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ABSTRACT: The interaction of different histone oligomers with nucleosomes has been investigated by using
nondenaturing gel electrophoresis. In the presence of 0.2 M NaCl, the addition of the pairs H2A,H2B or
H3,H4 or the four core histones to nucleosome core particles produces a decrease in the intensity of the
core particle band and the appearance of aggregated material at the top of the gel, indicating that all these
histone oligomers are able to associate with nucleosomes. Equivalent results were obtained by using oli-
gonucleosome core particles. Additional electrophoretic results, together with second-dimension analysis
of histone composition and fluorescence and solubility studies, indicate that H2A,H2B, H3,H4, and the
four core histones can migrate spontaneously from the aggregated nucleosomes containing excess histones
to free core DNA. In all cases the estimated yield of histone transfer is very high. Furthermore, the results
obtained from electron microscopy, solubility, and supercoiling assays demonstrate the transfer of excess
histones from oligonucleosomes to free circular DNA. However, the extent of solubilization obtained in
this case is lower than that observed with core DNA as histone acceptor. Our results demonstrate that
nucleosome core particles can be formed in 0.2 M NaCl by the following mechanisms; (1) transfer of excess
core histones from oligonucleosomes to free DNA, (2) transfer to excess H2A,H2B and H3,H4 associated
separately with oligonucleosomes to free DNA, (3) transfer to excess H2A,H2B initially associated with
oligonucleosomes to DNA, followed by the reaction of the resulting DNA-(H2A,H2B) complex with
oligonucleosomes containing excess H3,H4, and (4) a two-step transfer reaction similar to that indicated
in (3), in which excess histones H3,H4 are transferred to DNA before the reaction with oligonucleosomes
containing excess H2A,H2B. The possible biological implications of these spontaneous reactions are discussed
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in the context of the present knowledge of the nucleosome function.

In the nucleosome, DNA interacts with the core histone
octamer and forms a stable folded structure (Richmond et al.,
1984). However, under appropriate solution conditions, the
nucleosome core particle can undergo various conformational
transitions without modification of the normal histone com-
position (Uberbacher et al., 1983; Yager & van Holde, 1984;
Oohara & Wada, 1987b; Daban & Cantor, 1989). Moreover,
the results obtained in several laboratories indicate that hi-
stones and DNA can form various complexes different from
the typical nucleosome core particle. It has been found that
core particle DNA can associate with different oligomers of
histones H3,H4 (Simon et al., 1978; Read et al., 1985) and
H2A,H2B (Oohara & Wada, 1987a; Aragay et al., 1988). It
has also been found that nucleosome core particles are capable
of binding more than 1 equiv of core histones in addition to
the inner histone octamer (Voordouw & Eisenberg, 1978;
Stein, 1979; Stein et al., 1985). The sedimentation analysis
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of these complexes has indicated that the additional histones
are bound to the exterior of the nucleosome (Eisenberg &
Felsenfeld, 1981). The histone pairs H3,H4 and H2A ,H2B
can also interact separately with nucleosome core particles
(Eisenberg & Felsenfeld, 1981).

The altered nucleosome structures and the different DNA~
histone complexes considered in the preceding paragraph could
be related to the cellular function of the nucleosome. In
particular, they could be involved in the mechanism of chro-
matin assembly. In this regard, previous physicochemical
studies have demonstrated the existence of conformational
transitions in the final part of the nucleosome self-assembly
reaction (Daban & Cantor, 1982a,b). The involvement of
DNA-(H3,H4) and DNA-(H2A,H2B) complexes in the
mechanism of nucleosome self-assembly has also been in-
vestigated. It has been demonstrated that, in the presence of
0.2 M Na(l, a reaction of exchange of histone pairs allows
the formation of complete nucleosome core particles from
incomplete structures containing only histones H3,H4 or
H2A,H2B (Aragay et al., 1988).

As in the case of DNA-(H3,H4) and DNA-(H2A,H2B)
complexes, the association of histones with nucleosome core
particles must also be considered in the context of the reaction
of nucleosome assembly. In fact, in an early study, Stein
(1979) showed that during nucleosome reassociation in 0.6 M
NaCl a fraction of the core particles initially formed are
complexed with an excess histone octamer, which finally is

0006-2960/91/0430-5022802.50/0 © 1991 American Chemical Society



Excess Histone Transfer in 0.2 M NaCl

transferred to free core DNA. Taking into account that, even
during chromatin replication, most of the DNA in the cell
nucleus is packaged into nucleosomal structures (DePamphilis
& Wassarman, 1980), the association of excess histones with
nucleosomes could also occur in vivo. Obviously, it is likely
that in the cell nucleus, acidic proteins such as nucleoplasmin
and N1/N2 (Earnshaw et al., 1980; Kleinschmidt et al., 1985,
1990; Sealy et al., 1986; Dilworth et al., 1987; Cotten &
Chalkley, 1987) and HMG1 (Bonne-Andrea et al., 1984), and
polyanions such as RNA (Nelson et al., 1981), all of them
factors that facilitate core particle assembly, compete with
nucleosomes for binding histones. However, in a more recent
study, Stein et al. (1985) have shown that, even in the presence
of polyglutamic acid, which also facilitates nucleosomes as-
sembly (Stein et al., 1979), core particles are able to bind
excess core histones.

The studies on the interaction of histones with nucleosomes
have been carried out at high salt concentrations [0.5 M NaCl
(Voordouw & Eisenberg, 1978; Eisenberg & Felsenfeld, 1981)
or 0.6 M NaCl (Stein, 1979)], or at lower salt concentration
(0.1 M NaCl) but in the presence of polyglutamic acid (Stein
et al., 1985). In the present paper, in order to continue our
physicochemical studies on the basic mechanisms of nucleo-
some self-assembly (in the absence of additional factors) at
physiological ionic strength, we have carried out a detailed
investigation of the stability and reactivity under these con-
ditions of mononucleosome and oligonucleosome core particles
containing excess core histones. In this study we have used
polyacrylamide gel electrophoresis under nondenaturing con-
ditions (Garner & Revzin, 1981, 1986; Fried & Crothers,
1981; Aragay et al., 1988; Fried, 1989). Although the initial
ionic strength of the samples is not maintained during elec-
trophoresis on the gels containing 1X TBE used in this work,
our results show that this electrophoretic system allows the
direct analysis of DN A-histone complexes under a wide variety
of initial conditions.

