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Abstract

Human retinoblastoma binding protein 9 (RBBP9) is an interacting partner of the retinoblastoma
susceptibility protein (Rb). RBBP9 is a tumor-associated protein required for pancreatic neoplasia,
affects cell cycle control, and is involved in the TGF- signalling pathway. Sequence analysis
suggests that RBBP9 belongs to the a/p hydrolase superfamily of enzymes. The serine hydrolase
activity of RBBP9 is required for development of pancreatic carcinomas in part by inhibiting
TGF-p antiproliferative signaling through suppressing Smad2/3 phosphorylation. The crystal
structure of human RBBP9 confirms the a/p hydrolase fold, with a six-stranded parallel §-sheet
flanked by a helixes. The structure of RBBP9 resembles that of the YdeN protein from Bacillus
subtilis, which is suggested to have carboxylesterase activity. RBBP9 contains a Ser75-His165-
Aspl38 catalytic triad, situated in a prominent pocket on the surface of the protein. The side
chains of the LXCXE sequence motif that is important for interaction with Rb is mostly buried in
the structure. Structure-function studies of RBBP9 suggest possible routes for novel cancer drug
discovery programs.
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1. Function of RBBP9

Retinoblastoma binding protein 9 (RBBP9) was first shown to be overexpressed in several
transformed rat liver epithelial cell lines, resulting in the loss of TGF-B1 growth inhibition
[1]. The retinoblastoma (Rb) protein is one of the most extensively studied tumor-suppressor
genes [2-4]. RBBP9 contains the Rb binding motif LXCxXE and has been identified to bind
the Rb protein by yeast two-hybrid and co-immunoprecipitation studies [1]. Overexpression
of RBBP9 overcomes TGF-p1 induced growth arrest [1]. In addition to its Rb-binding
function, RBBP9 may play a role in cellular responses to chronic low dose radiation [5], and
is a candidate regulator of aging in hematopoietic stem cells [6].

Recently, the Northeast Structural Genomics Consortium (NESG, www.nesg.org)
determined a high-resolution 1.72 A crystal structure of human RBBP9 [7], as a part of
biomedical theme focusing on networks of interacting proteins involved in cancer biology
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[8]. RBBP9 is a member of Pfam family [9] DUF1234 (PF06821), a proposed a/p hydrolase
family of unknown function. The crystal structure of human RBBP9 (PDB ID: 2QS9) has an
a/p hydrolase fold, and reveals a serine hydrolase active site, with a Ser-His-Asp catalytic
triad [7]. Recent biochemical studies with pancreatic cancer cells and site-directed
mutagenesis of the putative nucleophile Ser75 to Ala have further confirmed that the protein
does indeed function as a hydrolase and that Ser75 is essential for this activity [10]. In fact,
the RBBP9 serine hydrolase activity is elevated in 40% of pancreatic tumor biopsies [10]. It
is required to suppress Smad2/3 phosphorylation and overcome the TGF-p-mediated anti-
proliferative response. Accordingly, it has been proposed that RBBP9 may function to
maintain the Smad signaling pathway in the “off state”.

RBBP9 serine hydrolase activity has been detected in a range of carcinoma cell lines (lung,
breast, colon, and ovary) [10], implicating RBBP9 in a wide range of cancers. RBBP9-
mediated suppression of TGF-B signaling is also required for E-cadherin expression and the
formation of adherens junctions and may contribute to the epithelial phenotype of pancreatic
tumor cells [10]. The serine hydrolase activity may have broad-ranging implications for
epithelial neoplasia.

RBBP9 may become a potentially viable cancer drug target [11]. Although the substrates
remain unknown, oxime esters have been identified as selective, covalent inhibitors of
RBBP9’s serine hydrolase activity [12], and the bioactive natural alkaloid emetine has been
identified as a reversible inhibitor of RBBP9 [13]. A structure-based drug design approach
can be developed for RBBP9 [14,15], utilizing the atomic coordinates, expression
constructs, and sample preparation protocols that are freely available through the NIH
Protein Structure Initiative (PSI) Knowledge Base (http://kb.psi-structuralgenomics.org/)
and PSI Materials Repository (http://psimr.asu.edu/) for NESG target HR2978.

