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Chromatin Docking and
Exchange Activity Enhancement
of RCC1 by Histones
H2A and H2B

Michael E. Nemergut,’?*1 Craig A. Mizzen,* Todd Stukenberg,*
C. David Allis,* lan G. Macara'?

The Ran guanosine triphosphatase (GTPase) controls nucleocytoplasmic trans-
port, mitotic spindle formation, and nuclear envelope assembly. These functions
rely on the association of the Ran-specific exchange factor, RCC1 (regulator of
chromosome condensation 1), with chromatin. We find that RCC1 binds directly
to mononucleosomes and to histones H2A and H2B. RCC1 utilizes these his-
tones to bind Xenopus sperm chromatin, and the binding of RCC1 to nucleo-
somes or histones stimulates the catalytic activity of RCC1. We propose that
the docking of RCC1 to H2A/H2B establishes the polarity of the Ran-GTP
gradient that drives nuclear envelope assembly, nuclear transport, and other

nuclear events.

RCC1 can be considered as a chromatin
marker. Catalysis of guanine nucleotide ex-
change on Ran by RCCI to produce Ran-
GTP is essential for mitotic spindle assembly
and nuclear envelope formation (/-4). Once
enclosed by the envelope, chromatin-bound

RCCI generates a Ran-GTP gradient across
nuclear pores that permits vectorial nucleo-
cytoplasmic transport (4). The docking
mechanism for RCC1 onto chromatin is un-
known. RCC1 may bind DNA in vitro, but
removal of the NH,-terminal domain of
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Fig. 1. RCC1 binds mononucleosomes. (A) HeLa nuclei were digested with micrococcal nuclease and
centrifuged through a linear 8 to 20% sucrose gradient. Samples of individual fractions were
electrophoresed through a tris-borate EDTA-agarose gel and visualized by ethidium bromide
staining (top) or precipitated with trichloroacetic acid, subjected to SDS-PAGE, and immunoblotted
(N-19, Santa Cruz) for endogenous RCC1 (bottom). (B) Immobilized GST, GST-RCC1, or GST-
RCC1(23-421) was incubated with intact or trypsinized H1-depleted mononucleosomes. After
washing, proteins were eluted, subjected to SDS-PAGE, and stained with Coomassie.
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RCC1 abrogates DNA binding without loss
of in vivo chromatin association (5).

To identify the mechanism for chromatin
binding, HeLa nuclei were partially digested
with micrococcal nuclease and the solubilized
chromatin was separated by centrifugation (6).
The majority of RCC1 cosedimented with nu-
cleosomal fractions (Fig. 1A), suggesting that
endogenous RCC1 associates with nucleo-
somes. Glutathione S-transferase (GST)-—
tagged RCC1 (GST-RCCIl), but not GST,
bound Hl-depleted mononucleosomes (6),
demonstrating a direct interaction (Fig. 1B) (7).
The core histones have folded regions that par-
ticipate in octamer assembly and DNA binding
as well as highly modified NH,-terminal tails
(8). Brief treatment with trypsin digests these
NH,-terminal tails while leaving the folded do-
mains intact. GST-RCC1 bound both intact and
trypsinized mononucleosomes (Fig. 1B) (7).
Binding of GST-RCCI1 to recombinant histone
tails from H2B and H3 was barely detectable
(9). Thus, the histone tails may contribute to,
but are not necessary for, the binding of RCC1
to chromatin.

Association of RCC1 with nucleosomes
could be mediated by binding to DNA, his-
tones, or both components; however, a mu-
tant RCC1 lacking its DNA binding region
[GST-RCC1(23-421)] retained its ability to
associate with trypsinized nucleosomes (Fig.
1B). To determine whether RCC1 binds di-
rectly to histones, immobilized GST or GST-
RCC1 was incubated with histones from
chicken erythrocyte nuclei (7). In this exper-
iment, we presume that H2A/H2B assemble
heterodimers that are not associated with the
H3/H4 heterotetramers (/0). GST-RCC1 de-
pleted all four histones from the supernatant
(Fig. 2A); however, H3/H4 were removed
during the washes and only H2A/H2B re-
mained bound. Thus, RCC1 binds directly to
histones, and preferentially to H2A/H2B.