Moreover, taking into account that at physiological salt
concentration histones H2A,H2B and H3,H4 free in solution
do not interact with each other (Kornberg & Thomas, 1974;
Eickbush & Moudrianakis, 1978; Ruiz-Carrillo & Jorcano,
1979; Sperling & Wachtel, 1981), we have also investigated
the reactivity in 0.2 M NaCl of nucleosome core particles and
oligonucleosomes containing an excess of either H2A,H2B or
H3,H4. Our findings, together with previous results, allow
us to present a general model for the self-assembly of nu-
cleosome core particles.

MATERIALS AND METHODS

Preparation of Histones, Nucleosome Cores, Oligo-
nucleosome Core Particles, and DNA. Core histones, nu-
cleosome core particles, and core DNA (146 base pairs) were
obtained from chicken erythrocyte nuclei as described (Diaz
& Daban, 1986; Aragay et al., 1988). To prepare histones
H2A,H2B and H3,H4, core histones (180 mg) in 9 mL of a
buffer containing 0.2 M NaCl, 0.4 mM phenylmethanesulfonyl
fluoride, 0.01% 2-mercaptoethanol, and 10 mM Tris-HCI, pH
7.4, were chromatographed at 4 °C on a Sephadex G-100
column (150 X 3 c¢m) eluted with the same buffer (Ruiz-
Carrillo & Jorcano, 1979; Daban & Cantor, 1982b). Oligo-
nucleosome core particles were prepared by micrococcal nu-
clease digestion of soluble chromatin that had been previously
depleted of histones H1 and HS5 following the method of
Ruiz-Carrillo et al. (1980). The digested chromatin was
fractionated by sedimentation on a 5-20% linear sucrose
gradient, and the DNA of the different fractions was analyzed
on polyacrylamide and/or agarose gels. Generally, in the
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experiments described below, we used chromatin fragments
containing 1-3 or 3-8 nucleosome core particles. Circular
double-stranded DNA from the replicative form of bacterio-
phage M13 and pBR322 plasmid DNA were isolated by
conventional procedures (Maniatis et al., 1982; Messing, 1983).

Histone Transfer Reactions. Histones were dissolved in
water before the addition of the required buffer solution. A
fresh solution of H2A,H2B, H3,H4, or core histones in a buffer
containing 0.2 M NaCl, 0.2 mM EDTA, and 10 mM Tris-
HCI, pH 7.4, was added to a mononucleosome or oligo-
nucleosome core particle solution prepared in the same buffer.
The resulting samples were incubated for 15-30 min at room
temperature and then treated with free core DNA. After the
addition or core DNA, the samples were incubated for 15-30
min at room temperature and, unless otherwise indicated,
centrifuged for 5 min at 10000g. The supernatants were
analyzed on nondenaturing gels. In the experiments involving
M13 and pBR322 DNA as histone acceptors, the samples were
incubated for 2-8 h in the presence of circular DNA and,
finally, analyzed by the different methods described below.
The detailed reaction sequences corresponding to the different
experiments are indicated in the figure legends. The con-
centration of histone solutions was determined spectrophoto-
metrically, taking Ay;0nm = 4.2 for 1 mg of histone/mL
(Thomas & Oudet, 1979). The concentration of DNA (free
or complexed with histones) was calculated by using A50nm
= 20.0 for 1 mg of DNA/mL and by assuming that the ab-
sorbance of histones at 260 nm is negligible. The DNA
concentration and the histone to DNA weight ratio corre-
sponding to each sample are indicated in the figure legends.

Electrophoretic Analysis of DNA-Histone Complexes. The
different reaction products were analyzed on nondenaturing
6% polyacrylamide gels containing 1X TBE buffer as described
previously (Aragay et al., 1988). These gels were also used
to analyze reconstituted nucleosome core particles prepared
by direct mixing of the four core histones and core DNA in
0.2 M NaCl. Samples in 0.2 M NaCl, 0.2 mM EDTA, and
10 mM Tris-HCI, pH 7.4, were mixed with 0.1 volume of 10X
TBE buffer containing Ficoll, loaded onto the gel (15 cm long),
and electrophoresed at 200 V for 2 h. The DNA of the nu-
cleoprotein bands was stained with ethidium bromide and the
gel was photographed over an ultraviolet light. Photographic
negatives were scanned with a Shimadzu CS-9000 densitom-
eter. For the analysis of histones of the nucleoprotein bands,
second-dimension 15% polyacrylamide gels containing sodium
dodecy! sulfate were prepared as described (Aragay et al.,
1988).

To study the effect of trypsin on the electrophoretic mobility
of nucleosome cores, reconstituted core particles (100 ug of
DNA/mL), prepared by direct mixing of core histones and
core DNA in 0.2 M NaCl, 0.2 mM EDTA, and 10 mM
Tris-HCI, pH 7.4, were digested with a fixed concentration
of trypsin (Sigma) for the indicated times (see legend to Figure
S1b). The digestion was stopped by the addition of bovine
lung trypsin inhibitor (Bayer, 2 ug/ug of trypsin), and the
resulting samples were analyzed on nondenaturing gels con-
taining 1 X TBE and on 15% polyacrylamide—sodium dodecyl
sulfate gels as described elsewhere (Diaz & Daban, 1986).

To study the effect of the stoichiometry of core histones on
the electrophoretic properties of the reconstituted DNA-
histone complexes, different volumes of solutions of histones
H2A,H2B and H3,H4 in 0.2 M NaCl, 0.2 mM EDTA, and
10 mM Tris—=HCI, pH 7.4 (see legend to Figure S1d), were
added to a fixed volume of a solution of core DNA in the same
buffer. The samples corresponding to the studies of the effect
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of salt and particle concentration on the dissociation of nu-
cleosome cores were diluted to the indicated final NaCl and
DNA concentrations (see Figures 1 and S2), incubated for
15 min at room temperature, and electrophoresed on 6% po-
lyacrylamide—-1X TBE gels as indicated above. The relative
intensities of the bands corresponding to free core DNA were
determined from the densitometric analysis of the photographic
negatives of the gels stained with ethidium bromide.

Fluorescence and Solubility Studies. Fluorescent labeling
of the single thiol group of chicken erythrocyte histone H3 with
N-(1-pyrenyl)maleimide was carried out as described elsewhere
(Daban & Cantor, 1982a, 1989). The transfer reactions with
samples containing pyrene-labeled histone H3 were performed
as indicated above but in the presence of 0.45 or 0.14 M NaCl
(additional experimental details are given in Table I). The
yield of histone transfer was estimated from the increase in
the fluorescence intensity at 460 nm, corresponding to the
formation of pyrene excimers (Daban & Cantor, 1982a, 1989).
Fluorescence was measured on a Perkin-Elmer 650-40 spec-
trofluorometer interfaced to a Perkin-Elmer 3600 data station.

