
Molecular Cell
164

Selected Readingtions and raise some new issues as well. The earlier
finding that anti-p38 SAPK immunoprecipitates phos-

Bartek, J., Lukas, C., and Lukas, J. (2004). Nat. Rev. Mol. Cell Biol.phorylated Cdc25B and Cdc25C at the previously identi-
5, 792–804.

fied Chk1/2 phosphorylation sites (Bulavin et al., 2001)
Bulavin, D.V., Higashimoto, Y., Popoff, I.J., Gaarde, W.A., Basrur,

can now be explained by the presence of coimmuno- V., Potapova, O., Appella, E., and Fornace, A.J., Jr. (2001). Nature
precipitating MK2 in the immune complex assays. Al- 411, 102–107.
though the results obtained in fission yeast and mamma- Donzelli, M., and Draetta, G.F. (2003). EMBO Rep. 4, 671–677.
lian cells were largely congruent, a puzzling discrepancy Jackson, J.R., and Zhou, B.B. (2004). Cancer Biol. Ther. 3, 314–316.
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tinct modes of regulation (Wellbrock et al., 2004), inRaf Phosphorylation:
essence they are activated by phosphorylation whichOne Step Forward occurs when they are recruited to the plasma membrane
by Ras. For activation, Raf-1 requires phosphorylationand Two Steps Back
on five sites within its kinase domain, one of which is
serine 338 (S338) (Figure 2), but there is duplicity in
its regulation by phosphorylation. For example, protein
kinase A (PKA) phosphorylates three sites in Raf-1 to

We understand Raf-1 activation relatively well but block its activation when cyclic AMP levels are elevated
know less about how it is inactivated. An exciting study (Dumaz and Marais, 2003).
in this issue of Molecular Cell (Dougherty et al., 2005) Mitogenic stimulation of cells triggers Raf-1 hyper-
now describes the molecular basis underlying the phosphorylation, which can be seen as an electropho-
transient nature of Raf-1 signaling. retic mobility shift in SDS-gels. Initially this was used as

an indicator of Raf-1 activation, but it is unreliable as
such, because it can occur when Raf-1 is not activatedRas is a small, membrane bound G protein that activates
(Samuels et al., 1993). Dougherty et al. (2005) show thatthe Raf-MEK-ERK three-tiered protein kinase cascade
in addition to previously identified sites, Raf-1 becomes(Figure 1). As this pathway controls cell fate, its activity
phosphorylated on S29, S43, S289, S296, S301, andis carefully controlled with feedback loops that play an
S642 after mitogenic stimulation. Five of these sites (ex-important role in its regulation. ERK stimulates transcrip-
cluding S43) are newly identified and are directly phos-tion of protein phosphatases that mediate its own deac-
phorylated by ERK; these are the sites that cause thetivation and it also deactivates the proteins that activate
hyperphosphorylation phenomenon. Inhibiting hyper-Ras, thus providing at least two feedback mechanisms
phosphorylation does not have a significant impact on(Figure 1). A third, previously uncharacterized feedback
the magnitude of Raf-1 activation by mitogens, but itloop from ERK to Raf-1 has also been proposed (Alessi
does prevent Raf-1 from being deactivated after its initialet al., 1995), and it is the molecular basis of this loop
transient activation phase. Only S296 and S642 are con-that is now described by Morrison and colleagues
served in A-RAF and B-RAF, respectively, and ERK does(Dougherty et al., 2005 [this issue of Molecular Cell]).
phosphorylate the C terminus of B-RAF, but the conse-Mammals possess three Raf proteins, A-RAF, B-RAF,

and Raf-1 (also called C-RAF). Although they have dis- quences of this to activity are untested (Brummer et al.,
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(Dougherty et al., 2005), implying that similar numbers
of molecules are activated. If hyperphosphorylation en-
sures that most of the Raf-1 in cells is not activated,
then 6A Raf-1 should be superactivated as seen with
endogenous Raf-1 when MEK-ERK signaling is inhibited
(Alessi et al., 1995). Perhaps 6A Raf-1 is not superacti-
vated because cells have a limited capacity to activate
it when it is overexpressed.

Hyperphosphorylated Raf-1 does not bind to Ras, pre-
sumably partly due to steric hindrance mediated by S43,
which probably explains why it cannot be activated. The
other sites may also contribute to the suppression of
Ras binding. They may recruit other factors that directly
interfere with Ras binding or may induce a conformation
change that masks the Ras binding domain. Here, there
is an interesting parallel to Raf-1 regulation by PKA,
which also phosphorylates several N-terminal sites,

Figure 1. The Ras/RAF/MEK/ERK Pathway
thereby blocking Ras binding. Thus, in two different situ-

Receptor tyrosine kinases (RTK) activate exchange factors such as ations the Raf-1 N terminus is targeted by inhibitory
SOS, which then activates Ras. Ras stimulates the RAF/MEK/ERK

kinases, confirming that this domain is largely regulatorykinase cascade. ERK induces protein phosphatase (PPase) expres-
and responsible for determining the protein’s subcellularsion and consequently inhibits its own activity, and it also inhibits
location. Indeed, a general pattern emerges with N-ter-the activity of SOS and Raf-1 by direct phosphorylation.

