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ABSTRACT. The Snf-2-related CREB-binding protein activator protein (SRCAP) serves as a coactivator
for a number of transcription factors known to interact with CBP. Swrl, the cld&astharomyces
cerevisiae ortholog of SRCAP, is a component of the chromatin remodeling complex SWR-C, which
catalyzes exchange of the histone variant H2A.Z into nucleosomes. In this report, we use a combination
of conventional chromatography and anti-SRCAP immunoaffinity chromatography to purify a native human
SRCAP complex with a polypeptide composition similar to that of SWR-C, and we show for the first
time that this SRCAP-containing complex supports ATP-dependent exchange of histone dimers containing
H2B and H2A.Z into mononucleosomes reconstituted with recombinant H2A, H2B, H3, and H4. Our
findings, together with previous evidence implicating H2A.Z in transcriptional regulation, suggest that
SRCAP’s coactivator function may depend on its ability to promote incorporation of H2A.Z into chromatin.

The Snf-2-related CREB-binding protein activator protein plays a similar role in vivo, deletion of the Swrl gene led to
(SRCAP) belongs to the SNF-2 family of ATPases, members a reduction in the amount of H2A.Z incorporated into
of which are involved in a variety of processes including chromatin 6—7).

regulation of transcription and remodeling of chromatin ( H2A.Z is conserved from yeast to mammals and has been
2). Studies to characterize the function of SRCAP indicate jmplicated in both positive and negative regulation of

that it interacts with the histone acetyltransferase CREB- transcription 8) and, under some conditions, appears to be
Binding Protein (CBP) and serves as a coactivator for a yequired for proper recruitment of RNA Pol Il and TBP to
number of transcription factors known to interact with CBP promoters 9). Not surprisingly, deletion of the H2A.Z gene
including CREB, the androgen receptor, and the gluco- o the Swrl gene results in decreased expression of an
corticoid receptor, 4). overlapping set of geness{7). Genome-wide mapping

Information pertaining to the mechanism(s) by which studies inS. cereisiaeindicate that, in euchromatin, H2A.Z
SRCAP might activate transcription has come from recent is predominately localized to promoter rather than intergenic
analyses of its ortholog iBaccharomyces cernsiaetermed regions (0—12). In mammals, H2A.Z is essential, since
Swrl. Swrl copurifies with the histone variant H2A.Z as deletion of the H2A.Z gene in mice results in an embryonic
part of a multiprotein complex called SWR-6+7), which lethal phenotypeld).
also includes Vps72, Swcl, Godl, Aorl,Vps71, Arpd, A6, | hyman cells, previous studies have found that SRCAP
Rvbl, Rvb2, Actl, and Yaf9. The purified SWR-C complex appears to be a component of a complex that closely
catalyzes ATP-dependent exchange of H2A.Z for nucleo- .ocembles the SWR-C compledt4j and includes YL1
somal H2A (7) Consistent with the pOSSlblllty that SWR-C (VpS?Z), ZnF—HITl(VpS?l), TIP49a (RVbl), TIP49b (va
2), BAF53a (Arp4), ARP6, GAS41 (Yaf 9), DMAP1 (Eaf2/
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the yeast SWR-C complex and show for the first time it is The flow through was collected as 10 mL fractions, and
capable of remodeling chromatin by catalyzing incorporation analysis by Western blot indicated they contained little or

of H2A.Z/H2B dimers into nucleosomes. no SRCAP protein (data not shown). The column was
washed with 100 mL of Buffer B containing 50 mM NacCl,
MATERIALS AND METHODS and bound proteins were eluted stepwise by increasing the

PR ; ; NaCl concentration from 50 to 100 mM (100 mM fraction),
SRCAP Antibodie#\nti-SRCAP antibody 90 was gener- .
ated against SRCAP protein (amino acids 298868). from 100 to 150 mM (150 mM fraction), from 150 to 200

Briefly, a DNA fragment encoding a methionine followed MM (200 mM fraction), and from 200 to 250 mM (250 mM
by amino acids 29683168 of SRCAP and six C-terminal fraction). Two milliliter fractions were coIIepted and'analyzed
histidines was generated by PCR and subcloned into pET_by Western blot. The_ 150 mM NacCl fraction con_taln_e(_d most
15b. This plasmid was introduced into the bacterial strain Of theé SRCAP protein and 75 mg of total protein giving an
BL21, and recombinant SRCAP 2968168 was purified ~ estimated 15-fold purification for this step.

from extracts using a nickel affinity column. The purified _ Phosphocellulose Chromatograpliyhe 150 mM NaCl
SRCAP 2968-3168 protein was injected into rabbits. The eluate from the DEAE column was diluted by the addition
resulting antisera was used in Western blots at a dilution of ©f 4 VO! 0: Buffer C (250 mM NaCl, 5 mM EDTA, 10 mM
1:3000 to recognize a protein of the predicted molecular N@F: 0-1% NP-40, and 5 mM DTT, pH 7.2).

