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Abstract

The human Polybromo-1 protein (Pb1) was recently identified as a unique subunit of the PBAF
(Polybromo, Brgl-Associated Factors) chromatin remodeling complex required for kinetochore
localization during mitosis and the transcription of estrogen-responsive genes. Pb1 coordinates key
features common to all remodeling complexes, including chromatin localization, recruitment of
protein subunits and alteration of chromatin architecture. A comprehensive analysis of individual
domains composing Pb1 is used to propose new information regarding the function of Pbl in the
PBAF chromatin remodeling complex. The newly identified regulatory role of this important protein
is also examined to explain both native function and the emerging role of Pb1 as a tumor suppressor
found to be mutated in breast cancer.
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Introduction

The importance of the Polybromo-1 (Pb1) protein and PBAF (Polybromo, Brgl-Associated
Factors) chromatin remodeling complex in regulating eukaryotic gene transcription is only
beginning to be understood. It has been clear for many years that such remodeling complexes
contribute to transcriptional regulation by altering the structure of chromatin and controlling
the accessibility of DNA [1-8]. Recent studies have led to the striking observation that
individual protein subunits act by localizing these complexes to specific chromatin sites in
order to execute specific biological functions [9-17]. This review will focus on the native and
mutant Pb1 protein to explain its role in the PBAF chromatin remodeling complex. We provide
a description of the domain organization as it is currently understood and introduce new
information regarding the function of Pb1 in the PBAF complex. We also review the data
available with regard to variations in domain composition for the six isoforms of Pb1 to explain
functional variations in PBAF. Finally, we examine the biological features and newly identified
regulatory role of this important protein to explain current observations implicating Pb1
mutants in breast cancer.
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Discovery of the PBAF chromatin remodeling complex

The human polybromo protein (originally termed BAF180) was originally discovered in
screens identifying subunits homologous to the yeast SWI/SNF (SWitching/Sucrose Non-
Fermentable) complex from several mammalian cell lines using antibodies to Brgl [18,19].
Consequently, the proteins identified in these screens were termed Brgl-Associated Factors.
The PBAF chromatin-remodeling complex, originally termed SWI/SNF-B due to its similarity
with SWI/SNF, contains nine common subunits and four interchangeable subunits depending
on the subclass (described in detail below). The minimal catalytic core required for chromatin
remodeling activity in vitro requires four subunits: Brgl, BAF155, BAF170, and BAF47,
although Brg1 alone exhibits some remodeling activity [20]. In vivo, however, stable
association of the BAF complex with chromatin requires the presence of actin and BAF53, two
subunits that are strongly associated with Brgl [21]. Because these BAF subunits are also
constituents of PBAF and the ATPase activity of Brgl is optimal when bound to actin and
BAF53, it can be argued that these subunits are essential constituents of the active core complex
[22]. BAF155 and BAF170 show high sequence homology and, depending on the tissue type,
may form homo- or heterodimers in the complex [19,23]. BAF57 interfaces with various
nuclear receptors including, glucocorticoid, estrogen and androgen receptors, by direct
association to recruit Brgl-based complexes to receptor-responsive promoters thereby altering
transcriptional activity [15,24-27]. Interestingly, protein-protein interactions between the
leucine zipper motifs of BAF155 and BAF170 seem to regulate steady-state levels of the
BAF57 subunit and, consequently, the overall stoichiometry of the complex. BAF47, a human
homologue of yeast SNF5 protein, triggers the remodeling activity of Brgl in vitro [20],
interacts with transcription factors such as c-Myc [28] and induces cell cycle arrest in Go/Gy
[29,30]. The recently discovered BAF200 subunit serves to regulate certain interferon-
responsive genes and acts to stabilize Pb1 in the higher-order PBAF complex [31]. Three highly
homologous BAF60 genes (BAF60a, BAF60b, and BAF60c) have been identified in different
tissue types, suggesting a tissue-specific role for this nuclear receptor binding protein [32,
33]. This is also the case for BAF45 subunits, which associates with BAF53 to control
proliferation and differentiation of neuronal stem cells [34]. BAF53, the closest homolog of
Arp3, is one of the actin-related proteins necessary for the ATPase activity of Brgl in vivo
[21]. Considering the observation that actin co-purifies with Pb1 [35] and the Pb1 subunit is
required to localize PBAF at kinetochores of mitotic chromosomes [36], it is possible that Pbl
mediates both nucleosome targeting and actin-dependent migration of chromosomal regions
within the nucleus.