minal phosphorylation generally inhibiting Raf-1, whereas
C terminus phosphorylation generally activates it (Figure

2003). We do not yet know if S296 and S642 alone can 2). As S642 is the only inhibitory site in the C terminus,
inhibit Raf-1, but these observations raise the interesting its function is particularly interesting and will no doubt
possibility that all Raf isoforms are regulated by an ERK be subjected to future scrutiny.
feedback loop. It is unclear whether hyperphosphorylation can also

Dougherty et al. (2005) also show that hyperphosphor- inhibit fully activated Raf-1, as the sustained activity
ylated Raf-1 is dephosphorylated by protein phos- observed with 6A Raf-1 could either be because it can-
phatase 2A (PP2A) and that this requires Pin1, a prolyl not be inhibited or deactivated properly, or because
isomerase that converts phosphoserine (and phos- although it is inhibited/deactivated normally, it contin-
phothreonine)-proline from the cis to the trans confor- ues to be activated for a longer time period. The fact
mation. Only the trans forms are efficient substrates that S338 is dephosphorylated more rapidly in wt Raf-1
for PP2A, and in Pin1�/� cells Raf-1 is constitutively than in 6A Raf-1 (Dougherty et al., 2005) does suggest
hyperphosphorylated and refractory to activation. These that hyperphosphorylation makes the active protein
results provide a molecular explanation of feedback inhi- more susceptible to deactivation. However, it may also
bition, whereby ERK phosphorylates Raf-1, producing interfere with Raf-1 binding to other proteins such as
a form that is refractory to activation until it is recycled MEK or to scaffold proteins such as KSR, and it will be
through Pin1 and PP2A. Thus, phosphorylation allows important to dissect the functions of the individual sites.
Raf-1 to take a step forward to become active but then Whatever their mode of action, as the authors comment,
forces it to take two steps back to a state where it cannot this feedback is likely to ensure that Raf-1 signals are
be activated any more. carefully regulated, preventing overamplification and

The physiological role of this feedback loop is cur- possibly allowing Ras to bind to other effectors.
rently unclear. Only a fraction of Raf-1 is activated in This study raises several other interesting questions.
mitogen-stimulated cells, but the whole population is In particular, how does Raf escape this feedback loop
hyperphosphorylated and the hyperphosphorylated in the approximately 15% of cancer cells that harbor
protein cannot be activated, thus preventing sequential mutated Ras and so have constitutively activated ERK?
rounds of Raf-1 signaling. With this in mind, it is some- A simple answer may be that A-RAF and B-RAF are not
what surprising that when all six sites are mutated (6A inhibited by ERK and so they couple Ras to MEK in
Raf-1), mitogen-stimulated Raf-1 kinase activity and cancer. This may explain why C-RAF is not mutated in

cancer, because even if it were, the feedback loop wouldS338 phosphorylation are not significantly elevated

Figure 2. Schematic Representation of Raf-1

The important features of the protein are
shown, including the Ras binding domain
(RBD), a cystein-rich domain (CRD), and the
kinase domain. Phosphorylation of residues
marked in blue is required for Raf-1 activity,
whereas those in red block its activation. Res-
idues marked with an asterisk are phosphory-
lated by PKA, and those with a cross symbol
are phosphorylated by ERK.
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the matrix (MA), capsid (CA), and nucleocapsid (NC)Domain Swapping
proteins. CA reorganizes to form the shell of the matureand Retroviral Assembly viral core, which has a distinctive conical shape in HIV-1.

Formation of the immature particle is driven by the
interactions of Gag with itself, with RNA, and with cellular
membranes. The CA region of Gag is the most important
locus of protein-protein interactions during immature
particle assembly, but the nature of these interactionsIvanov et al. (2005) recently reported the structure of
has remained unclear. While HIV-1 is highly organized,a mammalian SCAN domain. The molecule is a struc-
viral particles differ both in size and in the number oftural homolog of the HIV-1 capsid protein and forms
copies of Gag they incorporate. This precludes directa domain-swapped dimer in solution. The authors pro-
determination of the virion structure by cryo-electronpose a similar domain-swapping event facilitates
microscopy or X-ray crystallography. Hence the molecu-HIV-1 assembly, providing a new model for protein-
lar architecture of HIV-1 and other retroviruses has beenprotein interactions underlying viral particle formation.
slowly inferred through study of their components.

Mature CA is composed of two independently folded,
predominantly helical domains. The C-terminal of theseThe assembly of retroviruses is directed by a single
domains (the CTD) contains the most highly conservedprotein, Gag, which is an extended molecule composed
sequence within Gag, a stretch of 20 amino acids termedof multiple domains. Several thousand copies of Gag
the major homology region (MHR). Some residues withinare arranged radially within each spherical and enve-
the MHR are invariantly conserved across all eight ret-loped viral particle, with their N termini associated with
roviral genera, a striking anomaly in sequences that havethe lipid bilayer and their C termini contacting the RNA
elsewhere widely diverged, and one that implies an es-genome in the virion interior. Sometime after particle
sential function for the MHR in the viral life cycle. Struc-formation, in a process termed maturation, the Gag pro-
turally, the MHR encompasses much of the first of thetein is cleaved by the viral protease, releasing the struc-

tural proteins found in the infectious virus. These include CTD’s four helices, as well as the �-turn and extended


