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Scaffold Proteins: Hubs for Controlling
the Flow of Cellular Information

Matthew C. Good,* Jesse G. Zalatan,* Wendell A. Lim**3t

The spatial and temporal organization of molecules within a cell is critical for coordinating

the many distinct activities carried out by the cell. In an increasing number of biological
signaling processes, scaffold proteins have been found to play a central role in physically
assembling the relevant molecular components. Although most scaffolds use a simple tethering
mechanism to increase the efficiency of interaction between individual partner molecules,

these proteins can also exert complex allosteric control over their partners and are themselves
the target of regulation. Scaffold proteins offer a simple, flexible strategy for regulating selectivity
in pathways, shaping output behaviors, and achieving new responses from preexisting

signaling components. As a result, scaffold proteins have been exploited by evolution,
pathogens, and cellular engineers to reshape cellular behavior.

ammalian cells contain an estimated
M 1 billion individual protein molecules,

with as many as 10% of these involved
in signal transduction (7). Given
this enormous number of mole-
cules, it seems remarkable that cells A
can accurately process the vast ar-
ray of signaling information they
constantly receive. How can sig-
naling proteins find their correct
partners—and avoid their incorrect
partners—among so many other
proteins?

A principle that has emerged
over the past two decades is that
cells achieve specificity in their
molecular signaling networks by
organizing discrete subsets of pro-
teins in space and time (Fig. 1A)
(2—4). For example, functionally
interacting signaling components
can be sequestered into specific
subcellular compartments (e.g.,
organelles) or at the plasma mem-
brane. Another solution is to assem-
ble functionally interacting proteins
into specific complexes. More than
15 years ago, the first scaffold pro-
teins were discovered—proteins
that coordinate the physical as-
sembly of components of a sig-
naling pathway or network (5—10).
These proteins have captured the
attention of the signaling field be-
cause they appear to provide a
simple and elegant solution for
determining the specificity of in-
formation flow in intracellular
networks (2, 11, 12). We review
our current understanding of these
organizational proteins: the types
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used in evolution or engineering to change sig-
naling behaviors.

Scaffold Proteins: Versatile Tools to
Assemble Diverse Pathways

Scaffolds are extremely diverse proteins, many of
which are likely to have evolved independently.
Nonetheless they are conceptually related, in that
they are usually composed of multiple modular
interaction domains or motifs (see Box 1A for an
example). Their exact domain composition and
order, however, can vary widely depending on
the pathways that they organize.

In some cases, homologous individual inter-
action motifs can be found in scaffolds associated
with particular signaling proteins. For example,
the AKAPs (A-kinase anchoring proteins), which
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Fig. 1. Scaffold proteins organize cellular information flow. (A) Spatial organization is necessary to achieve high-fidelity
intracellular information transfer. Proteins can be assembled into specific complexes by compartmentalization
(organelle targeting), by membrane localization, and by scaffold proteins. (B) Intracellular signaling pathways often use
scaffold proteins. Canonical examples include Ste5, essential to the yeast mating MAPK pathway, and KSR, which
directs signaling in the mammalian Ras-Raf-MEK-MAPK pathway. (C) Scaffold proteins also play an important role in
organizing cell-cell communication junctions, such as neuronal synapses. The PDZ scaffold, PSD-95, controls NMDA and
AMPA glutamate receptor targeting to the synapse. (D) Assembly-line processes such as protein folding use scaffold
proteins. The HOP protein promotes transfer of unfolded proteins between Hsp70 and Hsp90 chaperones.

VOL 332 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on May 25, 2011


http://www.sciencemag.org/

A Modular interactions of Ste5 scaffold protein

Three-tiered kinase cascade

1
Fus3

Gp (Sted) Fus3 PIP, Stel1 Ste7
Plasma Heterotrimeric MAPK Lipid MAPKKK MAPKK MAPK
membrane G protein (regulatory) (catalytic)
i\
LIGANDS !
Steb5
++++++++ °
(917aa) N RARNRN ....% / L e00000000,,,
BINDING  ~~ "~ °° . ©000
© 463-514
DOMAINS S(te11-BI)3
PM {\[e] Fus3-BD PH Ste5ms (VWA domain)
(45-64) (177-229) (288-315) (388-518) (593-786)
T Input .
g COreafm:\aalmg | regulated . | | | \ Allosteric
= P v Membrane recruitment Tether MAPK cascade coactivation
(&) H of Fus3
Z ] .
S | Higher-order Target of Cdk Mediates feedback
L regulation negative regulation phosph. of Ste5 by Fus3
B Core steps of signal propagation C Higher-order regulatory mechanisms
Membrane Cdk negative regulation FeedbaCk_ Morphological
Receptor recruitment @ MAPK of pathway activation phosphorylation  response
activation Tether MAPK activation of Ste5 (% of cells schmooing)
a-factor cascade = 100 Ste5
| INPUT Phosph. A GBY Gy 501 wild-ype
M ocks §
oo § o