Differences in the two highly conserved subclasses of human SWI/SNF are defined by the
presence of either Polybromo-1 and BAF200 or BAF250 and BRM subunits in the complex
[31,36,37]. When considering that the majority of subunits are shared between the complexes,
chromatin localization is likely a function of these distinctive subunits. In fact, it is thought
that the Pb1 and BAF200 subunits act to target PBAF to different gene regions via protein-
protein interactions. Yeast proteins homologous to BAF250 (Swil) and Polybromo-1 (Rscl,
Rsc2 and Rsc4) are known as the signature subunits of ySWI/SNF or yRSC (Remodels the
Structure of Chromatin), respectively. No homolog to Swil exists in the yRSC complex [12,
13,38] and similarly, the Rsc1, Rsc2 and Rsc4 proteins lack a counterpart in ySWI/SNF [36].
As a result of the observed compositional variations, the complexes were divided into two
subfamilies; one comprising yeast SWI/SNF and the mammalian homolog BAF containing
BAF250 and BRM, and a second subfamily including yeast RSC and mammalian PBAF
complexes. A key relationship between the human PBAF and yeast RSC complex is based on
the subunit composition of Pb1, which is homologous to the RSC subunits Rscl, Rsc2, and
Rsc4 [39]. RSC is more abundant in comparison to ySWI/SNF which may reflect the broader
role of RSC in chromatin maintenance and structural regulation. Recently, RSC has been shown
to play a role in sister chromatid cohesion and chromosome segregation [40-42]. Because
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PBAF was shown to localize to kinetochores during mitosis [36], it has been proposed that
PBAF, like RSC, is required for cell cycle progression through mitosis.

Polybromo-1: a unique PBAF subunit

The full length 1689-amino acid Pb1 protein contains six tandem bromodomains (BrDs), two
bromo-adjacent homology domains (BAH), and a high-mobility group (HMG) (Fig. 1). Taken
together, the fact that BrDs bind acetylated histones [43-45], BAH domains are protein-
interaction modules [46,47], and HMGs have been shown to bind nucleosomal DNA [48-50],
the Pb1 protein serves as an important PBAF subunit coordinating several roles central to the
function of most known remodeling complexes: [1] targeting chromatin sites, [2] recruiting
specific effector proteins, and [3] altering the histone-DNA interactions to control genetic
functions. It should be noted that polybromo proteins from different organisms show high
sequence homology for all known and computationally predicted polybromo proteins. When
only considering mammalian polybromo proteins, sequence identities approach 90%.
Sequence alignments between polybromo proteins from H.sapien, D.melanogaster and
C.elegans, and Rscl, Rsc2 and Rsc4 from S.cerevisiae show the three highly homologous Rsc
proteins have similar domain organization and share multiple conserved structural motifs
[51]. Because the Rsc proteins have a total of six BrDs and two BAH domains, it has been
suggested that Pb1 may be a product of gene fusions [36], conferring features in human PBAF
that the three Rsc proteins impart upon the yeast RSC complex.

The tandem bromodomains

The “histone code’ hypothesis suggests that posttranslational modification of histone proteins
can alter local and global protein architecture and generate novel interaction interfaces capable
of recruiting effector proteins [52,53]. Consistent with this notion, site-specific acetylation
patterning on conserved histone tail regions plays an important role for multiple signaling
pathways which converge on histones to affect chromatin structure and regulate transcription
[54-60]. The ability to selectively recognize and bind acetylated histones is a feature of a family
of evolutionarily conserved protein modules roughly 100 amino acids in length called
bromodomains [61-63]. Bromodomains are acetyllysine (AcK) binding domains found in
subunits of chromatin remodeling complexes and in many histone acetyltransferases (HATS)
[64-67]. New findings reveal that bromodomain-acetyllysine recognition serves as a pivotal
mechanism for regulating protein—protein interactions in different cellular processes such as
chromatin remodeling and transcriptional activation [68-70]. Essentially, the BrDs unique role
as interpreters of the histone acetylation code centers on the ability to target specific histone
acetylation sites [62,71-73] making these domains key targeting elements of chromatin
remodeling complexes such as RSC, SWI/SNF and PBAF [36,64,74-78].

