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Phosphorylation puts the pRb tumor
suppressor into shape
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In this issue of Genes & Development, Burke and col-
leagues (pp. 1156–1166) describe how the structure of
retinoblastoma protein (pRb) is altered by phosphoryla-
tion at T373 or S608. These modifications cause specific
conformational changes and alter pRb’s interaction with
E2F via two distinct mechanisms. The structures suggest
that the panel of phosphorylation sites represents a ver-
satile set of tools that are used to sculpt pRb in precise,
but very different, ways.

At first glance, the retinoblastoma protein (pRb) presents
a paradox: a seemingly potent inhibitor of cell prolifera-
tion that is present in the dividing cells of normal tissues.
The explanation for this conundrum stems from the fact
that the activity of pRb is controlled by cyclin-dependent
kinases (Cdks). Unlike other cell cycle regulators that are
targeted for degradation at key moments to allow cell
cycle progression, pRb is a stable protein. Instead, cyclic
phosphorylation and dephosphorylation cause pRb to
oscillate between active and inactive states. The obser-
vation that pRb becomes heavily modified during the
G1-to-S transition (Buchkovich et al. 1989; Chen et al.
1989; DeCaprio et al. 1989) was an important insight that
came just a few years after the discovery that mutational
inactivation of the retinoblastoma tumor susceptibility
gene is rate-limiting in the genesis of retinoblastoma,
a malignant childhood cancer (Friend et al. 1986). These
changes in pRb phosphorylation led to the idea that the
proliferation-suppressing activities of pRb are switched
off each time a cell progresses through a division cycle.
We now know that the phosphorylation of pRb during late
G1 phase allows the activation of E2F-dependent tran-
scription, a program of gene expression that controls genes
that drive the cell cycle and are needed for DNA replica-
tion (Weinberg 1995). In many cancers, the regulation of
pRb becomes unbalanced, and elevated Cdk activity pre-
vents pRb from being an effective brake.

Understanding how phosphorylation alters pRb is cen-
tral to understanding how pRb functions. Human pRb
contains at least 16 potential Cdk phosphorylation sites,
most of which are located in unstructured regions of the
protein. It has long been known that the modification of
pRb disrupts its ability to form protein/protein interac-
tions, but structural studies are finally beginning to
explain the basis for these effects. The results described
by Burke et al. (2012) illustrate that phosphorylation does
not simply cause a random loss of pRb structure, but
drives pRb into specific conformations, with individual
phosphorylation events disrupting different features of
the protein.

pRb regulates E2F activity in at least two ways: It binds
directly to the transactivation domain of activator E2Fs
and, in addition, uses a second site, the LxCxE-binding
domain, to interact with transcriptional corepressors and
recruit these to E2F target genes (for a recent review, see
Chinnam and Goodrich 2011). The structures of individ-
ual pRb domains and their complexes with small E2F
fragments have shed light on the pRb–E2F interaction.
The central pocket domain of pRb consists of a tandem
cyclin fold that interacts with the E2F transactivation
domain (E2FTD) and is separated by the less-structured
pocket domain loop (RbPL) (Fig. 1; Lee et al. 1998, 2002;
Xiao et al. 2003). The pRb N-terminal domain (RbN) also
contains a tandem cyclin fold and is connected with the
pocket through an unstructured interdomain linker
(RbIDL) (Hassler et al. 2007). The intrinsically disordered
C-terminal tail of pRb binds the Marked Box domains
of the E2F1–DP1 heterodimer, and this interaction is
destabilized by the phosphorylation of C-terminal serines
(S788/S795) or threonines (T821/T826) (Rubin et al. 2005).
Despite this progress, the structural basis for the pRb
phosphorylation-induced release of the E2FTD from the
pRb pocket, a key feature of the pRb–E2F cell cycle
switch, remained unclear.

Previous studies had identified serine or threonine
residues within pRb that are critical for the dissociation
of the pRb–E2F complex (Knudsen and Wang 1996, 1997;
Zarkowska and Mittnacht 1997; Brown et al. 1999; Lents
et al. 2006). Cell-based assays had pointed to S608/S612 in
the RbPL and T373 as crucial sites for growth arrest or
repression of E2F transcription (Knudsen and Wang 1997;
Lents et al. 2006; Gorges et al. 2008), but overall, the
notion remained that cumulative pRb phosphorylation
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was necessary to abrogate the pRb–E2F interaction. This
was clarified by a previous study by Burke et al. (2010)
who used purified proteins in biophysical assays to show
that multiple phosphorylation events on pRb (T356/
T373, S608/S612, S788/S795, or T821/T826) could in-
dependently destabilize the pRb–E2F complex. These
results already provided evidence for two distinct phos-
phorylation-induced conformational changes in pRb that
occluded the E2FTD-binding site upon S608/S612 phos-
phorylation or required the RbN domain following T356/
T373 phosphorylation, but the structural basis for these
effects was not known.

In the current study, Burke et al. (2012) elucidate the
structural features that are induced by the two distinct
phosphorylation events in pRb. In order to observe the
effect of the S608 phosphorylation, the investigators
crystallized the pocket domain with a shortened RbPL
and a phosphoserine mimetic S608E that was confirmed to
inhibit E2FTD binding (Rb380–787D616–642/S608E/S612A/S780A).
In the crystal structure, the residues 601–608 of the RbPL
interact with the cleft between the pocket subdomains
and partially occlude the E2FTD-binding site. Some RbPL–
pocket contacts are analogous to E2FTD–pocket side chain
interactions, while other contacts are not superimposable
with E2FTD. Thus, RbPL phosphorylation at S608 orders
the flexible loop so that it forms an intramolecular in-
teraction with the pocket domain (Fig. 1). This interaction
partially mimics and directly blocks E2FTD binding to the
pocket.

