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A Histone Cross-Complexing Pattern”

Joseph A. D’Anna, Jr., and Irvin Isenberg*

ABSTRACT: The interactions of histone ARE with histones
LAK, KAS, and GRK have been studied by fluorescence
anisotropy, circular dichroism (CD), and light scattering.
ARE and GRK form a very strong 1:1 complex. We verify
the result of R. D. Kornberg and J. O. Thomas [(1974),
Science 184, 865] that the complex is a tetramer. In 8.5
mM phosphate (pH 7.0) the complex has a binding constant
of 0.7 X 10?! M~3, Upon complexing, one or both histones
undergo a conformational change, and about nine addition-

W: have reported (D’Anna and Isenberg, 1973, 1974a)
that histones LAK and KAS, and histones KAS, and GRK,
form strong complexes with a 1:1 molar ratio. Histones
LAK and GRK also interact to form a 1:1 complex, but
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! The nomenclature used in this paper is described in Huberman
(1973): GRK = IV = F2al, KAS = [Ib2 = F2b, LAK = 1Ibl = F2a2,
ARE = [II = F3.
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al residues per tetramer go into an a-helical conformation.
Complexing inhibits the slow aggregation of ARE and
GRK. Histones ARE and LAK also interact in a 1:1 molar
ratio, but there is no increased « helicity upon complexing,
and slow aggregation and B-sheet formation occur. ARE
and KAS also interact, but, upon complexing, there is no
change in the tyrosine rigidity or in the circular dichroism.
A pattern of the interactions between LAK, KAS, ARE,
and GRK is presented.

more weakly (D’Anna and Isenberg, 1974a). The com-
plexes require salt for stability and, in fact, they were
formed by adding salt to histone mixtures in water. One or
both of the partner histones in the strong complexes, KAS-
GRK and LAK-KAS, show marked conformational
changes upon complexing, and the complex shows consider-
ably more a-helical content than the uncomplexed mole-
cules.

Skandrani et al. (1972) and Kelley (1973) have also re-
ported a 1:1 complex of histones LAK and KAS, which was
isolated by chromatographic fractionation of mixed his-
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tones.

Very recently Kornberg and Thomas (1974) reported
that an ARE-GRK tetramer is obtained by the salt extrac-
tion procedure of Van der Westhuyzen and Von Holt
(1971). We now report that very strong complexes of ARE
and GRK may be formed by individual histones prepared
by customary acid extraction procedures. These complexes
are tetramers with association constants of 0.7 X 102! M~3,
Upon complexing the a-helical content increases.

Histone LAK also complexes with ARE but without an
increase in a-helical content. In both ARE-GRK and
ARE-LAK the tyrosine rigidity increases. KAS and ARE
also interact but the complex has neither increased a-heli-
cal content nor altered tyrosine rigidity. With this paper we
are able to present a complete cross-complexing pattern of
LAK, KAS, ARE, and GRK.

Experimental Section

Histones ARE, GRK, LAK, and KAS from calf thymus
were purified by published methods (Ruiz-Carrillo and All-
frey, 1973; Mauritzen et al., 1967; Sugano et al., 1972;
Senshu and Iwai, 1970). They were electrophoretically pure
(Panyim and Chalkley, 1969), and the amino acid analyses
agreed with the sequences (DeLange et al., 1972, Ogawa et
al., 1969; Yeoman et al., 1972; Iwai et al., 1970).

Histone ARE was reduced prior to measurements
(D’Anna and Isenberg, 1974c); the other histones were dis-
solved in water. Concentrations of the histone stock solu-
tions were determined from the absorbance at 275.5 nm
(D’Anna and Isenberg, 1972, 1973, 1974b,c). Molar extinc-
tion coefficients of 4.04 X 103, 5.4 X 103, 4.05 X 103, and
6.7 X 103 cm~! M~ were used for histones ARE, GRK,
LAK, and KAS, respectively.