2. Protein-protein interactions of RBBP9

In addition to binding Rb, RBBP9 has been found in complexes with p107 (RBL1) and p130
(RBL2) [1], the two other Rb family members (Fig. 1) [16,17]. p107 and p130 are more
similar to each other in sequence than to Rb. The Rb family negatively modulates the
transition from the G1 phase to the S phase, by inactivation of transcription factors, such as
those of the E2F family that promote cell entrance into the S phase [16]. The Rb family also
regulates a wide spectrum of complex biological phenomena, such as differentiation,
embryonic development and apoptosis [3,16,17]. RBBP9 can compete with and displace
E2F1 from E2F1-Rb complexes [1].

p107 binds a variety of cellular proteins to affect the expression of many target genes during
cell cycle progression [17]. p107 can act as a Smad cofactor [18]. It forms complex with
Smad3, a direct mediator of transcriptional regulation by the TGF-f receptor, and with the
transcription factors E2F4/5 and DP1 [18]. This p107-E2F4/5-DP1-Smad3 complex pre-
exists in the cytoplasm. In response to the TGF-p receptor, this complex moves into the
nucleus, associates with Smad4, and represses c-myc expression [18].

RBBP9 is primarily restricted to the extranuclear compartment [10]. It is possible that
RBBP9 regulates the formation of the p107-E2F4/5-DP1-Smad3 complex, by interacting
with p107 [1]. The fact that RBBP9 can compete with and displace E2F1 from E2F1-Rb
complexes /n vitro [1] suggests that RBBP9 might compete with and displace E2F4/5 from
the E2F4/5-p107 complex in the extranuclear compartment.
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3. Structure of RBBP9

Amino-acid sequence analysis suggests that RBBP9 belongs to the DUF1234 superfamily
and may have the a/p hydrolase fold. Members of the DUF1234 superfamily include acyl
transferases, chlorophyllase (chlase), lipase, thioesterase, serine carboxypeptidase and
others. The crystal structure of human RBBP9 confirms that it has a classic a/p hydrolase
superfamily fold [7], consisting of a central six-stranded parallel B-sheet with topology order
213456 surrounded by seven a-helixes (Figs. 2A, 2B). According to ESTHER classification
[19], the RBBP9 fold is more similar to the lipase 2 family, except for the insertion of an
additional a.D helix (aa. 106-111) after the p4 strand (Fig. 2A). The lipase 2 family currently
includes 86 members, most of which are from prokaryotes or nematodes. The closest
sequence homolog with three-dimensional structural information is that of the YdeN protein
from Bacillus subtilis [20], which shares 26% sequence identity with RBBP9. YdeN was
also determined as part of a Protein Structure Initiative (PSI) structural genomics project
[20]. RBBP9 is more similar to prokaryotic proteins structurally than to human o/p
hydrolases — the closest human proteins are valacyclovirase (PDB ID: 20CL) [21] and
monoglyceride lipase (PDB ID: 3HJU) [22], sharing around 15% sequence identity.

The active site of RBBP9 is located at the top of the B-sheet, with the catalytic triad Ser75-
His165-Asp138 (Fig. 2B). As in other a/p hydrolases, Ser75 is located in a nucleophile
elbow [23], a tight turn connecting strand B3 and helix a.C (Fig. 2C), and assumes a strained
main-chain conformation. The side chains of these three residues are hydrogen-bonded to
each other in the structure (Fig. 2C) and Ser75 is located in a prominent groove on the
surface of the protein (Fig. 2D). Typical Gly-flanked environment of the nucleophilic Ser75
(Gly-X1-Ser-X»-Gly) enables the tight turn at the tip of the elbow to bring Ser75 close to
His165 (2.9 A). Interestingly, in YdeN the first Gly of this sequence motif is replaced with
an Ala, which was made possible by a slight opening of the elbow [20]. The X1 position is
occupied by a highly conserved His74, forming a hydrogen bond with Tyr24 (2.7 A) and the
main chain carbonyl of His165 (2.9 A), which also helps to stabilize the nucleophile elbow
(Fig. 2C). Tyr24 is also conserved among eukaryotes, but is replaced by Phe in prokaryotes.
In RBBPY, there is additional stabilization of the nucleophile elbow through Ser76 (at the
X5 position) hydrogen-bonding to Asn13 (2.9 A). This hydrogen bond is absent in YdeN
and other prokaryotic homologs (Ser76 replaced by Leu and Asn13 by His).