In the solubility studies, the samples containing mono-
nucleosome or oligonucleosome core particles plus excess hi-
stones, in both the absence and presence of additional free
DNA (see Figures 2d and S4), were centrifuged for 15 min
at 10000g in an Eppendorf microfuge. The amount of soluble
histone remaining in the supernatant was determined by the
method of Bradford (1976).

Supercoiling Assay. The supercoiling assay for nucleosome
formation was carried out essentially following the method of
Sealy et al. (1986). Generally, M13 DNA or pBR322 DNA
(forms I and I7) in a buffer containing 0.2 M NaCl, 0.2 mM
EDTA, and 10 mM Tris-HCI, pH 7.4, was treated with to-
poisomerase | (GIBCO-BRL, 2 units/ug of DNA) for 2-3 h
at 30 °C. The resulting relaxed DNA was mixed with dif-
ferent volumes of a solution of oligonucleosomes complexed
with excess core histones prepared in the same buffer and
further digested with an additional amount of topoisomerase
I (2 units/ug of circular DNA) for 2-3 h at 30 °C. In some
experiments the initial topoisomerase digestion was omitted;
in other cases, the second digestion was allowed to proceed
for 6 h at 30 °C. The digestions were terminated by the
addition of sodium dodecyl sulfate to a final concentration of
0.2-1% and treatment with proteinase K (Merck, 18 ug/ug
of circular DNA) or phenol (equilibrated with 0.2 M NaCl,
0.2 mM EDTA, and 10 mM Tris-HCI, pH 7.4). Finally, the
DNA was precipitated with ethanol and analyzed on 1%
agarose gels (25 cm long) containing 1 mM EDTA and 50
mM Tris—phosphate buffer (pH 7.2) at 1-3 V/cm for 18-23
h (Shure et al., 1977).

Electron Microscopy. For analysis by electron microscopy,
spread preparations of the samples corresponding to histone
transfer reactions were made essentially according to Thoma
et al. (1979). Most of the samples were prepared directly in
a buffer containing 0.2 M NaCl, 0.2 mM EDTA, and § mM
triethanolamine hydrochloride, pH 7.4, and fixed with 0.1%
glutaraldehyde (Merck) for about 15 h at 4 °C in the presence
of the same buffer. In some experiments, samples were pre-
pared initially in buffers containing Tris as indicated above,
dialyzed against 0.2 M NaCl, 0.2 mM EDTA, and 5§ mM
triethanolamine hydrochloride, pH 7.4, for 3 h at room tem-
perature, and finally fixed at 4 °C for 15 h by adding 0.1%
glutaraldehyde to the dialysis buffer.

The fixed samples were diluted with the fixation buffer
containing 0.2 M or 10 mM NaCl (see legend to Figure 6)
to a final concentration of 2-0.8 ug of DNA/mL. A 10-uL
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drop of each sample was applied to a carbon-coated grid
(pretreated with Alcian blue; see below) placed on a Parafilm
sheet. After a 5-min adsorption, the excess liquid was removed
with the edge of a filter paper and the grids were washed by
immersion in water for 5 min, dehydrated in ethanol for 2-3
s, and allowed to dry on a filter paper. Finally, the grids were
rotary-shadowed with platinum at an angle of about 6°.
Carbon-coated 400-mesh copper grids, prepared as described
by Coggins (1987), were made hydrophilic by treatment with
0.002% Alcian blue 8GX (Serva) for 5 min according to Sogo
et al. (1987) and used within 30 min. Micrographs were taken
at a magnification of 30000X with a Hitachi H7000 electron
microscope operated at 75 kV.

RESULTS

Gel Electrophoresis of Native and Reconstituted Nucleo-
some Core Particles. In our previous studies using gels con-
taining 1X TBE, we observed that reconstituted nucleosome
cores with the normal histone stoichiometry produce a band
with a mobility slightly lower than that corresponding to native
core particles (Aragay et al., 1988). The results shown in
Figure Sla—c indicate that even a very low extent of proteolytic
digestion of core histones produces significant changes in the
mobility of the core particle band. At 4 °C endogenous
proteolysis starts immediately after the preparation of native
core particles. This degradation is responsible for the observed
mobility differences between native and reconstituted core
particles. Unfortunately, we cannot store nucleosomes at lower
temperatures to prevent proteolysis, because we have observed
(not shown) that storage at =20 °C produces aggregated
structures (dinucleosomes and higher aggregates) that make
difficult the interpretation of the results obtained with the
different samples analyzed on these gels. Moreover, the results
shown in Figure S1d indicate that departures from the normal
stoichiometry of core histones produce bands with mobilities
different from that found for core particles.

The appropriate conditions for the studies described below
were established from experiments about the stability of the
nucleosome core particle. We have used 1X TBE-containing
gels to analyze the dissociation of nucleosome cores as a
function of salt (Figure 1) and particle concentration (Figure
S2). Under the conditions used in most of the experiments
of this work (0.2 M NaCl and core particles at a concentration
of 45 ug of DNA /mL), the extent of dissociation is lower than
9%.

Binding of Additional Histones to Nucleosomes Core
Particles in 0.2 M NaCl. Increasing amounts of histones
H2A,H2B were added to nucleosome core particles in 0.2 M
NaCl, and the resulting mixtures were analyzed on gels con-
taining 1X TBE. As shown in Figure 2a (see lanes with
symbol -), for a fixed concentration of nucleosome cores (45
ug of DNA/mL), increasing the concentration of histones
H2A,H2B produces a progressive decrease in the intensity of
the core particle band and the appearance of excluded material
at the top of the gel. This indicates that histone H2A,H2B
are able to interact with core particles and induce the for-
mation of high molecular weight aggregates that cannot be
resolved by the gel. Equivalent results were obtained in ex-
periments in which H3,H4 (Figure S3a) or core histones
(Figure S3b) were mixed with core particles in 0.2 M NaCl.
In agreement with these observations, the fraction of soluble
histone remaining after centrifugation of core particle samples
with an excess of H2A,H2B, H3,H4, or core histones decreases
with increasing the weight ratio of excess histones to core DNA
(see Figure 2b). Core particles are completely precipitated
at values of the excess histones to core DNA weight ratio
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FIGURE |: Electrophoretic analysis of the stability of nucleosome core
particles as a function of NaCl concentration. Core particles (40 ug
of DNA/mL) in the presence of the indicated NaCl concentrations
were electrophoresed on a nondenaturing gel containing 1X TBE. The
NaCl concentrations of the samples of the inset gel were (from left
toright) 0.2,0.3,0.4,0.5,0.6,0.7,0.8,09, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5,
and 1.6 M. The positions of core particles (N) and core DNA are
indicated.