Solutions for continuous variation measurements were
prepared from separate histone stock solutions. Series of so-
lutions were prepared, by pipeting, such that the sum of the
concentrations of the two histones after dilution equaled a
constant value, Cy. All solutions were diluted with phos-
phate buffer, and the final pH was 7.0 unless otherwise
stated. Because histone ARE or histone GRK alone under-
goes slow conformational changes (Li e al., 1972; D’Anna
and Isenberg 1974c), the points on the continuous variation
curves were obtained by extrapolating the observables to
zero time after adding phosphate buffer (D’Anna and Isen-
berg, 1973). As will be seen, at 1:1 stoichiometry ARE and
GRK show no slow change in the complex; therefore, ex-
trapolation is not needed here.

Fluorescence anisotropy and CD were measured as de-
scribed by D’Anna and Isenberg (1973), and light scatter-
ing at 365 nm was measured as described by Smerdon and
Isenberg (1973). CD measurements are reported as Ae in
units of cm~! 1./mol of residue or as A¢’ in units of cm™!
1./mol of protein.

The equations relating fluorescence and CD continuous
variation data to stoichiometry of the complexes have been
given (D’Anna and Isenberg, 1973, 1974a). Let F be the
fluorescence intensity, and » the anisotropy. Let § = (1 —
104)/2.34 where A is the absorbance of the sample at the
excitation wavelength. Then for a complex A,;B,», the vari-
ables A¢ — Aey’, (Fr — Fyry1)/0, and (F — Fy1)/6 are direct-
ly proportional to the concentration of the complex. The
subscript, I, denotes values of the variables expected for
noninteracting mixtures. We note that nonzero values of r
— rpindicate that A and B interact, but this can serve only
as a crude indicator of stoichiometry. r — rp is not directly
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FIGURE 1: (a) Fluorescence anisotropy, (b) light scattering, and (c)
CD of histone ARE (A), histone GRK (@), and histones ARE plus
GRK (0) as functions of time after the addition of phosphate buffer.
The final concentration of buffer is 0.016 M. Histone concentrations
are 1.0 X 10~3 M in the individual histone solutions and 1.0 X 1075 M
each in the mixed solution.

proportional to the concentration of the complex unless the
fluorescence intensity is constant at all values of the molar
ratio of histone. It follows that, in general, » — rj cannot be
used to obtain association constants.

Results

The ARE-GRK Complex. Histones ARE and GRK
form a very strong 1:1 complex in the presence of phosphate
as Figure 1 clearly shows. We see that, although both GRK
and ARE alone exhibit a slow aggregation, a 1:1 mixture
does not. In the complex, GRK and ARE quench each oth-
er’s slow step. This quenching is similar to that found in the
KAS-GRK complex where KAS also quenches the slow
4993
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FIGURE 2: Fluorescence and CD continuous variation curves of his-
tones ARE plus GRK at 0.0085 M phosphate, pH 7.0. (a) CD, Cy =
0.5 X 105 M; (b) CD, Cy = 1.0 X 10~5 M; and (c) fluorescence, Cy
= 1.0 X 1073 M. X grx is the mole fraction of histone GRK.

step of GRK (D’Anna and lsenberg, 1973).

Instantaneous increases occur in CD and fluorescence
properties upon complexing, and these are shown in the
continuous variations curves of Figure 2. The continuous
variations curves show that histones ARE and GRK com-
plex strongly in a molar ratio of 1:1.

We have made high speed equilibrium sedimentation
runs on 1:1 mixtures and obtain a molecular weight of
50,500. Although this value is uncorrected for Donnan ef-
fects, it clearly indicates the formation of tetramers
(ARE)»(GRK),, verifying the report of Kornberg and
Thomas (1974).