o T I T &
&

E €2

=
SN

“wd

OUTPUT

Box 1. Structure and mechanisms of a canonical scaffold: the MAPK
scaffold protein Ste5. (A) The Ste5 scaffold protein is composed of
modular interaction domains, some of which mediate essential steps in
the three-tiered mating MAPK signaling cascade, and some of which
function in higher-order regulatory behaviors. (B) Core steps of mating path-
way (see also movie S1): Binding of o-factor peptide to its receptor (Ste2)
leads to activation of the guanine nucleotide binding protein (G protein)
and dissociation of GBy (Ste4 and Ste18) from the Ga subunit (Gpal).
The Ste5 RING domain binds to the free GBy complex (54, 55), triggering
rapid recruitment of the scaffold to the membrane. Stabilization and
discrete localization of Ste5 at the plasma membrane also require the
interaction of its PM domain (an amphipathic helix) (14, 25) and a cryptic
pleckstrin homology (PH) domain with the lipid bilayer or anchored
phosphoinositides (13). A region on Ste5 that overlaps with the PH do-
main binds to the MAPKKK Ste11 (5, 56) and, upon pathway activation,
colocalizes the MAPKKK Ste11 with its activator, Ste20 [a MAPKKKK, sim-
ilar to the p21-activated kinase (PAK)], which is localized to the mem-
brane in a preactivated state. Phosphorylation of the MAPKKK Ste1l by
Ste20 initiates the MAPK cascade. The MAPKK Ste7 is assembled into the
mating signaling complex through the VWA domain of Ste5 (PDB ID

00 ( :

' P
Cdk on Ste5

. ( 4y (Fus3, Fus3 AFus3-BD

( Jc

M Cdk off

Fus3

o-Factor (uM)

3FZE), and can be efficiently phosphorylated by the colocalized and
activated MAPKKK Ste11. The minimal VWA also functions as a coac-
tivator that permits Ste7 activation of the MAPK Fus3, which is tethered
to Ste7 via docking motifs (PDB ID 2B9H) (18, 57) (see Fig. 4C). (C)
The Ste5 scaffold also takes part in higher-order regulatory processes.
Phosphorylation of the PM helix by Cdk blocks Ste5 membrane binding
(25), thus preventing activation of the mating response at specific stages
of the cell cycle. The Fus3-binding domain (Fus3-BD; PDB ID 2F49)
appears to be important for regulatory feedback phosphorylation of
Ste5 by Fus3, rather than for core signal transmission through the MAPK
cascade (27). Phosphorylation of at least four sites on the Ste5 scaffold is
dependent on recruitment of Fus3 though the Fus3-BD. These reg-
ulatory phosphorylation sites on the scaffold inhibit pathway activity
and are thought to help shape the ultrasensitive cell morphology re-
sponse (shmooing) that occurs during mating. Mutation of the Fus3-BD
does not prevent mating but rather leads to a much more graded shmooing
response when stimulated by a-factor (27, 28, 39). Thus, this regulatory
interaction may shape this switch-like cell-fate decision. Structures not
denoted by PDB numbers in (B) and (C) were created using homology
models.
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link protein kinase A (PKA) to diverse signaling
processes, all share a common short peptide mo-
tif that binds to the regulatory subunit of PKA
(4). However, the other domains in individual
AKAPs are highly variable, depending on what
inputs and outputs the scaffold protein coordinates
with PKA. Thus, scaffold proteins are flexible
platforms assembled through mixing and match-
ing of interaction domains.