Ran-GTP regulates the interaction of nu-
clear transport receptors with their cargoes.
To determine whether Ran also regulates the
histone-RCC1 interaction, the binding assay
was repeated with an excess of wild-type or
one of two mutant forms of Ran (7).
Ran(T24N) has a reduced ability to bind
nucleotide but increased affinity for RCCl;
Ran(Q69L) is constitutively GTP-bound (/1,
12). These forms of Ran did not decrease
RCC1 binding to H2A/H2B (Fig. 2A), sug-
gesting that Ran does not disrupt the binding
of RCC1 to chromatin.
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Because H2A and H2B heterodimerize,
RCC1 could interact with either protein
alone, or only with the heterodimer. GST-
RCC1 bound H2A or H2B alone even when
their concentration was only 50 nM (Fig. 2B),
suggesting that RCC1 associates tightly with
either histone in the absence of DNA.

Because the interaction between RCCl1
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and H2A/H2B was not competitive with Ran
binding, we expected that chromatin-bound
RCC1 would catalyze nucleotide exchange.
Therefore, exchange reactions were per-
formed (/3) with or without H2A/H2B or
H3/H4. The addition of H2A/H2B stimulated
the catalytic activity of RCC1 (Fig. 2, C and
D), increasing the dissociation rate constant,
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Fig. 2. Histones bind directly to RCC1 and enhance its catalytic activity. (A) Immobilized GST or
GST-RCC1 (1 wM) was incubated with chicken histones (1 uM) with (+) or without (~) the
indicated form of Ran (10 wM). Histones in the unbound fraction were isolated with SP-Sephadex
beads (Pharmacia). Bound and unbound fractions were subjected to SDS-PAGE and stained with
Coomassie. The asterisk indicates a degradation product from Ran(Q69L), not histone H4. (B) As in
(A), except that H2A or H2B was used. (C) Exchange reactions were performed with or without
H2A/H2B (333 nM). Samples were analyzed by binding to nitrocellulose and scintillation counting.
(D) As in (C), except that a fixed concentration of RCC1 (0.9 nM) was used with various
concentrations of H2A/H2B or H3/H4 (Roche). Reactions were performed with (E) or without (F)
RCC1 (0.9 nM), with or without DNA, BIB domain, nucleosomes, or trypsinized nucleosomes (all
250 nM). Dissociation rate constants were calculated assuming first-order kinetics (24). Error bars
represent the range from the mean (n = 2). Data are representative of at least three independent

experiments.
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kog» for nucleotide by ~twofold (Fig. 2C).
The effect was saturable, with an apparent
dissociation equilibrium constant X,,, of
~25 nM. H2A and H2B stimulated RCC1
individually and enhanced exchange of
guanosine diphosphate (GDP) for GTP or
vice versa; the NH,-terminal tails from H2A/
H2B did not stimulate RCC1 (9). The beta-
like import receptor-binding (BIB) domain, a
basic protein fragment derived from ribosom-
al protein L23a (4), also did not stimulate
RCCI1, demonstrating that the effect was his-
tone-specific and not merely a consequence
of positive charge (Fig. 2E). In addition, the
histones H3/H4 only stimulated RCC1 weak-
ly and at high concentrations (Fig. 2D). Intact
and trypsinized RCC1-depleted mononucleo-
somes (Fig. 2F) stimulated exchange similar-
ly to H2A/H2B (Fig. 2, D and E), witha K,
of ~100 nM (/4), whereas DNA itself had no
effect (Fig. 2E). Taken together, these data
suggest that H2A/H2B are cofactors for
RCCI1 at the chromatin surface.