We have used the method of Schaeppi and Treadwell
(1948) to calculate association constants but the binding is
so strong that at Co = 1.0 X 1073 M (Figures 2b and c), the
curves are triangular, and we are unable to calculate associ-
ation constants. At Co = 5.0 X 10~ M, complexing is still
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FIGURE 3: CD spectra of ARE and GRK at 6.5 X 107° M each in 1.0
X 1073 M HCI (1) and in 0.020 M phosphate (2). The difference spec-
trum (3) is computed by subtracting 1 from 2.
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FIGURE 4: CD (220 nm) of the fast step of histone ARE (A), Cy = 0.5
X 1075 M; the fast step of histone GRK (A), Co = 0.5 X 107 M; and
the CD of ARE plus GRK (0), Co = 0.25 X 1073 M each, as functions
of phosphate concentration.

nearly complete, but we are now able to estimate K = 0.7 X
102! M~3 for an equilibrium between monomers and tetra-
mers.

Secondary Structure of the ARE-GRK Complex. CD
spectra and CD difference spectra (Li et al., 1972) of 1:1
mixtures of ARE and GRK are given in Figure 3. The spec-
trum in acid solution, curve 1, resembles that of a random
coil as do the spectra of the individual histones (Li er al.,
1972; D’Anna and Isenberg, 1974c). In phosphate buffer at
neutral pH, the complex forms. Comparison of the differ-
ence spectrum with standard curves (D’Anna and Isenberg,
1972) indicates that some « helix is induced upon com-
plexing, and the a-helical content is larger than that of the
histones examined individually. We estimate that the com-
plex has about nine residues of « helix per tetramer in ex-
cess over that formed in the fast conformational change of
the uncomplexed histones (Figure 4, Table I). The values of
Table I were obtained by extrapolation of the data in Figure
4 to infinite phosphate, a procedure which has been de-
scribed previously (D’Anna and lsenberg, 1973).

Previous work on histone complexes has also shown that
complexing increases the a-helical content of the histones.
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TABLE I: Percentage of o Helix Induced by Phosphate or by
Phosphate and Complexing.

—[Ae(o) — % a Residues
Ae(R)}* Helix « Helix
ARE 2.45 - 0.92 15.3 21 (If 135)
GRK 212 -060 15.2 15 (of 102)
ARE + GRK 2.30 — 0.78 15.2 72 (of 474)
(noninteracting)
ARE + GRK 245 -0.74 17.1 81 (of 474)
(meas)

? The CD is at 220 nm; Ae(R) is the random coil value in
1.0 X 10~*Mm HCI.

TABLE 11: a-Helical and 8-Sheet Content ot Mixed Solutions of
Histones ARE plus KAS or of ARE plus LAK in 14 mMm
Phosphate after Adding Phosphate.

Residues Residues
of o Helix of 3 Sheet
Type of per Pair  per Pair

Conformational of Histone of Histone

Mixed Solution Change*® Molecules Molecules

LAK® + ARE 26 =4 33 +8
(noninter)

LAK + ARE R — 5097 263 268
(meas) o+ 50% 8

KAS? + ARE*® 22+4 33x8
(noninter)

KAS 4+ ARE R - 38% 252 41 =11
(meas) a+ 6278

2R for random coil, « for « helix, and 8 for 3 sheet; this
classification is based on the difference spectrum technique
(Li et al., 1972; D’Anna and Isenberg, 1972). ® The a-helical
content of LAK is taken from D’Anna and Isenberg, 1974b.
°The «-helix and 3-sheet contents of ARE are taken from
D’Anna and Isenberg, 1974c. ¢ The a-helix values of KAS
are taken from D’Anna and Isenberg, 1972.

LAK-KAS has 15 per pair of histones, and KAS-GRK has
8 additional a-helical residues per pair of histones (D’Anna
and Isenberg, 1973, 1974a).

The ARE-LAK Complex. The continuous variation
plots of Figure 5a show that ARE and LAK form a 1:1
complex. We do not know the number of histone molecules
in the complex; but if we assume that a dimer forms, we
may estimate a binding constant of the order of 105-109
M~! We note that there is a relatively large experimental
error here because the absolute values of the changes in the
fluorescence properties are small. Furthermore, a CD con-
tinuous variation plot at 220 nm shows that there is little or
no change in «-helical content upon complexing, and data
at other wavelengths confirm this.