There are a number of examples of con-
vergent scaffold evolution. For example, the Ste5
protein in yeast and the KSR (kinase suppressor
of Ras) protein in mammals (Fig. 1B) both coor-
dinate mitogen-activated protein kinase (MAPK)
pathways but do not appear to be related in se-
quence. The SteS and KSR scaffold proteins both
carry out a similar set of functions: They phys-
ically assemble the individual kinases that make
up their cognate MAPK cascades (as well as up-
stream regulators) (Fig. 1B) (5, 7, 8); they control
MAPK pathway localization (e.g., membrane an-
choring) (8, 13, 14); they can insulate MAPK
signaling proteins from competing inputs, such
as components from functionally distinct MAPK
pathways (15, 16); and they are required for
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efficient signaling (17, /8). Box 1 summarizes
the mechanisms used by the Ste5 scaffold protein
to control yeast MAPK signaling. Thus different
molecular implementations of scaffolds can be
used to play a similar role in signaling.

Scaffold proteins that direct intracellular
signaling are not limited to coordinating kinase
cascades; they can organize other classes of mo-
lecules, such as those involved in guanosine
triphosphatase (GTPase) signaling. For exam-
ple, the yeast protein Bem1 directs the interac-
tion between the guanine nucleotide exchange
factor (GEF) Cdc24 and its downstream GTPase
substrate, Cdc42 (19). Such coordinated GTPase
regulation controls precise morphological behav-
iors such as polarized budding of yeast cells.

Scaffold proteins can also coordinate com-
munication at cell-cell signaling junctions such as
neuronal synapses. Synaptic scaffolds, such as
the PDZ domain—containing protein PSD-95,
contain a set of domains that bind to neuronal
receptors [such as N-methyl-p-aspartate (NMDA)
receptors], to other scaffold proteins, and to the
actin cytoskeleton. They build preformed assem-
blies that are precisely anchored at sites of cell-

cell contact (e.g., the postsynaptic density), thus
allowing cells to respond efficiently to stimuli
(e.g., neurotransmitter release from the partner
cell) (20). PSD-95 also helps to determine the
output of synaptic activation by colocalizing key
downstream effectors, such as neuronal nitric
oxide synthase (nNOS) (which is activated by
local calcium influx upon NMDA receptor acti-
vation) (Fig. 1C). These scaffolds also mediate
key functional changes at the synapse: They
coordinate the stimulus-induced recruitment of
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors to synapses, a process
thought to be required for long-term potentiation
and memory. These critical regulatory changes at
properly stimulated synapses are mediated by
direct interaction of PSD-95 and other scaffolds
with a class of proteins known as transmembrane
AMPA receptor regulatory proteins (TARPs) (21).
The scaffold proteins that function in cell-cell
communication not only coordinate the signaling
molecules that they interact with, but also target
or anchor the complexes at the appropriate cel-
lular location for receiving specific inputs. For
example, the related PDZ domain scaffold, InaD,
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Fig. 2. Scaffold proteins can mediate pathway regulation and feedback to shape
complex signaling responses. (A) Scaffold proteins are analogous to circuit
boards—maodular platforms that wire together components and direct the flow
of information—and can program complex signaling behaviors. (B) Scaffold
proteins function to wire pathway input and output through alternative possible
routes. (C) Scaffold proteins can mediate branching of pathways to multiple
outputs. (D) Scaffold proteins are themselves the targets of regulation. In T cell
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signaling, activation of the T cell receptor causes phosphorylation of the LAT and
Slp76 scaffolds by Zap70, and phosphorylation-dependent recruitment of sub-
strates leads to phospholipase C—y (PLCy) activation and PIP, hydrolysis. (E)
Scaffold proteins can be the target of feedback phosphorylation that tunes
pathway responses. Feedback phosphorylation of the KSR scaffold by acti-
vated ERK blocks Raf (MAPKKK) binding and attenuates MEK activation,
thereby decreasing pathway output. [Plot adapted from (24)]
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organizes the visual response cascade in the fruit
fly (9, 22).

Scaffold proteins can also coordinate assembly-
line processes—situations where a molecule must
be passed from one partner to another in a sequen-
tial manner. Proper folding of some client pro-
teins, such as steroid hormone receptors, appears
to require a sequential handoff from Hsp70 to
Hsp90 chaperones, a process that is coordinated
by the scaffold HOP (Hsp70 and Hsp90 organiz-
ing protein) (Fig. 1D) (23). Thus, scaffold pro-
teins can have functions in controlling the flow of
different classes of biological information that
extend beyond what is traditionally considered
signal transduction.