weight of SRCAP (350 kDa) (Figure S1A, Supporting _The~200 mL sample was loaded at a flow rate of 1 mL/
Information). It was also used at a dilution of 1:100 to Min onto a 9 mmx 70 mm phosphocellulose P-11 column

immunoprecipate a protein of the same size (Figure S1B, Preequilibrated with 20 mL of Buffer D (250 mM NaCl, 4
Supporting Information). This immunoprecipitation was ml\/(l) Na,PO,, 6 mM NaRO;, 5 mM EDTA, 10 mM NaF,
blocked by preincubation of the anti-SRCAP antibody 90 0:1% NP-40,and 5 mM DTT, pH 7.2). Western blot analysis

with the SRCAP 29683168 protein (Figure S1B, Support- of flow through fractions indicated that most of the SRCAP
ing Information). ’ was retained on the column (data not shown). The column
Antisera against amino acids 3152168 of SRCAP was was \;vashled \é\"th_ F?OB ”f'fl‘ OLZ’ BAuffzr D %n% tge ﬁSRgAP
generated by injecting into rabbits the peptide coupled via complex eluted with Bufter B. As described, Bufter B Is
the N-terminal cysteine to KLHusing Sulfo-SMCC (Pierce). |Qent|cal to Buffer D, except it contains a hlghe.r concentra-
Antisera from rabbits 237 and 238 were pooled and purified tion of phosphate (80 \I/ecrisus dl? ml\/(lj). The fragnonzs contalnf—
on a peptide affinity column generated by conjugating the "9 SRCAP were pooled and found to contain 12.5 mg o
SRCAP 31523168 peptide to CNBR Activated Sepharose total protein. The estimated fold purification of this step was
4B (Amersham Bioscience). This anti-SRCAP antibody 237/ G'fo:fq. ificati f iated |
238 recognized the same protein on Western blot as the anti- Affinity Purification 0 SRCAP-Associate Co'mp ex.
SRCAP antibody 90 (Figure S2, Supporting Information). to_tal O_f 250uL of protel_n_A agarose be_ads was mcybated
This recognition could be blocked by preincubation with the With éither 2.5 mg of affinity-purified anti-SRCAP antibody

; : : 237/238 or 2.5 mg of anti-Gal4 antibodies. The anti-Gal4
SRCAP 3152-3168 tide (F S2B, S ting Infor- Lo ) ) .
mation). peptide (Figure Hpporting fnfor antibodies have been previously descrili). (The antibody-

Preparation of Nuclear ExtractelLa S3 cells (50 L) were beads mixtures were washed with Buffer B and incubated

obtained as a pellet from the National Cell Culture Center for 18f h att4_°C V‘g[h ?RCAP-contari]nigg E;hl}afrf?ctiogs (Gd
and nuclei prepared as described by Dignam efl&). {sing mg of protein). Beads were washed wi utier B, an

; 4 SRCAP was eluted by incubation for 30 min at 37 with
Buffer A supplemented with 0.2% Triton X-100 and protease O
inhibitors (0.5 mM PMSF and EDTA free complete mini 100 uL of Buffer B containing 2.5:g/mL of the SRCAP

N . : ; 3152-3168 peptide. The elution was repeated two times,
t hibitor, Roche). Nucl bated f .
ggo riziir?einmlcl)ol ?;L (;)fCBi)fferué e('z\gg r;'&cn a%? z%n rlr(1:|(\9/l " and pooled supernatants (300) contained less than 0.001

NaH,PQ;, 30 mM NaRO,, 5 mM EDTA, 10 mM NaF, 0.1% M9 of protein. Fold purification for this step was6000-
NP-40, and 5 mM DTT, pH 7.2 (and protease inhibitors as fold.

; o : - Size Exclusion Chromatographyuclear extract (15 mg)
previously indicated). The nuclei were centrifuged at 160000 o . .
for 10 min at 4°C (Sorvall RC5B centrifuge, HB4 rotor), was clarified by a second centrifugation at 35000 rpm

the supernatant containing nuclear proteins was removed,(BeCkmaln Optima LE-80K Ultracentrifuge and SW56 rotor)

and the nuclei were extracted a second time. Supernatantéand 'Oaﬁgd to?j a 11'§ocm|_9cf) Bcn;fSegh?ﬁryl S|300 column
were combined (total of 1125 mg protein) and dialyzed in preequilibrated in ML ot Bufier B. The column was run

Spectrapor tubing (MW cutoff 608€8000) for 14 h at 4 at a flow rate of 0.2 mL/min, and 1.6 mL fractions were
°C agains6 L of modified Buffer B containing 40 mM NaCl analyzed for absorbance at 280 nm and for the presence of
The fold purification for this step is estimated to be at least SRCAP by Western blot. To calibrate the column, individual

5-fold protein standards (Sigma) were run separately. The void

DEAE ChromatographyDialyzed nuclear extract (1125 volume was determined using linearized plasmid DNA

mg in 200 mL) was applied at a flow rate of 2 mL/min to a (~5000 bp).