Solved structures, including the bromodomain of human SWI/SNF related matrix associated
actin-dependent regulator of chromatin subfamily A member 2 (PDB ID: 2DAT), hRING3
(PDB ID: 2G4A), hKAP1 (PDB ID: 2RO1) [79], hBrd2 (PDB ID: 1X0J), hBrd3 (PDB ID:
2E7N), hBrd4 (PDB ID: 218N), hBrd7 (PDB ID: 217K) [80], Brgl (PDB ID: 2GRC), hGen5
(PDB ID: 1F68) [81], hBRDT (PDB ID: 2RFJ), yGen5 (PDB ID: 1E61) [67], peregrine (PDB
ID: 2D9E), TAF(11)250 dibromodomain (PDB ID: 1EQF) [82], yRSC4 (PDB ID: 2R0S)
[83], and fifth BrD from mouse polybromo-1 (PDB ID: 2YQD), reveal a four-helix bundle
with a pronounced hydrophobic pocket formed by two loops. Comparison with structures of
BrDs bound to acetylated peptides, including P/CAF (PDB ID: 1JM4) [84], CBP (PDB ID:
1JSP) [85,86], a HAT bromodomain (PDB ID: 1N72) [66], hBrd2 (PDB ID: 2E3K), and hBrgl
(PDB ID: 2H60) [87] indicate that the acetyllysine peptide binds at one end of the helical bundle
within the hydrophobic pocket formed by the two loop segments. Structural data further
indicates the BrD-acetylhistone interface spans several side chains encompassing the

Biochimie. Author manuscript; available in PMC 2010 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thompson

Page 4

acetyllysine and, in fact, the acetyllysine alone is insufficient to confer protein interaction. For
example, Gen5 shows negligible binding to the free amino acid form of lysine, acetyllysine or
N-acetyl-histamine whereas, Gen5, Bdfl and TAF(11)250 show strong binding to acetylated
histone tail peptides from H4 [67,81,82,88,89].

Computational analysis of bromodomains from human and mouse Pb1, yeast Rsc and multiple
structures from the Protein Database (PDB) suggests the amino acid sequences of
bromodomains are highly conserved in regions that directly contact the acetyllysine, yet less
conserved in regions that contact histone side chains surrounding the modified lysine (Fig. 2)
[51,90,91]. The tyrosine-rich binding pocket contains the highly conserved -YY- and -YN-
(these amino acids occur at positions 46, 47 and 90, 91 in Fig. 2B) sequences that contribute
to the selection for acetylated lysine side chains. The highly conserved tyrosine side-chains
form a hydrophobic pocket that surrounds the acetyllysine. The lack of side-chains in the pocket
capable of stabilizing a positive charge may discriminate the acetylation-state and act to select
against unmodified lysine [39]. Interestingly, significant BrD sequence variations are found in
regions that form the acetyllysine interface, suggesting a molecular level explanation for the
observed site-specificity of many bromodomain proteins. For example, comparison of
sequence alignments with secondary structures indicate that bromodomain side chains -EEV-
shown to be at the binding interface in Gen5 correspond to -KKY- in Pb1-BrD3 and -SEL- in
Pb1-BrD5 (these amino acids occur at positions 41-43 in Fig. 2B). The loop regions of
bromodomains from P/CAF and Genb5 appear to undergo conformational changes to
accommodate peptide binding [67,84].

The emerging picture of BrD-acetylhistone interactions support the concept that functional
diversity of a conserved protein modular structure is achieved by evolutionary changes of
amino acid sequences in regions composing the binding interface. Considering that histone tail
sequences are nearly invariant from yeast to human, it is possible that bromodomains have
evolved to discriminate the subtle molecular differences in the tail sequences. Bromodomain
proteins are highly specific for a particular acetyllysine, as indicated by in vitro binding studies
[62,71,73]. Recently, it was shown that individually cloned and expressed bromodomains from
Pb1 were able to discriminate the lysine acetylation state on histone tail peptides [39]. Studies
employing a peptide library composed of short acetylhistone tail segments were the first proof
that individual bromodomains were targeting specific acetyllysines [73]. The data indicate
bromodomain-acetylhistone interactions require the lysine to be acetylated and exhibit variable
affinities and specificities as observed for DNA-binding proteins. Kinetic and thermodynamic
analyses have shown that acetyllysines located at different positions bind with a range of
affinities due to differential effects of ligand-induced folding — consistent with observations
from NMR structures [71,72,81]. In vivo studies reveal strong connections between biological
function and the requirement by bromodomain proteins for acetylation at certain histone side-
chains. The yeast RSC targeting protein Rsc4, for example, requires acetylation at Lys14 of
histone H3 [75]. Mutant derivatives of Rsc4 were unable to bind H3-AcK14 and were unable
to activate certain genes. It remains to be determined whether the variations in site-specificity
observed in vitro translate into biologically relevant acetylation patterns.

