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Rewiring the Regulatory Mechanisms of Signaling Proteins 

Nathan Alexander Sallee 

 

Abstract 

 

 Eukaryotic cells must process large amounts of information and respond correctly to 

stimuli in order to maintain the health of an organism. Much of this information 

processing is done by networks of signal transduction proteins. Many signaling proteins 

behave as allosteric systems that have both active and inactive states. These proteins must 

recognize specific molecular inputs and, in response, modify their catalytic or binding 

activities to create the appropriate output. One such allosteric switch is the GTPase-

binding domain (GBD) of the actin-regulatory protein WASP (Wiskott-Aldrich syndrome 

protein). Basally, the GBD autoinhibits WASP’s actin polymerization activity through an 

intramolecular interaction with the C helix, but intermolecular binding of the GTPase 

Cdc42 to the GBD disrupts this autoinhibitory interaction. The inspiration behind this 

work was to gain an understanding of some of the mechanisms by which the regulation of 

signaling proteins such as WASP can be rewired. Specifically we were interested in 

strategies for bypassing the endogenous regulation of these proteins and making them 

responsive to different inputs that we can control. We took two approaches to accomplish 

this: (1) engineering novel protein switching components and (2) studying the mechanism 

by which the pathogenic bacterium EHEC is able to hijack WASP regulation. 

 



 vii 

 In the first case, we found that by overlapping the primary sequences of pairs of 

protein interaction modules, we could render their two interactions mutually exclusive. 

We characterized the behaviors of these engineered interaction switches and also 

incorporated them into naturally-occurring signaling proteins and pathways. These 

modified components were able to rewire signaling in vitro and in vivo. 

 

 In the second, we characterized the EHEC protein EspFU, which potently activates 

host cell WASP, leading to actin polymerization. We found that EspFU contains a 

repeated mimic of the autoinhibitory C helix from WASP, and that this motif 

competitively disrupts WASP autoinhibition. It is also functionally significant that this 

motif is repeated six times in EspFU, because potent activity seems to be dependent on 

EspFU’s ability to coordinate the simultaneous activation of at least two WASP proteins. 
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Introduction 

  

 Eukaryotic cells must process large amounts of information and respond to this 

information in the correct manner in order to maintain cellular health. One of the major 

means of information processing in these cells is the network of cytoplasmic signal 

transduction proteins. Essentially, these signaling proteins function as molecular switches 

that turn “on” and “off” in response to the appropriate stimuli (Figure 1.1A). There are a 

wide variety of information currencies in the cell that cause these proteins to switch 

between states, including protein-protein interactions, protein phosphorylation, GTP/GDP 

exchange and control of subcellular localization. Large groups of proteins tightly regulate 

all of these processes so that a signaling protein is not switched “on” at the wrong time. 

The process of switching a protein “on” in response to a stimulus often consists of a 

conformational change within the protein that changes its behavior, possibly by exposing 

a previously hidden catalytic or binding site1. Other times switching “on” (in a broadly-

defined sense) can simply consist of bringing a signaling protein into contact with the 

ligand that it acts upon. These molecular switches form a large interconnected network in 

the cell, sensing stimuli from the extracellular environment and transmitting this 

information downstream through a cascade of signaling proteins to the location in the cell 

where the appropriate response can be carried out.  

 

 Much understanding has been gained in recent years regarding the mechanisms of 

regulation of these signaling proteins. In some cases, we now understand on a structural 

level how these proteins interact with an input ligand and change conformations in order 
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to carry out the correct output behavior2, 3. The central inspiration behind my thesis has 

been to work toward understanding how new input/output relationships can be generated 

in signaling proteins and how existing input/output relationships can be modified (Figure 

1.1B). These are compelling things to investigate for multiple reasons. First, by 

modifying the regulation of signaling proteins, we are also learning about their 

evolvability and gaining better understanding of how these complex molecular switches 

may have evolved from simpler components. Second, there is clear therapeutic relevance 

because many diseases are associated with the loss of regulation and fidelity of signal 

transduction4. Finally, even though our experiments focus on the modification of 

naturally-occurring signaling proteins, through this process we inevitably learn more 

about how these proteins are normally regulated and how they function in the cell.  

  

Mechanisms of Signaling Protein Regulation 

 

 It has long been recognized that proteins function as switches and change 

conformations in response to ligand binding. The first solved protein structures of 

hemoglobin showed that the protein exists in two different conformations depending on 

whether or not it is bound to oxygen5. The regulation of proteins like hemoglobin is 

referred to as allosteric regulation, meaning that binding of an input ligand (in this case 

oxygen) to the protein causes a conformational change that modifies the protein’s activity 

at a spatially distinct catalytic site1, 6. In a conventional allosteric protein, the input-

binding (allosteric) site and the catalytic site are contained within the same structural unit 

(Figure 1.2A). This unit can exist in two different folded conformations and the different 
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packing of amino acids in these two states mediates the coupling between the allosteric 

and catalytic sites. Binding of an activating input ligand generally results in stabilization 

of the active conformation of the protein.  

 

 GTPases are another family of allosteric proteins that have been studied extensively 

and are important regulators of many different signaling pathways7, 8. GTPases bind to 

the input nucleotide GTP, which stabilizes an active conformation with an intact effector-

binding site that mediates the protein’s output activity. GTPases also have an intrinsic 

hydrolysis activity that converts the GTP to GDP, thereby reverting the protein to the 

inactive conformation with a disrupted effector-binding site (Figure 1.2A). Large families 

of enzymes regulate this GTP/GDP exchange process – including guanine nucleotide 

exchange factors (GEFs) and GTPase-activating proteins (GAPs)9. GEFs catalyze the 

release of GDP from inactive GTPases, which opens the allosteric site for binding to GTP 

and activation10. GAPs, conversely, inactivate GTPases by increasing their intrinsic rate 

of GTP hydrolysis11. When in the GTP-bound state, GTPases can bind to and activate 

downstream signaling proteins that are involved in wide variety of cellular processes. For 

example, Ras family GTPases stimulate cellular differentiation and proliferation12, 13, 

while the Rho family regulates cell shape and movement14, 15. 

 

 In contrast to these classically allosteric proteins, many other signaling proteins have 

a more modular structure, where different functions are carried out by separable 

structural units16, 17. Where the above proteins contain input-binding sites and output sites 

within the same fold, these modular proteins have independently folding interaction 
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domains that are tethered to separate catalytic domains. Modular interaction domains are 

almost ubiquitous in the signaling proteins of higher eukaryotes. The domains have 

conserved folds that are almost always formed from contiguous stretches of amino acids. 

The folds also generally place the beginning and end of the domain sequence spatially 

close to one another in the structure, making them truly autonomous structural units. 

Many of these domains bind to short peptide sequences – three of the most prevalent 

interaction domains in humans are SH3 domains, which bind to short proline-rich 

sequences18, SH2 domains that bind to phosphotyrosine motifs19, and PDZ domains, 

which bind to specific sequences at the C-termini of proteins20. Other modular domains 

bind to larger proteins, like the p21-binding domain (PBD) that binds to the Rho GTPases 

described above, but only in the activated (GTP-bound) state21. Interaction domains from 

each of these families are found in a wide variety of signaling proteins in humans. These 

domain families are defined by sequence homology and a common folded structure, but 

sequence differences among the individual domains give them their particular ligand 

specificities. For example, all SH3 domains bind to proline-rich peptides, but some have 

additional specificity for basic amino acids at particular positions22. 

 

 One major advantage of the modular architecture of these proteins is that they are 

more readily evolvable. Because the proteins are subdivided into discreet structural and 

functional units, it is easy to imagine that domain recombination could pair different 

functions together and thereby create proteins with novel activities. This would obviously 

be more efficient than the evolution of an entirely new protein fold to carry out the same 

activity23. This idea that modularity facilitates evolution of new protein function and 
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regulation is supported by currently available genome sequence data24-26. Modular 

domains are increasingly prevalent in the genomes of higher eukaryotes, but 

interestingly, there are not large numbers of vertebrate-specific domains. Instead, 

increased complexity seems to be accomplished through the pairing of many of these 

modular domains into more complex architectures within single polypeptide chains. 

 

 One simple way that modular interaction domains can adjust the behavior of a 

signaling protein is to alter its localization. A common example of this would be a 

signaling protein with one or more domains that bind inputs and thereby bring an output-

mediating domain in the protein into contact with its downstream substrate. As an added 

level of regulation, induced localization is often made conditional by targeting with an 

SH2 domain, for example, that only binds its ligand when it has been phosphorylated in 

response to an upstream signal19. Other proteins regulate signaling by acting as scaffolds 

that have no output domain, but consist solely of multiple protein interaction domains27, 

28. These scaffolds bind to and colocalize pathway components and thereby increase flow 

through the signaling pathway. 

 

 In other cases, interaction domains in eukaryotic signaling proteins can mediate more 

complex forms of regulation. One common mechanism appears to be autoinhibition, in 

which an output domain is coupled with a regulatory domain in the same protein29. This 

regulatory domain is generally a modular protein interaction domain that binds 

intramolecularly to the output domain (Figure 1.2B). In many cases, the output domain 

alone would be constitutively active, but this intramolecular interaction inhibits its 
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downstream activity. The regulatory domain can turn the protein “off” by either 

stabilizing an inactive conformation of the output domain16 or by directly blocking access 

to the active site30. Autoinhibition then can be relieved through binding of the appropriate 

input molecule (activator) to the regulatory domain. Activator binding disrupts the 

intramolecular interaction by binding competitively to the same site as the output domain 

or by inducing a conformational change in the regulatory domain. From this basic 

regulatory scheme there have evolved signaling proteins that function as incredibly 

complex molecular switches. These proteins often have more than one regulatory domain 

and therefore multiple autoinhibitory interactions, which can only be reversed through the 

coordinated action of several activators. These protein switches function as signaling 

nodes that are able to integrate signals from multiple input molecules and only activate 

downstream effectors under a precise set of conditions. 

 

 One of the best-characterized groups of signaling proteins that display autoinhibition 

through modular interaction domains are the Src family tyrosine kinases (Figure 1.2B,C). 

Src has regulatory SH3 and SH2 domains N-terminal to its tyrosine kinase output 

domain31-33. The SH2 domain binds to a phosphorylated tyrosine residue just C-terminal 

to the kinase domain and the SH3 domain binds a proline-rich peptide in the SH2-kinase 

linker. Together, these two intramolecular interactions clamp the kinase domain into an 

inactive conformation where substrate access to the active site is restricted. Interestingly, 

neither of these autoinhibitory interactions directly contacts the output domain. Instead, 

by interacting with two sequences that flank the output domain, the regulatory domains 

are able to lock it into an inhibited conformation. One mechanism of Src activation is the 
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dephosphorylation of the C-terminal tyrosine, which disrupts the intramolecular SH2 

interaction, relieving kinase inhibition and freeing the regulatory domains to interact with 

intermolecular ligands34. 

 

 Another group of autoinhibitory switches is the Wiskott-Aldrich syndrome protein 

(WASP) family of actin-nucleating factors (Figure 1.2D). These proteins are central 

regulators of actin polymerization and cell motility35. WASPs have an output domain that 

coordinates with the Arp2/3 complex to initiate the formation of new branches on actin 

filaments36, 37. This output module is called the WCA and it consists of one or two actin-

binding WH2 domains (“W”), a central regulatory helix (“C”) and a stretch of acidic 

amino acids (“A”). The WCA alone constitutively activates actin polymerization, but in 

the context of full-length WASP proteins, this activity is completely autoinhibited. In the 

protein neuronal WASP (N-WASP), this is largely mediated by an intramolecular 

interaction between the regulatory GTPase-binding domain (GBD) and the C helix in the 

WCA38. This “off” state of N-WASP appears to be further stabilized by a synergistic 

intermolecular inhibitory interaction between a basic stretch of residues (“B”) adjacent to 

the GBD and the Arp2/3 complex39. Together, these interactions hold the N-WASP – 

Arp2/3 complex in an “off” state that is incapable of stimulating actin polymerization. 