Circuit Boards for Wiring Pathway Connectivities
and Shaping Pathway Responses

Scaffold proteins can be thought of as molecular
circuit boards that can organize a wide variety of
circuit relationships between signaling proteins
(Fig. 2A). There appear to be common themes
to the types of functional circuit topologies orga-
nized by scaffold proteins, despite the diversity
of their molecular implementation.

The conceptually simplest scaffold proteins
determine a specific linear input-output pathway
among a set of potential partner proteins (Fig.

A

Tethered

Freely diffusing

Scaffold

2B). Scaffold proteins can also mediate pathway
branching—the fanning out of signaling infor-
mation to multiple outputs that are part of the
assembled complex (Fig. 2C).

In an increasing number of cases, scaffold
proteins have been found to be direct targets for
regulation: Pathways can be turned on or off by
inputs that modify the scaffold protein rather than
the actual signaling enzymes (Fig. 2D) (24, 25).
One of the clear benefits of using scaffold proteins
to organize signaling complexes is that protein re-
cruitment, and thus pathway function, can be easily
regulated by external signals that modify associa-
tion of other proteins with the scaffold. The scaf-
fold proteins LAT and SLP-76, which help organize
T cell signaling (Fig. 2D), provide an elegant exam-
ple of this positive regulation. Under basal con-
ditions, LAT and SLP-76 do not assemble active
signaling complexes. However, upon T cell acti-
vation, the tyrosine kinase Zap70 is activated and
recruited to the T cell receptor and phosphorylates
a number of tyrosine motifs within the scatfold
proteins LAT and SLP-76. These phosphorylated
sites act as docking motifs for several Src homol-
ogy 2 (SH2) domain—containing proteins (10, 26).
The phosphorylation-induced assembly of this
complex triggers the major downstream path-
ways of T cell activation.

Unscaffolded

Substrate

&

Scaffolded reaction

' Substrate

REVIEW I

Scaffold phosphorylation can also be inhibi-
tory and can block protein-protein and protein-
lipid interactions. Phosphorylation of the yeast
Ste5 scaffold protein by the cell cycle-regulated
kinase Cdk1 (cyclin-dependent kinase 1) blocks
association of the scaffold with the plasma mem-
brane, thereby specifically attenuating mating
signaling after cells have committed to the “start”
(G,-S transition) of the cell cycle (Box 1C) (25).

Perhaps the most sophisticated role of scaf-
fold proteins is to coordinate complex feedback
loops in signaling pathways by, for example, coor-
dinating mechanisms that can turn off the pathway
(Fig. 2E) (27, 28). In these cases, the scaffold ap-
pears to play a central role in precisely shaping
signaling response properties, such as dynamics
or dose response. For example, the KSR scaffold
protein assembles a three-tiered MAPK pathway
in mammalian cells, and activation of the terminal
MAPK creates a feedback loop that phosphorylates
the KSR scaffold and the MAPK kinase kinase
(MAPKKK) Raf (Fig. 2E). These modifications
disrupt binding of the MAPKKK to the KSR scaf-
fold and shut down pathway activation (Fig. 2E)
(24). Mutation of the KSR phosphorylation sites
results in dissociation of the scaffold from the
plasma membrane and abnormal pathway dynam-
ics, including sustained pathway activation.
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Fig. 3. Benefits and costs of scaffold tethering mechanisms. (A) By colocalizing
enzyme and substrate, scaffold proteins can lower the entropic cost of
signaling interactions; the loss of independent translational and rotational
degrees of freedom is paid through binding interactions with the scaffold. The
size of the advantage gained depends on the flexibility of the scaffold
structure. (B) By restricting the conformational freedom of interacting proteins,
scaffolds can orient these molecules to enhance the rate of signal transfer. The

rigid cullin scaffold proteins tether E2 ubiquitin-conjugating enzymes and their
substrates. If the cullin backbone is made flexible by mutation, the rate of
substrate ubiquitination is greatly decreased. (C) Tethering has potential
drawbacks: At high concentrations, scaffolds may titrate enzyme and substrate
away from one another. (D) Increased affinities can restrict substrate release
and diffusion throughout the cell, potentially limiting signal amplification and
spatial redistribution (e.g., nuclear localization).
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A recurring theme is that scaf-
fold proteins increase the flexibility A
of a cell’s signaling responses. Scaf-
fold proteins can serve as targets for
many forms of regulatory modula- .
tion, thereby allowing the cell to i
achieve a wide range of behaviors
from a limited set of components.