The overall role of the polybromo region, which contains six tandem bromodomains, may be
to selectively target Pb1, and consequently the PBAF complex, to certain chromatin sites

defined by discreet nucleosome acetylation patterns. Results from our lab indicate that several
Pb1-BrDs target specific acetyllysines within the histone tail regions. Quantitative screening
of individual bromodomains from Pb1 against an acetylhistone peptide library has revealed a
hypothetical histone acetylation pattern that may act as the nucleosome binding site for the Pb1
protein. If we assume each bromodomain targets an acetyllysine in vivo, then there would be
more than a million potential arrangements of the acetylation sites that could act as the pattern
targeted by the native Pbl protein. Our library screens identified several potential high-affinity
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combinations based on the lowest Kp values for the six Pbl bromodomains. The amino-
terminal or first bromodomain (BrD1) preferentially targets H3-K4 and H2A-K5, which share
an -RXKQX- motif. BrD3 exhibits high affinity and high-specificity for H3-K9, having an
equilibrium dissociation constant of approximately 1 uM. The second BrD also interacts with
histone H3-K9, raising speculation that Pb1 is able to contact two H3-K9 sites within the same
or adjacent nucleosomes. BrD4 preferentially targets the -XTKAX- motifs of H3-K23 and
H2B-K20. The two remaining bromodomains (BrD5 and BrD6) target several sites and we
speculate that these domains bind in a non-specific manner to enhance the thermodynamic
stabilization of the polybromo-nucleosome complex (unpublished results). These observations
support our hypothesis that Pb1 targets a discreet histone acetylation pattern (or subset of
patterns) defined by the sum of the individual bromodomain binding events. Examining the
relevance of a combinatorial histone acetylation code by Pb1 will require testing our
hypothetical binding site in the nucleosomal context to understand the cooperativity of multiple
bromodomains and the mechanisms used to discriminate among different acetylation patterns.

The bromo-adjacent homology domains

The bromo-adjacent homology (BAH) domain is a 130 amino acid region first identified in the
polybromo protein of vertebrates and later found to be present in a variety of proteins involved
in transcriptional regulation [47]. Although relatively little is known about the BAH domains,
the function seems to center around its ability to act as a protein-protein interaction module
[46,47,92]. For example, proteins containing BAH domains have been found to interact with
the silent information regulator Sirlp within yeast Orc1p [93]. The interaction interface formed
by the BAH domain may coordinate the spatial organization of proteins and, in the case of Pb1,
the tandem BAH domains may serve to anchor the subunit within the PBAF complex.

Solved structures for BAH domains include yeast Orc1 (PDB ID: 1M4Z2) [93], ySir3 (PDB ID:
2FL7) [94], and the N-terminal BAH domain from chicken polybromo (PDB ID: 1W4S)
[92]. Structural elements of the globular BAH domain are composed primarily of B-strands
creating a rather distorted B-barrel [92]. The ‘open-barrel’ shape of the BAH domain is
completely filled by hydrophobic side chains from short B-strands and a 31 helix that creates
an extended loop fold. A co-crystal structure of yeast Sirl and Orcl (PDB IDs: 1ZBX, 1ZHI)
gives details regarding the interface formed between the Orc1 BAH domain and Sirl [95,96].

