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expected for a high, Newtonian viscosity (54).

Of course, our images only provide a
snapshot of the current mantle, and we are
unable to infer the rise velocity of the plumes.
Because of this, we are unable to place a firm
constraint on the heat flux carried by the
plumes; however, an order-of-magnitude cal-
culation indicates that the observed heat flux
of about 44 TW at Earth’s surface imposes a
limit on the rise velocity of the plumes, which
is probably below 10 cm/year (55). This loose
constraint reinforces our conclusion that con-
vection in the lower mantle is slow, and indi-
cates that the role of plumes in transporting heat
from the core to the surface of the Earth is
larger than previously suggested (/).

Another surprising observation is the lack of
correlation between the maximum depth of a
plume image and the associated *He/*He anom-
aly. Of the ocean islands with high values of
3He/*He (3), Easter, Hawaii, Kerguelen, Sa-
moa, and Tahiti are well-resolved deep plumes
(Table 1). Afar, Cape Verde, Caroline, Re-
union, and Jean Fernandez are potential D"
plumes and also have correspondingly high
3He/*He. But other plumes for which a deep
origin can be decisively ruled out (Galapagos,
Iceland) have high 3He/*He. Conversely, St.
Helena and Canary Islands have a low >He/*He
ratio but have anomalous velocities that extend
deeply into the mantle.

The maximum velocity anomaly of the
observed plumes in the lower mantle is re-
duced by a factor of about 3 with respect to
the value found in the upper mantle (which is
often in excess of —1.5%). Even though the
magnitude of each plume anomaly is affected
by the resolution, this diminution of dv,/v,
with depth is in accordance with predictions
of dv,/dT (42).
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ATP-Driven Exchange of Histone
H2AZ Variant Catalyzed by SWR1

Chromatin Remodeling Complex

Gaku Mizuguchi,* Xuetong Shen,*{ Joe Landry,* Wei-Hua Wu,}
Subhojit Sen,i Carl Wu§

The conserved histone variant H2AZ has an important role in the regulation of gene
expression and the establishment of a buffer to the spread of silent heterochro-
matin. How histone variants such as H2AZ are incorporated into nucleosomes has
been obscure. We have found that Swr1, a Swi2/Snf2-related adenosine triphos-
phatase, is the catalytic core of a multisubunit, histone-variant exchanger that
efficiently replaces conventional histone H2A with histone H2AZ in nucleosome
arrays. Swr1 is required for the deposition of histone H2AZ at specific chro-
mosome locations in vivo, and Swr1 and H2AZ commonly regulate a subset of
yeast genes. These findings define a previously unknown role for the adenosine
triphosphate—dependent chromatin remodeling machinery.

The condensation of eukaryotic DNA in ar-
rays of nucleosomes has a profound effect on
gene function. To counteract constraints im-
posed by nucleosome structure, cells deploy
two major classes of multiprotein enzymes,

which covalently modify the nucleosome
core histones or catalyze nucleosome mobil-
ity in an adenosine triphosphate (ATP)—de-
pendent fashion (/—5). Much of our current
understanding of these processes is derived
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from analyses of nucleosomal histones that
represent the major histone species within
cells. However, the existence of minor his-
tone variants, encoded by distinct, nonallelic
genes, has long been recognized (6). Recent
studies have revealed that variants of histone
H2A and histone H3 play important roles not
only in gene expression but also in the repair
of DNA breaks and the assembly of chromo-
some centromeres (7—9). These advances es-
tablish a third mechanism of chromatin re-
configuration, raising fundamental questions
about the stability of nucleosomes in nonrep-
licative phases of the cell cycle and the cel-
lular machinery responsible for incorporating
histone variants into nucleosomes.

The histone H2A.F/Z (H2AZ) variant is a
functionally distinct, highly conserved his-
tone subgroup that likely represents a sepa-
rate evolutionary lineage of histone H2A pro-
teins (7, 10). Histone H2AZ replaces the
major histone H2A in a fraction of the nu-
cleosomes isolated from chromatin (/7) and
reconstitutes a similar though nonidentical
structure to the canonical nucleosome (/2).
There is growing evidence that the incorpo-
ration of H2AZ has an important influence on
gene expression. (7). Moreover, H2AZ in
transcriptionally active domains near yeast
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telomeres and flanking the HMR mating-type
locus functions as a buffer to gene silencing
caused by the spread of heterochromatin pro-
teins (/3). Here, we show that Saccharomy-
ces cerevisiae Swrl, an uncharacterized
member of the Swi2/Snf2 family of chroma-
tin remodeling adenosine triphosphatases
(ATPases) (2, 4, 5, 14), is contained in a
multicomponent protein complex that cata-
lyzes H2AZ-specific histone exchange.