Histone LAK inhibits, but does not stop, the slow aggre-
gation of ARE (Figure 6a). At the end of 24 hr consider-
able 8 sheet has formed, as in ARE alone (Figure 7). The
amount of « helix and 3 sheet after 24 hr is not significantly
different from that measured in individual histone solutions
(Table IT). We do not know if the aggregation of ARE dis-
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FIGURE 5: Fluorescence continuous variation measurements of ARE
plus LAK, Co = 1.0 X 10-5 M. X ak is the mole fraction of histone
LAK.
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FIGURE 6: Light scattering as a function of time: (a) histone ARE
(@), 1.0 X 10~ M, histone LAK (4), 1.0 X 10~3 M, and histones ARE
plus LAK (0), 1.0 X 105 M each; (b) histone ARE (@), 1.0 X 10~3
M, histone KAS (A), 1.0 X 1073 M, and histones ARE plus KAS (0),
1.0 X 1073 M each.

rupts the complex or if the complex itself takes part in the
aggregation.

ARE-KAS Interaction. Histone KAS inhibits the aggre-
gation of ARE (Figure 6b), but there is little or no change
in the anisotropy or CD upon complexing. In addition, we
note that the CD spectra after 24 hr (Figure 8) are about
the same as that measured for individual histone solutions
4995
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FIGURE 7: (a) CD spectra of histones ARE plus LAK in 1.0 X 1073 M
HCI (1) and in 0.015 M phosphate, pH 7.0 (3): and of ARE plus KAS
in 1.0 X 1073 M HCI (2) and in 0.015 M phosphate (4). The concentra-
tion of each histone is 1.0 X 10~5 M, and the spectra were measured
with a 1.0-mm cell. (b) CD difference spectra computed from those in
Figure 8a: ARE plus LAK, 3 — 1 (5), and ARE plus KAS, 4 — 2 (6).

LAK(Ibl,F2a2)«-——> KAS (Ib2, F2b)
A v 7

v & Ty
ARE (Il ,F3) «~—>GRK (IZ, F2ql)

FIGURE 8: Cross-complexing pattern of histones ARE, GRK, LAK,
and KAS. The histones which interact strongly are connected by <—
—-> and by (<—-—-—>), the others interact more weakly. See text for
details.

(Table 11). Therefore, while there is interaction, neither the
tyrosine rigidity nor the secondary structure changes upon
complexing.

Discussion

We are now in a position to summarize the data on all of
the complexes of histones LAK, KAS, GRK, and ARE.
Figure 8 presents a convenient pattern to help the discus-
sion and Table [1]1 summarizes a number of properties.

ARE-GRK, KAS-GRK, and LAK-KAS are all strong
complexes. LAK ARE is also strong, but there is much
more experimental uncertainty in determining its strength
and it may be somewhat weaker. The first three complexes
in Table I11 have a number of features in common. Com-
plexing inhibits aggregation and B-sheet formation, and
there is a considerable increase in the «-helical content
upon complexing.

It is interesting that there is a marked change in secon-
dary structure when any of the three strongest complexes
form. This implies that there is an induced fit of some sort
so that the partners bind to form a compact structure.

Bartley and Chalkley (1972) reported that in the elution
of histones from chromatin by increasing concentrations of
salt, LAK and KAS dissociated coincidentally, as did ARE
and GRK. This suggests that the histones exist as histone
cross complexes in the chromatin itself. For if they did not,
we would have to imagine that both LAK and KAS disso-
ciated individually in the same range of salt concentration,
as did ARE and GRK. In view of the fact that LAK and
KAS form a strong complex, as do ARE and GRK, it seems
4996 NO. 24,
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TABLE I1: Summary of the Cross-Reactions between ARE,
GRK, KAS, and LAK.