Another important feature of a/f hydrolases is the presence of hydrogen-bond donors
arranged in an oxyanion hole close to the active site. Based on close proximity to Ser75 and
superposition with the carboxylesterase from Pseudomonas fluorescens [24], the main-chain
amides of Asn13 and Ser76 may form the oxyanion hole in RBBP9 (Fig. 2C). These amino
acids correspond to Leu23 and GIn115 in carboxylesterase and Tyr11 and Leu72 in YdeN
[20,24].

A structural difference between lipase 2 family and RBBP9 is that the active site of the
lipases is usually buried under the C-terminus a-helix (flap or lid). The flap conceals the
active site of the lipases and has to be rearranged to make it accessible. In RBBP9 and
YdeN, the much smaller a.D helix could play a similar role. In the RBBP9 structure, the aD
helix is located relatively far form the active site, but the presence of two long flanking
linkers could allow the aD helix to close the active site (Fig. 2B). In comparison, both
human valacyclovirase and monoglyceride lipase have very well formed flaps.

RBBP9 contains the retinoblastoma (Rb) binding motif LXCXE in its sequence [25], and
mutation of the Leu residue in this motif to GlIn blocks the binding to Rb [1]. This LXCXE
motif is not present in YdeN and other a/p hydrolases. The Leu residue is located at the end
of helix aB, and the other residues are in the loop connecting helix a.B and strand 3, near

Protein Pept Lett. Author manuscript; available in PMC 2013 June 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vorobiev et al.

Page 4

the bottom of the central B-sheet and far from the active site of RBBP9 (Fig. 2A). Somewhat
surprisingly, the side chains of both the Leu and the Cys residues are buried in the
hydrophobic core of the structure and are essentially not accessible to solvent. Only the side
chain of the Glu residue is exposed (Fig. 2A). This suggests that a conformational change is
needed for this motif to directly mediate interactions with Rb, although such a change may
disrupt the hydrophobic core of RBBP9. Alternatively, this binding may involve a different
surface area of RBBP9, with the LXCXE motif playing an indirect role in the recognition
process.

4. Conclusions

Structural and functional studies have identified RBBP9 as an enzyme, in addition to its
interactions with Rb. RBBP9 is a serine hydrolase, belonging to the a/f hydrolase
superfamily of enzymes. The catalytic triad, Ser75-His165-Asp138, is situated in a
prominent pocket on the surface of the protein. This serine hydrolase activity has been
detected in a variety of tumor cell lines. Especially, RBBP9 catalytic activity was found to
be elevated in pancreatic tumors, suggesting that RBBP9 may be a possible anti-cancer
target.

Many questions remain about the exact mechanistic role of RBBP9. The native substrates of
RBBP9 are not yet identified, and the consequences of substrate hydrolysis are unknown.
Do RBBP9 Rb-binding and serine hydrolase activity act independently or cooperatively?
How does substrate processing lead to regulation of Smad2/3 signaling? Further studies are
needed to provide answers to these important questions.
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Figure 1.

RBBP9 interacts with the Rb family members, including Rb, RBL1 (p107 in the text), and
RBL2 (p130 in the text). The percentage of structural coverage of these proteins are
indicated by green rings around each node, and images of the corresponding domain
structures are shown on the interaction network.
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Figure 2.

Structure of human RBBP9. (A). Ribbon representation in stereo of the RBBP9 structure.
The secondary structure is depicted as yellow (a-helixes), cyan (B-strands) and magenta
(loops). The catalytic triad and the LXCXE residues are shown in green and labeled. (B). The
structure of RBBP9, viewed down the active site and the central B-sheet. The viewing
direction is from the top of panel A. (C). The active site of RBBP9. The catalytic triad and
several additional residues are shown. Hydrogen-bonding interactions are indicated with the
dashed lines in red, with the hydrogen-bonding distances indicated. (D). Molecular surface
of RBBP9 is shown in gray, and the catalytic triad Ser-His-Asp is shown in green. The
catalytic nucleophile Ser75 is located in a prominent pocket in the surface.
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