

MEASURED

b
M \ e
k,//

®
<
2
T e
-
N «Q
5 N m "
] 3 S
LA
L °F ., 5 o -
°ry al T L= =L
PR P VS
,5 fSEE 7 9‘5"9“";1“‘ 2z
: 5 T £xpph RaRNG, (83
N PO SPU - - I AL
B Lo3lR[015 5 ~ylnag <533
o Sdas@@l N 2giez! 10
@ w &‘:}Q’*:o>“mc ’J
% gil‘;JSBGH ’ 11]
i a boor® =~ b
1 1 1 1 J
4 2 I s
PPM
FIGURE 1: Observed and simulated 220-MHz PMR spectrum of his-
tone IV in the high-field region. Histone concentration [Hg] = 1.0 X
1073,

tone IV CD spectrum and fluorescence depolarization has
also been examined after increasing the solution ionic
strength (Li et al., 1972). The results suggest that histone
IV undergoes a conversion from a significantly «-helical to
a predominantly B-sheet conformation at a rate which in-
creases with ionic strength.

Early proton magnetic resonance (PMR) studies on his-
tone I'V at 60 MHz (Bradbury et al.,, 1967) revealed some
conspicuous alterations in the histone 1V PMR spectrum
with changes in the solvent or ionic strength. These PMR
spectral changes were ascribed to variation in the a-helix
content, and hence the segmental flexibility of those regions
of histone IV which permit a-helix formation. More recent
PMR investigations of histone IV at 100 MHz (Boublik et
al., 1970) and 220 MHz (Bradbury and Rattle, 1972) were
interpreted in terms of its amino acid sequence (DeLange et
al., 1969; Ogawa et al., 1969). Relative area losses were ob-
served for the PMR bands of the hydrophobic residues with
increasing ionic strength. These modifications in PMR area
were ascribed to a combination of secondary structure
changes and histone-histone interactions.

This paper is the first of a series dealing with a more
complete investigation of the conformational and aggrega-
tion properties of histone IV in aqueous solution using 220-
MHz PMR spectroscopy. The present studies differ from
the earlier PMR work of Boublik et al. (1970) and Bradbu-
ry and Rattle (1972) in at least one important respect. In
addition to studies of the histone IV as a function of salt
concentration, ionic strength, and pH, we have undertaken
a systematic concentration study as well. We contend that
such a concentration study is necessary if effects due to his-
tone-histone interactions are to be sorted out from those
arising from changes in the secondary structure of the poly-
peptide. This present report is concerned primarily with the
interpretation of spectral results obtained in the high-field

! Abbreviations used are: DPPH, 2,2-diphenyl-1-picrylhydrazyl;
DSS, 2,2-dimethyl-2-silapentane-S-sulfonate.
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region of the PMR spectrum. Subsequent papers will in-
clude data obtained for histone 1V in the low-field region as
well as studies of histone I'V fragments,

Materials and Methods

The histone 2a fraction was isolated from calf thymus tis-
sue by the selective solvent extraction method (procedure 2)
of Johns (1964). Histone IV was prepared from this frac-
tion by a modification of the Sephadex gel filtration proce-
dure of Starbuch et al. (1968). Histone thus prepared ap-
pears as a single band on polyacrylamide gel electrophore-
sis. The amino acid composition is completely consistent
with that calculated from its sequence (DeLange et al.,
1969; Ogawa et al., 1969).

Histone IV chloride was dissolved in 99.7% D,O supplied
by Columbia Organic Chemical Co., Inc. High-field region
PMR spectra were obtained with a Varian HR-220 PMR
spectrometer equipped with a Varian C-1024 time-averag-
ing computer. A capillary containing 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH),' tetramethylsilane (Me4Si), and
DCCl; served as an area reference as well as a chemical
shift reference for the histone IV spectra, since 1,1-di-
methyl-2-silapentane-5-sulfonate (DSS), the reference
compound usually used as an internal standard in such
studies, was found to precipitate histone 1V. The chemical
shift of the DPPH-broadened Me,Si external reference was
measured relative to internal DSS in a separate experiment.
This frequency difference was then used to refer ali chemi-
cal shifts reported in this work to “internal’” DSS.