 

 Many activators have been characterized that can disrupt the inhibited state of N-

WASP, but none of them have high potency when acting alone. Instead, groups of these 

inputs in combination have been shown to cooperatively activate N-WASP-mediated 

actin polymerization. The Rho family GTPase Cdc42 and the phospholipid 
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phosphatidylinositol-4,5-bisphosphate (PIP2), for example, bind to the GBD and the B 

motif, respectively, and synergistically activate N-WASP39-41. In has also been shown 

that a number of SH3 domain-containing proteins like Nck can activate N-WASP through 

interaction with its proline-rich region42. Some of these SH3 proteins cooperate with 

Cdc42 to activate N-WASP43, while others are cooperative with PIP2
44. Additionally, 

phosphorylation of N-WASP by Src family kinases on a residue in the GBD (Tyr 256) 

can disrupt autoinhibition45. The phosphorylated GBD can still interact with Cdc42 and 

these two inputs have also been shown to synergistically activate N-WASP and actin 

polymerization46. All of these results show that N-WASP is a finely-tuned regulator of 

actin polymerization that likely only functions in the cell when presented with a specific 

set of input molecules. 

 

Utilizing Modularity to Engineer Regulation into Signaling Proteins 

 

 As stated above, it seems likely that the modularity found in many eukaryotic 

signaling proteins reflects the benefits this architecture would have for the evolution of 

new types of regulation. In the same way, the modular architecture of these proteins has 

allowed researchers in recent years to engineer novel behaviors into signaling pathways 

through recombination of these functional units (Figure 1.3A). It has been demonstrated 

that through use of the same regulatory strategies that are found in natural signaling 

proteins (such as induced localization and autoinhibition), that normally unrelated input 

and output behaviors can be coupled through synthetic proteins47, 48. Most excitingly, 
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these engineered modular proteins have been introduced into in vivo systems where they 

can effectively rewire cellular signaling and behavior.  

 

 One such study showed that synthetic adaptor proteins made from modular 

interaction domains could rewire a normally proliferative signal into a cell death 

response49 (Figure 1.3B). These adaptors were hybrids of modular components from two 

different signaling pathways. The first is the epidermal growth factor (EGF) pathway, 

which activates the Ras GTPase, leading to differentiation and proliferation. EGF binds 

its receptor and induces autophosphorylation, leading to the recruitment of the adaptor 

protein Grb2 through interaction of its SH2 domain with the phosphopeptide on the 

receptor. Grb2 also has an SH3 domain that recruits the GEF Sos, which then activates 

Ras at the plasma membrane. The second pathway has a similar overall architecture: the 

Fas receptor recruits the Fas-associated death domain (FADD) adaptor that in turn 

recruits caspases through a death effector domain (DED). Activation of these caspases 

then initiates an apoptotic response. A synthetic adaptor consisting of the Grb2 SH2 and 

FADD DED domains was able to divert the EGF input to a cell death output. This 

demonstrates that use of modular interaction domains to modify protein localization can 

completely rewire signaling and dramatically alter cellular behavior. 

 

 Other studies have shown that sometimes autoinhibition can be imposed by flanking 

an output domain with a modular interaction domain and its corresponding ligand (Figure 

1.3C). Even though the intramolecular interaction does not directly contact the output 

domain in these cases, it somehow holds it in an inactive conformation. Artificial 
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intramolecular interactions such as this have been used to autoinhibit the WCA of N-

WASP50 and the catalytic Dbl-homology (DH) domain of GEFs for Rho GTPases51. Both 

of these output domains are subject to autoinhibition in native proteins and are perhaps 

more susceptible to regulation through conformational strain. Interestingly, in both of 

these cases autoinhibition seems to work without much regard for the identity of the 

domain that is mediating the intramolecular interaction. This has allowed for the coupling 

of a variety of activating inputs to these output behaviors. In the GEF example, the DH 

domain from the Cdc42 GEF intersectin was regulated by an intramolecular PDZ – 

peptide interaction. As an added level of regulation, the PDZ substrate was designed to be 

phosphorylatable by protein kinase A (PKA) in such a way that the phosphorylated 

peptide cannot bind to the PDZ (Figure 1.3C). This PKA-activatable Cdc42 GEF was 

introduced into cells and it was shown that treatment of these cells with the drug 

forskolin (which stimulates endogenous PKA) induced formation of filopodia at the cell 

membrane (a phenotype associated with activated Cdc42)51. This experiment, along with 

others, showed that these synthetic GEFs could effectively link PKA activation to 

normally unrelated morphological responses. 

 

Loss of Signaling Regulation in Disease 

 

 The critical importance of precise regulation in cellular signal transduction is 

underlined by the observation that many disease states can be traced to the loss of 

signaling fidelity. In fact, much of our current understanding of signaling regulation 

comes from study of the mechanisms by which this regulation is subverted by oncogenes 



 12 

and pathogens. One of the unifying traits of cancer, for example, is the deregulation of 

cell growth4. Normally this process is tightly controlled by multiple signaling pathways, 

but oncogenic mutations in proteins from these pathways lead to constitutive proliferation 

of cancerous cells. One of the first characterized examples of this was the discovery of 

activating mutations in Ras GTPases that were present in 20-30% of human tumors52, 53. 

These point mutations made the Ras GTPases constitutively active by preventing GAPs 

from hydrolyzing bound GTP. Since then, many other oncogenes have been characterized 

that increase flux through the Ras signaling pathway, including deletion of the Ras GAP 

neurofibromin and mutation or amplification of downstream effectors of Ras like the Raf 

kinases54, 55.   

 

 Specific cancers are associated with even more elaborate modifications to signaling 

proteins that rewire signal transduction in complex ways. For example, chronic 

myelogenous leukemia (CML) is characterized by a chromosome translocation that 

generates the Bcr-Abl fusion protein56. Wildtype Abl is a tyrosine kinase that resembles 

the Src kinases in domain architecture and regulation – the kinase domain is basally 

autoinhibited by intramolecular interactions mediated by SH2 and SH3 domains. This 

inactive conformation is further stabilized by a third, Abl-specific autoinhibitory 

interaction between an N-terminal myristoyl group and the C-lobe of the kinase domain57 

(Figure 1.4A). This complex group of regulatory interactions is subverted in CML 

through fusion of the N-terminal region of the Bcr protein to the C-terminus of Abl. This 

translocation deletes the myristoylation site from Abl, but not the SH2 and SH3 domains 

(Figure 1.4A). The Bcr protein has an N-terminal coiled-coil sequence that tetramerizes 
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and in the context of Bcr-Abl this clustering stimulates Abl autophosphorylation and 

activation58. Activation of Abl stimulates a number of downstream effectors that lead to 

proliferation, among other cellular responses. One of the best-understood pathways 

downstream of Bcr-Abl is initiated by phosphorylation of tyrosine 177 in the Bcr region 

of the fusion protein. This phosphorylation creates a Grb2 binding site, which recruits the 

Sos GEF and activates Ras, leading to growth signaling59, 60. Re-engineering of regulation 

into Bcr-Abl has been shown to be a viable therapeutic strategy for treating CML, 

specifically through use of the drug imatinib, which binds to and stabilizes the inactive 

conformation of the Abl kinase domain. 

 

 Pathogenic bacteria and viruses have also evolved an impressive array of mechanisms 

to rewire signal transduction of their host cells in order to facilitate their infection and 

survival. Study of these pathogenic mechanisms has informed much of our understanding 

of endogenous signaling regulation and also can teach us new ways to synthetically 

rewire the flow of information in cells. This hijacking of host signaling is generally 

mediated by pathogenic proteins that are either expressed on the surface of the pathogen 

or injected into the host cell through a secretion system. One common strategy for 

pathogens to employ is to express a protein that structurally and/or functionally mimics 

an endogenous signaling protein61-63. However, the pathogenic mimic will usually be 

super-activated relative to the regulated host protein64, 65.  

 

Many of these effector proteins sabotage regulation of the host cytoskeleton to 

facilitate entry, attachment or cell-to-cell spreading of the pathogen66-68. Some of the 
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most common targets for activation by pathogenic proteins are the WASP proteins, as 

well as proteins upstream and downstream in WASP signaling (Figure 1.4B). Some 

effectors directly mimic constitutively active WASP proteins, consisting of the WCA 

output domain with no regulatory domains. These include ActA from Listeria 

monocytogenes69 and RickA from Rickettsia conorii70, among others. Some pathogens 

mimic upstream inputs to WASPs – for example the protein Map from enteropathogenic 

Escherichia coli (EPEC) mimics the active state of the GTPase Cdc4271. Other 

pathogenic proteins rewire actin signaling through regulation of these upstream inputs, 

like the Salmonella typhimurium protein SopE, which is a super-active GEF of Rho 

GTPases72. Pathogens also can intervene downstream of WASPs by directly modulating 

assembly of actin, for example through the Salmonella proteins SipA and SipC73. 

Together, these proteins increase the rate of polymerization of monomeric actin and 

crosslink filamentous actin, forming protrusions of the host membrane that facilitate 

internalization of the bacterium.  

 

A recently-characterized actin signaling architecture showcases how understanding of 

pathogenic mechanisms can lead to discovery of endogenous signaling pathways. 

Regulated membrane recruitment of the WASP activator Nck was first shown to be an 

important actin stimulus in the infection of EPEC and vaccinia virus. EPEC injects the 

protein Tir into its host cells through a type III secretion system, where it inserts in the 

plasma membrane. Tir contacts intimins in the bacterial membrane, while its cytoplasmic 

region is phosphorylated by host Abl and Src kinases. This tyrosine phosphorylation 

creates recruitment sites for the Nck SH2 domain, leading to activation of WASPs and 
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actin polymerization at the membrane. Actin protrusions in the membrane called 

pedestals then form beneath the bacterium, making EPEC attachment possible74. A 

similar mechanism is used by vaccinia, except with Tir replaced by the viral surface 

protein A36R. Phosphorylation of A36R by host Src kinases likewise recruits Nck and 

WASPs, but here long actin tails are formed that are thought to spread the virus into 

neighboring cells75. Years later, the same signaling architecture was shown to occur 

naturally in the regulation of intercellular junctions between kidney epithelial cells, here 

with the transmembrane protein nephrin76. In all three cases, membrane recruitment of 

Nck leads to formation of membrane protrusions, but they perform unique functions 

involved in bacterial attachment, viral spread or formation of a filtration barrier between 

kidney cells. 

 

Conclusions 

 

 In the following chapters, I will describe two different approaches I took toward 

understanding the mechanisms by which regulation of signaling proteins can be rewired – 

first, through protein engineering and second, through characterization of a pathogenic 

activator. Both of these approaches revolved around the GBD regulatory element from 

WASP family proteins. The GBD is a sophisticated conformational switch that binds 

mutually exclusively to the autoinhibitory C helix and the activator Cdc4238, 77. These 

interactions are mediated by two modular protein interaction domains whose sequences 

are overlapped in the GBD, thereby rendering the interactions mutually exclusive (Figure 

1.5A). The Cdc42-binding module is the PBD, which is found in many proteins that are 
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responsive to the Cdc42 and Rac GTPases78. The C helix-binding module is the 

inhibitory segment (IS), which functions in the autoregulation of WASPs38 and p21-

activated kinases (PAKs)79. These two domains can function independently of one 

another, but when overlapped in the GBD, the two bound states become structurally 

incompatible. Specifically the overlap region adopts different conformations in the 

Cdc42-bound and C helix-bound states and the incompatibility of these two 

conformations makes the interactions mutually exclusive77 (Figure 1.5B). Thus the GBD 

is a conformational switch that gates WASP-mediated actin polymerization. 

 

 We first investigated whether the architecture of overlapped modular interaction 

domains found in the GBD could be extended to regulate other protein-protein 

interactions. We computationally designed overlaps of pairs of protein interaction 

modules and evaluated these chimeric proteins for mutually exclusive binding to their 

respective ligands80. We tested overlaps of many different modules in this manner and 

found a handful that functioned as interaction switches. For isolated switches, we went on 

to characterize the structural mechanism of switching and we showed that they could be 

used to regulate proteins and signaling in vitro and in vivo. 

 

 My second focus was the mechanistic characterization of the WASP activator EspFU 

from the pathogen Enterohemorrhagic E. coli (EHEC). EHEC is closely related to EPEC, 

but EHEC pedestal formation and infection was shown to be independent of Nck74, 81. 