Sequence alignments comparing BAH domains from different organisms indicate a high degree
of homology throughout the region and illustrate several interesting points (Fig. 3). First, the
Pb1-BAH domains are highly homologous to each other and to yeast Rsc1 and Rsc2 BAH
domains (approx. 30% identical). Second, the yeast Sirl and Orc1 proteins share greater than
50% identity with each other, yet significantly less homology with Pb1 and yRsc BAH
domains. In fact, the Rsc1 and Rsc2 BAH domains are more similar in sequence to Pbl BAH
domains than to the two other yeast proteins. Three amino acids, Pro65, Phe76 and Glug4
(numbering based on Fig. 3) are absolutely conserved in all polybromo and Rsc BAH domains.
Previous examinations of BAH domains indicated that these three amino acids are clustered
at a single region forming a small pocket or depression in the surface of the BAH domain
[92]. Speculation that these three amino acids might permit binding of a partner protein was
further supported by the observation that mutation of the glutamic acid to a lysine in yRsc2
disrupted the proper segregation of daughter cells [97]. The primary sequence and secondary
structure annotation derived from structural data from the nearly identical BAH1 domain from
chicken polybromo suggest that these proteins have comparable function. Compare this
observation with proteins such as the D.melanogaster Ashl and A.thaliana Orc1, which have
unique regions within the canonical BAH region that may confer a regulatory role unique to
these proteins [46]. Computational analyses suggests, but does not prove, that seemingly
diverse roles are based on the highly variable carboxy-terminal 50 or so amino acids. In fact,

Biochimie. Author manuscript; available in PMC 2010 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thompson

Page 6

the connection between these strategically located sequence variations was offered as an
explanation into the diverse roles of BAH domains in transcriptional activation, replication
and silencing [98]

Although the genes for several BAH-containing proteins have shown severe phenotypic
defects, no data existed to prove the BAH domain itself is directly involved. This was until
Cairns and coworkers showed that the BAH domains for Rsc1 and 2 were required for the
assembly of the RSC complex but not the bromodomains [78]. This observation led to
speculation that the BAH domain had functions that center around protein-protein interactions
required for the multi-subunit assembly of RSC and potentially the interaction with DNA-
binding transcription factors. Conversely, the BAH domain of yOrc1 protein has been linked
to silencing of HML and HMR mating-type loci via the interaction of its N-terminal BAH
domain [99]. Subsequent studies showing that Sirl interacts with the N-terminal region of Orcl
in replication-dependent repression further support the requirement of the BAH domain in
forming critical protein-protein interactions [98,100,101].

The role of the BAH domains in Pbl is expected to be comparable to that of the homologous
BAH domains in the two Rsc proteins found in the RSC complex. The two BAH domains of
Pb1 may selectively bind to one or more binding partners in the service of forming the multi-
subunit PBAF. It is important to identify the binding partner(s) to understand the assembly
mechanism of the complex. For example, the observation that BAF200 is required to anchor
Pb1 within the PBAF complex [31] makes a strong argument for a BAH-dependent interaction
between the two proteins. This raises the further question about the loss of BAH regions
observed in different Pb1 isoforms (discussed below) that might deactivate the domain and
adversely impact the ability to form protein-protein interactions or assemble into PBAF. This
positions Pb1 as a central protein connecting the acetylation pattern present on nucleosomes
that act as the binding target of the polybromo region with the proteins recruited by the BAH
domains.

High-mobility group

The high mobility group domain, or HMG-box (HMGB), is defined by a region roughly 80
amino acids in length and found in a variety of eukaryotic chromosomal proteins and
nucleosome binding proteins [48,50,102]. HMG-boxes bind in the minor groove of DNA and
are grouped into three major classes based on their mode of binding. Class I consist of proteins
containing a single HMG box that interact with specific DNA sequences and structures,
including four-way DNA junctions and duplex DNA targets. For example, Sox proteins are
transcriptional regulators associated with developmental processes that act by altering DNA
conformation and nucleosomal architecture [103-105]. Class Il and 11 are proteins bind DNA
in a non-specific manner and oftentimes contain two or more tandem HMG-boxes. Examples
of Class Il proteins include upstream binding factors (UBF) and non-histone chromosomal
proteins that bind to bent and distorted DNA. Because HMGB1 and 2 proteins are involved in
the assembly of nucleoprotein complexes in various biological processes, including, V(D)J
recombination, transcriptional initiation, and DNA repair, they are both thought to play
architectural roles [49]. Class Il proteins also bind four-way DNA junctions and include
nucleolar and mitochondrial transcription factors.