It was important to determine whether
RCCI1 utilizes H2A/H2B for chromatin bind-
ing in vivo. Therefore, we used chromatin
isolated from the sperm of Xenopus laevis
that are deficient in histones H2A/H2B (15—
17). Xenopus sperm are the only known cells
in which RCCl is not predominantly chroma-
tin-bound (/8).

REPORTS

When added to egg lysate, Xenopus sperm
undergo two decondensation reactions (/9).
During stage I decondensation (~10 min),
nucleoplasmin replaces sperm-specific basic
proteins (X and Y) with H2A/H2B (16, 17).
The addition of a membrane fraction permits
stage II decondensation which includes pro-
nucleus formation. Because RCC1 is required
for nuclear envelope assembly (/, 2), it must
mobilize to chromatin during either stage I or
early stage II decondensation. The level of
endogenous RCCI1 on demembranated sperm
chromatin was too low to be detectable; how-
ever, within 10 min after the addition of egg
extract, RCCl1 relocalized to the nuclear pel-
let (Fig. 3A, top) (20). To observe chromatin
binding of RCC1, we used RCC1 tagged with
green fluorescent protein (RCCI1-GFP).
Binding of RCCI1-GFP to sperm chromatin
was detectable within 10 min after addition of
the egg extract, but not the buffer alone (20).
These data demonstrate that mobilization of
RCC1 to chromatin occurs during stage I
decondensation.

Decondensation may allow access to pre-
existing RCC1-binding sites on DNA; alter-
natively, addition of egg lysate may create
RCCI1-binding sites by depositing H2A/H2B
onto chromatin. To differentiate between
these possibilities, we separated chromatin
decondensation from H2A/H2B incorpora-

tion and observed RCC1-GFP binding (21).
When treated with the buffer alone, sperm
remained condensed (Fig. 3B). However, ad-
dition of nucleoplasmin core (NplC) decon-
densed nuclei without promoting RCC1-GFP
binding (Fig. 3, B and C). This evidence
supports our conclusion that neither DNA nor
endogenous H3/H4 are sufficient to dock
RCC1 to chromatin (Fig. 3, B through D).
When histones were added to condensed chro-
matin, a small increase of RCC1-GFP binding
was observed. Fluorescence appeared in dis-
crete foci along the chromatin periphery, sug-
gesting that RCC1 could access only a fraction
of the condensed chromatin. In contrast, treat-
ment with NplC plus histones produced a ~25-
fold increase in RCC1-GFP binding. Purified
H2A/H2B stimulated chromatin binding to a
similar extent as the histone extract (/4).

We next compared protein constituents of
the chromatin under each experimental condi-
tion. By two-dimensional gel electrophoresis
(17), the level of H2A/H2B deposition reflected
the level of RCCI-GFP binding. In addition,
binding of RCC1 occurred during the same time
frame as H2A/H2B incorporation. Together,
these data suggest that the interaction between
RCC1 and chromatin requires the integration of
histones H2A/H2B. This observation, together
with both the binding exhibited by RCC1 for
H2A/H2B in vitro and the stimulation of RCC1
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min. After washing, nuclei (~10,000 £ H3
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sent =1 SD from the mean (n = 20 to 25). (D) Sperm nuclei (~250,000) were H2B L
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by nucleosomes, strongly suggests that RCC1
binds H2A/H2B on chromatin, possibly at sur-
faces exposed on the faces of each nucleosome.
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Protective Role of ATP-Sensitive
Potassium Channels in
Hypoxia-Induced Generalized
Seizure

Katsuya Yamada,'* Juan Juan Ji,"* Hongjie Yuan,' Takashi Miki,*
Shinichi Sato,” Naoki Horimoto," Tetsuo Shimizu,?
Susumu Seino,* Nobuya Inagaki'3}