3.0 cmx 23 cm DEAE-Trisacryl Plus M column preequili- Western Blot AnalysisProteins in the size exclusion
b.rated with 100 mL of Buffer B containing 50 mM NaCl column fractions were concentrated by boiling followed by
" centrifugation at 10 000 rpm (Eppendorf microcentifuge), and

+ Abbreviations: BME, B oethanol Sulfo-SMCC. sul the pellet was resuspended ink 1ISDS-PAGE loading
reviations: , f-mercaptoethanol; Sulfo- , sulfo- ;
succinimidyl 4-N-maleimidomethyl]cyclohexane-1-carboxylateper; DTT, buffer. A portion of each phosphocelulose or DEAE column

dithiothreitol; PMSF, phenylmethylsulfonyl fluoride; KLH, keyhole ~ fraction (25uL) was mixed with 25L of 2x SDS-PAGE
limpet hemacyanin. loading buffer. Each fraction was subjected to SEPFAGE
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and Western blotting using a 1:3000 dilution of the anti- of 1 mL/min to a 16/60 Superdex 200 column equilibrated
SRCAP antibody 90 as described by Swope et &6).( in refolding buffer. Fractions of 1 mL were collected and
Secondary antibodies conjugated to alkaline phosphataseanalyzed by SDSPAGE and Coomassie staining. Fractions
(Figure S1B, Supporting Information) or conjugated to containing histone octamers or dimers were pooled, and
horseradish peroxidase (Figuresd, S1A, and S2 of Sup-  protein concentration was determined by measuring ab-
porting Information) were used at a dilution of 1:10 000.  sorbance at 276 nm.

Mass SpectrometryProteins affinity-purified from the Preparation of Mononucleosome Substrates for Exchange
P-11 fractions were size-fractionated by SEFSAGE, and Assays.A 216 bp DNA fragment was generated by PCR
a Coomassie-stained band identified by Western blot asusing pGUB-dSH 25) as template and the biotinylated
SRCAP was excised from the gel (Figure S2, Supporting oligonucleotides 5ACA TTA ACC TAT AAA AAT AGG
Information). The gel slice was treated as described by CGT ATC ACG-3 and 3-ATC TAG ACG GCC ACG TGG
Sheffield et al. {7) and subjected to MS/MS analysis atthe TTC-3 as primers. Purified histone octamers8) and
Donald Danforth Plant Science Center. DNA (150 ng) were used to reconstitute mononucleosomes

MudPIT AnalysisMultidimensional protein identification ~ according to the protocol described by Owen-Hughes et al.
technology (MudPIT) was used to analyze the SRCAP (21).
complex affinity-purified from the P-11 fractions. Non- Exchange AssapNucleosomes were incubated f® h at
specifically bound proteins were identified as those that were room temperature with 200L avidin-coupled Dynabeads
“purified” in parallel mock affinity purifications using anti-  that had been preequilibrated in 20 mM HEPES, pH 7.5,
Gal4 antibodies. Identification of proteins was accomplished 200 mM NaCl, 1 mM EDTA, and 10% glycerol. Beads were
using a modification of the MudPIT procedure as described washed with 0.6 M NaCl, 20 mM HEPES, pH 7.5, 1 mM
by Washburn et al.18). The software algorithm 2-310) EDTA, 10% glycerol, 0.5 mM DTT, and 0.5 mM PMSF
was used to determine charge state and to delete spectra cind resuspended in 200 of the same buffer. A total of
poor quality. SEQUEST was used to match MS/MS spectra 7.5 ng DNA equivalents of mononucleosome immobilized
to peptides in a database containing 27 196 human proteinon avidin-coupled Dynabeads was preincubated with 2
sequences from NCBI. The validity of peptide/spectrum of SRCAP complex, purified as described above, inub0
matches was assessed using SEQUEST-defined parametersf exchange buffer (25 mM HEPES-KOH, pH 7.6, 0.1 mM
cross-correlation score (XCorr), and normalized difference EDTA, 5 mM MgCh, 10% glycerol, 0.02% NP-40, 1 mM
in cross-correlation scores (deltCN). Spectra/peptide matchedDTT, 0.1 mg/mL BSA, and 70 mM KCI) for 30 min at 37
were only retained if they had a DeltCn of at least 0.08 and °C. The beads were washed twice with 2800f exchange
minimum XCorr of 1.8 for+1, 2.5 for+2, and 3.5 for+3 buffer and resuspended in a 100 reaction volume with
spectra. In addition, the peptides had to be at least 7 amino75 ng of recombinant H2A.Z-FLAG/H2B-Myc dimer, and
acids long. DTASelect20) was used to select and sort the reactions were further incubated for 60 min at’G7in
peptide/spectrum matches passing this criteria set. Peptidghe presence of ATP or ATFS. After incubation, the beads
hits from multiple runs were compared using CONTRAST were washed with exchange buffer, and the bound proteins
(20). were eluted using SDSPAGE loading buffer and fraction-