Instead EHEC appeared to activate WASPs with the unique pathogenic protein EspFU, 

specifically through its interaction with the GBD82, 83. Interestingly, preliminary 
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experiments on EspFU showed that it could activate N-WASP with a potency over 100-

fold higher than single endogenous activators. We set out to characterize how an N-

WASP activator could achieve such potent activity and if EspFU, like other pathogens, 

was mimicking a super-activated Cdc42. We found that EspFU utilizes a novel pathogenic 

mechanism to activate WASPs with high strength and specificity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 18 

 
 
Figure 1.1: Cascades of signaling proteins regulate the flow of information in cells. 
A. Three proteins in a signaling pathway are depicted in black, grey and white. Each 
protein essentially functions as a switch that can be turned “on” through input from the 
upstream protein in the cascade. Once activated, the protein can then turn “on” the 
following, downstream protein in the cascade (we refer to this as the protein’s output 
activity). To illustrate, switching behavior of the grey protein is shown in detail. Binding 
of the black protein (input) causes a conformational change in the grey protein that allows 
it to interact with the downstream white protein (output). B. This flow of information can 
be rewired through modification of one of the proteins in the cascade. Changes in 
signaling proteins commonly occur in disease (for example through mutation), or the 
protein could be engineered to behave differently. As an example, the blue protein is a 
modified version of the above grey protein that responds to a different input molecule 
(red). Now the output behavior of this signaling pathway is responsive to the red protein 
instead of the black protein. 
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Figure 1.2: Allosteric regulation is a common mechanism of protein switching. 
(legend next page) 
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Figure 1.2: Allosteric regulation is a common mechanism of protein switching. A. In 
conventional allosteric proteins the input and output-mediating sites are distinct, but are 
contained within the same structural unit. This is illustrated by the example of GTPases, 
which conformationally switch between “on” and “off” states when they are bound to the 
nucleotides GTP and GDP, respectively. In the activated, GTP-bound state, GTPases 
have an effector-binding site that interacts with and activates downstream proteins. In the 
GDP-bound, “off” state, this binding site is disrupted structurally. B. In modular 
allosteric proteins, input binding occurs through structural units (domains) that are 
independent of the output-mediating domain. This is illustrated by the example of Src 
kinases, where modular regulatory domains mediate intramolecular interactions that 
autoinhibit the kinase domain. These regulatory interactions hold the kinase domain in an 
inactive conformation. Disruption of the autoinhibitory interactions allows the kinase to 
adopt its active conformation and phosphorylate downstream proteins. C. Primary 
sequence view of the Src kinases. Regulatory SH3 (Src homology 3) and SH2 domains 
are depicted by orange rectangles. The output-mediating kinase domain is displayed in 
blue. The independent structural domains are formed from contiguous primary sequences. 
The two intramolecular autoinhibitory interactions are depicted by the arrows above the 
protein. Inputs that disrupt this autoinhibition are shown below, including competing SH3 
and SH2 ligands and dephosphorylation at the C-terminal tyrosine that constitutes the 
SH2 binding site. D. A similar primary sequence view of the actin polymerization 
regulator N-WASP. N-WASP activity is basally autoinhibited by an intramolecular 
interaction and a second repressive interaction mediated through the Arp2/3 complex. 
Activating inputs include the GTPase Cdc42, the phospholipid PIP2, SH3 proteins and 
phosphorylation of the GBD. None of these inputs alone have high potency, but pairs of 
them in conjunction have been shown to activate N-WASP cooperatively. 
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Figure 1.3: Modularity of signaling proteins can facilitate engineering of switches. 
(legend next page) 
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Figure 1.3: Modularity of signaling proteins can facilitate engineering of switches. 
A. The modular structure of many eukaryotic signaling proteins allows for simple 
recombination of these units to create diverse protein architectures. This modularity 
appears to have facilitated the evolution of complex protein switches in higher eukaryotes 
and it likewise simplifies engineering of novel protein switches. By recombining 
interaction and catalytic domains, researchers have been able to rewire the regulation of 
signaling proteins. B. One such study rewired signaling through induced localization 
using synthetic adaptor proteins. These adaptors were constructed from modular domains 
from two different signaling pathways: the proliferative pathway downstream of the EGF 
receptor (shown in green) and the cell death pathway downstream of the Fas receptor 
(shown in red). By fusing the Grb2 SH2 domain to a FADD death effector domain 
(DED), signaling was rewired in cells such that a growth stimulus led to cell death. C. 
Other studies have shown that synthetic autoinhibition can be imposed on some output 
domains by flanking them with an interaction domain and its corresponding ligand. This 
intramolecular interaction somehow holds the output domain in an inactive conformation, 
but disruption of the interaction relieves autoinhibition and activates the output behavior. 
In one example, a synthetic GEF was made using a Dbl-homology (DH) output domain 
from the Cdc42 GEF intersectin and a PDZ regulatory domain. The PDZ ligand was 
designed so that it could be phosphorylated by PKA and that this phosphorylation 
disrupted the interaction. Therefore, this synthetic switch links a PKA input to a Cdc42 
activation output. 
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Figure 1.4: Loss of signaling regulation is commonly associated with disease. (legend 
next page) 
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Figure 1.4: Loss of signaling regulation is commonly associated with disease. A. An 
example of a well-characterized oncogenic chromosome translocation that fuses 
fragments of the Bcr and Abl proteins. Abl is a tyrosine kinase that is related to the Src 
family. In addition to regulatory SH3 and SH2 domains, Abl has a third autoinhibitory 
interaction between an N-terminal myristoyl group and the kinase domain. Fusion of Bcr 
to the N-terminus of Abl removes this myristoyl group. The coiled-coil domain in Bcr 
tetramerizes Bcr-Abl, stimulating autophosphorylation and activation of Abl’s kinase 
domain. Active Abl stimulates many downstream pathways, including the proliferative 
response through activation of Ras. This occurs via phosphorylation of Y177, which 
recruits the Ras GEF Sos through the Grb2 adaptor. Ras activation is also dependent on 
phosphorylation of Y1294, but this mechanism is poorly understood. B. Many pathogens 
stimulate N-WASP-mediated actin polymerization to facilitate their infection. Overview 
of actin polymerization by N-WASP, highlighting the places where pathogenic proteins 
intervene and activate the pathway. A common strategy is for a pathogen protein to 
mimic an endogenous activator, but in a super-activated state. Others modify the 
localization of endogenous activators like the SH3 protein Nck. Other pathogens bypass 
N-WASP altogether and directly stimulate the assembly of actin monomers. 
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Figure 1.5: The GBD switch in WASPs is formed by the overlap of two interaction 
domains. A. The GBD consists of two overlapped interaction domains: an N-terminal, 
Cdc42-binding p21-binding domain (PBD) and a C-terminal, C helix-binding inhibitory 
segment (IS). The overlap is at the primary sequence level, such that the central, 
overlapped region is required for both interactions. B. Overlap of these domains renders 
their interactions mutually exclusive. Specifically, the overlapped sequence adopts a 
different conformation in each bound state and these two conformations are incompatible. 
Therefore, when Cdc42 binds the GBD, the C helix-binding site is disrupted and WASP 
is activated. 
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Chapter 2 

 

Engineering Modular Protein Interaction Switches by 

Sequence Overlap 
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Abstract 

 

 Many cellular signaling pathways contain proteins whose interactions change in 

response to upstream inputs, allowing for conditional activation or repression of the 

interaction based on the presence of the input molecule. The ability to engineer similar 

regulation into protein interaction elements would provide us with powerful tools for 

controlling cell signaling. Here we describe an approach for engineering diverse synthetic 

protein interaction switches. Specifically, by overlapping the sequences of pairs of 

protein interaction domains and peptides we have been able to generate mutually 

exclusive regulation over their interactions. Thus, the hybrid protein (which is composed 

of the two overlapped interaction modules) can bind to either of the two respective 

ligands for those modules, but not to both simultaneously. We show that these synthetic 

switch proteins can be used to regulate specific protein-protein interactions in vivo. These 

switches allow us to disrupt an interaction with the addition or activation of a protein 

input that has no natural connection to the interaction in question. Therefore, they give us 

the ability to make novel connections between normally unrelated signaling pathways 

and to rewire the input/output relationships of cellular behaviors. Our experiments also 

suggest a possible mechanism by which complex regulatory proteins might have evolved 

from simpler components.  
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Introduction 

 

 Precise regulation of protein-protein interactions is critical for determining the wiring 

of cellular signaling pathways. An impressive array of elaborate mechanisms, including 

allostery and direct competition, have evolved to couple the binding of an input molecule 

to the modulation of a downstream interaction. A classic example is the protein 

Calmodulin, which acts as a ligand-gated interaction switch – upon binding to Ca2+, it 

undergoes a conformational change that allows it to bind to specific downstream effector 

proteins1 (Figure 2.1). Our goal has been to find a general method for engineering new 

protein interaction switches like Calmodulin. Coupling novel inputs with specific effector 

proteins would be a powerful tool for rewiring cellular regulatory behavior2.     

 

 Our design strategy was inspired by another natural protein interaction switch – the 

GTPase-binding domain (GBD) found in proteins such as Wiskott-Aldrich syndrome 

proteins (WASPs)3 and p21-activated kinases (PAKs) (Figure 2.1)4. The GBD acts to 

autoinhibit the catalytic activities of WASPs and PAKs by interacting with autoinhibitory 

peptides found in these proteins. However, binding of the GBD to Cdc42 (a Rho family 

GTPase also known as p21) disrupts the GBD-peptide interaction, thereby stimulating 

WASP and PAK activity3, 5. Only the GTP-bound activated state of Cdc42 can cause this 

activation because the GBD has dramatically reduced affinity for Cdc42(GDP)6. 

 

 Structural studies of the WASP GBD bound to its two alternative ligands (the 

autoinhibitory peptide3 and Cdc427) reveal why it acts as a Cdc42-gated peptide 
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interaction switch. Two distinct regions of the GBD are responsible for the two 

interactions; however, these regions overlap in sequence (Figure 2.2A). Specifically, 

amino acids 230-277 (the p21-binding domain, PBD) of WASP can independently bind 

Cdc42(GTP), while amino acids 250-310 can independently bind the autoinhibitory 

peptide ligand. The overlapped region (amino acids 250-277) adopts a different 

conformation in each of the two liganded states; these two conformations are 

incompatible and this renders the interactions mutually exclusive8. 

 

 Here we ask if sequence overlap of normally unrelated protein interaction elements 

can be used as a general method to build novel switches. Our strategy is to make 

chimeras of two independent protein interaction modules in which the functional regions 

of each module are overlapped (Figure 2.2B). The chimeric proteins were designed so 

that they should be able to interact with ligands for each of the two constituent modules, 

but not simultaneously. In principle, the chimeras should function as a switch in which 

binding of one ligand disrupts binding of the other. A conceptually related approach of 

domain insertion has been successful in generating allosterically regulated enzymes9, 10. 

 

 Other methods exist for disrupting protein binding, but because our engineered 

switches are made from naturally-occurring interaction proteins they provide a simple, 

modular way to functionally link biological interactions and processes that are normally 

unrelated11, 12. Most importantly, by creating novel input/output relationships between 

existing protein interaction modules we assemble a set of tools for rewiring the flow of 

information in endogenous cellular signaling pathways. 
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Results 

 

 In the switch design process, we chose to work with protein domain families that are 

structurally characterized and that have well-defined domain, peptide or small molecule 

ligands (Figure 2.3A, Table 2.1, 2.2). These domains and their domain or peptide ligands 

were used as the modules in our design of overlapped switches (Figure 2.2B). Here we 

define domains as sequences of at least 35 amino acids that have compact folded 

structures. Peptide ligands are 15 amino acids or less and unfolded in the absence of 

binding partner. Where possible, consensus sequences for domain families (obtained 

from the SMART database13) were used in the design (Figure 2.2C).  

 

 We computationally searched for compatible sequence overlaps between domain 

family consensus sequences or specific sequences of domain or peptide ligands using a 

custom PERL script. The PERL script first separated the sequences into individual 

positions defined by one amino acid or a family of residues from the consensus sequence 

(e.g. small hydrophobics). Pairs of modules were tested for overlaps of 1-15 amino acids 

in both orientations (each domain or peptide was tested at the N- and C-terminus of every 

other domain/peptide). For each overlap tested, the PERL script sequentially analyzed 

each amino acid position in the potential overlap and assessed the sequence requirements 

for each module at that position (Figure 2.2C). If a particular amino acid or a subset of 

amino acids could fulfill the sequence requirements of both modules, they were saved as 

the hybrid sequence at that position in the overlap. When no amino acids could fulfill the 
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requirements of both modules, the position was declared a mismatch. Potential overlap 

constructs were scored by the number of mismatches.  

 

 When two consensus sequences were overlapped in this fashion, we generally were 

able to find overlaps with no mismatches. These hybrid sequences were then searched 

against the sequences of individual family members13. Specific domains were chosen 

based on the best fit with the overlap sequence at the relevant terminus, while also 

considering factors like the availability of solved structures and well-characterized 

ligands. In contrast, when specific sequences of domains or peptides were overlapped, 

there were inevitably mismatches due to the stricter sequence requirements. When 

available, we incorporated peptide library data14-16 to assess tolerance to substitution at 

positions with mismatches. In most cases, some mutations had to be made to one or both 

modules in the overlapped region. These mutations were evaluated to minimize impact 

on the folding and binding of either module, using all available structure and sequence 

information. 