A multicomponent SWR1 complex
containing H2AZ (Htz1). In budding
yeast, the paralogous genes SWRI and
INOSO are distinguished from other mem-
bers of the SWI2/SNF2 family by an inser-
tion that splits the conserved ATPase do-
main into two segments. In contrast to
[no80 (15, 16), little is known about Swrl
(17). To enable purification of native Swrl,
we engineered a triple Flag epitope tag at
its C terminus (/8) and verified the func-
tion of Swrl-Flag in vivo (/9). Immunopu-
rification from whole-yeast extracts re-
vealed over 12 proteins associating with
Swrl-Flag (Fig. 1A). This assembly, named
the SWRI1 complex, sediments as a peak
during glycerol gradient centrifugation and
exhibits nucleosome-stimulated ATPase
activity (Fig. 1B). We identified compo-
nents of the SWRI1 complex by peptide
microsequencing with the use of mass spec-
trometry. Several subunits—Actl, Arp4,
Rvbl, and Rvb2—are common to the
INO80 complex (/5) and other chromatin
remodeling complexes (/4) (Fig. 1A). Arp6
is an actin-related protein (20), Yaf9 is the
yeast counterpart of the human leukemo-
genic protein AF9 (27), and the remaining

and silver staining of proteins associated with native Htz1-Flag (HTZ1 coms). Gel

bands were identified as above. Unassigned polypeptides include Cdc48, Ctr9,
Mec1, Ksp1, Kap114, Bdf1, Rtf1, Yku80, Leo1, Aor1, Nbp2, Rpa34, Yer030w, and
Ymr247c. HTZ1 coms were separated by glycerol gradient centrifugation, and

Aorl, and Godl—are uncharacterized da-
tabase entries (/7).

Several small polypeptides that copurified
with the SWR1 and INO80 complexes were
identified as histones (Fig. 1A). Although the
association of histones with chromatin re-
modeling complexes could be due to nonspe-
cific binding of chromatin, the persistence of
histone binding upon nuclease digestion sug-
gested otherwise (/9). Among the histones
copurifying with the SWR1 complex, a sub-
stantial number of tryptic peptides are de-
rived from histone Htz1, the H2AZ variant in
yeast (table S1).

Purified Htz1 associates with SWR1
complex. To confirm the physical interac-
tion between yeast Htzl and the SWR1 com-
plex, we immunopurified native Htzl-Flag
from whole yeast extracts. We found that
Htzl1 copurified with its partner histone H2B
and many other polypeptides, including all
components of the SWR1 complex (Fig. 1C).
Glycerol gradient centrifugation separated
the free Htz1-H2B dimer (fraction 5) from
two additional assemblies: the SWR1 com-
plex (fraction 22) and a complex we named
NAP-Z, containing the nucleosome assembly
protein Napl (22) and other polypeptides
(fraction 12) (Fig. 1C). The bulk of soluble
Htzl is distributed between free Htz1-H2B
dimers and Napl-associated Htz1-H2B
dimers. The SWR1 complex contains only a
minor portion of the soluble Htz1-H2B
dimer population.

Swr1 and Htz1 functions overlap in
vivo. To determine the biological relevance
of the interaction between Htzl and the
SWR1 complex, we analyzed the growth

SWR1 subunits—Vps72, Vps71, Swcl, phenotypes of mutants (23). The swrl null or
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the input.
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catalytic site mutant is viable and sensitive to
caffeine and the alkylating agent methyl
methanesulfonate (MMS) and weakly sensi-
tive to ultraviolet (UV) irradiation (Fig. 2A).
The htzl mutant is also viable, sensitive to
caffeine and MMS (24), and moderately sen-
sitive to UV, implicating a role for both
proteins in DNA damage repair and other
metabolic activities (23). However, the htzl
mutant is more sensitive than swr/ to dimin-
ished deoxynucleotide triphosphate pools
caused by the ribonucleotide reductase inhib-
itor hydroxyurea (HU) (Fig. 2A). The swrl
phenotypes were rescued by the wild-type
gene but not by a mutant carrying a
Lys’?’—Gly’?7 (K727G) substitution in the
ATP-binding motif of Swrl, indicating that
ATP-use is crucial for its in vivo function
(Fig. 2A).