Preparation of the H2A.ZH2B Dimer or Histone Oc-  ated on a 415% gradient SDSPAGE. The FLAG-tagged
tamer. Human histone cDNAs, H2A (accession number H2A.Z was detected by Western blotting using anti-FLAG
BC017379), H2B (NM_003518), H3.3 (BC001124), H4 antibody (Sigma). In the experiment of Figure 4B, reactions
(BC019846), and H2A.Z (NM.002106), were subcloned were scaled up 5-fold, and the eluted histones were visualized
into pET-21a for expression in bacteria. C-terminally FLAG- by silver staining.
tagged H2A.Z and C-terminally Myc-tagged H2B were used RESULTS
for H2A.Z/H2B dimer. The purification of recombinant
histones was performed as describ2t) (vith the following Purification of a Nael Multiprotein Complex Containing
modifications. Inclusion bodies containing histones were SRCAP.Previous studies have purified SRCAP as part of
solubilized in unfolding buffer (7 M Guanidine HCI, 20 mM  large multiprotein complexesl4, 22) that did not have
Tris-HCI, pH 7.5, and 10 mM DTT). After centrifugation detectable histone H2A.Z exchange activity); To avoid
for 10 min at 25 009 (Beckman-Coulter Avanti J-25I, JA-  possible disruption of native SRCAP-containing complexes
20 rotor), supernatants were loadedoat5 mL Hi-Trap that might account for this observation, a low-salt extraction
SP-Sepharose column (Amersham). Bound proteins werebuffer was used to prepare nuclear extracts from HelLa S3
eluted with a 10 column volume linear gradient of 200  cells. These extracts were applied to a size exclusion column
600 mM NaCl in buffer containip 7 M urea, 20 mM (Sephacryl S-300HR), and the column fractions were ana-
NaGHsz0,, pH 5.2, 1 mM Na-EDTA, and 5 mMME. Peak lyzed by Western blot for the presence of SRCAP. This
protein fractions were pooled and dialyzed against deionizedanalysis demonstrated that the majority of SRCAP migrated
water containing 5 mMGME and 0.5 mM PMSF. The  with a molecular weight of 1.5 million Da, indicating large
proteins were lyophilized and dissolved in unfolding buffer. SRCAP complexes were retained following the extraction
Mixtures containing equal molar amounts of histones (H2A, protocol (Figure 1). Because the SRCAP complex eluted
H2B, H3.3, and H4 for octamer, and H2A.Z-FLAG and close to the void volume on the S-300HR column, which
H2B-Myc for dimer) were dialyzed against refolding buffer could be indicative of a protein aggregate, it was run on a
(10 mM Tris-HCI, pH 7.5 2 M NaCl, 1 mM Na-EDTA, second size exclusion column (Sephacryl S-500HR) with a
and 5 mMpBME) overnight at 4°C. Dialyzed octamers or  void volume of 20 million Da. On this column, SRCAP also
dimers were centrifuged for 5 min at 25 @(Beckman- migrated with a molecular weight of approximately 2 million
Coulter Avanti J-25I, JA-20 rotor) and applied at a flow rate Da (data not shown).
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0.6 PNIO - - Table 1: SRCAP-Associated Proteins Identified by MudPIT
E o 3 3 s A molecular  spectral
s b ‘;? c? :39 NE protein weight count % coverage
B ARIE: ° SRCAP 315643 91 13.1
@ Arp6 45810 7 114
- TIP49a 50228 34 34.4
£ TIP49b 51157 24 31.1
= BAF53a 43236 17 32.8
< DMAP1 52993 18 22.9
0.0 T T T GAS41 26499 9 19.8
50 60 70 80 920 100 EFla-like protein 50141 14 154
Elution Volume (ml) XPG 133329 21 11.1
FIGURE 1: SRCAP migrates as a 1.5 million Da complex. Nuclear a:pﬂa é :”g“:!" gg?gg %g gg'g
extract from HelLa S3 cells was loaded on a Sephacryl S300 size zpt aSt E :J.'n 19671 19 372
exclusion column and the absorbance at 280 nm of fractions plotted bgtg ac#nu n 41737 16 19.2
against the elution volume. The presence of SRCAP in each fraction cytochromecl 35390 6 132

was assessed by Western blot using the anti-SRCAP antibody 90
and is shown above the corresponding chromatography fractions. 2 Portions of the anti-SRCAP eluate were subjected to MudPIT as
The large, filled diamonds indicate the fractions in which SRCAP described in Materials and MethodsThe spectral countsefer to the

was found to be most prevalent. The column was calibrated in number of spectra corresponding to peptides derived from each protein.
separate runs using the indicated size protein standards and % coveragerefers to the percent of the total protein sequence detected
linearized DNA to measure the void volume. NE indicates input by mass spectrometry.

nuclear extract.