 

 We constructed and tested a total of 25 switches that consisted of overlaps of two 

domains, one domain and one peptide, or two peptides (Table 2.3). For every switch, we 

tested its ability to bind its two ligands in a mutually exclusive manner. We also tested 

the individual constituent domains bearing any mutations that were made in the 

overlapped region for their ability to bind their ligand. This allowed us to separate any 

effects of the mutations from the effects of the overlapping of those modules.  
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 Seven of these 25 synthetic proteins worked as interaction switches. Overlaps of two 

peptides showed the greatest percentage of successful switching behavior (3 of 5) and we 

had the least success in the domain-domain category (3 of 16). This is likely a result of 

the fact that domains have the complication of two competing folded structures. In most 

of the domain-domain overlaps we tested, one of the domains would dominate and the 

switch could only bind to that ligand.  

 

 Here we focus on one best-characterized example from each category (Figure 2.3B-

D). In each case, binding of the switch to its two ligands was mutually exclusive and 

competition between the two bound states could be driven in either direction by varying 

ligand concentrations. One example of a domain-domain switch is an overlap of the 

Syntrophin (Syn) PDZ domain and the WASP PBD (switch 1; Figure 2.3B). The 

Syntrophin PDZ binds to C-terminal peptide sequences, such as VKESLV-COOH, or it 

can form a PDZ heterodimer with the nNOS PDZ domain17 (Table 2.1). Switch 1 bound 

to nNOS PDZ and GTP-bound Cdc42 in a mutually exclusive manner. 

 

 An example of a successful peptide-domain switch is an overlap of a proline-rich 

SH3 peptide ligand18 and the WASP PBD (switch 2; Figure 2.3C). This switch could bind 

to the Crk SH3 domain in a manner that is inhibited by Cdc42(GTP). A successful 

peptide-peptide overlap is that of the same SH3 ligand with a 14-3-3 domain peptide 

ligand19 (switch 3; Figure 2.3D). Switch 3 incorporates phosphorylation as an additional 

level of regulation because 14-3-3ζ can only bind to a form of its peptide ligand bearing a 

phosphoserine19. Therefore, the unmodified switch only interacts with the Crk SH3 
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domain, but when phosphorylated by protein kinase A (PKA), the switch interacts with 

Crk SH3 in a manner that is inhibited by the 14-3-3ζ domain. 

 

 In order to address whether the binding competition of our switches is occurring on a 

physiologically-relevant timescale, we used mathematical modeling and experimental 

approaches. First, because we have measured Kd values of switch 1 for its two ligands 

(Figure 2.4A-B), we can model the kinetics of switching between its bound states, 

making a small number of assumptions. The affinities of the Syntrophin PDZ domain and 

WASP PBD that constitute switch 1 are roughly the same in the switch as the affinities of 

the individual domains. The Kd’s of Syn PDZ and switch 1 for VKESLV peptide are 

identical at 7 µM. Therefore, it is fair to assume that the affinity of switch 1 for nNOS 

PDZ (which binds to the same pocket as the peptide ligand) is also the same as Syn PDZ 

alone at 1 µM. Kinetic studies of PDZ-ligand interactions have shown that they have 

similar on rates (kon) that fall in the range of 4-10 µM-1 s-1, but their off rates (koff) vary 

more widely, reflecting differences in affinity20. Assuming that the on rate of the 

interaction falls in the middle of this range at 7 µM-1 s-1, we would get an off rate for the 

Switch 1-nNOS interaction of 7 s-1 (Kd·kon). Similarly, kinetic analysis of the interaction 

of multiple fragments of WASP with Cdc42(GTP) have shown that kon values are very 

similar for the different fragments (0.19 µM-1 s-1) and that differences in affinity are due 

to changes in koff
6. Because our measured Kd of 247 nM for the switch 1-Cdc42(GTP) 

interaction is very similar to the affinity of the wild-type WASP PBD, we assume that the 

value of kon is similarly 0.19 µM-1 s-1, giving us a koff value of 0.047 s-1.  
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 Conversion between the bound states of switch 1 can be modeled as:     

 

Using these equations, we made a simple deterministic model21 of switch binding 

equilibria using MATLAB (MathWorks).With the estimated values of the kinetic 

parameters, we can calculate the timescale in which switch 1 can go from the nNOS-

bound state to the Cdc42-bound state and vice versa. In our pulldown experiments we 

saw switch binding to 1 µM GST-nNOS was almost totally disrupted by 80 µM Cdc42 

G12V (Figure 2.3B). Using these conditions, we simulated an experiment by starting 

with 1 µM  nNOS-Switch 1 and adding 100 µM Cdc42(GTP) at time zero. We find that 

the switch is 99% in the Cdc42-bound state in 1.15 seconds. (Figure 2.5A) The same 

experiment in the reverse direction (from Cdc42-bound to 90% nNOS-bound) with now 

1µM Cdc42(GTP)-Switch 1 and 100 µM nNOS is estimated to take 58 seconds (Figure 

2.5B). This fits with our data that show the Cdc42-switch 1 interaction can be disrupted 

by nNOS, but not as efficiently as the reverse competition (data not shown). 

 

 To test this modeling against experimental data, we modified our GST pulldown 

assay so that the switch is first bound to GST-bait ligand and then incubated with 

competing ligand over a brief timecourse (Figure 2.6A-C). As a control, the same 

incubations were carried out with buffer in place of the competing ligand. For switches 1-

3, the switch-bait interaction is mostly disrupted before the 120 second time point. Switch 

1 in particular is almost completely unbound from nNOS within 15 seconds of Cdc42 
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addition, in agreement with the above simulations. In each case the interaction is 

unaffected by incubation with buffer. As an added control, we show that non-

phosphorylated switch 3 bound to Crk SH3 is unperturbed by 14-3-3ζ. 

 

 We wanted to more carefully investigate the mechanism of switch 1 to determine 

whether it is conformational switch like the GBD or a steric switch where switching 

occurs because of steric competition between the two ligands.  We found several lines of 

evidence to support a steric mechanism. First, the similar affinities of switch 1 and its 

constituent domains for its ligands (Table 2.1) indicate that there is likely no significant 

change in the ΔG of folding for either domain in the switch, which would be expected for 

a conformational mechanism of switching. 

 

 A second clue to a steric mechanism is that we found Cdc42 binding to be mutually 

exclusive with binding of a large PDZ ligand (130-residue nNOS PDZ domain), but not 

with the small VKESLV peptide that binds to the same pocket on the PDZ domain. 

Moreover, fusing the peptide ligand to a large glutathione S-transferase (GST) domain 

restored some competition with Cdc42 (Figure 2.7A). Thus, a bulky PDZ ligand is a 

requirement for switching, implying that it sterically hinders Cdc42 binding. 

 

 Finally, we collected HSQC NMR spectra of 15N-labeled switch 1 on its own, bound 

to unlabelled PDZ peptide ligand, or bound to Cdc42(GTP). The assignments for the 

previously-solved Syn PDZ – GVKESLV peptide structure (2PDZ22) overlaid well with 

many resonances in the switch 1 – VKESLV peptide spectrum, allowing us to assign 
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most of the resonances corresponding to the PDZ domain. These data showed that the 

PDZ domain in switch 1 did not undergo global unfolding upon Cdc42 binding. A 

number of PDZ resonances shifted upon binding of switch 1 to Cdc42 (Figure 2.7B). 

These chemical shift changes mapped to residues on the surface of the PDZ domain 

closest to the PBD fusion site and extending toward the PDZ binding site (Figure 2.7C). 

This surface is likely in close contact with Cdc42 or the folded PBD, thereby disrupting 

interactions with larger PDZ ligands. 

 

 We tested whether these switches could be integrated into larger proteins to modulate 

function in vitro or in vivo. First, we replaced the regulatory elements of the protein N-

WASP (neuronal WASP, a close relative of WASP23) with a synthetic switch. N-WASP’s 

actin polymerization activity is normally regulated by an intramolecular interaction 

mediated by the native GBD. We made a synthetic protein in which N-WASP’s 

constitutively active catalytic domain was flanked by switch 2 on the N-terminal side and 

its SH3 domain binding partner on the C-terminal side24 (Figure 2.8A). Like native N-

WASP, the activity of this synthetic protein was basally repressed by the intramolecular 

SH3 interaction, but it was specifically activated by addition of Cdc42.  

 

 To determine if we could rewire cellular function, we tested the Cdc42-responsive 

switches (1 and 2) in a regulated yeast two-hybrid assay25. The results for switch 1 are 

shown, but similar data were obtained with switch 2.  Switch 1 was fused to a 

transcriptional activation domain and its ligand, the nNOS PDZ domain, was attached to 

a DNA-binding domain (Figure 2.8B). In yeast cells containing these two constructs, we 
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observed robust expression of the β-galactosidase reporter gene, showing that the two 

proteins interact. In cells that additionally express Cdc42, however, we observed a large 

decrease in β-galactosidase signal, indicating that the interaction was disrupted by Cdc42 

in vivo. As a control, we tested the isolated Syn PDZ-nNOS interaction (no overlap) and 

observed no change in β-galactosidase signal upon expression of Cdc42. 

 

Conclusions 

 

 We have described a strategy to generate regulated protein-protein interactions 

through overlapping the sequences of pairs of protein interaction modules. These 

experiments suggest a mechanism by which complex gated proteins might have evolved 

from simpler modular components. In most cases, two interaction modules in a single 

polypeptide behave independently: one interaction does not affect the other. However, if 

the modules are appropriately linked, by sharing overlapping sequence, the interactions 

become interdependent: one interaction directly regulates the other. 

 

 We found that our method is particularly successful when one or both of the 

overlapped modules are unstructured. When we attempted to overlap two folded 

domains, we found that there were cases where the switch could not energetically access 

both of the bound states. For these switches, we found that the two isolated constituent 

domains bearing the overlap mutations were able to bind their ligands, but that only one 

domain could bind in the context of the overlapped hybrid construct. The absolute and 
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relative affinities of the two modules for their ligands had no clear effect on likelihood of 

successful switching. 

 

 Of the domains we tested, the PBD showed the highest rate of success. Accordingly, 

the PBD is a domain that is largely unstructured in the absence of its ligand, Cdc427. In 

addition to WASPs and PAKs, a number of naturally occurring Cdc42-responsive 

proteins appear to have similar modes of regulation where Cdc42 binding to a PBD 

positively26 or negatively27 affects the interaction of a neighboring, or overlapped, 

domain. It seems possible that this domain is evolutionarily pre-disposed to regulating 

other protein-protein interactions. 

 

 In many cases we found that overlaps of very few amino acids were sufficient to 

produce the desired mutually exclusive binding behavior. This means that the 

requirement for sequence compatibility at the relevant termini of the interaction modules 

is not as prohibitive as might have been assumed. However, we also encountered a 

number of cases where our designed switches bound to both ligands simultaneously and 

showed no switching. To most effectively balance these competing considerations, we 

found that it was critical to have minimized protein interaction modules with no 

extraneous residues at either terminus that are not required for a functional interaction. 

We found that this greatly increased our chances of designing a functional switch because 

even a short overlap would be likely to contain residues essential for both interactions. 
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 This method for regulating binding provides one major advantage compared to direct 

competitive inhibition of a protein interaction: it allows us to make novel connections 

between proteins that may be normally unrelated. Moreover, switches 1-3 are dependent 

on phosphorylation and GDP/GTP exchange for binding. This can provide another level 

of control: the switches require input activation through phosphorylation by a protein 

kinase or exchange of GDP for GTP by a guanine nucleotide exchange factor. In 

addition, activation can be reversed by protein phosphatases and GTPase activating 

proteins, respectively. Therefore, these switches have great potential to be interfaced with 

endogenous kinase and GTPase signaling pathways and to couple them to different 

cellular responses. With these tools we can begin to rewire the flow of information in a 

cell and generate new behaviors by imposing regulation such as feedback, coordinated 

localization, or pathway crosstalk.  

 

Materials and Methods 

 

Protein Construction and Purification.  

 Protein domains and ligands were expressed in Escherichia coli [BL21(DE3)RIL] 

fused to a cleavable tag: generally either hexa-histidine (6xHis) (pET19-derived vector) 

or GST (pGEX4T-1 vector). Fusion proteins were purified on Ni-NTA resin (Qiagen) for 

6xHis tags or glutathione-agarose resin (Sigma) for GST tags. In some cases the tag was 

then removed by cleavage with tobacco etch virus (TEV) protease at 25oC for 2 hours. 