A second structure described by Burke et al. (2012) is the
first multidomain structure of pRb. To address the confor-

mational changes that are induced by RbIDL T356/T373
phosphorylation and depend on RbN, the investigators
crystallized a large phosphorylated Rb fragment that con-
tains RbN, RbIDL, and the pocket but lacks the unstruc-
tured loops within the domains (Rb53–787,D245–267,D582–642).
In this structure, phosphothreonine T373 stabilizes a
closed conformation in which the RbN subdomains dock
against the pocket subdomains on the opposite face as
E2FTD (Fig. 1). This closed Rb conformation is consistent
with previous evidence indicating that RbN can directly
interact with the pocket (Hassler et al. 2007). Small-angle
X-ray scattering suggests that pRb exists in an equilib-
rium between the open and closed conformation, which
is shifted toward the closed state upon RbIDL phosphor-
ylation. The shift to the closed conformation has great
impact on the interaction surfaces of the pocket domain.
The pocket subdomains are rotated relative to one another
in the closed conformation. This opens the E2F-binding
site between the subdomains so widely that E2F binding
to the pocket is allosterically inhibited. Furthermore,
the closed conformation prevents protein binding to the
LxCxE-binding site of the pocket, but does not exclude
the interaction between the pocket and the phosphory-
lated C terminus of pRb.

These results suggest that phosphorylation of S608 and
T373 induces two distinct types of conformational changes
in pRb structure. These changes share a common principle
that unstructured pRb loops become more ordered and
form intramolecular interactions with the pocket, but the
changes inhibit E2FTD–pocket binding by remarkably
discrete mechanisms. While the phosphorylated pocket
loop competitively blocks the E2FTD binding, RbIDL
phosphorylation stabilizes the allosteric shift of the
pocket subdomains, which disables their hold on E2FTD.
The distinct features of these conformational changes
have interesting implications. The competitive inhibi-
tion of E2FTD binding explains how the formation of new
pRb–E2F complexes can be blocked, and this may be
important to fine-tune the levels of free E2F. The alloste-
ric changes, however, allow the dissociation of preformed
pRb–E2F complexes. It may be possible to exploit this
mechanism therapeutically by stabilizing pRb–E2F com-
plexes with small molecules that prevent RbN from
docking to the pocket. Furthermore, the allosteric shift
prevents protein binding to the pocket LxCxE-binding
cleft, which has been reported to mediate the interactions
of pRb to >25 different proteins, including chromatin-
modifying proteins (Dick 2007). The loss of these in-
teractions suggests that the allosteric mechanism not
only releases the E2FTD from pRb, but also prevents pRb
from binding to proteins that have been implicated in the
pRb-mediated repression of E2F target genes.

These latest structures still leave questions to be
answered. One caveat is that our current picture of pRb
structure is still a montage that has been assembled from
snapshots taken of different fragments of the pRb protein
(Fig. 1). It is not certain how the structural changes caused
by the various phosphorylation events impact one an-
other in the context of the full-length protein. The roles
played by several phosphorylation sites have yet to be

Figure 1. Cdk phosphorylation of discrete sites in pRb causes
distinct conformational changes that inhibit pRb’s binding to
E2F. (A) Phosphorylation of T821/T826 stabilizes an interaction
between the pRb C-terminal domain (RbC) and the pocket and
may exclude the E2F–DP complex from RbC (Rubin et al. 2005).
(B) Phosphorylation of S608 induces the RbPL to interact with
the pRb pocket. This intramolecular interaction competitively
blocks the binding of the E2FTD (Burke et al. 2012). (C)
Phosphorylation of T373 within the RbIDL stabilizes the dock-
ing of the RbN against the pocket. This leads to a rotation of the
pocket subdomains relative to one another and allosterically
inhibits E2FTD binding to the pocket (Burke et al. 2012). (A,C)
The LxCxE-binding cleft in the pocket is blocked by RbN–
pocket docking or the RbC–pocket interaction (Rubin et al.
2005; Burke et al. 2012).
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identified, and it is likely that pRb will have additional
surprises in store for us. Aside from the changes in
phosphorylation, pRb is also methylated and acetylated
on specific residues. These modifications occur in spe-
cific contexts and also seem likely to affect the activation
or inactivation of specific properties of pRb.

Close to 200 different cellular proteins have been
reported to physically associate with pRb (Morris and
Dyson 2001; Goodrich 2006). This literature has lead to
the idea that pRb is a multifunctional protein that interacts
with different proteins in different contexts. The notion
that individual phosphorylation events regulate specific
elements of the protein structure supports the very appeal-
ing model that the phosphorylation of discrete sites may
determine the sets of proteins that pRb targets and the
types of functions that it can perform. Future studies are
needed to assign specific Rb phosphorylation events to
the gain or loss of interactions with its partners. If this
model is correct, then it should be possible to identify
natural biological contexts in which the phosphorylation
of pRb on a specific site regulates a specific subset of pRb
complexes, independent of the bulk phosphorylation
events that occur during cell cycle progression. Structural
studies may lead the way forward by unraveling the
combinations of interaction surfaces that are available
in distinct conformations of pRb.
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