We also examined genome-wide tran-
scription profiles for swrl and Atz mutants
(Fig. 2B). Complementary DNA hybridiza-
tion to yeast whole-genome microarrays
revealed that 71 out of 162 Swrl-activated
genes are also activated by Htzl (44%
overlap). Of 77 genes repressed by Swrl,

29 are also repressed by Htzl (38% over-
lap). The incompleteness of the overlaps
suggests a degree of functional indepen-
dence for the two genes, or it may reflect an
inherent limitation of microarray analyses.
By contrast, 48 out of 446 Ino80-activated
genes are also activated by Htzl (11%
overlap), and 72 out of 779 Ino80-repressed
genes are also repressed by Htz1 (9% over-
lap). The Swrl-activated, but not Ino80-
activated, genes are highly represented near
yeast telomeres, consistent with the chro-
mosomal locations of Htzl-activated genes
(13) (Fig. 2C). We found no preferential
location of Htzl- or Swrl-repressed genes
at yeast telomeres (fig. S1).

Chromatin binding of Htz1 in vivo re-
quires Swr1. The physical and functional
connections between Swrl and Htz1 suggest-
ed that the SWR1 complex might facilitate
the assembly or remodeling of variant nu-
cleosomes containing Htz1, leading to chang-
es in transcription of targeted genes. Accord-
ingly, we compared the in vivo binding of
Htzl at various chromosomal locations in
wild-type and swrl mutant cells with the use

A Caffeine MMS uv HU
WT
htz1A
swriA
WT pRS416
swriA pRS416
swriA  pSWR1
swriA  K727G
B cC _ 1 HTZ1 Activated
Vo) - €3 s
e ) \ \ >
71/* 125 29 208 R
/ 4 4
. 4@ - 15 SWRH1 Activated
Swri Htz1 Swri1 Htz1 5310
Activated Activated Repressed Repressed ‘E’g 5
z 0
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A Y ) Y _ 15 INO8O Activated
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A y A W 32
(.7“,/ —/,/ /‘ill '/" §8 5
0
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Repressed Repressed

S S S §

Distance from Telomere [Kb]

Fig. 2. SWRT and HTZ1 share common functions in vivo. (A) Saturated cultures (1:10 serial
dilutions) of the indicated strains with or without the pRS416 episomal vector, a vector containing
either Swr1 or the K727G mutant, were grown in synthetic complete media (SC) (upper), or
synthetic dropout media (SD-Ura) (lower), supplemented with 20 mM caffeine, 0.25% MMS, and
150 mM HU or exposed to 11.8 ) cm? short-wave UV. (B) Venn diagram showing the number of
genes whose RNA levels were changed by 1.25-fold in mutant versus wild-type (WT) strains. The
overlap signifies commonly misregulated genes. Microarray data (44) were analyzed by t tests and
Benjamini and Hochberg multiple testing corrections at 95% confidence levels. P values were as
follows: P = 0 (44% overlap), P = 10~ '° (38% overlap), P = 1072 (11% overlap),and P = 10~ "'
(9% overlap). Northern analysis of representative genes are in table S3. Overlap between data sets
using 1.5- and 2-fold cutoffs are given in fig. S4. (C) Diagram showing the number of Htz1-, Swr1-,
or Ino80-activated genes (y axis) as a function of distance in 5-kb units from the telomere (x axis).
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of formaldehyde cross-linking and chromatin
immunoprecipitation (ChIP). Htzl is known
to bind preferentially near telomeres and at
regions flanking the silent mating type locus,
where it antagonizes the effects of gene si-
lencing by heterochromatin (/3). At ~3 kb
from the telomere, binding of Htzl at the
RDSI promoter was lost in the swr/ null or
catalytic site mutant (Fig. 3, A and B, primer
pair CR2). This cannot be attributed to a
failure to express Htzl in the swr/ mutant
(Fig. 3A, inset). Loss of Htz1 binding in swr!/
also occurs at the ADE17 promoter, ~415 kb
from the telomere (Fig. 3C, primer pair A3).
Likewise, a loss of Htzl binding is observed
at CAR2 and LSM3 coding regions, ~65 kb
from the telomere (Fig. 3D, primer pairs C3
and C4).