Because of the uncertain base line, there is around 10-
20% error in the area evaluations. The error will be larger
for small, poorly resolved peaks. All area measurements
were made by weighing cut-outs of duplicate spectra. The
capillary MeySi concentration was obtained by comparing
the methyl resonance area of MesSi to the methyl reso-
nance area of internal (CH3)4;NCI at known concentration.
All high-field spectra were obtained at the probe tempera-
ture of 17°.

The concentration dependence of the histone IV high-
field region PMR spectrum was obtained by diluting a his-
tone IV solution (50 mg/ml) stepwise with pure D>O or
with 0.01, 0.05, 0.1, or 0.2 M NaCl in D,O. In the salt con-
centration dependence studies, a given volume of 5 mg/mi
of histone IV in D,O (0.4 ml) was pipetted into a precision
5-mm NMR tube along with a few microliters of a concen-
trated salt solution (NaCl) and thoroughly mixed prior to
spectral observation. The progressive dilution of the histone
I'V by addition of salt solution in these experiments was
compensated by appropriate corrections in the salt concen-
tration.

In the pD study, Bio-Rad Laboratories DCl or NaOD
was added to ca. 0.6 ml of histone 1V solution (ca. 4 mg/
ml). Because only small amounts of NaOD or DCI were
added during titration, the resultant concentration was not
corrected. The error due to this factor was estimated to be
less than 10%. The pD of each solution was measured in a
small beaker with a Leeds and Northrup 7401 pH meter,
equipped with miniature electrodes, and was taken to be the
observed pH meter reading plus 0.4, the standard correction
(Lumry et al., 1951). In each case the pD of the solution
was measured before and after its PMR spectrum was
taken. The differences were within £0.1 pH unit.

Velocity sedimentation studies of histone IV in distilled
water were performed with a Hermes Model E analytical
ultracentrifuge. Absorption scans of 12-mm optical path
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Table I: Effect of Histone Concentration, [Ho], on the PMR
“Visibility,” ([Hobsal/[Ho]) X 100%, of Histone IV High-
Field Region PMR Bands.

Histone Conen, [H,] (M)

PMR Band 2.9 10 20 41 x 10+
-VIII 63 57 35 27
I 61 45 29 21
-V 87 59 40 32
VI 76 48 35 19
VIl 41 32 24 23
VIII 66 54 33 29
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FIGURE 2: Effect of histone concentration on the pmr “visibility” of
peak [ protons. 0.0 (@); 0.01 (©); 0.05 (a); 0.1 (m); 0.2 (O) M NaCl.

double sector cells were taken at 268 nm every 8 min and at
12000, 28000, and 44000 rpm. In these experiments, the
temperature was maintained at 20° and distilled water was
used as the reference solution.

Results

PMR Spectra. The 100-MHz (Boublik et al., 1970) and
220-MHz (Bradbury and Rattle, 1972) PMR spectra have
previously been published for histone 1V. Visual compari-
sons between the 220-MHz histone IV PMR spectra ob-
tained here and those previously reported by Bradbury and
Rattle (1972) indicate substantial agreements between the
two groups of workers.

The 220-MHz PMR spectrum of histone IV in the high-
field region is shown in Figure 1. The populations and
chemical shifts of the protons from the various amino acid
residues in histone IV are indicated by the height and posi-
tion of the vertical lines shown at the bottom of Figure 1.
These chemical shifts are based on corresponding shifts in
random-coil proteins (McDonald and Phillips, 1969). Using
these chemical shifts, the half-widths of their resonances in
random-coil proteins (McDonald and Phillips, 1969) and
the histone IV amino acid composition (DelLange et al.,
1969; Ogawa et al., 1969), we have simulated the spectrum
of monomeric, random-coil histone 1V on the computer and
these results are included in Figure 1 for comparison. The
contribution of one methylated lysine out of 102 residues in
histone IV is not inctuded in the calculation as the chemical
shifts of the protons in the corresponding amino acid are not
available. No attempt was made to vary the individual
PMR line positions and line widths in order to improve the
correspondence between the calculated and experimental
PMR spectra. Efforts to computer simulate the effects
which segmental immobilization may have on the 220-MHz

o4l mM
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FIGURE 3: Effect of histone concentration on the 220-MHz PMR
spectrum of histone IV in the high-field region. Protein concentration
inmM, pD 3.7.