Cleaved protein was then purified either by a second incubation with affinity resin or by 

fast protein liquid chromatography (FPLC) with a Source S or Q column (Pharmacia). 
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 Switch proteins: Switches were assembled by two-step polymerase chain reaction 

(PCR). The first step involved PCR of each of the individual domains with the overlap 

sequence encoded in the primers. A second PCR step annealed the overlap regions and 

created the hybrid proteins, which were verified by DNA sequencing.  

 

 Cdc42: In each experiment, the Cdc42 used is a soluble fragment of the human 

protein (residues 1-179). When explicitly stated, the G12V hydrolysis-defective 

constitutively active mutant was used. Cdc42 was additionally expressed as a maltose-

binding protein (MBP) fusion (pMAL-p2X – derived vector) and purified with amylose 

resin (NEB).  

 

 N-WASP hybrid switches: Switches and cognate ligands were cloned on either side 

of N-WASP’s actin polymerizing VCA domain as described previously24. Proteins were 

expressed in a pET19-derived vector encoding a protein with a cleavable N-terminal GST 

fusion and a C-terminal 6xHis tag. GST was cleaved by TEV digestion and proteins were 

purified on a Source Q column. 

 

 Peptide synthesis and labeling: VKESLV peptide was synthesized using standard 

solid-phase Fmoc-amino acid chemistry. Peptide was synthesized on valine-loaded Wang 

resin (Novabiochem). The peptide was either N-terminally acetylated or N-terminally 

dansylated with dansyl chloride (Molecular Probes), then cleaved and purified as 

previously described17. 
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Determination of Affinity by Fluorescence Perturbation.  

 Fluorescence measurements were performed in a Photon Technology International 

fluorometer at 20oC in 20 mM Tris pH 8.0, 100 mM NaCl, 2 mM MgCl2 and 1 mM 

dithiothreitol (DTT). PDZ-ligand interactions were measured as previously described17. 

Briefly, increasing amounts of PDZ or switch was added to 400 nM dansylated VKESLV 

peptide with constant stirring. The sample was excited at 338 nm and binding was 

monitored as an increase in fluorescence at 540 nm. PBD-Cdc42 interactions were 

measured as previously described6. Briefly, purified Cdc42 G12V was loaded with the 

fluorescent non-hydrolyzable nucleotide analogue Mant-GMPPNP (Molecular Probes). 

Increasing PBD or switch was added to 100 nM Cdc42 G12V (Mant-GMPPNP) with 

constant stirring. The sample was excited at 365 nm and binding was monitored as a 

decrease in fluorescence at 440 nm. All data were fit using the program ProFit (Quantum 

Soft). 

 

Pulldown Binding Assays.  

 GST and MBP-Pulldown assays were performed by first binding the GST or MBP-

fused bait to glutathione agarose or amylose resin, respectively. PKA phosphorylation of 

GST-switch 3 was done on resin-bound protein in 50 mM Tris pH 7.5, 10 mM MgCl2, 2 

mM DTT and 1 mM ATP for 2 hours at 30°C. Each pulldown was done in 20 mM Tris 

pH 8.0, 100 mM NaCl, 2 mM MgCl2 and 1 mM DTT in 200 µL total volume. Sufficient 

resin was added to bring the bait protein concentration to 1 µM. 6xHis-tagged prey 

protein was added at 10 µM. For competitions a series of pulldowns were set up with 

increasing concentrations of the ligand that competes with the bait-prey interaction. The 
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binding incubation was done for 30 minutes on ice with regular vortexing. The resin was 

washed with 0.5 mL phosphate-buffered saline (PBS) and 0.1% Triton X-100, then with 

PBS alone. 

  

 For the pulldown competition timecourses, the switch was first bound to GST-tagged 

bait ligand and washed as described above. Then, solutions of 100 µM of the competing 

ligand (Cdc42 or 14-3-3ζ) were prepared and sufficient resin was added to bring the 

concentration of bait protein and bound switch to 1 µM. These were incubated for periods 

of 15, 30, 60 and 120 seconds with regular vortexing before the resin was quickly spun 

down and washed.  

 

 Washed resin was suspended in SDS loading buffer, samples were run on SDS-PAGE 

and transferred to nitrocellulose membrane. From this point, the signal from the pulled-

down prey protein was detected two different ways: an Alpha Innotech 

chemiluminescence scanner or a Li-Cor Odyssey infrared fluorescence scanner. For 

Alpha Innotech detection, membranes were blocked with 5% milk in tris-buffered saline 

and 0.1% Tween-20 (TBST) and then incubated with 1:2,000 diluted mouse His-probe 

antibody conjugated to horseradish peroxidase (HRP) (Santa Cruz Biotech) in 5% 

milk/TBST. Membranes were washed with TBST, incubated with chemiluminescent 

substrate (Pierce), and band sizes quantitated on the Alpha Innotech instrument. For Li-

Cor detection, membranes were blocked with Odyssey blocking buffer and incubated 

with 1:2,000 diluted mouse His-probe antibody (not HRP-conjugated) in 5% milk/TBST. 

Membranes were then washed with TBST, incubated with fluorescent secondary 



 49 

antibody (goat anti-mouse IRDye800 (Rockland) diluted 1:10,000 in 5% milk/TBST), 

washed again with TBST and then scanned and quantitated on the Li-Cor instrument. 

 

HSQC Protein NMR.  

 15N-labeled proteins were made by transferring E. coli cultures to M9 minimal media 

containing 15NH4Cl before induction. 15N heteronuclear single quantum correlation 

(HSQC) spectra28 were taken on a Bruker Avance800 spectrometer equipped with 

cryogenic 1H[13C/15N} probes and with an actively shielded Z gradient. All spectra were 

measured at 25oC in 90% H2O/10% D2O with 20 mM Tris pH 8.0, 10 mM NaCl, 2 mM 

MgCl2 and 1 mM DTT. Experiments were run with the XWIN-NMR program (Bruker 

BioSpin). The resultant data was processed with NMRPipe29 and analyzed using 

Sparky30. Assigned 15N-HSQC spectra were obtained for the previously published 

Syntrophin PDZ – GVKESLV peptide complex22 (2PDZ) and the WASP PBD – Cdc42 

complex7 (1CEE). HSQC spectra were taken of a 300 µM solution of 15N-Switch 1 alone 

or with unlabelled VKESLV peptide or Cdc42 ligand. 

 

In vitro Actin Polymerization Assays.  

 Actin was purified from rabbit muscle31 and pyrene-labeled32 and Arp2/3 was 

purified from bovine brain24 as previously described. In vitro pyrene-actin polymerization 

assays were performed as described24 with minor changes on a SpectraMax Gemini XS 

fluorescence plate reader (Molecular Devices). The excitation and emission wavelengths 

used were 365 nm and 407 nm, respectively. Exact assay conditions were 1.3 µM actin 

(5% pyrene-labeled), 20 nM Arp2/3, 50 nM chimeric N-WASP protein, 50 mM KCl, 1 
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mM MgSO4, 1 mM EGTA, 0.2 mM ATP, 1 mM DTT, 3 µM MgCl2 and 11.5 mM 

imidizole pH 7.0 in a total volume of 100 µL. To determine the minimal rate of 

spontaneous actin polymerization, switch was omitted from the assay (Arp2/3 alone) and 

to determine the maximal rate, the switch was replaced with 50 nM unregulated N-WASP 

VCA domain. Raw fluorescence data were normalized to the average values of the lower 

and upper baselines of each curve using the equation (Fdata-Flower)/(Fupper-Flower).  

 

Yeast-Two-Hybrid.  

 The Matchmaker system (Clontech) was used for yeast two-hybrid experiments. Bait 

ligands were cloned into the pGBT9 vector, which encodes a fusion with the GAL4 

DNA-binding domain. Switch proteins were cloned into the pGAD424 vector, which 

encodes a fusion with the GAL4 activation domain. Additionally, Cdc42 was cloned into 

a pRS423 high-copy number 2 µ plasmid, along with an N-terminal SV-40 nuclear 

localization signal (NLS). Expression of Cdc42 protein was placed under the control of 

the Cyc1 promoter. It has been shown that human Cdc42 is activated in yeast, likely by 

the endogenous GTPase exchange factor Cdc24p25. pGBT9 and pGAD424 plasmids 

encoding pairs of interacting proteins were transformed into the Saccharomyces 

cerevisiae strain Y187 with and without the Cdc42 plasmid. Liquid cultures of the 

various transformants were grown to mid-log phase, their OD600 measured, and 1.5 – 3 

mL of culture was centrifuged at 14,000 rpm for 5 minutes. The supernatant was 

discarded and the pellet resuspended in 1.5 mL Z buffer (100 mM phosphate buffer pH 

7.0, 10 mM KCl, 1 mM MgSO4). Centrifugation was repeated and the pellet was 

resuspended in 0.1 mL Z buffer. The cells were then lysed by cycling the tubes between 
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liquid nitrogen and a 37oC water bath for one minute each and repeating this cycle 5-6 

times. We then added 0.7 mL Z buffer + 0.27% β-mercaptoethanol to each tube of cells, 

plus one blank tube containing 0.1 mL Z buffer alone. The reaction was then started by 

adding 160 µL of 4 mg/mL o-nitrophenyl β-D-galactopyranoside (ONPG) in Z buffer 

and incubating the tubes at 30oC. The reaction was stopped 45 minutes to an hour later by 

addition of 0.4 mL 1 M Na2CO3. The reaction tubes were centrifuged at 14,000 rpm for 

10 minutes and the supernatant was read for absorbance at 420 nm. Data is reported in 

Miller units, which are defined by eq 1 where “t” is time in minutes of the reaction and 

“V” is the volume in mL of culture used per reaction. All reactions were performed in 

triplicate from three different yeast colonies. 

 

                    Miller Units = 1000 × OD420/(t × V × OD600)                               (1) 
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Table 2.1: Domain – Ligand Pairs and Affinities from Switches 1-3. 

Domain Origin and sequence Ligand(s) Kd Reference 

VKESLV peptide 7 µM Measured Syn PDZ Mouse α-Syntrophin 

residues 80-164 Rat nNOS PDZ 1 µM 17 

Crk SH3 Mouse C-Crk 

residues 135-189 

YPPALPKRRR 
peptide 

20 nM 33 

WASP PBD Human WASP 

residues 230-288 

Human Cdc42(GTP) 164 nM Measured 

14-3-3ζ Human 14-3-3ζ 

residues 1-245 

RRYHpSLPFI 
peptidea 

low nM 19 

VKESLV peptide  7 µM Measured Switch 1 [Syn 80-162]-MK- 

[WASP 232-288]b Cdc42 (GTP) 247 nM measured 

a “pS” denotes phosphoserine 

b Sequences of the unchanged portions of the N- and C-terminal modules are bracketed 
and separated by the overlap chimeric sequence. 
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Table 2.2: All Domain – Ligand Pairs Used to Construct Overlap Switches. 
 

a “pS” denotes phosphoserine 
 

Domain Ligand(s) Kd PDB 
Code 

Reference 

(Kd, PDB) 
Human C-Raf1 Ras-
binding domain (RBD) 

Human H-Ras(GTP) 18 nM 1C1Y 34, 35 

Human WASP p21-
binding domain (PBD) 

Human Cdc42(GTP) 164 nM 
 

1CEE Measured, 7 

Human WASP 
inhibitory segment 
(IS) 

Human WASP C helix 2 µM 1EJ5 3, 3 

Human FK506-
Binding Protein-12 
(FKBP) 

FK506 small molecule 0.4 nM 1FKJ 36, 37 

E. coli dihydrofolate 
reductase (DHFR) 

Methotrexate small 
molecule 

0.6 nM 1RX3 38, 39 

Human 14-3-
3ζ domain 

Designed PKA-
phosphorylatable 
peptide: RRYHpSLPFIa 

low nM 1QJA 16, 19 

 
Mouse α-Syntrophin 
PDZ domain 

Voltage-gated sodium 
channel peptide: 
VKESLV                 
                 or  
Rat nNOS PDZ domain 

 
 

7 µM 
 

1 µM 

 
 

2PDZ 
 

1QAV 

 
 

measured, 22 
 

17, 40 
Human NHERF 
(EBP50) PDZ domain 
#1 

Human β2 adrenergic 
receptor peptide: 
RNCSTNDSLL  

18 nM 1GQ4 41, 42 

Human phosphatase 
hPTP1E PDZ domain 
#2 

Human Fas receptor 
peptide: NFRNETQSLV  

~30 µM 3PDZ 43, 44 

Mouse C-Crk SH3 
domain #1 

Mutant C3G peptide: 
YPPALPKRRR  

20 nM 1CKA 33, 18 

Mouse Grb2 SH3 
domain #1 

Mouse SOS-1 peptide: 
PPPVPPRRR  

5 µM 1GBQ 33, 45 

Human Hck SH3 
domain 

Mouse SOS-1 peptide: 
PPPVPPRRR  

5.6 µM 4HCK 33, 46 

S. cerevisiae Abp1 
SH3 domain 

S. cerevisae Ark1 
peptide: 
KKTKPTPPPKPSHLK  

20 nM 1JO8 47, 48 

S. cerevisiae Sho1 
SH3 domain 

S. cerevisae Pbs2 
peptide: 
NKPLPPLPVAGSSKV 

1.3 µM - 47, NA 
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Table 2.3: Details of the 25 Engineered Switches. 
 