& majority of the SRCAP eluted in the 150 mM fraction
A D. o 05‘? resulting in a 15-fold purification (see Materials and Meth-
FEEAMIICH Etcts & > ods). A smaller amount of SRCAP was routinely observed
DEAE Column ¥ ¥ in the 200 mM fraction, suggesting SRCAP exists in two
& @ . ; . ;
Phos;hn-"el T = SRCAP &9 complexes with different chromatographic properties.
v v M (sreap To further purify the SRCAP complex, the 150 mM
'P";”#:;gﬁfifr:‘a“°"-' % W fraction was applied to a phosphocellulose P-11 column.
P ‘ DEAE Fractions z Proteins retained on the column were eluted by increasing
150 = the phosphate concentration (Figure 2C), resulting in about
100 S a 5-fold further purification of the SRCAP complex (see
80 mM PO: 5 . 1 Materials and Methods). A portion of the eluted SRCAP
C. S ~’ complex was applied to the Sephacryl S-300HR size exclu-
3 o o sion column, and the majority was found to migrate on this
= z A column at a molecular weight of 1.5 million Da (data not
srcar- I O shown).
- S - 25.__‘ l As a final purification step, the P-11 column fractions
— containing the SRCAP complex were incubated with anti-

Ficure 2: Purification of the SRCAP protein complex by ion gSRCAP antibody 237/238 bound to protein A beads. Elution

exchange chromatography. (A) The protocol for purification of the - . .
SRCAP complex is shown. (B) Nuclear extracts were applied to a of the complex with a SRCAP peptide recognized by the

DEAE-Trisacryl Plus M column and bound proteins eluted with antibody resulted in elution of approximately 80% of the
50 mL steps of increased NacCl, e.g., 100, 150, 200, and 250 mM. bound SRCAP complex from the beads (data not shown),
The presence of SRCAP in these eluted fractions and pooled flow and proteins of the complex could be visualized following

through fractions (FT) was assessed by Western blot using anti- ; ini ; i
SRCAP antibody 90. (C) The 150 mM NaCl fraction containing SDS-PAGE and silver staining (Figure 2D). As predicted,

the majority of SRCAP was diluted to 10 mM phosphate and a protein that migrated with th_e pre.dicted.molecular weight
applied to a phosphocellulose P-11 column. Bound proteins were Of SRCAP was observed. The identity of this band as SRCAP
eluted by increasing the total phosphate concentration from 16 to was confirmed both by Western blot using a second antibody

80 mM. The presence of SRCAP in the eluted fractions is shown to SRCAP, antibody 90 (Figure S3, Supporting Information),
in the lower panel by Western blot using the anti-SRCAP antibody 5,4 by MS/MS (see Materials and Methods)

90. The phosphate concentration of each fraction is indicated above o . . e

the corresponding lane of the Western blot. (D) Phosphocellulose _!dentification of Proteins Associated with SRCAR

fractions containing SRCAP were pooled and incubated with anti- identify the other proteins visualized in the silver-stained gel,
SRCAP antibody 237/238 bound to protein A beads. Bound proteins MudPIT analysis was used. Proteins identified in the SRCAP
were eluted by incubation with the SRCAP 312168 peptide,  immunoprecipitation were compared to proteins identified
fractionated on a 415% SDS-PAGE, and silver stained. in a control sample prepared in parallel using an anti-Gal4
The isolation of nuclear proteins using the low-salt antibody previously described ). This analysis indicated

extraction buffer resulted in a 5-fold purification of the that the immunopurified SRCAP complex is similar in

SRCAP complex (see Materials and Methods). To further composition to previously identified human complexes
purify SRCAP (see purification schematic, Figure 2A), (Table 1 and refl4) and includes SRCAP, TIP49a, TIP49b,

nuclear extracts were applied to a DEAE-Trisacryl Plus M BAF53a, ARP6, GAS41, and DMAP1. On the basis of
column and bound proteins eluted by increasing the NaCl Western blots, the relative levels of the SRCAP, TIP49a,
concentration in steps from 50 to 250 mM. Western blot and TIP49b proteins in this new complex were similar to
analysis of these fractions (Figure 2B) indicated that the those in previously isolated SRCAP-containing complexes
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SR AGIE W11 w1 3 e | e e S
= ATP(um) 100 0 50 100 100 100 100 gf
< 5 & s Pt | = sl s ] e 01
(&} = ~N B
& - H2A.Z-FI e T —
- . - a-SRCAP T3 s s s =T 8
i «-TIP49a/b B % L - + = * + SRCAP
il i R N E = i = i + ATP
1 2 3 Stllle A H + + + H2AZM2B
Ficure 3: Western blot of SRCAP and TIP49a/b. SRCAP and, r 9 + + + & & monos
collectively, TIP49a and TIP49b were detected by Western blotting, H2B-myc e Bl nuclecsome

affinity SRCAP complexes-purified as described in Materials and
Methods (lane 1) or by anti-FLAG immunopurification from Hela =~ H2A.Z-F1 s BRI EE T e H2B
cell lines expressing FLAG-tagged YL1 (FI:YL1, lane 2) or FLAG- - il

tagged ZnF/HIT1 (Fl:ZnF/HIT1, lane 3)2). o-SRCAP, anti- “ﬂ"*w“%‘\ H2A
SRCAP antibodypo-TIP49a/b, mixture of anti-TIP49a and anti-
TIP49b antibodies. b JAGE- T 4 - IS 7

Ficure 4: Purified SRCAP complex facilitates exchange of H2A.Z/
(Figure 3) purified from cell lines expressing FLAG-tagged H2B dimers into nucleosomes. (A) ATP-dependent incorporation

YL1 or FLAG-tagged ZnF-HIT114). The MudPIT analysis ~ of H2A.Z-Flag into nucleosomes, detected by Western blotting with