Solved structures of HMG-boxes are quite abundant and include the yeast non-histone protein
Nhp6A (PDB ID: 1J5N) [106], rat HMG1 (PDB IDs: 1HME) [107], human HMG-box
transcription factor 1 (PDB ID: 2E60), mouse HMGX2 (PDB ID: 2CRJ), the second HMG-
box from human B3 (PDB ID: 2YQI), and the HMG-box domain of thymus high mobility
group box protein TOX from mouse (PDB ID: 2C09). HMG-boxes exhibit a variety of
functional roles and the exact role of the domain in Pb1 is currently unknown. Because several
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types of HMGB proteins interact with nucleosomes in the absence of histone H1, it is possible
that the HMG-box from Pb1 displaces H1 to loosen chromatin structure. To clarify some of
the speculation, we performed BLAST searches and secondary structure analysis with known
domains and structures to propose possible functions for the HMG-box in Pb1.

The HMG-box found in Pb1 exhibits some striking similarities to the mammalian HMG box-
containing protein 20B, which isa SMARCE1-related protein. This protein is SWI/SNF-related
matrix-associated actin-dependent regulator of chromatin which has a Sox-like transcriptional
factor [108]. This is a nonspecific DNA-binding HMG-box. This protein, also termed BRAF35,
was highly expressed in proliferating tissues and nuclear staining revealed a close association
with chromatin containing histone H3 phosphorylation. Similar to Pb1, the BRAF35 protein
may play a role in modulating progression of the cell cycle. It is interesting to note that the
highly homologous mouse and human polybromo proteins, which show >90% identity, have
identical HMG-box sequences until amino acid 52 (corresponds to amino acid 1399 in human
and 1444 in mouse). Sequences beyond this point show negligible homology raising the
questions about the evolution of these regions and the potential for alternative function. The
regions of HMG expected to be required for DNA binding based on structural modeling are
intact (Fig. 4) and no adverse effect on binding would be expected. Further comparison
indicates Pb1 is highly homologous to yeast NHP6A, a non-sequence-specific DNA-binding
protein which belongs to the HMGB protein family. Nhp6a was shown to increase V(D)J
cleavage efficiency by binding distorted DNA structures and promoting RAG 1/2-mediated
chemical reactions on the DNA [109].

The HMG-box domains are often found in chromatin-associated proteins and induce DNA
structural changes upon binding to regulate chromatin function and gene expression. The
sequence analysis suggests that the HMG-box in Pb1 is homologous to human SMARCE1-
related protein. The SMARCEZLr high mobility group protein was found to be associated with
the nuclear matrix and to have DNA binding activity [110]. Because the HMG-box family is
quite diverse it is unclear if the domain in Pb1 acts to loosen the chromatin by histone H1
displacement or put topological constraints on the DNA, both of which might facilitate
transcriptional activation. Although highly speculative, its similarity to the closely related
BAF57 (Smarcel), also a subunit of PBAF, raises the question of whether the HMG-box in
Pb1 provides complementary DNA binding activity or nucleosome association to enhance the
activity of the complex.

Isoforms of Polybromo-1

The human polybromo-1 protein has six isoforms generated as a result of alternative splicing
products, five of which alter the number and type of domains present in the Pb1 protein
[111]. Considering the role of these domains, Pb1 variants may target different histone
acetylation patterns and alternately, recruit distinct binding partners to different chromatin sites
based on the composition of BrD and BAH domains present. These statements are highly
speculative, but the following analysis permits us to propose alternate roles for the different
isoforms and presumably the function of PBAF.