Table I: Transfer of Excess Histones from Nucleosome Core
Particles to Free Core DNA*

transfer yield®

excess [NaCl] excimer soluble gel

histones (M)  fluorescence’ histone? densitometry*
core histones 0.45 0.9
0.14 1
0.2 0.8 0.7
H3,H4 0.2 0.8 0.8
H2A H2B 0.2 1 1

“The values shown correspond to the samples that produce the
maximum yield of histone transfer. Unless otherwise indicated, the
input weight ratio of excess histones to core particle DNA (45 ug/mL)
was 0.8, and the weight ratio of the additional free core DNA to core
particle DNA was 1. ?Transfer yields are expressed relative to the
values expected for samples with a 100% transfer efficiency. “The
transfer yield was estimated from the increase of excimer fluorescence
(460 nm) observed after the addition of free core DNA to nucleo-
some—core histone samples labeled with N-(1-pyrenyl)maleimide (see
Materials and Methods). In this case the ratio of excess histones to
core particle DNA (3 pg/mL) was 0.6, and the weight ratio of the
additional core DNA to core particle DNA was 0.5. 4Values calcu-
lated from the increase in the amount of soluble histone observed after
the addition of free core DNA (see Figure 2b). ¢Values calculated
from the intensity of the bands corresponding to the different DNA-
histone complexes resolved by nondenaturing gels (see Figures 2a and
S3).

between 0.6 and 0.8, At higher values of this ratio, the samples
containing an excess of H2A;H2B are partially soluble, but
in the case of samples in which H3,H4 or core histones are
in excess, the amount of histones remaining in the supernatant
is negligible.

Transfer of Excess H2A,H2B, H3,H4, and Core Histones
in 0.2 M NaCl. (1) Transfer from Nucleosome Core Particles
to Core DNA. In early studies we used fluorescence spec-
troscopy to investigate whether excess histones bound to nu-
cleosome core particles can be transferred to free core DNA
under different conditions. Although these studies were carried
out at a particle concentration in which nucleosome cores are
partially dissociated (see above), our estimates (Table 1)
suggested that this transfer is possible both in the presence
of relatively high concentrations of salt (0.45 M NaCl) and
at ionic strength close to physiological.
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FIGURE 2: Association of H2A,H2B, H3,H4, and core histones with
nucleosome core particles and further transfer of these histones to
free core DNA in 0.2 M NaCl. A fixed amount of core DNA was
added to different core particle-excess histone complexes. The re-
sulting samples were analyzed on a nondenaturing gel (a) or cen-
trifuged for 15 min at 10000g for the determination of the amount
of soluble protein (b). The weight ratio of excess histones to core
DNA before the addition of core DNA is indicated. (a) Core particle
samples containing excess H2A ,H2B before () and after (+) the
addition of core DNA. (b) Core particle samples plus excess
H2A,H2B (¥), H3,H4 (¥), or core histones (O) before the addition
of free core DNA; core particle samples plus excess H2A,H2B (a),
H3,H4 (A), or core histones (0) after the addition of free core DNA.
In all samples the final concentration of DNA corresponding to core
particles was 45 ug/mL, and in the samples that contain additional
core DNA the total DNA concentration was 90 ug/mL.

The above findings stimulated us to carry out a detailed
study of the reactivity of nucleosome core particles complexed
with excess H2A,H2B, H3,H4, or core histones in the presence
of 0.2 M NaCl. As can be seen in Figure 2a (lanes with
symbol +), the addition of free core DNA to core parti-
cle-(H2A,H2B) complexes results in (1) the disappearance
of the aggregated material observed at the top of the gel in
the case of samples without additional DNA (lanes with —),
(2) the reappearance of the core particle band, and (3) the
formation of an ill-defined band corresponding to core
DNA-(H2A,H2B) complexes (Aragay et al., 1988). Similar
results are obtained when free core DNA is added to samples
containing nucleosome core particles associated with an excess
of H3,H4 (Figure S3a) or core histones (Figure S3b). These
observations indicate that core DNA is able to dissociate the
aggregated structures produced by excess histones bound to
nucleosome core particles in the presence of 0.2 M NaCl (see
the preceding section). This is also observed in the solubility
studies presented in Figure 2b. Taken together, these findings



5026 Biochemistry, Vol. 30, No. 20, 1991

DNA=

123456

FIGURE 3: Transfer of excess core histones from oligonucleosomes
to free core particle DNA in 0.2 M NaCl. Aliquots of a solution
containing oligonucleosome—core histone complexes were mixed with
different amounts of free core DNA. The supernatants of the resulting
samples were analyzed on a 1X TBE gel. The input weight ratio of
excess histones to oligonucleosome DNA was 1.2, and the weight ratios
of additional core DNA to oligonucleosome DNA were 1 (lane 2)
and 2 (lane 1). Lanes 3 and 4 correspond, respectively, to samples
similar 1o those shown in lanes | and 2 but prepared (without oli-
gonucleosomes) by direct mixing of the four core histones and core
DNA. (Lane 5) oligonucleosomes; (lane 6) native core particles. The
positions of core particles (N) and free core DNA are indicated. The
final concentration of DNA corresponding to the oligonucleosomes
was 45 ug/mL.

allow us to conclude that core particle-histone complexes can
transfer histones to free core DNA. In all cases the maximum
efficiency of transfer is observed when the excess histones to
core DNA weight ratio is around 0.8. The yield of histone
transfer has been estimated from the results considered above
as indicated in Table I. All the samples show a high yield of
histone transfer, but the highest yield of transfer is observed
with core particles containing excess H2A,H2B.

(2) Transfer from Oligonucleosome Core Particles to Core
DNA. As shown in Figure 3, in the presence of 0.2 M NaCl,
the addition of free core DNA to oligonucleosome core par-
ticles (lane 4) previously mixed with core histones gives rise
to the typical nucleosome core particle band (lanes 1 and 2).
Moreover, second-dimension gels (Figure 4d, lane 2) indicate
that this band contains the four core histones with the same
stoichiometry as that of the normal nucleosome core particle.
The intensity of this band increases with increasing the con-
centration of the free core DNA added to oligonucleosome—
core histone samples (compare lanes 1 and 2 in Figure 3), but
the nucleosome bands obtained in these reactions show lower
intensities than those corresponding to the nucleosome bands
obtained by direct mixing of core DNA and the four core
histones (lanes 3 and 4). Thus, the possibility that the new
core particle bands of lanes 1 and 2 are due to the direct
association of free core histones with core DNA must be
considered. However, solubility studies indicate that under
the conditions used in these experiments (see legend to Figure
3) the amount of free histones in oligonucleosome—core histone
samples is negligible. This demonstrates that the new core
particle bands result from the reaction of core DNA with the
excess core histones associated with oligonucleosomes and
allows us to estimate the yield of histone transfer corresponding
to these reactions (see Table II).