PR . P . anti-FLAG antibody. Preparation of nucleosomal arrays and the
also indicated the presence of additional proteins including exchange assay V?Ilere p%rformed as described in M)?jlterials and

EFla-like p_roteinz XPG-complementing proteir_1, members  \ethods in the presence of the indicated concentrations of ATP or
of the tubulin family ¢ 1 and 3 angb 5), andg actin. These ~ ATPyS. (B) ATP-dependent exchange of H2A.Z-Flag/H2B-Myc

proteins are frequently found in MudPIT analyses of dimersinto nucleosomes visualized by silver staining. The reactions
unrelated protein complexes; thus, it is not clear at this time were scaled up 5-fold and were performed without the preincuba-

. f . tion/wash step in this experiment. The reactions were performed
whether they are contaminants or bona fide subunits of the, A"t o purified SRCAP, H2A.Z-Flag/H2B-Myc dimer, and

complex. Some additional proteins such as heat shock 70ATP in 500u4L exchange buffer for 90 min at 37C. The beads
kDa protein were also identified by MudPIT as common were washed three times with exchange buffer, and the bound
contaminants of both affinity and mock affinity preparations proteins were analyzed by 18% SBBAGE and detected by silver
and may account for the 70 kDa protein band observed in staining. Lape 1 shows the H2A.Z-FLAG/H2B-Myc dimer used in
Figure 2D. the assays; lane 2 shows the histone octamer used to prepare
. mononucleosomes.
Several proteins (H2A.Z, ZnF-HIT1, or YL1) that are
found in other SRCAP preparations were not detected in this
current SRCAP preparation. H2A.Z has been found to be nucleosome was assessed using silver-stained gels of reaction
stripped from other complexes by chromatography on products from exchange reactions performed with dimers
phosphocellulose, suggesting it may have been lost as a resulgontaining FLAG-tagged H2A.Z and Myc-tagged H2B,
of the purification protocol (J. Jin and Y. Cai, unpublished Which is readily distinguished from the untagged nucleosomal
data). H2B. As shown in Figure 4B, the Myc-tagged H2B (upper
The SRCAP Complex Incorporates H2A.Z into Mono- band in lane 7) and FLAG-tagged H2A.Z (darker band that
nucleosomesTo test whether the purified SRCAP complex comigrates with H3) were both incorporated into nucleo-
functions to remodel chromatin, an in vitro H2A.Z exchange Somes, with a concomitant loss of untagged H2B and H2A
assay was developed. For this assay, dimers of FLAG-taggedCompare lanes 6 and 7). Notably, this reaction was strongly
H2A.Z and Myc-tagged H2B were assembled and incubated dependent upon addition of ATP. Taken together, our results
with the purified SRCAP complex and mononucleosomes indicate that the human SRCAP-containing complex de-
that had been assembled on a biotinylated DNA template scribed in this report catalyzes ATP-dependent exchange of
using core histones H2A, H2B, H3, and H4. Following the H2A.Z/H2B dimers for nucleosomal H2A/H2B.
exchange reaction, streptavidin magnetic beads were used
to separate the mononucleosomes from the free FLAG-taggedDISCUSSION
H2A.Z and Myc-tagged H2B dimer. Incorporation of FLAG-
tagged H2A.Z into the mononucleosome was assessed by Prior to completion of these studies, the question of
anti-FLAG Western blot (Figure 4A). These studies indicated whether the SRCAP complex has histone exchange activity
that the purified SRCAP complex was able to catalyze the was open. Indeed, it had been suggested by Cote and
incorporation of H2A.Z and this activity required ATP and colleaguesZ?) that the Tip60 complex, which contains the
was inhibited by addition of the nonhydrolyzable ATP SNF2-like helicase p400, might be responsible for H2A.Z
analogue ATRS (Figure 4A). exchange in mammalian cells, since (i)Dmosophilathat
Although it has been assumed that the H2A.Z/H2B dimer activity is carried out by the Tip60 complex, which contains
is the unit of exchange in the reaction catalyzed by the yeastdomino (related to both p400 and SRCAP) and (ii) the Tip60
Swrl complex, the question of whether the dimer or H2A.Z complex includes a number of subunits whose orthologs are
alone is incorporated into nucleosomes has not been adpresent in the SWR-C complex. Further, structural differ-
dressed directly in experiments that can distinguish betweenences between Swrl and SRCAP suggested the possibility
nucleosomal H2B and H2B from the diméf)(To directly that these proteins had distinct catalytic functions. Notably,
address this issue, the histone subunit composition of thein SRCAP, a large spacer of about 1200 amino acids is
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inserted between ATPase motif 4 and motif 5, whereas a ACKNOWLEDGMENT
spacer of only about 400 amino acids is inserted in a similar
position within Swrl. Thus, the importance of this study is
that in eukaryotic cells a complex distinct from Tip60 can
catalyze histone exchange.
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but showed no functional activity in the exchange assay. The antibodies and identification of the SRCAP complex in the
most obvious difference in Composition between the presenchOSDhOCG”U'Ose column fractions. This material is available
complex and those described earlier is the apparent lack offfee of charge via the Internet at http://pubs.acs.org.
H2A.Z, ZnF/HIT1, and YL1 in the SRCAP-containing
complex described in this report. Therefore, it is possible REFERENCES
that one or more of these additional proteins might have 1 jonhnston, H., Kneer, J., Chackalaparampil, I., Yaciuk, P., and
inhibitory activity; however, this appears to be an unlikely Chrivia, J. (1999) Identification of a novel SNF2/SWI2 protein
explanation, since orthologous proteins are present in the  family member, SRCAP, which interacts with CREB-binding
active yeast SWR-C compleX)( A more plausible explana- protein, J. Biol. Chem. 27416370-16376.