Molecular Mechanisms of Scaffold
Proteins: Tethering, Orientation, and
Allosteric Regulation

How do scaffolds physically direct
communication between the appro-

priate signaling partners? The most
primitive scaffold proteins likely ex- c
ert their effects through simple teth-
ering of partner molecules. Tethering
increases the effective concentration
of enzymes and their substrates (Fig.
3A). For an enzyme that brings to-
gether two small-molecule substrates,
the effective concentration may be
as large as 10° M (29). This large
effect is a consequence of avoiding oo
the entropic penalty (the loss of trans-
lational and rotational degrees of
freedom) for the molecules finding
one another in solution, made pos-
sible by an enzyme that binds and
pre-positions its substrates. Similar-
ly, a scaffold protein that binds and
orients two weakly interacting pro-
tein substrates is expected to provide
a large entropic advantage. Howev-
er, theoretical and experimental es-
timates for the entropic penalty for
bringing two protein molecules to-
gether vary widely (30, 31). The
length and flexibility of the scaffold tether will
also affect reaction rates, and these factors are
only beginning to be systematically explored.

Scaffold proteins that direct protein ubiqui-
tination appear to function in part through properly
orienting target proteins with upstream enzymes.
Efficient ubiquitination of target substrates for
proteasomal degradation requires the cullin-RING—F
box complex, which acts as a scaffold to tether
the target substrate and the E2 ubiquitin-conjugating
enzyme together. However, simple tethering alone
is not sufficient to stimulate substrate ubiquitina-
tion; the cullin scaffold backbone must be rigid to
function properly (Fig. 3B) (32). Mutations that
introduce flexibility into the scaffold greatly limit
substrate ubiquitination (33), presumably because
of loss of orientational specificity.

Although nearly all evidence suggests that
simple enforced proximity is an important mech-
anism for scaffold proteins, there are functional
tradeoffs that emerge when only this type of
mechanism is used for wiring the interactions
of signaling components. For example, a simple
tethering scaffold can exhibit concentration-
dependent titration effects. Mathematical models
predict that increasing the concentration of scaf-
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fold protein will first favor increased interaction
between partner proteins, but then, at higher con-
centrations (in excess of the component partner
proteins), will titrate partner proteins into separate
complexes, thus inhibiting their interaction (Fig.
3C) (34). Some hint of this biphasic effect has
been demonstrated experimentally for the scaf-
fold protein SteS in the yeast mating MAPK
pathway response (35), although the degree of
inhibition at high scaffold protein concentration
is small. Inhibition of c-Jun N-terminal kinase
(JNK) MAPK signaling due to overexpression of
the JNK interacting protein 1 (JIP1) scaffold also
demonstrates the biphasic effect (36).

A second potential tradeoff in using a simple
tethering scaffold is the potential reduction in
signal amplification. Many pathways are thought
to amplify input signals by having multiple stages
of signal transfer, as in a kinase cascade. Because
each enzyme can modify many substrates, a sin-
gle input signal (such as a peptide or hormone
binding to a receptor) can be converted through
a three-tiered kinase cascade into a greatly mag-
nified output response. But if a tethering scaf-
fold protein is required for the cascade, substrate
turnover and signal amplification could be sub-

of nuclear targets

Fig. 4. Allosteric regulation by scaffold proteins. (A) Scaffolds can allosterically modulate the conformation of enzymes
and substrates to gate information flow. (B) In MAPK ERK signaling, KSR can directly bind to the MAPKKK Raf and
influence its activity toward the MAPKK MEK. The kinase-homology domain of KSR dimerizes with Raf, altering the
conformation of the C-helix on Raf so that its kinase domain becomes catalytically active (thereby allowing Raf to
phosphorylate MEK). (C) The VWA domain of Ste5 promotes phosphorylation of the MAPK Fus3 by the MAPKK Ste7. The
scaffold may unlock the activation loop of the MAPK Fus3 to make it a better substrate for MAPKK Ste7.