Domain-Domain Overlaps: 
# N-terminal module C-terminal module Overlap sequencea Behavior 
1 Human C-Raf1 

RBD 
Mouse C-Crk SH3 
domain #1 

…LQVDFL 
 EYVRAL… 
…LLVRAL…  

Only binds to 
Ras, not to SH3 
ligand 

2 Human NHERF 
PDZ domain #1 

Human C-Raf1 
RBD 

…NAVRLLVVDPS 
 NTIRVFLPNKQ… 
…NAVRVLLVNKQ… 

Switch protein is 
insoluble 

3 Human WASP 
PBD 

Rat nNOS PDZ 
domain 

…DPDLRSLFSRA 
 NVISVRLFKRK… 
…DPDLVRLFKRK… 

Switch protein is 
insoluble 

4 Human FKBP-12 Human hPTP1E 
PDZ #2 

…FDVELLKLE 
 FEVELAKND… 
…FDVELLKLD… 

Only binds to 
FK506, not to 
PDZ ligand 

5 Rat nNOS PDZ 
domain 

Human WASP 
PBD 

…LGPPTKAV 
 IGAPSGFK… 
…IGPPSKFK… 

Only binds to Syn 
PDZ, not Cdc42 

6 Human C-Raf1 
RBD 

Human WASP IS …IG-EELQVDFL 
 VGWDPQNGFDV… 
…VGWDELNVFDV… 

Only binds to 
Ras, not to the C 
helix  

7 E. coli DHFR Human hPTP1E 
PDZ #2 

…YCFEILERR 
 DIFEVELAK… 
…YCFEVLLIK… 

Only binds to 
methotrexate, not 
to PDZ ligand 

8 E. coli DHFR Mouse Grb2 SH3 
domain #1 

…YCFEILERR 
 GSMEAIAKY… 
…YCFEALAKY… 

Binds both 
ligands, not 
mutually 
exclusive 

9 Mouse α-
Syntrophin PDZ 
domain 

Human WASP 
PBD 

 

…EVKYMK 
     KKKISK… 
…EVKYMKKISK… 

Functional 
interaction 
switch 
(Switch 1 in main 
text) 

10 Mouse α-
Syntrophin PDZ 
domain 

Human WASP 
PBD 

 

…LEVKYMK 
    KKKISKA… 
…LEVKKKISKA… 

Functional 
interaction 
switch 

11 Mouse α-
Syntrophin PDZ 
domain 

Human WASP 
PBD 

 

…LEVKYMK 
   KKKISKAD… 
…LEVKYISKAD… 

Only binds to 
PDZ ligand, not 
Cdc42 

12 Human NHERF 
PDZ domain #1 

Human WASP 
PBD 

 

…VVDPE 
     KKKIS… 
…VVDPKKKIS… 

Functional 
interaction 
switch 

13 Mouse C-Crk SH3 
domain #1 

Human WASP 
PBD 

 

…IPVPYVEKY 
 IGAPSGFKH… 
…IPAPYVFKH… 

Only binds to 
SH3 ligand, not 
Cdc42 
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Table 2.3 (continued) 
 
# N-terminal module C-terminal module Overlap sequencea Behavior 

14 Mouse C-Crk SH3 
domain #1 

Human WASP 
PBD 

 

…PYVEK 
     KKKIS… 
…PYVEKKKIS… 

Binds both 
ligands, not 
mutually 
exclusive 

15 Mouse C-Crk SH3 
domain #1 

Human WASP 
PBD 

 

…VPYVEK 
 KKKISK… 
…KKYVSK… 

Only binds to 
Cdc42, not to 
SH3 ligand 

16 Human Hck SH3 
domain 

Human WASP 
PBD 

 

…NYVAR 
    KKKISK… 
…NYVAKKISK… 

Only binds to 
SH3 ligand, not to 
Cdc42 

 
Peptide-Domain Overlaps: 
17 Crk SH3-binding 

peptide: 
YPPALPKRRR  

Human WASP 
PBD 

 

…LPPKRRR 
    KKKISKAD… 
…LPPKKRISKAD… 

Functional 
interaction 
switch 
(Switch 2 in main 
text) 

18 Abp1 SH3-binding 
peptide: 
KKTKPTPPPKP-
SHLK 

Human WASP 
PBD 

 

…PSHLK 
     KKKIS… 
…PSHLKKKIS… 

Binds both 
ligands, not 
mutually 
exclusive 

19 Human WASP 
PBD 

 

Crk SH3-binding 
peptide: 
YPPALPKRRR  

…SRAGIS 
     PPPALP… 
…SRAGPPPALP… 

Binds both 
ligands, not 
mutually 
exclusive 

20 Human WASP 
PBD 

 

Abp1 SH3-binding 
peptide: 
KKTKPTPPPKP-
SHLK 

…SRAGIS 
     KKTKPT… 
…SRAGKKTKPT… 

Binds both 
ligands, not 
mutually 
exclusive 

 
Peptide-Peptide Overlaps: 
21 Grb2/Hck SH3-

binding peptide: 
PPPVPPRRR 

14-3-3ζ-binding 
peptide: 
RRYHSLPFI 

…VPPRRR 
     RRYHSL… 
…VPPRRRYHSL… 

Functional 
interaction 
switch 

22 Crk SH3-binding 
peptide: 
YPPALPKRRR  

14-3-3ζ-binding 
peptide: 
RRYHSLPFI 

…PPKRRR 
     RRYHSL… 
…PPRRRRYHSL… 

Functional 
interaction 
switch 
(Switch 3 in main 
text) 

23 14-3-3ζ-binding 
peptide: 
RRYHSLPFI 

Grb2/Hck SH3-
binding peptide: 
PPPVPPRRR 

…YHSLPFI 
     PPPVPPR… 
…YHSLPPPVPPR… 

Binds both 
ligands, not 
mutually 
exclusive 
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Table 2.3 (continued) 
 

# N-terminal module C-terminal module Overlap sequencea Behavior 
24 14-3-3ζ-binding 

peptide: 
RRYHSLPFI 

Crk SH3-binding 
peptide: 
YPPALPKRRR  

…YHSLPFI 
     PPALPPK… 
…YHSLPPALPPK… 

Binds both 
ligands, not 
mutually 
exclusive 

25 14-3-3ζ-binding 
peptide: 
RRYHSLPFI 

Sho1 SH3-binding 
peptide: 
NKPLPPLPVAG-
SSKV 

…YHSLPFI 
 NKPLPPL… 
…YRSLPPL… 

Functional 
interaction 
switch 

a In the overlap sequence column, the top sequence is the N-terminal module, the middle 
is the C-terminal module, and the bottom is the sequence used in the overlapped, 
chimeric protein. 
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Figure 2.1: Naturally occurring protein interaction switches. Shown are two 
example proteins that respond to their input ligands (shown in white) by either activating 
(Calmodulin, CaM) or disrupting (GTPase-binding domain, GBD) interactions with 
downstream effectors (shown in black). 
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Figure 2.2: Strategy for design of modular protein interaction switches. A. The 
WASP GBD consists of a peptide-binding autoinhibitory domain and a Cdc42-binding 
domain that are overlapped, rendering their interactions mutually exclusive. B. We have 
used this overlapping strategy to create novel interaction switches from two unrelated 
binding modules. The top cartoons represent the folded structures of the protein 
interaction modules, while the rectangles represent their linear amino acid sequences. At 
the bottom, the overlapped rectangles are shown interacting with their ligands for clarity, 
but the modules are presumably in a folded state when bound. C. Overview of evaluation 
of the overlaps performed by our PERL script. Where available, consensus sequences are 
used for the modules in the design process13. Uppercase letters represent conserved 
amino acids that are required at that position. Lowercase letters represent groups of 
amino acids that are found at that position throughout the domain family – in this 
example, “n” is any amino acid, “s” is those with small side chains, “h” is hydrophobics 
and “l” is aliphatic side chains. The script tests each overlap by evaluating the sequence 
compatibility of the two modules at each position in the overlap. The hybrid sequence 
consists of amino acids or groups of residues that can satisfy the requirements of both 
modules. Where the sequences are incompatible, the position is declared a mismatch 
(marked “X”). 
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Figure 2.3: Constructing protein interaction switches from overlapped interaction 
domains and peptides. A. Structures of the domain-ligand pairs used in our switches. 
The PDB accession codes are: 1QAV40 (Syntrophin-nNOS PDZ heterodimer), 1CEE7 
(WASP PBD-Cdc42 complex), 1CKA18 (Crk SH3-peptide complex), and 1QJA19 (14-3-
3ζ homodimer with 2 peptides). B-D. Three example synthetic switches made by 
overlapping protein domains and peptides. Glutathione S-Transferase (GST) pulldown 
assays show that switch binding to one ligand is disrupted upon addition of increasing 
concentrations of the second ligand. In each case, the equivalent non-overlapped 
interaction module is not disrupted by the competing ligand. In panels A and B, a 
constitutively active Cdc42 mutant (G12V) is used as input molecule. In panel C, switch 
3 is serine-phosphorylated (denoted “pS”) by PKA only in the top set of lanes. 
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Figure 2.4: Switch 1 fluorescence perturbation affinity measurements. A. Binding of 
switch 1 to Cdc42 G12V loaded with the fluorescent nucleotide analog Mant-GMPPNP 
gave a Kd of 247 nM. B. Binding of switch 1 to dansylated VKESLV peptide gave a Kd 
of 7 µM. 
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Figure 2.5: Simulation of switch 1 binding states over time. A. Starting with 1 µM 
switch 100% bound to nNOS, addition of 100 µM Cdc42 drives switch 1 to 99% Cdc42-
bound in just over 1 second. B. Starting with 1 µM switch 100% bound to Cdc42, 
addition of 100 µM nNOS drives switch 1 to 90% nNOS-bound in 58 seconds. 
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Figure 2.6: Competition happens on a relevant timescale. A-C. Switches 1-3 were 
first bound to GST-tagged bait protein (left side). Resin with bound switch is then added 
to solution containing 100 µM of competing ligand and incubated for the times shown. 
As a control, resin is added to solution of buffer alone and incubated for the same times. 
In panel C, switch 3 is tagged with maltose-binding protein (MBP) and 14-3-3ζ is shown 
to only compete when switch 3 is phosphorylated. 
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Figure 2.7: Mutually exclusive binding in switch 1 is likely due to steric competition 
between the ligands. A. Maltose-Binding Protein (MBP) pulldown competitions, using 
MBP-Cdc42 G12V as bait and switch 1 as prey. nNOS PDZ competes with Cdc42 for 
switch 1 binding, but VKESLV peptide does not. VKESLV peptide tagged with GST can 
compete with Cdc42. B. HSQC spectra were taken of 15N-labelled switch 1 alone and 
with unlabelled VKESLV peptide or Cdc42 G12V ligand. Three Syntrophin (Syn) PDZ 
side chains are highlighted whose chemical shifts show three distinct states. C. Syn PDZ 
– GVKESLV NMR structure (2PDZ)22 with side chains highlighted in green where 
backbone amide chemical shifts were perturbed by Cdc42 binding to the neighboring 
PBD domain. These perturbed positions map to one surface of the PDZ domain, which is 
likely contacted by either Cdc42 or the folded PBD, leading to a steric clash with larger 
PDZ ligands. 
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Figure 2.8: Using synthetic interaction switches to control biological function. A. 
Switch 2 and its SH3 domain partner were fused to the output domain of N-WASP. In 
vitro pyrene actin polymerization assay (right) shows that this chimeric protein is 
autoinhibited, but activatable by Cdc42 G12V (Cdc42*). The thin black lines represent 
uncatalyzed actin polymerization (minimal activity) and polymerization by the 
unregulated output domain (maximal activity). B. Switch 1 can be used to regulate a 
yeast two-hybrid system. Switch 1 was fused to the activation domain (AD) and nNOS 
PDZ was fused to the DNA-binding domain (DBD). Strength of interaction is monitored 
by β-galactosidase activity (miller units).  Co-expression of Cdc42 disrupts the yeast two-
hybrid interaction, but not when switch 1 is replaced by the isolated Syn PDZ domain. In 
the negative control, switch 1 was removed from the AD. 
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The Pathogen Protein EspFU Hijacks N-WASP-Mediated Actin 