L . 2. Cote, J., Quinn, J., Workman, J. L., and Peterson, C. L. (1994)
tion is that our current preparations of SRCAP complex are Stimulation of GAL4 derivative binding to nucleosomal DNA by

We would like to thank Dr. Sixue Chen at the Donald
Danforth Plant Science Center for his assistance with some
of the MS/MS experiments.

more concentrated. the yeast SWI/SNF complegcience 26553—60.
o ; ; 3. Monroy, M. A, Ruhl, D. D., Xu, X., Granner, D. K., Yaciuk, P.,
Although it .IS clear fr.om previous St.UdIes th‘f"t SRCAP and Chrivia, J. C. (2001) Regulation of cCAMP-responsive element-
plays a role in transcriptional regulation mediated by a binding protein-mediated transcription by the SNF2/SWi-related
number of nuclear receptorg, (4, 23), the mechanism by protein, SRCAP,). Biol. Chem. 27640721-40726.

which SRCAP functions in this capacity has not been 4. Monroy, M. A., Schott, N. M., Cox, L., Chen, J. D., Ruh, M.,

; ; P and Chrivia, J. C. (2003) SNF2-related CBP activator protein
elucidated. The current studies demonsirate that a purified (SRCAP) functions as a coactivator of steroid receptor-mediated

SRCAP complex has the a.b“.ity to F?tajyze exchange of transcription through synergistic interactions with CARM-1 and
H2A.Z into nucleosomes. A similar activity has been reported GRIP-1,Mol. Endocrinol. 17 2519-2528.
for the yeast SWR-C complex, and mutation studies indicate 5. Kobor, M. S., Venkatasubrahmanyam, S., Meneghini, M. D., Gin,

: : s - J. W., Jennings, J. L., Link, A. J., Madhani, H. D., and Rine, J.
that this catalytic activity is dependent on the ATPase activity (2004) A prot%in complex containing the conserved Swi2/Snf2-

of the Swrl subunit?). By analogy, mutation of the ATP related ATPase Swrlp deposits histone variant H2A.Z into
binding site within SRCAP is likely to block the ability of euchromatinPLoS Biol. 2 E131.
the SRCAP complex to catalyze the exchange reaction. The 6. EF_OQaT_,l NHJ-, KeROgX, IVFI; C.t, Dlaftaj N+SawaA, C'(’; Ryac;!, o. \\;V
. - . - ing, H., Haw, R. A., Pootoolal, J., Tong, A., Canadien, V.,
importance of th|.s s!te is sqppprted by recent studies \./w.th Richards, D. P., Wu, X., Emili, A, Hughes, T. R.. Buratowski.
SRCAP transgenic flies that indicate that the ATPase activity S., and Greenblatt, J. F. (2003) A Snf2 family ATPase complex
of SRCAP is required for in vivo activity23). One model required for recruitment of the histone H2A variant Htaol.
suggested by these studies is that the ability of SRCAP to ,\CA‘?” 12 i-se;gl;& . Landr. 3 Wo. W H.. Sen. S and
Fr H H HH . Mizugucni, i en, X., Lanary, J., u, . M., Sen, 5., an
regulate transcrlptlon is linked to the ability to catalyze the Wu, C. (2004) ATP-driven exchange of histone H2AZ variant
exchange of H2A.Z into nucleosomes. catalyzed by SWR1 chromatin remodeling comptggience 303
In S. cereisiag, the link between the abilities of Swrlto ;43_34?:‘ oich D.. Rodakou. E. Sedelnikova. 6. N K
P . . . reaon, C., Fiich, D., Rogakou, E., sedelnikova, O., Newrock, K.,
regulate transcription and to catalyzg incorporation of H2A.Z and Bonner, W. (2002) Histone H2A variants H2AX and H2AZ,
into nucleosomes has been established7). H2A.Z has Curr. Opin. Genet. De. 12, 162-169.
been localized to euchromatic regions near telomeres, 9.Adam, M., Robert, F., Larochelle, M., and Gaudreau, L. (2001)
adjacent to silenced heterochromatin, and it plays a role in H2A.Z is required for global chromatin integrity and for recruit-

antagonizing the spread of heterochromatin thus retaining g’ig?t;{%';?&%%nerase Il under specific conditionol. Cell.

the expression of nearby gengsl). H2A.Z has also been 19 Gyillemette, B., Bataille, A. R., Gevry, N., Adam, M., Blanchette,

found within euchromatic regions distal to telomeres, sug- M., Robert, F., and Gaudreau, L. (2005) Variant histone H2A.Z
gesting a further role outside of impeding the spread of is g'?ba“y |OC<‘|31|Ized to the promoters of |_n:|;\ct|ve yeast genes and
heterochromatin §). Results of genome-wide screening regulates nucleosome positionirig.oS Biol. 3 e384.