stantially reduced (Fig. 3D) (37), assuming that
binding to individual components is tight and
dissociation is slow. A related problem is that
high-affinity tethering could prevent the diffusion
of substrates away from their site of activation.
In principle, scaffold proteins could use more
sophisticated mechanisms to overcome the trade-
offs of tethering. Cooperative or allosteric assem-
bly of pathway components on the scaffold, for
example, could mitigate the biphasic effect. Bio-
chemical and structural studies of scaffold pro-
teins are beginning to reveal that these proteins
often make use of allosteric mechanisms that can
minimize the tradeoffs of tethering (Fig. 4A). The
MAPK scaffold protein KSR promotes signaling
through the three-tiered ERK MAP kinase cas-
cade through both tethering and allosteric mech-
anisms. In addition to colocalizing the MAPKKK
Raf and the MAPKK MEK, the KSR scaffold
protein also allosterically activates the kinase
domain of Raf (Fig. 4B) (38). This allosteric ef-
fect of KSR is mediated by a kinase-homology
domain in KSR that binds to and activates Raf.
This scaffold function appears to be distinct from
canonical tethering because there is no indication
that Raf activity biphasically decreases with in-
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creasing concentrations of KSR (38). Instead,
binding of increased amounts of KSR to Raf
monotonically increases the amount of active Raf
enzyme. Recent studies further suggest that the
Raf/KSR interaction is reciprocal: While KSR
stimulates Raf, Raf also appears to stimulate
kinase activity of the KSR kinase-homology
domain, which may play a role in signaling to
the MAPKK MEK (39, 40). These allosteric
mechanisms may increase the efficiency of sig-
nal transmission relative to that which occurs
simply through tethering the MAPKKK and
MAPKK proteins together.

Allosteric regulation has also been observed
for the yeast mating response MAPK scaffold pro-
tein Ste5. In SteS, a VWA (von Willebrand factor

type A) domain is required to allosterically un-
lock the MAPK Fus3 so that it becomes a good
substrate for the MAPKK Ste7; in the absence
of scaffold, activated Ste7 cannot phosphorylate
the MAPK Fus3, although it is catalytically com-
petent to phosphorylate other potential substrates
(Fig. 4C and Box 1) (/8). This scaffold mech-
anism may be important for signaling specificity
in Saccharomyces cerevisiae because the MAPKK
Ste7 can be activated by inputs other than mating
pheromone stimulation. The Ste5 scaffold VWA
domain functions as a coactivator: It does not appear
to modulate the association of the MAPKK Ste7
with the MAPK Fus3; instead, it specifically en-
hances the phosphorylation of Fus3 by Ste7 (Fig.
4C). This type of allosteric control may be physio-

REVIEW I

logically important for the pathway: Because this
mechanism does not appear to require tight bind-
ing between the scaffold and the MAPK Fus3,
it may avoid problems associated with substrate
release, thus allowing both signal amplification
and MAPK translocation to the nucleus (78, 41).

Scaffolds Can Be Used as Platforms
for Redirecting Information Flow
in Evolution and Engineering

Perhaps the most powerful feature of scaffold
proteins is their potential to facilitate the evolu-
tion of new pathways. A scaffold is a separate,
genetically encoded entity controlling the interac-
tion of signaling components, and the creation
of new or recombined scaffold proteins could

A Pathogen scaffold proteins B Rewired native signaling pathways
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MR Y. pestis input input input
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Fig. 5. Scaffold proteins are modular and can be used as platforms for
redirecting information in evolution and engineering. (A) Pathogens can use
scaffold-like proteins to rewire host signaling responses. The YopM scaffold
from Y. pestis forces the interaction of the host Rsk1 and Prk2 kinases. The
inappropriate activation is necessary for virulence. Viral scaffold proteins, such
as HIV Vif, can target antiviral host proteins, such as the cytidine deaminase
APOBEC3G, for degradation by targeting them to cullin-E2 ubiquitin ligases.
(B) Engineered scaffolds can direct new cell signaling behaviors. A chimera of
the Ste5 and Pbs2 yeast MAPK scaffold proteins can redirect mating pathway

input to osmolarity pathway output. (C) Synthetic feedback loops can be
engineered by controlling recruitment of positive and negative effectors to the
Ste5 MAPK scaffold protein. Such loops can be used to precisely shape the
dynamics and dose response of the yeast mating MAPK pathway to produce a
wide range of signaling behaviors. (D) Natural metabolic pathways are often
organized into multienzyme complexes that function like an assembly line to
enhance the rate and yield of metabolite production. Engineered scaffold
proteins can link together novel combinations of metabolic enzymes to more
efficiently synthesize desired chemical products. [Adapted from (53)]
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provide a simple mechanism for linking pre-
existing components in novel ways (2). The abil-
ity to recombine pathways and regulate signaling
behaviors with scaffolds can be likened to how
the modular architecture of promoters gives rise
to the diverse transcriptional responses that dif-
ferentiate cell and tissue types.