SWR1 complex catalyzes replacement
of H2A with Htz1 in vitro. How might
Swrl be used for the incorporation of Htz1
in chromatin? We proposed that the ATP-
driven disruption of conventional nucleo-
somes by the SWR1 complex leads to dis-
placement of histone H2A (probably as the
H2A-H2B dimer) and replacement with
Htzl (Htz1-H2B) in a histone dimer ex-
change reaction. Accordingly, we prepared
immobilized nucleosome arrays with the
use of DNA bound to magnetic beads and a
recombinant yeast nucleosome assembly
system (25, 26). Incubation with the SWR1
complex, a source of Htzl-H2B dimers,
and ATP revealed a striking transfer of
Htz1-Flag to immobilized nucleosomes. Ei-
ther free Htz1-H2B dimers or dimers asso-
ciated with the NAP-Z complex could be
transferred by the SWR1 enzyme (Fig. 4, A
and B), indicating that Nap1 functions as an
escort rather than part of the histone trans-
fer machinery. The reaction proceeds effi-
ciently at room temperature with catalytic
levels of the SWR1 complex (one enzyme
to ~50 nucleosomes) and stoichiometric
amounts of Htz1-H2B, resulting in substan-
tial transfer of Htz1-Flag to the immobilized
nucleosome array in 60 min (77% transfer of
free Htz1-H2B dimers and 57% transfer of
Napl-associated dimers). Transfer of Htzl is
readily observed within 5 min (Fig. 4D) and
is specific for nucleosomal templates, be-
cause none occurs on immobilized, naked
DNA (fig. S2). Moreover, the SWR1 com-
plex transfers Htz1-H2B selectively over
H2A-H2B, as shown by weak transfer (11%)
when tagged H2A-H2B dimers are substitut-
ed for tagged Htz1-H2B in an otherwise iden-
tical reaction (Fig. 4E) and by the excess of
competing H2A-H2B (~ninefold) required to
reduce transfer of tagged Htzl1-H2B by half
(Fig. 4F).

Although maximal incorporation of Htzl
into immobilized chromatin requires exoge-
nous ATP, we could reproducibly detect
transfer in the absence of ATP (Fig. 4A, 7%;
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Fig. 4B, 18%). This was also observed when
ATP was substituted with adenosine diphos-
phate, guanosine triphosphate, and nonhydro-
lyzable ATP analogs (Fig. 4C). Such transfer
of Htz1 likely results from endogenous ATP
bound to the purified SWR1 complex, be-
cause transfer was not detectable when an
intact enzyme complex carrying a mutation in
the ATP binding site of Swrl (fig. S3) was
substituted for the wild-type complex (Fig.
4C). We also evaluated other complexes of
the SWI/SNF family. At equimolar or greater
levels to the SWR1 complex, purified ISW1
(imitation switch), SWI/SNF, RSC (remodel
the structure of chromatin), and INO80 com-
plexes transferred Htzl weakly (Fig. 4G) de-
spite having higher ATPase activities (fig.
S5).

To address the fate of histone H2A in the
nucleosome upon transfer of Htzl by SWR1,
we analyzed the products of the transfer re-
action with the use of SDS—polyacrylamide
gel electrophoresis (SDS-PAGE) and silver
staining (which allows preferential visualiza-
tion of yeast histones H2A and H2B). Of the
four core histones, we found that only histone
H2A was substantially displaced (~60%)
from immobilized nucleosome arrays upon
transfer of Htzl. By contrast, the level of
histone H2B (and H3 and H4) remained es-
sentially unchanged (Fig. 5A). Hence, we
conclude that the SWR1 complex catalyzes
displacement of histone H2A and replace-
ment with Htzl in a bona fide histone
exchange reaction. To verify the native con-
formation of nucleosome core particles pro-
duced by the histone replacement reaction,
we reconstituted mononucleosomes on a
201-base pair (bp) DNA fragment with the
use of bacterially expressed, conventional hi-
stone octamers. Mononucleosomes were in-
cubated with SWR1 complex, tagged Htzl-
H2B dimers, and ATP, followed by digestion
with micrococcal nuclease to release the nu-
cleosome core particle. Native gel electro-
phoresis and DNA staining showed that the
bulk of the core particle population retains
native conformation, as judged by electro-
phoretic mobility. The incorporation of Htz1-
Flag in the nucleosome core particle was
shown by Western blot analysis of the native
gel (Fig. 5B).