The full length human Polybromo-1 protein has 1689 amino acids composing all the functional
domains described above. The six tandem bromodomains are found in the amino-terminal 900
amino acids. The number of amino acids between adjacent bromodomains is 60-70 amino acids
for all but BrD2 and BrD3, which are separated by 130 amino acids (Fig. 5). The two protein-
interaction modules, BAH1 (956 — 1074) and BAH2 (1156 — 1272), both of which are roughly
120 amino acids in length occur in tandem to the carboxy-side of the polybromo region. A
putative HMG domain (1379 - 1447), roughly 70 amino acids in length, is found at the carboxy-
region of Pbl.
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Isoform 2 is a 1634 amino acid protein that differs from the full protein (canonical sequence)
in that amino acids 1430-1484 in the native sequence are missing. In fact, this region is only
present in isoform 1 and absent in all other isoforms. All the six BrDs and both BAH domains
remain conserved as in the full length polybromo protein. Fifty-five amino acids are deleted
which includes the carboxy-18 amino acids of the HMG box (1430-1447). This deletion brings
a proline rich region, which was approximately 30 amino acids separated from the HMG
domain, into contact with the HMG-box. Isoform 3 is a 1602 amino acid protein with two
major sections deleted for an overall deletion of 87 amino acids. In addition to the deletion of
amino acids 1430-1484, 33 residues are deleted from the region between Brd2 and Brd3
(300-332 from the full spacer region 271-399) and one Serine residue is added at 300th position
bringing BrD2 and Brd3 closer by a net of 32 residues. As stated above, the shorter separation
distance between adjacent BrDs may alter the cooperativity of Pb1 binding to acetylated
nucleosomes. Isoform 4 generates a 1582 amino acid protein with three major sections deleted
for a total deletion of 107 amino acids (989-1013, 1336-1362, 1430-1484). All six
bromodomains are conserved but 25 amino acids (989-1013) are deleted from BAH1
shortening it from 119 amino acids to 94 amino acids. Considering sequence alignments results,
we speculate that a substantial portion of the secondary structure and consequently, the binding
interface will be disrupted. Furthermore, twenty seven amino acids are deleted (1336-1362) in
the region between BAH2 and HMG box which spans 1273-1378 in the canonical isoform.
Isoform 5 is a 1582 amino acid proteins with native polybromo and BAH regions. Amino acids
1430-1536 are deleted, disrupting the HMG domain and removing the proline-rich region.
Isoform 6 contains only the first 856 amino acids. Bromodomains 1-5 are unaffected and BrD6
is shortened by seven amino acids. It is unclear what affect this will have on BrD6 binding, as
prior examination of binding data for BrD6, which was taken from amino acids 740-864 in the
native sequence, did include the amino acids lost in this isoform [73]. Examination of sequence
alignments suggests that all secondary structural elements required to form the hydrophobic
core are present (Fig. 2).

Several key questions regarding the impact of the presence of different Pb1 isoforms on the
function of PBAF are raised. If the BAH and HMG domains in various isoforms are inactive,
it is likely that the PBAF complex will not properly form. Alternatively, if there is a change in
domain composition, there could be different PBAF sub-classes that have differential
regulatory effects. To some degree this has been observed in neural stem cells, where different
developmental stages of neurogenesis exhibit a switch in the expression of BAF45 and BAF53
family proteins [34]. The presence of only one BAH domain may select or limit the type of
partner proteins or even prevent proper assembly of Pb1 in the PBAF complex. In the case of
the HMG-box partial deletion, a loss or decrease in activity may result in a lower affinity of
the complex to nucleosomal locations or limit architectural alterations in chromatin that might
facilitate transcription. Rapid dissociation may be an advantage in regions of high
transcriptional activity, but may adversely impact PBAF anchoring at kinetochores; a trait
required in segregation of sister chromatids. An interesting observation from our
bromodomain-acetylhistone studies was that BrD2 and BrD3 have a strong preference for
binding histone H3 acetylated at lysine 9. This led to speculation that it is possible for each
domain to target a copy of H3-AcK9 on the same nucleosome or adjacent nucleosomes and
consequently, the spatial arrangement of the two BrDs may require greater separation in Pb1l
[73]. The shorter separation distance between these two bromodomains in isoform 3 raises the
question of whether alternate patterns can act as the binding target or if Pb1 itself has primary
and secondary chromatin binding targets. Finally, the most extreme isoform loses all but the
polybromo region, suggesting it is able to target the same acetyl-nucleosome sites, but imparts
no nucleation of PBAF via the BAH domains. In effect, this form of the protein would block
PBAF assembly at chromatin.
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Regulatory roles of Polybromo-1