c-Helix
Forma-
tion Time-
upon Dependent
Com- Molar 3-Sheet
Complex plexing Ratio K Formation?
ARE-GRKY 9 1:1 0.7 X 102: M3 No
LAK-KAS? 15 1:1 108m!? No
KAS-GRK" 8 1:1 108 m! No
ARE-LAK 0 1:1 0.1-1 X 108 M~ Yes
LAK-GRK* 1 1:1 0.04 x 108M~!  Partially’
0 ? 7 Yes

ARE-KAS

®D’Anna and Isenberg, 1974a. ” D’Anna and Isenberg,
1973. ¢ As shown (D’Anna and Isenberg, 1974b) the uncom-
plexed molecules, but not the complexed ones, aggregate and
form 3 sheet. ¢ The association constant for ARE-GRK is
that for monomer-tetramer equilibrium and that for LAK-
KAS and KAS-GRK for monomer—dimer equilibrium.
Monomer-dimer equilibrium is also assumed for ARE-LAK,
and LAK-GRK for the purpose of calculating K.

much more reasonable to suppose that the complexes exist
in chromatin as such, and that each complex dissociates as
a complex from the chromatin at a particular concentration
of salt.

The pattern shown in Figure 8 suggests the speculation
that the four histones ARE, GRK, KAS, and LAK might
act together as a functional unit in chromatin, and this
suggestion is in accord with recent reports in the literature.

Rill and Van Holde (1973) isolated compact nuclease re-
sistant chromatin fragments and Sahasrabuddhe and Van
Holde (1974) found them to have a molecular weight of
176,000 with a DNA piece of molecular weight 72,000. The
difference is 104,000 while two units each of ARE, GRK,
KAS, and LAK have a molecular weight of 109,000. Fur-
thermore, DNA of molecular weight 72,000 has about 116
base pairs and ARE + GRK + KAS + LAK has 110 argi-
nines plus lysines and 11 histidines.

Olins and Olins (1974) reported the observation of spher-
oid chromatin units in electron micrographs. These units,
which they name “» bodies,” are about 70 A in diameter
and may be the same as the nuclease resistent fragments of
Sahasrabuddhe and Van Holde, which also have a diameter
of about 70 A (K. E. Van Holde, personal communication).

Kornberg and Thomas (1974) and Kornberg (1974) have
also given arguments that the histones exist as complexes in
chromatin, based mainly on exchange data (llyin er al.,
1971) and reconstitution experiments. Kornberg presents a
model of chromatin in which there is a repeating unit of 200
base pairs containing two each of histones LAK, KAS,
ARE, and GRK.

Of course, at the present time there is as yet no compel-
ling evidence that the complexes exist in chromatin precisc-
ly as they do in histone solutions. ARE-GRK, for example,
could exist as a tetramer in solution and as a pair of dimers
in chromatin. In fact, there is no reason right now to rule
out the possibilities that any of the complexes indicated in
Figure 8 exist in chromatin. This is, of course, a matter for
future work to decide. However, intriguing possibilities are
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raised by regarding one LAK-KAS and one ARE-GRK
dimer as a four histone linear functional unit regardless of
the way in which the dimers might bind with each other and
with DNA. Because all four histones are different, the his-
tone unit must have a direction, and therefore could be as-
sociated with one of the strands of DNA. The other unit
might then exist in a reverse direction and be associated
with the other DNA strand. The weaker cross-linking inter-
actions, such as those between ARE and LAK or KAS and
GRK, could then help hold the two histone functional units
together. The histones would, of course, increase the stabili-
ty of the DNA duplex.

During replication the weaker interactions might split,
but the four histone functional unit might remain associated
with its own DNA as separation occurs. The newly synthe-
sized histones would then bind as a new histone functional
unit to the new DNA. This picutre is not only consistent
with the finding that histones do not turn over during the
cell cycle (Byvoet, 1966; Hancock, 1969; Balhorn et al,,
1972) but, more importantly, is in accord with the recent
work of Tsanev and Russev (1974) who reported that his-
tone replication in regenerating rat liver is semiconserva-
tive.
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