Histone exchange: A distinct mecha-
nism for chromatin remodeling. Two
chromatin remodeling mechanisms involving
alterations in DNA-histone contacts without
major perturbation of the histone octamer
have been proposed (2, 5). In the “sliding”
mechanism, the ATP-driven propagation of a
local DNA twist or bulge over the histone
octamer surface, initiating from the DNA
entry or exit positions, causes the octamer to
be relocated relative to the DNA sequence.
There is general agreement that the compar-
atively small (~0.5 MD) ISWI-containing
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Fig. 3. Chromatin binding of Htz1 in vivo is dependent on Swr1. Bar diagrams showing in vivo
binding of Htz1-Flag as measured by ChIP in the indicated strains. Immunoprecipitated DNA was
analyzed by real-time polymerase chain reaction with the use of primers for (A and B) the RDS7
locus, (C) the ADET7 locus, and (D) the CAR2 locus, as indicated by the black bars above the gene
maps. Binding was measured relative to ARET, a gene not regulated by HTZ7 or SWR1. Changes
(-fold) in gene expression in htz1A and swr1A mutants relative to WT are included below the maps.

complexes use a sliding mechanism to shift
nucleosome positions within a nucleosome
array in vitro (2, 5). Importantly, remodeling
intermediates detected in vivo are consistent
with a nucleosome sliding mechanism for
yeast ISW2 (27). A more complicated DNA
“looping” mechanism distinguishes the large
(~1 MD) SWI/SNF and closely related en-
zymes from ISWI enzymes. The looping
mechanism is characterized by peeling of a
long DNA segment from one edge of the
nucleosome, octamer mobilization, and DNA
rewrapping (28); nucleosomal DNA is glo-
bally distorted and becomes more susceptible
to restriction nuclease digestion (2). Both
sliding and looping mechanisms apparently
involve an ATP-dependent DNA-translocat-
ing activity displayed by Swi2/Snf2 family
proteins (2, 5, 29, 30).

The catalytic exchange of nucleosomal
H2A for the H2AZ variant by the SWR1
complex suggests a previously unknown
mechanism of chromatin remodeling that ne-
cessitates the disruption of histone-histone as
well as histone-DNA contacts. Assuming the
H2A-H2B dimer to be the unit of histone
exchange, histone replacement necessitates
displacement of two H2A-H2B dimers from
the nucleosome core particle. We propose
that, like SWI/SNF (28), the SWR1-catalyzed
unwrapping of nucleosomal DNA from the
entry or exit positions of the nucleosome

exposes the DNA-binding surface of an H2A-
H2B dimer. This unwrapping should promote
the intrinsic tendency of the histone octamer
to dissociate into constitutent H2A-H2B
dimers and the (H3-H4), tetramer (6, 31, 32).
In addition, components of the SWR1 com-
plex could directly provoke dissociation of
the first H2A-H2B dimer from the histone
octamer. Subsequent release of Htz1-H2B
from the SWR1 complex near the vacant site,
coupled with relaxation or rewrapping of
DNA, would then reassemble a core parti-
cle containing one each of H2A-H2B and
Htz1-H2B dimers. Structural incompatibil-
ity between two heterotypic dimers within
the same nucleosome core particle (12)
should then facilitate SWR1-catalyzed ex-
change of the second H2A-H2B dimer in a
cooperative fashion.

We note that other workers have indepen-
dently found biochemical and genetic inter-
actions between Swrl and Htzl or their mam-
malian orthologs (33), although to our knowl-
edge the demonstration of SWR1-catalyzed
ATP-dependent histone variant exchange in
vitro is unprecedented. Furthermore, the
transfer of histones per se is not exclusive to
ATP-dependent chromatin remodeling en-
zymes (34).