We next examined whether oligonucleosome—(H2A,H2B)
and oligonucleosome—(H3,H4) complexes can transfer histones
to core DNA to form nucleosomes. As can be seen in Figure
4b, in the presence of 0.2 M NaCl, the addition of histones
H2A,H2B or H3,H4 to oligonucleosome core particles results
in the formation of high molecular weight aggregates (lanes
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FIGURE 4: Different pathways for the formation of nucleosome core
particles by transfer of excess H2A,H2B and H3,H4 from oligo-
nucleosomes to free core particle DNA in 0.2 M NaCl. (a) Different
amounts of core DNA were added to a sample containing oligo-
nucleosome-(H2A,H2B) complexes premixed with oligo-
nucleosome—(H3,H4) complexes. The weight ratios of the additional
core DNA to oligonucleosome DNA were 4 (lane 1), 2 (lane 2), and
1 (lane 3). (b) Oligonucleosome—(H3,H4) complexes were added to
a sample containing oligonucleosome—(H2A,H2B) complexes premixed
with core DNA (lane 4). A portion of this sample before the addition
of oligonucleosome—(H3,H4) complexes is shown in lane 3. The
oligonucleosome preparation used in this gel (lane 1), oligo-
nucleosome—-(H2A H2B) (lane 2), oligonucleosome—(H3,H4) (lane
5), core DNA—(H3,H4) (lane 6), core DNA—(H2A,H2B) (lane 7),
and core particles prepared by mixing core DNA and the four core
histones (lane 8) are shown as references. (c) Oligonucleosome—
(H2A,H2B) complexes were added to a sample containing oligo-
nucleosome—(H3,H4) complexes premixed with core DNA. In all
samples the input weight ratio of excess histones (H2A,H2B or H3,H4)
to DNA in oligonucleosomes was 1.2, and the final weight ratio of
H3,H4 to H2A,H2B was 1. The final concentration of the oligo-
nucleosome DNA was 45 ug/mL, and unless otherwise indicated, the
final concentration of the additional core DNA was 45 pg/mL. (d)
Lanes 24 of the second-dimension gel (stained for protein) correspond,
respectively, to the nucleoprotein bands of samples similar to those
shown in Figure 3 (lane 2) and in panels a (lane 3) and c of this figure.
In lane I, the four core histones are shown as reference.

2 and 5). However, when free core DNA is added to oligo-
nucleosome-(H2A ,H2B) complexes premixed with oligo-
nucleosome—(H3,H4) complexes, the typical band corre-
sponding to nucleosome core particles is observed in the
nondenaturing gel (see Figure 4a). In addition, a faster minor
band, originated by the departure from the normal histone
stoichiometry found in nucleosome cores (see Figure S1d), is
also produced in these reactions. On the other hand, as shown
in Figure 4b (lane 3), the addition of free core DNA to oli-
gonucleosome—(H2A,H2B) complexes produces the appear-
ance of the ill-defined band corresponding to core DNA-
(H2A,H2B) complexes [lane 7; see also Aragay et al. (1988)].
Furthermore, these DNA-(H2A ,H2B) complexes can react
with oligonucleosome—(H3,H4) complexes and give rise to
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Table 11: Transfer of Excess Histones from Oligonucleosome Core
Particles to Free Core DNA

ratio of excess ratio of
histones to free DNA to
reaction oligonucleosome  oligonucleosome  transfer
sequence” DNA DNA yield?
mechanism 1 0.6 1 0.5
2 0.6
1.2 1 0.3
2 0.5
mechanism 2 1.2 1 0.4
2 0.6
mechanism 3 1:2 1 0.6¢

?The different reaction sequences are indicated in the text (see Re-
sults, mechanisms 1-3). The experimental details are given in Figures
3 and 4. ®Transfer yields are expressed relative to the values expected
for samples with a 100% transfer efficiency. The values shown were
estimated from the intensity of the core particle bands obtained in the
different reactions. The existence of a small fraction of free histones in
some samples has not been taken into account in these calculations (see
text). “The reaction described by mechanism 3 shows the same yield
when histones H3,H4 are the first pair transferred from oligo-
nucleosomes to core DNA.

nucleosome core particles (Figure 4b, lane 4). A similar
two-step reaction sequence, in which histones H3,H4 are
transferred from oligonucleosome—(H3,H4) complexes to core
DNA before the addition of oligonucleosome—(H2A,H2B)
complexes, has also been investigated. The analysis of the
products of this reaction (Figure 4c) also indicates the for-
mation of nucleosome core particles. In all cases, second-
dimension gels show that the nucleosome bands obtained in
these reactions have the same histone composition as that of
the normal nucleosome core particle (see Figure 4d). The
estimates of the histone transfer yield corresponding to the
different reactions considered above are shown in Table II.
Solubility studies indicate that 6—10% histone remains in the
supernatant after centrifugation of oligonucleosome—(H2A,
H2B) and oligonucleosome—(H3,H4) samples. This suggest
that the actual values of the transfer yields corresponding to
the reactions involving these samples are probably lower than
those shown in Table 11. However, direct association of these
soluble histones with core DNA can only be responsible for
the formation of a small fraction of core particles (6-10%).
Thus, the high nucleosome formation yields (40-60%) observed
with these samples demonstrate that nucleosome core particles
can be formed by excess histone transfer according to the
different reaction pathways studied in this paper.