Table II: Efféct of NaCl Concentration on the Percentage
of “Visible” Histone IV Protons, ([Hobsa)/[Ho]) X 100%,
within Each High-Field Region PMR Band®

NaCl (M)
PMR
Band 0 0.1 0.2 0.4 0.8
I 62 43 23 20 15
II 80 56
111 82 70 81 81 61
v 67 55 37 36 31
v 68 48 38 34
VI 75
VII 57 46 31 30
VIII 77 59 32 21

¢ [Ho] = 4.2 X 10~* M histone IV.

PMR spectrum of histone 1V have previously been outlined
by Bradbury and Rattle (1972).

Concentration Effects. Histone IV concentrations de-
rived from averaged area measurements of the PMR bands
consistently fall short of the total histone concentration,
[Ho] (Table I). As shown in Figure 2, the ratio, [Hobsd]/
[Ho), moreover, increases approximately threefold as the
histone concentration is decreased from about 4 X 1073 to
107 M at ionic strengths <~0.01. At higher ionic
strengths, however, [H,na)/[Ho] appears, on the average,
to remain relatively constant with stepwise dilution of his-
tone IV. Among the individual PMR bands, peak V1 reveals
the greatest relative area deficit (Table I and Figure 3) but
peak 1 (CHj: Leu, lle, Val) also displays a substantial area
deficiency at the higher histone concentrations in pure D-O.
No significant frequency shifts were encountered upon
varying the histone IV concentration.

Salt Effects. Table I shows the effects of NaCl on the
PMR spectrum of histone IV. No significant chemical
shifts were observed with the addition of NaCl. The relative
extent of area loss among the various resonance peaks pro-
duced by NaCl at constant histone concentration is similar
to that resulting from increasing the histone 1V concentra-
tion at low ionic strengths.

1975 1179
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FIGURE 4: Effect of pD on the 220-MHz PMR spectrum of histone [V
in the high-field region.

pD Effects. Figure 4 shows the spectral changes in the
PMR spectrum of histone IV as the pD is increased. In ad-
dition to resonance peak area losses (and histone IV precipi-
tation) at the higher pD, as manifested for peak I in Figure
Sb, peak VII is shifted upfield and peak IV is split into two
subpeaks.

No significant peak area changes were observed when the
pD was decreased from 3.7 to 1.0. However, as illustrated
in Figure 5a, a sharp decrease in resonance area was ob-
served at pD <0.8. Note that the solution remained perfect-
ly transparent under these conditions. The spectrum of the
histone IV at this low pD is similar to those obtained at
higher histone 1V or at higher salt concentrations. Peaks I,
I1, and VIII seem to exhibit greater area loss than peaks
11,1V, and VII.

Discussion

Comparison of Calculated and Experimental PMR
Spectra. Direct comparison of the calculated and observed
(1.0 X 1073 M) high-field PMR spectrum of histone IV
(Figure 1) demonstrates that, except for peaks IV, V, and
VI (see below), the measured band widths match those of a
spectrum calculated from published random-coil data
(McDonald and Phillips, 1969). Peak VI (Glu y-CH,) is
0.145 ppm downfield shifted from its counterpart in the cal-
culated spectrum and its width is somewhat concentration
dependent. The area of peak V is larger than expected, due,
possibly, to a corresponding downfield shift of the Glu g-
CH> protons and the resultant overlap with other reso-
nances contributing to peak V.

Histone 1V Aggregation. If we measure the PMR band
areas in Figure 1, and compare each with its expected area
based on the stoichiometric histone IV concentration, we
find, in general, an area deficit. In Table I, for example,
43% of the protons, on the average, are missing from the
PMR spectrum for a 1.0 X 1073 M histone IV solution in
pure D,O, and 73% of the protons do not show up at a his-
tone 1V concentration of 4.1 X 1073 M. We have attributed
these area losses to the formation of molecular aggregates
which give extremely broad PMR spectra. If this interpre-
tation is correct, the corresponding equilibria between the
1180
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FIGURE 5: Observed variation in the intensty of peak I as a function of
pD. The arrows shown indicate the direction of titratidn. [Ho] = 3.34
X 1074 M.