Polymerization Using a Repeated Mimic of an Autoinhibitory 

Fragment 
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Abstract 

 

 Enterohemorrhagic E. coli (EHEC) attaches to the intestine through actin pedestals 

that are formed when the bacterium injects the protein EspFU into host cells1. EspFU 

potently activates the host WASP (Wiskott-Aldrich syndrome protein) family of actin-

nucleating factors, which are normally activated by the GTPase Cdc42, among other 

signaling molecules. Apart from its N-terminal type III secretion signal, EspFU consists 

of five and a half 47-amino-acid repeats. Here we find that a 17-residue motif within this 

EspFU repeat is sufficient for interaction with N-WASP. Unlike most pathogen proteins 

that interface with the cytoskeletal machinery, this motif does not mimic natural upstream 

activators: instead of mimicking a super-activated state of Cdc42, EspFU mimics an 

autoinhibitory element found within N-WASP. Thus EspFU activates N-WASP by 

competitively disrupting the autoinhibited state. By mimicking an internal regulatory 

element and not the natural activator, EspFU selectively activates only a precise subset of 

Cdc42-activated processes. Interestingly, although one repeat from EspFU can disrupt the 

autoinhibitory interaction in N-WASP, it is unable to potently stimulate actin 

polymerization. We show that multiple repeats – which allow coordinated activation of at 

least two N-WASP proteins – are required for high-potency activation of actin assembly. 

Thus this pathogen has used a simple autoinhibitory fragment as a component to build a 

highly effective actin polymerization machine. 
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Introduction 

 

 Many pathogens target the cytoskeletal machinery of their host cells in order to 

facilitate their attachment, entry, or cell-to-cell spreading2-4. EHEC (O157:H7) causes 

severe gastrointestinal disease, and infection is dependent on the ability of the bacterium 

to attach to intestinal epithelial cells and form actin pedestals at the sites of attachment1. 

Pedestal formation has been shown to be dependent on the pathogenic protein EspFU 

(also known as TccP)5, 6. EspFU is injected through a type III secretion system7 into host 

cells where it stimulates actin polymerization by activation of host WASP proteins 

(Figure 3.1A). WASPs are activators of the Arp2/3 complex, but this function is tightly 

regulated by an autoinhibitory interaction between the GTPase-binding domain (GBD) 

and the “C” helix in the catalytic WCA region8. Potent activation of neuronal WASP (N-

WASP) requires the coordinated action of multiple endogenous activators, including 

Cdc42, the phospholipid PIP2, and SH3-domain-containing proteins such as Nck (Figure 

3.1B)9, 10. EspFU, on the other hand, can independently activate N-WASP with a potency 

that is orders of magnitude higher than single endogenous activators9 (Figure 3.1B-D). 

 

 A common strategy exploited by pathogens in targeting host cell processes is to 

produce a protein that mimics an endogenous activator of that process7, 11, 12. This mimic 

will generally be super-activated compared to the endogenous protein, which shows 

regulated activity13, 14. Among pathogens that target actin polymerization, there are many 

examples of effector proteins that mimic the active states of N-WASP15, 16 or N-WASP 

activators like Cdc4217. Some pathogens that are related to EHEC activate N-WASP and 
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actin assembly through membrane recruitment of host Nck18, 19. EHEC stimulates 

pedestal formation independent of Nck19, instead using EspFU to activate N-WASP. 

Previous studies have shown that EspFU interacts with the GBD20, 21, the regulatory 

domain in N-WASP that participates in autoinhibition and binds to activated Cdc428. 

Thus, we set out to test the hypothesis that EspFU may somehow mimic a super-activated 

state of Cdc42. 

 

 EspFU has a type III secretion signal followed by five and a half 47-amino-acid 

repeats (Figure 3.2) (a six and a half repeat isoform of EspFU has also been reported6). 

The repeats are nearly identical and they share very little sequence homology with other 

proteins, except for the related EHEC protein EspF. While EspFU is unique to EHEC, 

EspF homologs are found in multiple gastrointestinal pathogens. EspF also activates N-

WASP22 and contributes to the disruption of tight junctions in epithelial cells, but does 

not participate in pedestal formation5, 23.  

 

Results and Discussion 

 

 We first mapped the minimal interacting fragments on both EspFU and N-WASP 

using pulldown-binding assays. We found that the N-WASP GBD could bind to a single 

EspFU repeat. We tested other truncations and found that the first 17 amino acids of each 

repeat constitute the minimal fragment with high-affinity for the GBD (Figure 3.3A-B). 

This sequence corresponds to a predicted α-helix24 and it is repeated six times in the full-

length protein. There are minor sequence differences among the six copies of this motif, 
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but the repeats appear to be equivalent in all binding and functional assays (data not 

shown).  

 

 The N-WASP GBD is a composite regulatory domain made up of two overlapping 

elements – a Cdc42-binding element and an autoinhibitory element that binds to the C 

helix8. Mutually exclusive binding of the GBD to these two alternative ligands allows it 

to control Arp2/3 activation in response to Cdc42. By performing more detailed mapping 

of the N-WASP side of the interaction, we found that the C-terminal, autoinhibitory 

portion of the GBD interacts with EspFU and the N-terminal, Cdc42-binding portion does 

not. We determined the minimal high-affinity fragment of N-WASP to be amino acids 

228-270 (Figure 3.3C-D), which form the core of the interaction with the C helix in the 

autoinhibited structure (Figure 3.4A)8. 

 

 Since a small helical peptide from EspFU interacts with the autoinhibitory portion of 

the GBD, it seemed unlikely that EspFU was activating N-WASP by mimicking Cdc42. 

Instead, we postulated that this EspFU fragment might be mimicking the C helix and 

disrupting N-WASP autoinhibition by competitively binding to the GBD. We found that 

EspFU does indeed competitively disrupt the N-WASP GBD autoinhibitory interaction in 

a pulldown-binding assay (Figure 3.5A-B). Sequence alignment of the C helix and the 

first 17 amino acids of the EspFU repeat revealed sequence homology at three positions 

where hydrophobic amino acids are known to be critical for interaction with the GBD 

(Figure 3.4A-B)25. We carried out a systematic alanine scan of both the N-WASP and 

EspFU fragments and tested binding of the mutants to the GBD. The results showed that 
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mutation of any of the conserved hydrophobic positions to alanine on either the C helix 

or the EspFU fragment completely disrupted interaction with the GBD (Figure 3.4B).  

 

 Previous work has shown that the isolated WASP GBD is only partially folded and 

unstable, but that fusion of the C helix to the GBD leads to a stably folded, helical 

structure that approximates the autoinhibited state8. We made a fusion of the GBD to the 

minimal 17-amino-acid interacting fragment from EspFU found that this protein had very 

similar helical content and thermal stability to the GBD-C helix fusion (Figure 3.6). This 

further supports a model in which the EspFU – N-WASP complex is structurally 

homologous to the autoinhibited state. 

 

 These results show that at the sequence and structure level, the N-terminal 17 amino 

acids of the EspFU repeat are mimicking the C helix (an autoinhibitory element) and this 

motif competitively disrupts autoinhibition of WASPs (Figure 3.7). A similar sequence 

motif is present in EspF and it likely activates N-WASP using the same mechanism. We 

found that one EspFU repeat binds to the N-WASP GBD (amino acids 214-274) with a Kd 

of 18 nM (Figure 3.8A-B). This affinity is about 100-fold tighter than previously 

measured values for the corresponding WASP GBD-C helix interaction (in trans)8 and 

this higher affinity explains how an intermolecular interaction can competitively disrupt 

an intramolecular interaction. The C helix also contributes to N-WASP’s interactions 

with actin monomers and the Arp2/3 complex26. We found that EspFU can bind to these 

molecules as well (Figure 3.8A). In spite of this, EspFU cannot stimulate actin 

polymerization without N-WASP (data not shown).  
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 Utilization of a competitive autoinhibitory fragment represents a novel strategy for a 

pathogen to use in hijacking host cell signaling. One possible advantage of this strategy is 

increased specificity: a super-active signaling mimic will activate all downstream 

endogenous signaling pathways, whereas a mimic of a regulatory element should only 

activate a small subset (Figure 3.9A). To test this idea we investigated whether EspFU 

could activate the p21-activated kinases (PAKs) – another group of Cdc42-responsive 

proteins whose regulation is most closely related to WASPs’. As in WASPs, Cdc42 

activates PAKs by disrupting an autoinhibitory interaction (which is structurally 

homologous to that of WASP)27. However, the PAK homolog of the WASP C helix lacks 

the consensus sequence of three conserved hydrophobic amino acids (Figure 3.9B). 

EspFU was unable to activate PAK1 or PAK2 (Figure 3.9C), indicating a high specificity 

of EspFU towards WASP family proteins. This more targeted activation may be 

advantageous for the pathogen, given the broad range of downstream effects mediated by 

WASP activators like Cdc42. 

 

 We also investigated the functional significance of this autoinhibitory mimic being 

repeated six times in one EspFU molecule. We tested the relative abilities of different 

length EspFU fragments to stimulate actin assembly using an in vitro pyrene-actin 

polymerization assay9. Interestingly, we found that while one repeat from EspFU can 

disrupt the N-WASP autoinhibitory interaction in a binding assay (Figure 3.5C), it cannot 

measurably stimulate actin polymerization through N-WASP and Arp2/3 (Figure 3.10A). 

A fragment of two repeats shows partial activity in the actin assay, but at least three 

repeats are necessary for high potency. Each additional repeat gives higher activity until 
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full-length EspFU (residues 80-337, lacking the secretion signal), which has a maximal 

activity at the same level as unregulated N-WASP (Figure 3.10A). To see if this trend 

continued, we made an EspFU protein that has eight and a half repeats and found that it 

reaches the same maximal activity as the wildtype protein, but is even more potent at low 

concentrations (Figure 3.10B). At very high concentrations, EspFU proteins had a partial 

inhibitory effect on actin polymerization (data not shown), likely due to EspFU 

sequestering actin monomers and/or Arp2/3. 

 

 To determine whether the C-terminal portions of the repeats are necessary for 

activity, we constructed a minimized EspFU protein in which six copies of the 17-residue 

C-helix mimic are separated by glycine-serine linkers (Figure 3.11A). This construct was 

still able to stimulate actin polymerization (albeit with lower potency than wildtype 

EspFU), showing that the C-terminal portion of the full EspFU repeat contributes to 

function, but is not essential for activity (Figure 3.11B). 

 

 Next, we tested whether multiple repeats were also required in more complex assays 

of actin assembly – namely a reconstituted bead motility assay and an in vivo clustering 

assay. In the first assay, EspFU fragments are chemically coupled to polystyrene beads 

and these beads are incubated with a mixture of actin and actin-regulatory proteins and 

examined by microscopy for the ability to stimulate actin assembly and motility28, 29. 

Beads coated with full-length EspFU triggered formation of an F-actin shell that breaks 

symmetry and induces transient polarized bead movement (Figure 3.12). Beads coated 

with three EspFU repeats showed similar behavior (albeit with a slightly more diffuse 
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actin shell), while two-repeat beads formed shells that were very diffuse, showed 

significantly reduced actin fluorescence, and dissembled within minutes. Beads coated 

with a single repeat showed negligible ability to polymerize actin (Figure 3.12). We 

varied the surface density of EspFU protein on the beads and found that this had little 

effect on the relative activities of the different fragments (data not shown). In particular, 

one-repeat beads had no activity, even at maximal density. This shows that a high local 

concentration of a single repeat has no effect – multiple repeats in the same polypeptide 

chain are required for activation of actin polymerization. 