Targeting of Htz1 and the SWR1 com-
plex. The association of histones Htz1-H2B
with the purified SWR1 complex suggests
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Fig. 4. ATP-dependent catalysis of Htz1 transfer. (A and B) A E
Western blots showing transfer of Htz1-Flag. Immobilized ATP +ATP SWR1  SWISNF
nucleosome arrays (14 nM nucleosomes) were incubated e R 10 1 SwRi L T e
with either NAP-Z (23 nM Htz1) (A) or free Htz1-H2B 28 N 232 v+ = ] Enyme
dimer (32 nM) (B), SWR1 complex (0.3 nM), and 1 mM ATP == oot - £T + + + + HAHNB
as indicated. After washing, bound Htz1-Flag was eluted by ‘ _H ‘ Bound ‘ -l ‘ = ,l | __l Bound
SDS-PAGE sample buffer and analyzed by Western blot- | H= H2A
ting. Free Htz1 is the combination of supernatant and wash Free 12 3 4
fractions. In three experiments, the transfer of free Htz1- 1 Sk sk P ‘ Htz1
H2B dimer was 85%, 77%, and 76%. (C) ATP requirements 1234 567 8 F .=
for Htz1 transfer. Reactions were incubated as in (B) with B £ Competitor
ATP analogs (1 mM) as indicated. "m” is the mutant E= 10x xi2x 5x 10x:  H2A:H2B
complex carrying the K727G mutation in the ATP binding < -ATP tATP EI El Bound
site of Swr1. Similar results were obtained when NAP-Z 33 * + - 4+ - +  SWR1 TG Htz1
was used as a source of Htz1-H2B dimers (fig. S3). (D) £< s & ¥ - - % wm  HelhB
Kinetics of Htz1 transfer. Reactions were conducted as in P i - | Bound
(A) for the indicated times. (E) Weak transfer of H2A-H2B Htz1 G .5
by SWR1 (11%) and SWI/SNF (14%). Reactions were iden- SR Free 28 —] 1swi
tical to (B), except that purified (H2A-Flag)-H2B dimers SE Htz1 ==
were used and SWI/SNF concentrations were fivefold high- 123 4 5 6 7 8 == ga‘:"d
er than those of SWR1. In another set of experiments,
H2A-H2B transfer by SWR1 and SWI/SNF was 4% and c e e m o+ o+ o+ o+ SWRI _ 12
10%, respectively. (F) H2A-H2B competes poorly against | Eeal | 58
Htz1-H2B. Reactions were as in (B), except for inclusion of i 5 g2 _—1 RsC
recombinant yeast histone octamers as a source, upon .sg s a o a n‘T E Bound
dissociation, of free H2A-H2B dimers. (G) Htz1 transfer is 22 - x K £ 9 K KB 2 —{ — 1
specific to SWRT1. Purified remodeling complexes (equimo- - - -
lar to and fivefold greater than the SWR1 complex) were ‘ -l o, Bound 1 2
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gions suggests that enzyme recruitment to
A —_— _:;'ItaZ; B —— :Jan’ ~ ;_ I - ;_ I chroma.ti'n may involve more than promot-
er-specific factors and raises the possibility
H3 MNase - + + + i o
— that Htzl affects both initiation and elon-
= _— —_hes gation stages of transcription. Indeed, re-
. _:2A cent genetic studies underscore a role for
4 O | w d \ Htzl in transcription elongation (38). The
1 2 O L‘L"“" . additional Htzl-interacting proteins we
Fig. 5. SWR1 complex exchanges nucleosomal 4 have }dentlfled by frass spect‘rometry could
H2A with Htz1. (A) SDS-PAGE and silver staining 2w, | | contribute toward this function. How the

showing histones retained on immobilized nu
cleosome arrays before (lane 1) and after (lane

2) Htz1 transfer. This reaction is a 10-fold scale-up of the one in Fig. 4B. Changes in histone H2B
(108%) and H2A (37%) in lane 2 compared with lane 1 were derived with the use of laser
densitometry. Changes in H3 and H4 could not be quantified accurately because of poor silver
staining. (B) Native PAGE and DNA staining (left) and Western blotting (right) showing nucleosome
core particles before and after the Htz1 transfer reaction. Nucleosomes reconstituted from
conventional yeast histones and a 3’ biotinylated 201-bp DNA fragment were incubated with the
SWR1 complex, NAP-Z, and ATP. Mononucleosomes were bound to magnetic beads, washed, and
digested with micrococcal nuclease (MNase), and the released core particles were analyzed by
native PAGE (0.5X tris-borate EDTA). The gel was analyzed by Western blotting to detect
Htz1-Flag. (A digestion intermediate migrates between the nucleosome and the core particle in

both native gel and Western blot.)