predominantly random coil monomer and the PMR *“invisi-
ble” histone 1V complexes must entail a slow dissociation of
the aggregates on the NMR time scale since there was no
evidence for chemical exchange broadening of the monomer
histone 1V PMR spectrum, with the possible exception of
peak VI (see Figure 3). In fact, for ionic strengths =0.05
(Figure 2) the ratio [Hopsa] /[Ho] apparently does not vary
significantly as [Hg] is decreased upon dilution. In contrast,
similar data for ionic strengths <0.05 indicate that this
ratio increases significantly as [Hy] is decreased. This dif-
ference in behavior may be related to the formation of large
histone aggregates at ionic strengths >0.05 (Ui, 1957;
Cruft et al., 1958; Edwards and Shooter, 1969; Diggle and
Peacock,1971), which dissociate too slowly upon dilution to
achieve equilibrium within the 1-2 hr between dilution
steps. Since the apparent association constant, K, for his-
tone aggregation at ionic strengths >0.05 is large (Cruft et
al., 1958), we expect the aggregation dissociation rate con-
stant, k_, to be much less than the association rate con-
stant, k. If this is the case, the initial numbers of mono-
mers and aggregates are merely diluted by the increased so-
lution volume and the ratio [Hgpsq]/[Ho] should remain un-
changed.

For the sake of discussion, let us assume that the mea-
sured areas are due to histone 1V monomers in essentially
the random-coil form. From the intensity measurements, it
is then possible to ascertain the ratio of the histone 1V ran-
dom coil concentration ([H;]) to the stoichiometric histone
IV concentration [Hp].

At low ionic strengths, a log-log plot of the monomer his-
tone IV concentration, [H,], vs. the corresponding aggre-
gate concentration, [Ho] — [H,], reveals a straight line cor-
relation between these quantities (Figure 6).2 This result
suggests that an equilibrium between the random-coil mo-
nomer and the aggregates may involve only a single aggre-
gate species at very low ionic strengths, i.e.

nH; == H, (1)

2 Only the peak I and averaged PMR data are represented here. The
“error bars” extending from the averaged data denote the regions of
the plot filled by PMR data from peaks I to VIII. These data are not
distributed at random about the average data points. Rather they de-
fine a system of lines which are brought into coincidence by the least-
squares analysis developed in the following paragraphs. The slopes and
intercepts of these lines diverge only because the visibility, f1;, of cach
PMR band “/,” Table I11, varies significantly from band to band.
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For such an equilibrium

K = [HJ/[H] )

and since
[H] = [H{] +
it is readily shown that
log ([Hy] = [H]) = nlog [Hy] + log (iK) ()

which predicts the linear log-log dependence mentioned
above. The slope of this line is an estimate of the degree of
aggregation, #n, for the assumed aggregate species H, and
its intercept provides an estimate of the association con-
stant, K. From least-squares analysis of the data, we ob-
tained n = 2.0 and K = 1000 M~

The premise that only the random or extended coil form
of monomeric histone IV contributes to the observed PMR
spectrum has been tested by assuming, in the least-squares
analysis, a simple dimerization model for histone IV aggre-
gation in pure D,0 and including a fractional histone IV
dimer contribution, f5, to the histone IV PMR resonance
areas. The best least-squares fit was obtained with f5 = 0.0
for both peak I and the combined peak area data for the
high-field region.

Since linear log-log plots are often misleading, we have
attempted to analyze the data in another way. Let us as-
sume that larger aggregates do exist in equilibrium with the
histone IV monomers in pure D,O, particularly at the high-
er histone 1V concentrations. If these higher aggregates are
formed by monomer association in a series of steps, this
process can be described in terms of the following multiple
equilibria:

n[H,] (3)

¥y

H1 + H1 - H2
Ky

H + H, == H,

............... (5)
Kﬂ

Hy + H,y = H,

where H;, H,, ..., H, denote the histone IV monomer,
dimer, and n#-mer, respectively, and K, K3, .. ., K, are the
corresponding association constants. Without real loss of
generality, we can invoke the simplifying assumption:

Ky+Ky=K = ,.. =K,=K 6)

where the supposition K> # K is based on the above prelim-
inary evidence for extensive dimer formation in pure D,O.
Since the stoichiometric histone concentration, [Ho}, may
be written as

(Hy] = [H,] + 2[H,]) + 3[Hg] + ... + «[H,] (7
= [H] + Kz[Hi]zi;n(K[Hi])"'z (8)
- K[H
= [H] + K,[H)? (12_ Iﬁh]) 9)
it is readily shown that
1 - -—[Hg]x

1
= = 2K(Hy]

1
X x (1 K[Ho]\

26[H,] {1 + %K[HO]X .