The modular structure of most scaffold
proteins implies an evolutionary history involv-
ing recombination of interaction domains. Al-
though we are just beginning to trace the evolution
of scaffold proteins through genomic compar-
isons, one example of rapid evolution of new
pathway linkages through scaffolds is in pathogen-
host interactions. Pathogens often hijack and
rewire host signaling pathways, and pathogen
scaffold proteins have been described (42). The
pathogenic bacteria Yersinia pestis produces a
scaffold-like protein (YopM) that artificially links
together two kinases (Rsk1 and Prk2) that do not
normally interact (Fig. 5A). YopM is secreted
into host immune cells, and although the exact
consequence of linking these two kinases is un-
clear, the binding and activation of the Rsk1 and
Prk2 kinases by YopM is necessary for Y. pestis
virulence (43, 44). Similarly, a number of viruses
encode scaffold proteins that act to target spe-
cific host antiviral proteins for ubiquitination
and degradation. The human immunodeficiency
virus (HIV) destroys the host APOBEC3G pro-
tein (a cytidine deaminase that interferes with viral
replication) by producing a scaffold protein, Vif,
which binds both APOBEC3G and a cullin-E2
complex (Fig. 5A) (45). A similar mechanism is
used by the respiratory syncitial virus (RSV) to
down-regulate the host STAT2 protein (46).

In principle, cellular engineers could also
mimic evolution and wire new signaling path-
ways and cellular behaviors by building synthetic
scaffolds. One simple approach to rewiring na-
tive signaling pathways is to fuse the functional
elements of two different scaffold proteins into a
chimeric scaffold protein. This strategy was suc-
cessfully used in S. cerevisiae to link the mating
and high-osmolarity stress MAPK pathway scaf-
fold proteins so that a mating input resulted in an
osmolarity response (Fig. 5B) (47).

More complex signaling behaviors can theo-
retically be achieved by engineering the recruitment
of pathway regulators, thus generating feedback.
A design strategy using modular recruitment of
positive and negative effectors to the Ste5 scaf-
fold generated feedback loops that result in a di-
verse array of MAPK pathway responses (48).
The dynamics and dose-response behavior of the
yeast mating MAPK pathway were greatly altered
by tethering components such as phosphatases to
a scaffold-kinase signaling complex (Fig. 5C).

Like cellular signaling, metabolic pathways are
composed of a series of enzymes that are often
assembled into complexes. Although these assem-
blies might not be considered true scaffold com-
plexes, they use the same principle of enforced
proximity. Substrate channeling in carbamoyl phos-
phate synthase, polyketide synthase, and tryptophan

6 MAY 2011

synthase is used to prevent loss of low-abundance
intermediates, to protect unstable intermediates
from interacting with solvent, and to increase
the effective concentration of reactants (Fig. 5D)
(49, 50). Moreover, pathway flux can be controlled
by regulating the assembly of these complexes,
just as signaling can be regulated by assembly of
a scaffolded complex (57). Given these parallels,
an important question for industry and medicine
is whether metabolic enzymes can be wired to-
gether into functional assemblies by engineered
scaffolds, yielding designer metabolic pathways
and small-molecule products. Remarkably, an
artificial scaffold protein that tethered together
three enzymes in a synthetic metabolic pathway
in Escherichia coli was found to enhance mevalo-
nate production by a factor of ~100 (Fig. 5D) (52).
Thus, the principles of modular complex assembly
can be used to flexibly control the flow of infor-
mation in both signaling and metabolic pathways.

Conclusions

Scaffold proteins function in a diverse array of
biological processes. Simple mechanisms (such
as tethering) are layered with more sophisticated
mechanisms (such as allosteric control) so that
scaffolds can precisely control the specificity and
dynamics of information transfer. Scaffold pro-
teins can also control the wiring of more complex
network configurations—they can integrate feed-
back loops and regulatory controls to generate
precisely controlled signaling behaviors.

The versatility of scaffold proteins comes
from their modularity, which allows recombina-
tion of protein interaction domains to generate
new signaling pathways. Cells use scaffolds to
diversify signaling behaviors and to evolve new
responses. Pathogens can create scaffold proteins
that are to their advantage: Their virulence depends
on rewiring host signaling pathways to turn off or
avoid host defenses. In the lab, scaffolds are being
used to build new, predictable signaling or meta-
bolic networks to program useful cellular behaviors.
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