Transfer of Excess Histones from Oligonucleosome Core
Particles to Circular DNA in 0.2 M NaCl. (1) Solubility
Studies. In order to study the transfer reactions further, we
carried out experiments in which the acceptor core DNA was
replaced with circular DNA of high molecular weight. The
results presented in Figure S4 indicate that in 0.2 M NaCl
when the input weight ratio of excess core histones to oligo-
nucleosome DNA is 1, even at low concentrations of oligo-
nucleosome core particles (1.5-4.5 pg of DNA/mL), the
fraction of histones remaining in the supernatant is lower than
10%. If M13 DNA is added to these aggregated oligo-
nucleosome—core histone samples, the fraction of soluble
protein increases to about 50%. This suggests that excess
histones are transferred from oligonucleosomes to circular
DNA. The extent of solubilization produced by the addition
of M13 DNA decreases with increasing the concentration of
the oligonucleosome—core histone sample (Figure S4). At
relatively high concentrations of oligonucleosome—core histone
complexes (34 ug of DNA/mL), the amount of free histones
observed before the addition of DNA is negligible, and the
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FIGURE 5: Supercoiling of circular DNA induced by histones
transferred from oligonucleosome core particles complexed with excess
core histones. All the reactions were carried out in the presence of
0.2 M NaCl, and the DNA of the resulting samples was analyzed
on 1% agarose gels. (a) M13 DNA (forms I and II, lane 1) was mixed
with increasing amounts of oligonucleosomes premixed with core
histones and then treated with topoisomerase I. The weight ratios
of oligonucleosome DNA to M13 DNA (38 pg/mL) were (lanes 2-7)
0,1, 1.5, 2, 3,and 4, respectively. (b) M13 DNA (lane 1) was digested
with topoisomerase 1 (lane 2), treated with oligonucleosomes containing
excess core histones, and finally digested with an additional amount
of topoisomerase 1. Samples were prepared at an oligonucleosome
DNA to M13 DNA (23 pg/mL) weight ratio of (lanes 3-13) 0.5,
1,1.3,1.5,1.8,2,2.3, 2.5, 3, 4, and 0, respectively. A sample prepared
as in lane 8 but containing oligonucleosomes without excess histones
is shown in lane 14. In all samples the weight ratio of excess core
histones to DNA in oligonucleosomes was 1. The positions of DNA
forms I (native supercoiled), Ir (relaxed covalently closed circular),
and 11 (nicked circles) are indicated.

extent of solubilization observed after the addition of circular
DNA is very small (about 7%).

(2) Induction of Supercoiling in Circular DNA. In early
experiments, carried out in the presence of 0.2 M NaCl, M13
DNA was mixed with increasing amounts of oligo-
nucleosome—core histone complexes, and then the resulting
samples were treated with topoisomerase 1. Apparently, as
shown in Figure 5a, the increase in the concentration of oli-
gonucleosome—core histone complexes produces a progressive
increase in the intensity of the band corresponding to the fully
supercoiled DNA. Nevertheless, when circular DNA was
relaxed with topoisomerase 1 before the addition of the oli-
gonucleosome~—core histone complexes and then the resulting
sample was treated with an additional amount of topoisomerase
I, the deproteinized circular DNA was only partially super-
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coiled (see Figure 5b). Equivalent results were obtained by
using circular DNA of different molecular weights (M13 and
pBR322) and oligonucleosome core particles with different
lengths. The apparent contradiction between these two sets
of resuits could be related to previous observations indicating
that the topoisomerase supercoiling assay for nucleosome
formation is highly dependent on the solubility of the recon-
stituted material (Cotten & Chalkley, 1985). The results
presented in Figure S indicate that excess core histones are
able to migrate from oligonucleosome core particles to circular
DNA. However, when the acceptor DNA is initially super-
coiled and the amount of transferred histones is relatively high,
it is likely that the circular DNA becomes involved in the
formation of aggregated structures (see the preceding section)
and cannot be relaxed with topoisomerase I (Figure 5a, lanes
4-7). On the other hand, if DNA is relaxed before the histone
transfer reaction (Figure 5b), presumably only the circular
DNA molecules with a relatively low content of transferred
core histones are soluble and can be digested with topo-
isomerase 1. After deproteinization, these circular DNA—core
histone complexes give rise to the topoisomer bands seen in
agarose gels (e.g., Figure 5b, lanes 8—~10); the DNA molecules
with a high histone content become aggregated and remain
relaxed after deproteinization.

(3) Electron Microscopy. Experiments similar to those
described in the preceding sections were performed in order
to analyze by electron microscopy the different reaction
products obtained in the presence of 0.2 M NaCl. The results
of these analyses are shown in Figure 6. The addition of M13
DNA to oligonucleosome—core histone complexes results in
the formation of structures with different degrees of com-
pactness (panels d—g). Particles with the typical morphology
of the nucleosome cores can be clearly seen in the less compact
regions. Similar results are obtained when M13 DNA is added
to a solution containing oligonucleosome—~(H2A,H2B) com-
plexes premixed with oligonucleosome—-(H3,H4) complexes
(panel h) and when a solution of oligonucleosome-(H3,H4)
[or oligonucleosome~(H2A,H2B)] complexes premixed with
M13 DNA is added to a solution of oligonucleosome-
(H2A,H2B) [or oligonucleosome—(H3,H4)] complexes (panels
i-1). In these studies we have not seen any difference using
oligonucleosome core particle preparations with different
lengths. Although the dilution carried out to obtain spread
preparations of the samples could cause solubilization and even
partial dissociation of the analyzed products (e.g., see the
reference chromatin shown in panel ¢), the results obtained
in this electron microscopic study strongly support the data
obtained by the other techniques used in this work.

Mechanisms Consistent with the Experimental Results.
The results presented in the preceding sections demonstrate
the existence of several spontaneous reactions involving excess
histones by which nucleosome core particles can be self-as-
sembled in vitro at physiological ionic strength. First, oligo-
nucleosome core particles [oligo(N)] complexed with excess
core histones are able to react with DNA and give rise to
nucleosome core particles (N):

mechanism 1
DNA
[oligo(N)—(H2A, H2B, H3, H4)] —%- N
oligo(N)

Second, a more complex mechanism for the formation of
nucleosome cores, involving the histone pairs H2A,H2B and
H3,H4 bound separately to oligonucleosomes, is also consistent
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with our experimental results:

mechanism 2
DNA
[oligo(N)—(H2A, H2B)] + [oligo(N)—(H3, H4)] % N
oligo(N)

Finally, we have shown that the two-step transfer mechanism
summarized below also allows the assembly of nucleosome core
particles:

mechanism 3

DNA
[oligo(N)-(H2A, H2B)]

oligo(N)
[oligo(N)~(H3, H4)]
[DNA—(H2A, H2B)] \\ N
oligo(N)

In this case, a similar mechanism, in which histones H3,H4
are transferred to DNA before the reaction with oligo-
(N)-(H2A ,H2B) complexes, is also consistent with our results.

DiscussioN

Study of DNA-Histone Complexes in Nondenaturing Gels.
The ionic strength of 1X TBE gels is relatively low. Thus the
ionic strength of the samples is not maintained during elec-
trophoresis. Moreover, core DNA-(H2A,H2B) complexes
dissociate during electrophoresis in these gels (Aragay et al.,
1988). However, this electrophoretic system allows the analysis
of samples containing initially high salt concentrations (up to
2 M NaCl). In fact, the results obtained with this method
in our study of nucleosome stability are in agreement with
those found in studies carried out by using other techniques
(Jorcano & Ruiz-Carrillo, 1979; Cotton & Hamkalo, 1981;
Oohara & Wada, 1987b). In keeping with previous sugges-
tions (Garner & Revzin, 1981; Aragay et al., 1988), these
observations confirm that layering of samples onto the gel
surface does not produce changes in the ionic composition of
the sample and, consequently, allows the determination of the
initial amount of free DNA.