} (10)
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FIGURE 6. Log ([Ho] — [H;]) vs. log [H,]. Points without error bars
were derived from the peak 1 data of Table 1 while the points with error
bars have been obtained from the combined peaks 1-VI1I1 data of Table
I.
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The quantity x = [H,]/[Ho] can be determined from the
observed resonance areas if we can assume that only mono-
meric histone IV contributes to the PMR spectrum. As ex-
pected, this analysis predicts a linear variation of the quan-
tity [(1/x2) = (1/x)] vs. {Hp] with slope equal to 2K; in
the limit of sufficiently low histone concentrations and for
K sufficiently small such that K[H;] <« 1. However, at high
histone concentrations, where formation of higher aggre-
gates may become important, deviation from linearity
would be expected, should it occur. We have found that the
data for histone IV in pure D,O (Table I) when plotted in
this manner do not deviate significantly from that expected
for simple dimer formation. Further analysis based on a
least-square analysis of the data listed in Table I to eq 10
has permitted us to set an upper limit of ~200 M~! to K,
the stepwise association constant for the formation of the
larger aggregates in pure D,0. This result is consistent with
the sedimentation studies of Cruft et al. (1958).

The foregoing analysis of the combined PMR data of
Table I suggests that histone IV does not self-associate be-
yond the dimer stage in low ionic strength solutions. An im-
portant assumption in this analysis is that the histone IV
monomer is entirely PMR “visibie’’ and the dimer totally
“invisible.” Although the latter half of this assumption is
not unreasonable-for a compact rod-shaped dimer? of mo-
lecular weight 24,000 in the absence of significant segmen-
tal flexibility, the first half concerning the complete PMR
“visibility” of the histone IV monomer warrants further
scrutiny. The validity of this part of the assumption may be
ascertained by similar log-log treatment of the data derived
from the intensities of the individual PMR bands. Such
treatment of the data for bands I, II-V, VI, VII, and VIII
revealed similar linear log-log plots as for the combined
data, except that the slopes of these lines often deviate from
the expected slope of 2.0. These discrepancies may partly be
due to the large experimental uncertainties associated with
intensity measurements of the individual PMR bands.
However, another factor may be that a portion of the his-
tone IV monomer is also PMR “invisible.” The observation
that ~25% of the PMR intensity remains unaccounted for,

3 The shape of the complex is being emphasized here, as it can have
a profound influence on the PMR visibility. A protein molecule having
an extended structure, e.g., 3 sheet, is expected to exhibit much broad-
er PMR lines as compared with a globular protein of the same molecu-
lar weight due to the high anisotropy in its tumbling motion.

BIOCHEMISTRY, VOL. 14, No. 6, 1975 1181



Table III: The Effect of Immobilizing Successive 10 Amino
Acid Residue Segments of the Histone IV Sequence, Begin-
ning with the C-Terminus, on the PMR “Visibility” of In-
dividual PMR Bands.

Number of Mobilized Residues

PMR 102 90 80 70 60 50  f. Ob-
Band [, Predicted served
I-vir 1.00 0.87 0.81 0.71 0.57 0.50 0.76
I 1.00 096 0.78 0.78 0.61 0.48 0.60
II-v 1.00 0.89 0.82 0.68 0.62 0.53 0.88
VI 1.00 0.91 0.76 0.67 0.48 0.19 0.59
VII 1.00 0.83 0.78 0.61 0.50 0.39 0.62
VIII 1.00 0.88 0.88 0.77 0.71 0.65 0.79

even at histone concentrations approaching infinite dilution,
provides plausibility for this hypothesis. Hence, the above
treatment must be modified. If f}; refers to the fraction of
those protons contributing to an individual PMR band ‘i
which are PMR “visible,” the apparent monomer histone
concentration [Hgpsd], as calculated from the intensities of
this band (Table I) will then be related to the true histone
IV monomer concentration, [H,], by

(Howa = [Hil7y, (11)

An analogous expression may be written for the apparent
histone IV monomer concentration derived from the com-
bined intensity data. We write

[HobsdT = {Hil It
S, the fraction of all the protons in the histone molecule
which are contributing to the spectrum, can be shown to be
an average of the f|; weighted in accordance with the num-
ber of protons n; contributing to each PMR band *i,” i.e.