Adenosine triphosphate (ATP)-sensitive potassium (K,,) channels are acti-
vated by various metabolic stresses, including hypoxia. The substantia nigra
pars reticulata (SNr), the area with the highest expression of K, channels in
the brain, plays a pivotal role in the control of seizures. Mutant mice lacking
the Kir6.2 subunit of K,, channels [knockout (KO) mice] were susceptible to
generalized seizures after brief hypoxia. In normal mice, SNr neuron activity was
inactivated during hypoxia by the opening of the postsynaptic K, channels,
whereas in KO mice, the activity of these neurons was enhanced. K, 1, channels
exert a depressant effect on SNr neuronal activity during hypoxia and may be
involved in the nigral protection mechanism against generalized seizures.

K, p channels (/) couple the intracellular
metabolic state to electrical activity at the
plasma membrane (2). We have previously
reported the molecular structure of K, p
channels (3, 4) comprising the inwardly rec-
tifying K* channel Kir6.2 and a sulfonylurea
receptor with high affinity (SURI in pancre-
atic B cells) or low affinity (SUR2A in the
heart) for sulfonylureas. High-affinity bind-
ing of [°H]glibenclamide in the brain is stron-
gest in the SNr, suggesting high expression of
the B cell type K, -, channel in this nucleus
(5, 6). Because the SNr acts as a central
gating system in the propagation of seizure
(7-9) and generalized seizures can be evoked
by metabolic stresses such as hypoxia and
hypoglycemia (10), these K,,, channels
could well be involved in the development of
seizure during ATP-depleted conditions.
Kir6.2 KO mice (/1) were used to evalu-
ate this possibility. Daily behavior and basal
physiological values of KO mice were not
significantly different from those of wild-
type mice (/2, 13). However, responses to
brief (150 s) hypoxia caused by oxygen de-
privation (n = 19, 5.4 * 0.2% O,) differed in
KO and wild-type mice (/4). The wild-type
mice (10/10) all remained sedated during the
challenge and revived normally. In contrast,
the KO mice all responded with a myoclonic
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jerk (latency = 8.9 = 1.1 s, n = 9) followed
by severe tonic-chronic convulsion and death
(survival time = 21.8 + 5.2's, n = 9) (Table
1). Under more severe hypoxic conditions
(n=26,43 £ 0.2% O,, P < 0.0001 com-
pared with 5.4 = 0.2% O,), four of the six
wild-type mice exhibited a generalized con-
vulsion (latency = 25.8 + 2.7 s) (15). Elec-
troencephalogram (EEG) and electromyo-
gram (EMG) (/4) revealed a sequence of
seizure patterns in conscious KO mice (n =
5) challenged with 5.4 = 0.1% O, (Fig. 1A).
First, very low-voltage EEG for about 3 s
indicated loss of consciousness. Then fast
waves after an abrupt, sharp deflection lasted
for several seconds in the EMG traces, cor-
responding to the tonic convulsion and my-
oclonus, after which bilateral, high-voltage
sharp wave bursts were observed in the EEG
traces. In wild-type mice under the same
conditions, a medium- to low-voltage EEG
predominated during the hypoxic period (Fig.
1B). This suggests that K, 1, channels par-
ticipate in determining the seizure threshold
during hypoxia. It is unlikely that the seizures
observed in KO mice were produced by rapid
cardiac arrest, because heartbeats continued
after the seizure (/6).

To investigate the role of SNr neuron
activity, we recorded single unit activities
from the SNr in acute slice preparations (/7).
In control, the firing rate of SNr neurons was
not significantly different in wild-type and
KO mice [25.2 = 1.8 Hz (n = 60) and 22.6 =
2.1 Hz (n = 47) for wild-type and KO mice,
respectively]. However, in brief hypoxia (90
s) (18), wild-type neurons showed a marked
decrease in firing rate to about one-third that
before hypoxia (from 284 = 2.0 Hz to
10.2 = 3.2 Hz,n = 9, P = 0.0003; Fig. 2, A
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