Transfer of Excess Histones at Physiological Ionic
Strength. The binding of additional histones to nucleosome
core particles in the presence of 0.5 M NaCl (Voordouw &
Eisenberg, 1978; Eisenberg & Felsenfeld, 1981) or in solutions
containing 0.1 M NaCl and polyglutamic acid (Stein et al.,
1985) produces soluble complexes. In contrast, our electro-
phoretic and solubility studies performed in 0.2 M NaCl, in
the absence of additional factors, indicate that the association
of core histones, H2A ,H2B or H3,H4 with mononucleosome
or oligonucleosome core particles originates aggregated
structures. Nevertheless, the high yield of formation of core
particles, DNA-(H2A,H2B) and DNA-(H3,H4) complexes
observed after the addition of free core DNA, reveals that these
aggregated complexes are extremely reactive at ionic strength
close to physiological. Furthermore, our results obtained by
using different methods indicate that the aggregated complexes
containing excess histones are also able to react with circular
DNA to produce nucleosome core particles. In this case,
however, the extent of solubilization is lower than that observed
by using core DNA as histone acceptor.

We have shown, using nondenaturing gels, supercoiling
assays, and electron microscopy, that core particles can be
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DNA-(H2A,H2B)

I DNA-(H3,H4)
DNA m
Exchange
reactions
Intramolecular
H2A,H2B N* reactions
H3 H4 T
Trantqfer
reactions
Oligo(N) ~

I Oligo{N)-(H2A H2B) DNA

Oligo{N)-(H3,H4)

FIGURE 7: Model for the self-assembly of nucleosome core particles
at physiological ionic strength. This scheme summarizes the different
spontaneous reactions that are probably involved in the in vitro
formation of nucleosomes. Additional information and references
are given in the text (see Discussion). Oligo(N) represents oligo-
nucleosome core particles; N and N* represent, respectively, the
nucleosome core particle and the intermediate nucleosomal structure
produced after the initial binding of the four core histones to DNA.

formed at physiological ionic strength following the reaction
indicated in mechanism 1 (see Results). This reaction has also
been demonstrated in studies performed at higher ionic
strength (0.6 M NaCl; Stein, 1979) or at ionic strength close
to physiological (0.1 M NaCl) but in the presence of poly-
glutamic acid (Stein et al., 1985). Our results are also con-
sistent with more complex mechanisms of nucleosome for-
mation involving the pairs H2A ,H2B and H3,H4 bound sep-
arately as excess histones to different oligonucleosome frag-
ments in the presence of 0.2 M NaCl [see mechanisms 2 and
3 in Results]. Moreover, our results do not exclude the pos-
sibility that the excess core histones indicated in mechanism
1 dissociate transiently, forming H2A,H2B dimers and H3,H4
tetramers, during the transfer reaction. Our studies on nu-
cleosome stability in the presence of 0.2 M NaCl (this work)
indicate that the bulk of histones involved in the different
nucleosome formation reactions considered in this paper are
the excess histones bound initially to oligonucleosome cores.
However, the observations of Louters and Chalkley (1984),
indicating that exogenous histones H2A,H2B (but not H3,H4)
can exchange with inner nucleosome histones under physio-
logical conditions, suggest that, before the transfer reactions
considered above, a relatively small fraction of excess
H2A,H2B can be replaced with histones of the oligo-
nucleosome core particles.

Relationship with Previous in Vitro Studies. A General
Model for Nucleosome Self-Assembly. In the absence of
DNA, at ionic strength close to physiological, there is no
association between H2A,H2B and H3,H4 oligomers (Korn-
berg & Thomas, 1974; Eickbush & Moudrianakis, 1978;
Ruiz-Carrillo & Jorcano, 1979; Sperling & Wachtel, 1981).
This behavior is observed even at high histone concentrations.
In fact, histones H2A,H2B and H3,H4 in 0.2 M NaCl produce
two separate peaks (corresponding to H2A,H2B dimers and
H3,H4 tetramers) when a mixture of the four core histones
at a concentration of 20 mg/mL is chromatographed on a
Sephadex G-100 column (see Materials and Methods). Taking
these findings into account, we present in Figure 7 a dynamic
model, which includes the different observed spontaneous
reactions that are probably involved in the in vitro self-as-
sembly of core particles in the presence of 0.2 M NaCl. Since
both H2A ,H2B (Oohara & Wada, 1987a; Aragay et al., 1988)
and H3,H4 (Simon et al., 1978; Read et al., 1985) can form
complexes with DNA, it is likely that during the assembly
process these histone pairs associate separately with different
fragments of DNA or with different regions of the same DNA
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molecule (reaction I). Moreover, as demonstrated in this work,
histones H2A ,H2B and H3,H4 can also associate separately
with preformed mononucleosome or oligonucleosome core
particles (reaction II). Thus, it is very likely that part of the
histones H2A,H2B and H3,H4 interact with core particles
formed during the assembly reaction and produce intermediate
structures containing excess histones. The histone exchange
reactions (III) that take place spontaneously between
DNA-(H2A,H2B) and DNA-(H3,H4) complexes (Daban
& Cantor, 1982b; Aragay et al., 1988) and the transfer re-
actions (IV) studied in this work allow the formation of core
particles from the different intermediates indicated in Figure
7.