Z’h Fii

PO S
fi = Z'ﬂi

(12)

(13)

Combining eq 12 with eq 2 and 3, we obtain the following
modified equation to account for the PMR intensity varia-
tion observed with increasing histone concentration

K — fin-i(fi[Hol — [Hotsd])
- n Hobsd]n

(14)

/1 and K can be extracted by least-squares analysis of the
combined histone 1V PMR data summarized in Table 1.
Assuming the occurrence of only dimer formation, i.e., tak-
ing n = 2, we obtained K = 600 M~ and /1 = 0.76. Using
this value of K and the apparent monomer histone concen-
tration [Hgpsa] derived from the areas of the individual
PMR bands, we obtained the f; values listed in Table [1l.
We note parenthetically that if 0.70 is taken as the lower
limir for the histone IV monomer visibility, then it can be
shown that 2 is the maximum integral value for nineq 12
which will provide a reasonable least-squares fit to the peak
I-VIII data of Table I.

Thus the study not only indicates that histone 1V dimeri-
zes in aqueous solutions of low ionic strength, but also
suggests that this molecule possesses some stable, essential-
ly PMR “invisible” secondary structure in its uncoiled
state. This latter result is perhaps not surprising since PMR
and CD studies of histone IV fragments obtained by CNBr
cleavage (Pekary and Chan, 1975) indicate that the C-ter-
minal portion of the polypeptide including about 20% of the
182 BIOCHEMISTRY, VOL. 1975
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histone 1V sequence may be regarded as structured. In this
connection we note that because of the high content of hy-
drophobic residues in the C-terminus (Delange et al.,
1969; Ogawa et al., 1969), this region of the histone IV
molecule is the most likely to possess stable secondary
structure. In fact, the “observed” f); values for the individu-
al PMR bands of histone IV can be qualitatively accounted
for by immobilization of the last 20-30 amino acid residues
of the C-terminus. In Table II1 we summarize the effects of
immobilizing successive 10 amino acid residue segments of
the histone IV sequence beginning with the C-terminus. For
a given structural immobilization, fi; values have been com-
puted for the varions PMR bands by dividing the number of
PMR visible protons contributing to the band by the total
number of protons which will otherwise contribute to this
band in the absence of motional restriction. A comparison
of the /1,’s so determined with the observed values led to an
estimate of the aforementioned “*break-point™ between the
hypothetical “structured” C-terminus and the “‘unstruc-
tured” N-terminus. Although this model only accounts for
the observed pattern in the f},’s qualitatively, the agreement
1s reasonable considering the experimental uncertainties in
the area measurements and that we have precluded the ex-
istence of other secondary structure in the remaining parts
of the histone 1V sequence.

Finally, although we have shown that histone 1V dimeri-
zes in aqueous solutions of low ionic strengths with an asso-
ciation constant of approximately 500-1000 M~!, there is
no evidence for the formmation of higher aggregates under
these conditions, a result which is corroborated by sedimen-
tation velocity measurements. The value of 53, measured
for a 2.2 X 107 M histone 1V solution was found 1o be less
than 0.1 S at pH 3.3 in distilled water. Since the sedimenta-
tion velocity will be retarded by a factor of 1/(1 + n), n
being the number of counterions bound (Bowen, 1970), the
corrected sedimentation coefficient becomes less than 3 S if
corrections are made for this primary charge effect. The
PMR line widths of the resonances for these histone [V di-
mers are presumably too broad for the detection of these
species, a result which implies that segmental motions in
the polypeptides have become very slow and restricted on
aggregation, Apparently the histone 1V dimers are formed
without extended free ends or loops.