. - . . . . 11. Raisner, R. M., Hartley, P. D., Meneghini, M. D., Bao, M. Z.,
studies indicate H2A.Z is associated with about two-thirds LiUI, C. L., Schreiber, g L. Rando, 09 3." and Madhani, H. D.

of S. cereisiae promoters where it is enriched at the (2005) Histone variant H2A.Z marks thé &nds of both active
transcription initiation site. Interestingly, H2A.Z is associated and inactive genes in euchromatiDell 123 233-248.

; ing ; 12. Zhang, H., Roberts, D. N., and Cairns, B. R. (2005) Genome-
Wéth promoters containing highly ordered nucleosores{ wide dynamics of Htzl, a histone H2A variant that poises
12). repressed/basal promoters for activation through histoneGedis,

An important finding is null mutants of H2A.Z or Swrl 123 219-231.

; ; 13. Faast, R., Thonglairoam, V., Schulz, T. C., Beall, J., Wells, J. R.,
resulted in abnormal regulation of a common set of genes, Taylor, H., Matthaei, K., Rathjen. P. D., Tremethick, D. J.. and

suggesting a specialized role for Swrl in H2A.Z deposition Lyons, I. (2001) Histone variant H2A.Z is required for early
(5—7). SRCAP, the Swrl mammalian counterpart, may also mammalian developmenGurr. Biol. 11, 1183-1187.

have this specialized role for H2A.Z. The homology with ~ 14.Cai, Y., Jin, J., Florens, L., Swanson, S. K., Kusch, T., Li, B,

i i i inati i Workman, J. L., Washburn, M. P., Conaway, R. C., and Conaway,
Swrl, I.tS .rOIe n HZA'.Z eXChgnge’ and the [mpl|cat|ons_ n J. W. (2005) The mammalian YL1 protein is a shared subunit of
transcriptional regulation begin to bring to light the major the TRRAP/TIP60 histone acetyltransferase and SRCAP com-

function of SRCAP. plexes,J. Biol. Chem. 28013665-13670.



SRCAP and Histone H2A.Z

15.

16.

17.

18.

19.

20.

Dignam, J. D., Lebovitz, R. M., and Roeder, R. G. (1983) Accurate
transcription initiation by RNA polymerase Il in a soluble extract
from isolated mammalian nucleNucleic Acids Res. 111475~
1489.

Swope, D. L., Mueller, C. L., and Chrivia, J. C. (1996) CREB-
binding protein activates transcription through multiple domains,
J. Biol. Chem. 27,128138-28145.

Sheffield, J., Taylor, N., Fauquet, C., and Chen, S. (2006) The
cassava (Manihot esculenta Crantz) root proteome: Protein
identification and differential expressioRroteomics 6 1588—
1598.

Washburn, M. P., Wolters, D., and Yates, J. R., 3rd. (2001) Large-
scale analysis of the yeast proteome by multidimensional protein
identification technologyNat. Biotechnol. 19242-247.

Sadygov, R. G., Eng, J., Durr, E., Saraf, A., McDonald, H.,
MacCoss, M. J., and Yates, J. R., lll (2002) Code developments
to improve the efficiency of automated MS/MS spectra interpreta-
tion, J. Proteome Res., 211-215.

Tabb, D. L., McDonald, W. H., and Yates, J. R., 3rd. (2002)
DTASelect and Contrast: Tools for assembling and comparing
protein identifications from shotgun proteomidsProteome Res.

1, 21-26.

21.

22.

23.

24.

25.

Biochemistry, Vol. 45, No. 17, 2006677

Owen-Hughes, T., Utley, R. T., Steger, D. J., West, J. M., John,
S., Cote, J., Havas, K. M., and Workman, J. L. (1999) Analysis
of nucleosome disruption by ATP-driven chromatin remodeling
complexesMethods Mol. Biol. 119319-331.

Doyon, Y., Selleck, W., Lane, W. S., Tan, S., and Cote, J. (2004)
Structural and functional conservation of the NuA4 histone
acetyltransferase complex from yeast to humad, Cell. Biol.

24, 1884-1896.

Eissenberg, J. C., Wong, M., and Chrivia, J. C. (2005) Human
SRCAP and Drosophila melanogaster DOM are homologs that
function in the notch signaling pathwaijol. Cell. Biol. 25
6559-6569.

Meneghini, M. D., Wu, M., and Madhani, H. D. (2003) Conserved
histone variant H2A.Z protects euchromatin from the ectopic
spread of silent heterochromati@ell 112 725-736.

Juan, L. J., Utley, R. T., Vignali, M., Bohm, L., and Workman,
J. L. (1997) Hl-mediated repression of transcription factor
binding to a stably positioned nucleosonde Biol. Chem. 272
3635-3640.

BI060043D