Previous kinetic studies have indicated that the binding of
all four core histones to DNA is a very fast process (Diaz &
Daban, 1986). This suggests that during self-assembly the
exchange and transfer reactions considered above take place
very rapidly. In fact, our results indicate that exchange re-
actions (III) are very fast (Aragay et al., 1988) and that the
transfer of excess histones to core DNA is completed in less
than 15 min (this work). In addition to these complex reac-
tions that must involve second-order mechanisms, after the
binding of the four core histones to DNA, a slower intramo-
lecular first-order reaction (Figure 7, reaction V) that allows
the complete folding of the assembled core particle has been
detected by using the fluorescent label N-(1-pyrenyl)maleimide
(Daban & Cantor, 1982a). This intramolecular change that
occurs during the self-assembly reaction in the presence of 0.2
M NacCl is equivalent to the conformational transition that
is found between 0.6 and 0.2 M NaCl with pyrene-labeled
nucleosome cores (Daban & Cantor, 1982a) and, probably,
is also equivalent to the transition that can be clearly detected
in this ionic strength region by using circular dichroism (Ausio
& van Holde, 1986; Oohara & Wada, 1987b), various
fluorescent probes (Daban & Cantor, 1989), and other tech-
niques (Wilhelm & Wilhelm, 1980; Harrington, 1982). Al-
though these studies have indicated that the core particles are
more compact in 0.2 M NaCl than at higher salt concentra-
tions, the change in the sedimentation coefficient of the nu-
cleosome cores observed in this ionic strength region is rela-
tively small (Eisenberg & Felsenfeld, 1981; Yager & van
Holde, 1984; Ausio & van Holde, 1986). The N-terminal
regions of the histones are not involved in this conformational
transition (Diaz & Daban, 1986; Ausio et al., 1989). From
the comparison of different experimental results (Daban &
Cantor, 1989), it has been suggested that this transition is
related to the flexibility of the core particle structure in the
regions containing the DNA tails. Furthermore, the results
obtained in kinetic studies (Daban & Cantor, 1982b) have
suggested that although the four core histones participate in
the final part of the nucleosome self-assembly process, histones
H3,H4 are the driving force of this intramolecular reaction.
In this regard, these studies have also indicated that, in the
absence of H2A H2B, the core DNA-(H3,H4) complexes
evolve slowly to an altered structure. This structure can bind
histones H2A,H2B and produce the normal electrophoretic
band corresponding to nucleosomes containing the four core
histones (Aragay et al.,, 1988). However, the addition of
histones H2A,H2B to these altered DNA~(H3,H4) complexes
does not produce the high excimer fluorescence typically ob-
tained with pyrene-labeled core particles (Daban & Cantor,
1982b). This suggests that histones H3,H4 in the absence of
H2A ,H2B induce local structural changes that do not preclude
the subsequent binding of H2A,H2B but modify the final
positioning of these histones.
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Biological Implications. The spontaneous tendency of
DNA-histone mixtures to form the folded nucleosome core
particle indicates that this final structure is thermodynamically
stable. Moreover, the different reaction pathways considered
in the preceding section are kinetically competent to form core
particles at physiological ionic strength. However, in the
nucleus, if changes in local conditions (i.e., interaction with
polymerases and other proteins, chemical modifications, ionic
strength changes) perturb the thermodynamic equilibrium of
this system, the reactions shown in Figure 7 may be reversed
and, consequently, the transient intermediate structures con-
sidered above could be involved in different biological func-
tions. In fact, the physicochemical model presented in Figure
7 is compatible with the dynamic model of DNA-histone
interactions suggested by Jackson (1990) from in vivo studies
on chromatin replication and transcription.

According to Ellis and Hemmingsen (1989), nucleosome
formation in vivo can be considered as a case of assisted
self-assembly (i.e., the primary sequences contain all the steric
information necessary for the assembly, but additional factors
are required to prevent the formation of incorrect structures).
This suggests that the basic dynamic properties of the nu-
cleosome observed in physicochemical studies are probably
modulated by additional factors in the cell nucleus. Never-
theless, taking into account the in vivo results suggesting that
newly synthesized histones are weakly associated with chro-
matin as excess H3,H4 tetramers and H2A ,H2B dimers
(Seale, 1981; Jackson, 1990), it is reasonable to suggest that
the reactions of transfer of excess H2A,H2B and H3,H4
demonstrated in this work could participate in the mechanism
of chromatin replication. On the other hand, the findings of
several laboratories indicating that nucleosomes are dissociated
during transcription (Baer & Rhodes, 1983; Karpov et al.,
1984; Gonzilez et al., 1987; Lorch et al., 1988) suggest that
the displaced histones could associate with the nucleosomes
of chromatin regions located near the transcribed DNA.
Normal nucleosome structures could be reassembled by
spontaneous migration of excess histones (probably H2A,H2B)
from these storage intermediates to DNA previously involved
in transcription. The results of Riehm and Harrington (1989),
indicating that diffusion-limiting matrices of polyacrylamide
stabilize chromatin against precipitation at high temperature
under physiological salt concentrations, suggest the possibility
that the transient association of excess histones with nucleo-
somes could take place within the nuclear matrix (Nelson et
al., 1986) in localized chromatin regions without formation
of the high molecular weight aggregates observed in our in
vitro studies.
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SUPPLEMENTARY MATERIAL AVAILABLE

Figures S1-S4, showing the effect of proteolysis and histone
stoichiometry on the electrophoretic mobility of nucleosome
core particles, the electrophoretic analysis of the stability of
nucleosome cores as a function of particle concentration, the
electrophoretic study of the transfer of excess H3,H4 and core
histones from core particles to core DNA, and the solubility
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study of the transfer of excess core histones from oligo-
nucleosome core particles to M13 DNA (5 pages). Ordering
information is given on any current masthead page.
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Structure of the O-Specific, Sialic Acid Containing Polysaccharide Chain and Its
Linkage to the Core Region in Lipopolysaccharide from Hafnia alvei Strain 2 As
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ABSTRACT: Mild acid hydrolysis of Hafnia alvei strain 2 lipopolysaccharide released no O-specific poly-
saccharide but instead gave a monomeric octasaccharide repeating unit with /N-acetylneuraminic acid as
the reducing terminus. In addition, a dimer of the octasaccharide repeating unit, and also a decasaccharide
composed of a fragment of the O-specific polysaccharide chain and the core region, were obtained in minute
amounts. On the basis of the sugar and methylation analyses, periodate oxidation, and 'H NMR spectroscopy
of the lipopolysaccharide hydrolytic products, the biological repeating unit of the O-specific polysaccharide
was shown to be a branched octasaccharide:
Glcal—6
3GalNAcB1—4NeuAca2—6Glcal
Glcal—4GalB1—6GlcB1—3

The linkage between the O-specific polysaccharide chain and core region has also been determined and has
yielded strong evidence that N-acetylneuraminic acid is an inherent lipopolysaccharide component. The
lipopolysaccharide of H. alvei strain 2 is the first lipopolysaccharide reported to contain 4-substituted
neuraminic acid in its O-specific polysaccharide region.

6Galfl—

Hafnia alvei microorganisms form one of the lesser known
enterobacterial genera, as far as structural and serological
aspects of their O antigens are concerned. Preliminary
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chemical characterization of the lipopolysaccharides isolated
from 33 strains of this genus showed that the lipopoly-
saccharide of strain 2 contains sialic acid as a component
(Romanowska et al., 1988). The presence of sialic acid in
lipopolysaccharides of some strains of Salmonella, Escherichia
coli, and Citrobacter was reported earlier (Jann & Westphal,
1975), but to date the structure of their O-specific poly-
saccharides is unknown. The structures of capsular antigens
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