Salt Effects. The «-helix content of histone IV is known
to increase to a limiting value of about 20% at 0.1 M NacCl,
beyond which no significant further increases are observed
for NaCl concentrations up to 1.0 M (Bradbury et al.,
1963; Jirgensons and Hnilica, 1965). On the other hand, we
have observed area deficiencies in all the major PMR bands
of histone 1V even at low histone concentrations and in zero
ionic strength, and these area losses increase uniformly with
the NaCl concentration* {Table 11). No conspicuous broad-
ening of the resonances was noted when compared to the
calculated spectrum of the random coil (except for peak VI)

*In these experiments, the rate at which equilibrium is attained
after each increment in ionic strength will depend on the fust associa-
tion rate constant, &, rather than the slow dissociation rute constant,
k..;, so troublesome for our dilution studies at intermediate ionic
strengths. A thorough study of the time course of 3" histone aggrega-
tion as a function of ionic strength, histone concentration. pH, and
temperature by Cruft et al. (1958) may be relevant to this problem.
According to this study, “3-histone™ (largely histone 1V) reaches equi-
fibrium within about 3 hr when the fonic strength of the solution iy in-
creased to 0.1 at 20°. Reattainment of equilibrium upon di/ution under
these conditions should then require days!
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until the NaCl concentration of 0.8 M was reached. Since
the observed pattern of area loss without broadening does
not parallel the behavior expected for the salt-induced coil-
to-helix transition of histone 1V, the effects of NaCl on the
PMR spectrum of this histone must be attributed almost
entirely to the gross aggregation which predominates at
ionic strengths greater than 0.1. This conclusion is corrobo-
rated by the earlier sedimentation results of Edwards and
Shooter (1969), who reported sedimentation coefficients of
7 S to 20 S for histone 1V aggregates in 0.1 M NaCl buff-
ered at various pH values between 1 and 7. These sedimen-
tation data, in fact, indicate that the number of histone 1V
molecules involved in an aggregate is probably very large.

Since PMR signals associated with aggregated histone
IV molecules should escape detection in our experiments
due to extreme broadening, the prominent relative area
changes observed within the high-field region PMR spec-
trum with ionic strength increase (Table II) must be attrib-
uted to the formation of secondary structure within the his-
tone IV niononiers. PMR (Pekary et al., 1975) and circular
dichroism studies (Pekary and Chan, 1975) on the cyano-
gen bromide fragments of histone 1V support this view. The
results obtained are consistent with the earlier conclusions
of Bradbury and Rattle (1972) based on computer simula-
tions of the histone IV spectrum.

pD Dependence. Figure S reveals substantial reduction in
the PMR “visibility” of histone IV at high and low pD’s.
The area losses observed at high pD occur as the pD ap-
proaches the histone IV isoelectric point, p/, most certainly
arise from~increased aggregation and histone IV precipita-
tion under these conditions (Cruft et al., 1958; Steinhardt
and Beychok, 1964; Delange et al., 1969). After precipita-
tion at the higher pD, histone IV may be partially deaggre-
gated by titrating back to neutral or acidic pD. As shown in
Figure Sb, a hysteresis is observed. The ~30% additional
area loss relative to the forward titration curve may be due
to salt production and dilution of the sample during back ti-
tration.

The abrupt PMR area losses observed at pD <0.8 may
be attributed to Cl~ anion condensation leading to in-
creased histone IV aggregation (Davison and Shooter,
1956). As noted previously, the percentage of aggregated
“B-histone™ at 1.24% concentration, pH 5.4, rises from 38
to 87% within the ionic strength range 0.02-0.08 (Cruft et
al., 1958). This ionic strength corresponds to the DCI con-
centration at which the observed precipitous drop in the his-
tone IV PMR band areas occurs.

Significant upfield chemical shifts were observed for a
number of resonances in the high-field region at high pD’s.
The upfield shift of peak VII (Lys e-CH>) is due to neutral-
ization of the Lys-NH;* group, pK =~ 10.4 (Tanford,
1962). Such deprotonation also shifts the Lys 6-CH> + 8-
CH: resonances upfield so that the Arg 3-CH> resonance
becomes an isolated peak, as shown in Figure 4 for pD 9.6
and 10.5 (Arg-NHa, pK =~ 12.0) (Tanford, 1962).