Native Gel

Western o-Flag

presence of one or several Htzl-variant
nucleosomes within a conventional nucleo-
some array affects transcription initiation
or elongation is unclear.

Implications for chromatin remodeling
enzymes. The catalysis of H2AZ variant
exchange by the SWR1 complex invites spec-
ulation on a general mechanism by which
histone variants are incorporated into nu-
cleosomes (9). We suggest that other ATP-
dependent chromatin remodeling complexes
(2, 5, 14) might catalyze the incorporation
of specific histone variants (39), although

that specific SWR1 components are respon-
sible for binding to Htzl. Likely candidates
are the actin-related proteins (Arps), some of
which have a role in the chromatin remodel-
ing process and exhibit histone-binding activ-
ity in vitro (16, 35-37). The SWR1 complex

www.sciencemag.org SCIENCE VOL 303

contains actin, Arp4, and, uniquely, Arp6,
raising the prospect that Arp6 may have a key
role in sequestering the Htz1-H2B dimer
specifically.

The SWRI1-dependent incorporation of
Htz1 at either intergenic or transcribed re-

proteins such as chromatin assembly fac-
tors may also be important (9). Moreover,
covalent modifications might provide his-
tone signals for the catalytic exchange of
histone variants or even of major histones,
thereby contributing to mechanisms for hi-
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stone replacement and nucleosome loss as-
sociated with transcription in vivo (9, 40,
41). The further development of assays to
capture the movements of physiologically
marked histones should provide insight into
the regulation of chromatin dynamics.
Note added in proof: The subunits of the
SWRI1 complex—Vps72, Swcl, Godl, Aorl,
and Vps71—have been renamed Swc2,
Swc3, Swe4, SweS, and Swcb, respective-
ly, by agreement with the laboratories of J.
Greenblatt, H. Madhani, and J. Rine.
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Self-Assembly of Mesoscopic
Metal-Polymer Amphiphiles

Sungho Park, Jung-Hyurk Lim, Sung-Wook Chung, Chad A. Mirkin*

The assembly properties of two- and three-component rod-like building blocks
consisting of gold and polymer block domains have been investigated. These
structures behave like mesoscopic amphiphiles and form a series of single-layer
superstructures consisting of bundles, tubes, and sheets depending upon the
compositional periodicity. Unlike molecular systems, the template used to
initially synthesize them plays a critical role in the assembly process by pre-
aligning them in a manner that facilitates their assembly by optimizing the
correct collisional orientation upon dissolution of the template. Tubular
structures with tailorable diameters can be assembled in a predictable
manner on the basis of an estimate of the hybrid rod packing parameters.

Over the past decade, major advances have
been made in the synthesis and characteriza-
tion of one-dimensional rod-like nanostruc-
tures (/). One can now synthesize, via a
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variety of routes, carbon-based nanotubes,
polymer structures, and metal, semiconduct-
ing, and insulator inorganic compositions (2—
8). These materials have several unusual and
potentially useful properties that make them
promising for many potential applications in
optics (9), electronics (/0), and biodiagnos-
tics (6). One of the most powerful and now
extensively used methods for synthesizing
such structures relies on solid-state templates

and electrochemistry to control the diameter
and length of such structures (6, /7). Using
this approach, one can synthesize one- and
multicomponent structures with exquisite
control over block composition size. Al-
though these rod-like building blocks can be
routinely made in large quantities and in mas-
sively parallel fashion, only a few techniques
allow one to assemble them into organized
two- and three-dimensional structures (/2—
17). No techniques have been developed for
controlling their assembly into curved struc-
tures, a capability necessary to fully under-
stand and exploit the concept of self-assem-
bly with unnatural mesoscopic building
blocks (18).

Our approach to generating mesoscopic
amphiphiles involves the synthesis of rod-
like structures consisting of hard and soft
domains. The hard hydrophilic domain is an
inorganic material such as gold, and the soft
domain is a hydrophobic conducting polymer
such as oxidized polypyrrole, which can be
electrochemically polymerized within the
confines of an alumina template. The ratio-
nale was that because of the compositional
differences between the inorganic and organ-
ic portions of these novel structures, the
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