The details about which genes are under direct regulation by Pb1 and the PBAF complex are
only beginning to emerge and already roles are being discovered in cell division, transcription
and, under aberrant conditions, cancer. Initial examination of mammalian systems indicate that
Pb1l is required for cardiac and placental development via Pb1 gene targets, including the
retinoic acid-induced genes RARB2 and CRABPII (cellular retinoic acid binding protein |1,
found in mouse) [112]. Retinoic acid receptors (RARS) activate transcription by recruiting
coactivator complexes such as histone acetyltransferases (HAT) and the mediator complex, to
increase chromatin accessibility by general transcription factors and to promote transcription
initiation. Ablation of the PB1 gene led to a partial decrease of the expression of RARB2 gene,
whereas CRABPII expression was totally abolished [112]. It was determined that
transcriptional regulation by RARs involved distinct coactivator complexes, including the
hSWI/SNF and ISWI complexes, the mediator complex, HATS, such as CBP/p300, pCAF and
p160 proteins. The role of Pbl in retinoid-mediated transcription suggested that PBAF is an
important coactivator for RARs. Recently, it was shown that Pb1 binds to the p21 promoter to
regulate transcription [113].

Pb1 mutations occur in approximately 4% of sporadic breast cancers. The observation that
different breast tumor samples contained mutations in the PB1 gene, resulting in a truncated
form of polybromo-1 has led to speculation regarding the tumor suppressor properties of Pbl
[113]. The mechanism remains unclear, but the mutant protein has been shown to redirect the
estrogen-stimulated estrogen receptor pathway thereby preventing transcriptional activity
[114]. Because wild-type Pbl plays a central role in cell cycle arrest in response to growth
inhibitory signals, it has been proposed that cell cycle exit is adversely impacted by the mutation
[113]. The observation that the mutant PB1 gene has a deletion resulting in Pb1 proteins missing
four bromodomains and a portion of the first BAH domain (Fig. 5) might cause speculation
that if the tandem bromodomains do in fact target acetyl-nucleosome sites for proper
localization, their deletion should be detrimental to Pb1 function. Recently, these mutants were
shown to be incorrectly localized in the cell [114] further supporting the notion that Pb1 and
the PBAF complex require the targeting of specific chromatin sites to execute proper function
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Fig. 1.

Schematic representation of human Polybromo-1 domain organization. Known and predicted
domains for Pb1 are compared to polybromo proteins from the indicated organisms and the
homologous yeast Rsc proteins. The proteins shown here share similar domain organization
of bromodomains (BrD), bromo-adjacent homology domains (BAH), and the high-mobility

group (HMG). Partial domains are indicated.
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Fig. 2.

Sequence alignments of Pb1 bromodomains. (A) Bromodomain 1 (the amino-terminal
bromodomain) for the indicated species from amino acids 45-155 are compared. (B)
Bromodomains from Pbl1 and Rsc are compared to those with known structures. Highly
homologous amino acids based on identity or chemical features (i.e. hydrophobicity or charge)
are shown in bold. Annotation of secondary structural elements is based on the structure of the
fifth bromodomain (BrD5) of mouse polybromo protein (PDB ID: 2YQD). ClustalW was used
to perform the alignment.
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Sequence alignment comparing BAH domains from human and yeast proteins. Highly
homologous amino acids based on identity or chemical properties are shown in bold.
Annotation of secondary structural elements is based on the structure of the first BAH domain
from the chicken polybromo protein (PDB ID: 1W4S). ClustalW was used to perform the

alignment.
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PKAPVTGYVRFLNERREQIRTRHPDLPFPEITKMLGAEWSKLOQPAEKQRYLDEAEKEKQQYLKELWAYQQ
PKRPPSAFFLFCSEYRPKIKGEHPGLSIGDVAKKLGEMWNNTAADDKQPYEKKAAKLKEKYEKDIAAYRA
PKRPPSGFFLFCSEFRPKIKSTNPGISIGDVAKKLGEMWNNLNDSEKQPYITKAAKLKEKYEKDVADYKS
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PK-PVSGYVLFL-ERREQIKTRHPDLSFGEVTK-LG-EWSNLQPAEKQ-YEDKA-KEK-QYEKE--AYQQ

al a2 a3

Sequence alignment comparing the Pbl HMG-box with proteins from other organisms. Native
sequence or PDB ID is shown in parenthesis. Highly homologous amino acids based on identity
or chemical features (i.e. hydrophobicity or charge) are shown in bold. Annotation of secondary
structural elements is based on the structure of the HMG domain from mouse HMGX2 (PDB
ID: 2CRJ). ClustalW was used to perform the alignment.
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Schematic representation of variations in domain organization for Pb1 isoforms. The HCC1143

mutation of the PB1 gene, as observed in breast tumors, is shown for comparison.
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