Summary

PMR studies on histone 1V have been carried out as a
function of histone concentration, salt concentration, and
pD. A significant proportion of the amino acid residues
within the histone IV monomer was found to be PMR “in-
visible,” even at histone IV concentrations approaching infi-
nite dilution. This result suggested the existence of stable
secondary structure within the hydrophobic C-terminal re-
gion. In the following paper, this superposition will be con-

firmed by the observation of a fully PMR *visible” histone
IV fragment obtained by removal of just 18 residues from
the C-terminus of the parent protein. Further loss of PMR
resonance areas with increased histone IV concentration in
pure D0, pD range 1-7, has been ascribed to the forma-
tion of histone IV dimers. Extensive histone IV aggregation
occurred at pD <0.8 as well as in NaCl solutions of >0.01
ionic strength. Histone 1V was found to precipitate from
D>O solutions at pD values near 11, the histone 1V isoelec-
tric point.
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Nuclear Magnetic Resonance Studies on the Solution
Conformation of Histone IV Fragments Obtained by

Cyanogen Bromide Cleavage®

A. Eugene Pekary,! Sunney 1. Chan,* Chen-Jung Hsu, and Thomas E. Wagner

ABSTRACT: Two histone IV fragments obtained by cleav-
age at Met-84 by cyanogen bromide have been examined by
proton magnetic resonance (PMR) spectroscopy as a func-
tion of temperature, peptide concentration, ionic strength,
and pD. Sedimentation and gel electrophoresis studies on
these peptides have also been carried out. The 220-MHz
PMR spectrum of the N-peptide in both the high- and low-
field regions was shown to be almost identical with that cal-
culated for an extended coil N-peptide monomer. The cal-
culated random coil and experimental C-peptide spectra, on
the other hand, differ in many respects. Evidence was ob-
tained for the presence of rigid secondary structure in the
C-peptide. In addition, the Val, Leu, lle CH: resonance dis-
plays a prominent high-field satellite band which shifts

The histone IV amino acid sequence (DeLange et al,
1969; Ogawa et al., 1969) revealed a high proportion of
basic residues within the N-terminal region and a prepon-
derance of nonpolar side chains within the C-terminus. This
unexpected amino acid distribution led to early suggestions
(anonymous, 1968) that the conformation of this unusually
structured protein, both as a free monomer and as a compo-
nent of native chromatin, might provide important clues to
its biological function.

A representative model (Sluyser, 1969) depicted histone
IV as essentially a random coil monomer in solution and as
a “hairpin” when complexed with DNA. The basic N-ter-
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downfield with increasing temperature. Sedimentation
studies on the N-peptide reveal the formation of extremely
large, remarkably homogeneous aggregates at ionic
strengths =0.01. The C-peptide, on the other hand, does not
appear to form aggregates of sufficient size to be detectable
in velocity sedimentation studies of a few hours duration.
The relative area changes which have previously been noted
in the PMR spectrum of histone IV with increasing ionic
strength were also observed for the N-peptide but not the
C-peptide. Interpretation of these relative area changes has
been made in terms of the amino acid sequence of histone
1V, and an effort was made to identify that segment of the
polypeptide which undergoes secondary structural change
with increasing ionic strength.

minal region formed a strong electrostatic complex with
DNA while the hydrophobic C-terminal region was either
folded back along the N-terminal segment or weakly com-
plexed with the same strand of DNA. This model remains
attractive to many investigators (DeLange et al., 1972) be-
cause it leaves the C-terminal region relatively free to inter-
act with other DNA molecules to form “cross-links” or with
regulators of genetic replication and transcription.

The conformational significance of the clustering of the
cationic residues of histone IV toward the N-terminal re-
gion is the subject of this as well as a previous communica-
tion (Pekary et al., 1975). The earlier paper was concerned
with the conformational properties and the aggregation be-
havior of the intact histone IV molecule. In the present
work, histone IV was cleaved at Met-84 by cyanogen bro-
mide (CNBr) and the proton magnetic resonance (PMR)
spectral characteristics as well as the sedimentation proper-
ties of the resultant N- and C-terminal fragments (hereaft-
er referred to as the N- and C-peptides. respectively) have
been examined under various conditions of peptide concen-
tration, ionic strength, and pD. The conformational and
aggregation properties of these peptides will be discussed in
terms of their contributions to the structure and function of
the parent histone IV protein molecule.