 

 To test the ability of EspFU fragments to form actin structures in vivo, we used an 

antibody-induced clustering assay in NIH 3T3 cells. Previous work has shown that N-

WASP or N-WASP activators can form actin structures when clustered at the plasma 

membrane30. In our assay, the EspFU fragment is expressed as a fusion to the cytoplasmic 

tail of a transmembrane protein and then clustered using a rhodamine-tagged antibody 

that recognizes the extracellular portion of the protein31. Upon clustering of full-length 

EspFU, we observed bright actin foci and comet tails that co-localized with the antibody 

clusters, showing that clustering of EspFU is sufficient to trigger localized actin assembly 

in vivo (Figure 3.13A). Furthermore, we tested three-, two- and one-repeat fragments and 

observed the same trend that we had seen before: three repeats showed similar activity to 

full-length, two repeats had weak activity and one repeat had minimal activity (Figure 

3.13A). We used a computational image analysis tool (D. Vasilescu, unpublished) to 

detect and correlate antibody and actin clusters (Figure 3.14). These quantitative results 
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show that clustering of EspFU fragments with more repeats causes formation of actin 

clusters with higher frequency and intensity (Figure 3.13B). 

 

 The requirement of multiple repeats for activation of actin polymerization suggests 

that EspFU needs to simultaneously bind and activate multiple N-WASP proteins to be 

active. To address this, we investigated the stoichiometry of the EspFU – N-WASP 

complex using analytical ultracentrifugation (AUC). Using AUC (data not shown) and 

binding assays (Figure 3.15A-B), we found that each repeat in an EspFU fragment could 

simultaneously bind an isolated N-WASP GBD (for example, a three-repeat fragment 

bound to three GBDs). However, the model that EspFU has high potency because it can 

activate multiple N-WASPs does not explain why a two-repeat fragment has such low 

activity in our actin assays. We found a likely answer to this question through 

stoichiometric analyses of complexes of a two-repeat protein with a larger, autoinhibited 

N-WASP construct (Figure 3.16). This AUC data showed that while the two-repeat 

fragment can bind one N-WASP easily, binding of a second is disfavored (possibly due 

to steric effects) and only happens in large excess of N-WASP. Taken with our actin data, 

this suggests that activity of EspFU fragments correlates with their ability to coordinate 

the activation at least two N-WASP proteins (Figure 3.17). There are a number of other 

cases where clustering of active N-WASP has been shown to lead to similarly increased 

activity – including the high potency of GST-tagged N-WASP WCA32 (presumably due 

to GST dimerization) and the importance of N-WASP clustering by SNX9 in 

endocytosis33. 
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 We have shown here that the EHEC protein EspFU has evolved a unique mechanism 

to potently and specifically activate N-WASP-mediated actin polymerization through a 

repeated autoinhibitory mimic. This co-opting of a small internal regulatory unit for 

activation of a target protein represents a novel pathogenic strategy. Furthermore, 

multiple repeated copies of this motif are essential for activity, apparently because a 

single EspFU protein must coordinate simultaneous activation of multiple N-WASPs. 

 

Materials and Methods 

 

Protein construction and purification. 

 EspFU proteins: EspFU was amplified from EHEC genomic DNA (ATCC). When we 

refer to “full-length” EspFU in the manuscript, we mean residues 80-337 (lacking the type 

III secretion signal). Shorter fragments were made by polymerase chain reaction (PCR) 

off a wildtype EspFU template. Because of the high DNA sequence conservation between 

repeats, the PCR reaction would result in a ladder of bands when run on a gel that 

corresponded to 1 repeat, 2 repeats, etc. We made our fragments of lesser numbers of 

repeats by cutting the bands that corresponded to 1 repeat up to 5 repeats out of this 

ladder. Unless explicitly stated, these shorter repeat fragments consist of the most N-

terminal repeats (for example, “3 repeats” means repeats 1-3). All cloning and expression 

of multi-repeat proteins was done in Escherichia coli BLR(DE3) strains that lack 

recombinase A. Expression of all non-repeat proteins was done in E. coli [BL21(DE3) 

RIL]. Most EspFU proteins were fused to a cleavable N-terminal hexahistidine tag 

(pET19-derived vector) and purified on Ni-NTA resin (Qiagen). In some cases the tag 
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was then removed by cleavage with tobacco etch virus (TEV) protease at 25oC for 2 

hours. Proteins were purified by fast protein liquid chromatography (FPLC) on a Source 

Q column (Pharmacia). 

 

 The synthetic eight-and-a-half-repeat EspFU protein was assembled through 

introduction of a silent AatII restriction site near the N-terminus of the repeat. We made 

two different multi-repeat fragments by PCR: one three-repeat fragment starting at the N-

terminus of EspFU and ending with the AatII site, and a second five-and-a-half-repeat 

fragment starting with the AatII site and ending at the C-terminus of EspFU. These two 

fragments were cut with AatII (NEB) and ligated to form the eight-and-a-half-repeat 

protein. 

 

 The chimeric EspFU protein that replaces the C-terminal 30 amino acids of each 

repeat with an eight-residue glycine-serine linker was assembled using an adapted 

BioBrick cloning strategy (for details see: parts.mit.edu). Briefly, we constructed a vector 

bearing a single synthetic repeat with EcoRI and BglII restriction sites upstream and 

BamHI and XhoI sites downstream. This vector was digested with BamHI and XhoI and 

the cut backbone was purified. Another sample of the same vector was digested with 

BglII and XhoI and the small fragment consisting of the repeat was purified. These two 

restriction fragments were then ligated using the compatible ends generated by BamHI 

and BglII, thereby generating a two-repeat construct. This process was repeated multiple 

times to make the six-repeat construct. 
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 WASP proteins: The two WASP family proteins used in this study are human WASP 

(referred to as “WASP”) and rat neuronal WASP (referred to as “N-WASP”). All 

fragments were generated by PCR from templates encoding the full-length proteins and 

expressed with N-terminal hexahistidine or glutathione S-transferase (GST) (pGEX4T-1 

vector) fusions. The GBD-C protein was made as described8 by fusing WASP residues 

242-310 to residues 461-491 with a “GGSGGS” linker sequence. We made our GBD- 

EspFU fusion by replacing WASP residues 466-491 in GBD-C with residues 1-17 from 

repeats 4-6. Both fusion proteins were assembled by two-step PCR. 

 

 Alanine mutants: Systematic alanine mutagenesis was carried out on the N-WASP C 

helix (residues 460-476) and the EspFU C mimic sequence (residues 1-17 from repeats 4-

6). Single alanine mutations were made at each position in these sequences (except for 

positions with wildtype alanines) using QuikChange mutagenesis37 and the mutant 

proteins were expressed as GST fusions. 

 

 Fluorescently labeled proteins: EspFU lacks cysteine residues, so for labeling of 

repeat fragments, a “KCK” sequence was added to the N-terminus of the fragment. For 

the N-WASP WCA (residues 392-501), the single cysteine at position 427 was labeled. 

For the N-WASP GBD fragments, we made a C236S mutation that behaved like wildtype 

N-WASP in assays of binding and activity. We then added a “KCK” sequence to the N-

terminus of C236S GBD fragments. These cysteine residues were labeled with the 

iodoacetamide derivatives of the appropriate dyes: we used fluorescein for fluorescence 

polarization and Oregon Green 488 for analytical ultracentrifugation (Invitrogen). 
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GST-pulldown binding assays. 

 GST-tagged bait protein was bound to glutathione agarose (Sigma) and the amount of 

protein on resin was approximated by SDS-PAGE. Sufficient resin was added to bring 

the bait protein concentration to 1 µM in the binding mixture. Hexahistidine-tagged prey 

protein was added at 10 µM. For competitions, a series of pulldowns was set up, each 

with increasing concentration of the competitor. Binding was done in 20 mM Tris pH 8.0, 

50 mM NaCl and 1 mM DTT in 200 µL total volume. Tubes were incubated on ice for 30 

minutes with regular vortexing and then the resin was washed thoroughly with 

phosphate-buffered saline (PBS) with 0.1% Triton X-100. Resin was resuspended in SDS 

loading buffer and samples were run on SDS-PAGE and transferred to a nitrocellulose 

membrane. Bound prey protein was detected by Western blotting with a 1:2,000-diluted 

mouse His-probe primary antibody (Santa Cruz Biotech), followed by a 1:10,000-diluted 

fluorescent goat anti-mouse IRDye 800CW (Li-Cor Biosciences) secondary antibody. 

Bands were then visualized on a Li-Cor Odyssey infrared fluorescence scanner. 

 

Pyrene-actin polymerization assays. 

 Actin was purified from rabbit muscle38 and labeled with pyrene-maleimide39 and 

Arp2/3 was purified from bovine brain40 as previously described. Mini N-WASP was 

used as the Arp2/3 activator in these assays, which consists of residues 178-274 of N-

WASP fused to residues 392-501 through a 9-amino-acid glycine-serine linker. This 

truncated N-WASP approximates the activity of wildtype in that it is basally 

autoinhibited, but can be stimulated by many endogenous activators. Assays were 

performed essentially as described41. Exact assay conditions were 1.3 µM actin (10% 
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pyrene-labeled), 20 nM Arp2/3, 50 nM mini N-WASP, 50 mM KCl, 1 mM MgSO4, 1 

mM EGTA, 0.2 mM ATP, 1 mM DTT, 3 µM MgCl2 and 11.5 mM imidizole pH 7.0 in a 

total volume of 100 µL. Actin polymerization was monitored as an increase in pyrene-

actin fluorescence (excitation: 365 nm; emission: 407 nm) with a SpectraMax Gemini XS 

fluorescence plate reader (Molecular Devices). Raw fluorescence data were normalized 

to the lower and upper baselines of each curve using the equation (Fdata-Flower)/(Fupper-

Flower). To determine the minimal (min) rate of actin polymerization, mini N-WASP was 

omitted from the assay (Arp2/3 alone) and to determine the maximal (max) rate, mini N-

WASP was replaced by 50 nM unregulated N-WASP WCA. Relative activities of EspFU 

fragments were determined with the equation [t1/2(min)- t1/2(data)]/[t1/2(min)-t1/2(max)], 

where each t1/2 value is the time required for that curve to reach half-maximal 

fluorescence. 

 

Bead motility assays. 

 The following method was adapted from protocols developed by Orkun Akin and R. 

Dyche Mullins (unpublished). Actin39 and Arp2/342 were purified from Acanthamoeba 

castellanii and the actin was labeled with tetramethylrhodamine maleimide43. Human 

profilin I44 and mouse capping protein CP α1β245 were grown recombinantly and 

purified as described previously. GST-fusions of EspFU fragments were covalently 

crosslinked to 5 µm carboxylated polystyrene beads (Bangs Labs) using EDC/SulfoNHS 

chemistry (Pierce). Briefly, a 1% (w/v) solution of beads was charged with EDC and 

stabilizing SulfoNHS for 15 minutes at room temperature. Activated beads were then 

washed and reacted with 4 µM of the GST-fused EspFU fragment for 2 hours at room 
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temperature. We also did separate couplings of each EspFU fragment diluted in GST 

alone (still with 4 µM total protein). Coupling reactions were quenched with Tris and the 

beads were washed repeatedly with 1 M NaCl and 0.1% NP-40 to remove non-covalently 

attached protein. The resulting 1% solutions of EspFU -coupled beads were diluted 1:30 

into a motility mixture consisting of 62.5 nM Arp2/3, 300 nM capping protein, 3 µM 

profilin and 100 nM ΔEVH1 N-WASP (residues 136-501) in 0.5 mM ATP, 1 mM 

MgCl2, 1 mM EGTA, 15 mM TCEP, 50 mM KOH, 20 mM HEPES pH 7.0, 2.5 mg/mL 

BSA and 0.2% methylcellulose. Motility was initiated by addition of 7.5 µM actin (5% 

labeled) to the mixture. Samples were mounted between silanized glass slides and 

coverslips and tetramethylrhodamine fluorescence was imaged on a Nikon TE300 Eclipse 

inverted epifluorescence microscope. Imaging settings were maintained constant between 

experiments. Images in the paper are of beads coated with EspFU fragments diluted 1:4 in 

GST alone and they were acquired 4 and 8 minutes after addition of actin. We also tested 

beads with maximal surface density of EspFU fragments (no GST added) and observed 

the same trends in activity (data not shown).  

 

In vivo clustering assays and quantification. 

 Details of the CD16/7 chimeric construct subcloned into the pEBB-HA mammalian 

expression vector were previously described31. Aggregation of membrane-targeted EspFU 

repeats in vivo was performed by antibody-mediated cross-linking of their respective 

CD16/7 fusion proteins31. Briefly, approximately 24 h after transfection, cells were 

incubated with a mouse monoclonal antibody against human CD16 (Calbiochem), at a 

concentration of 1 µg/ml in complete medium, for 1 h at 37ºC. After washing with PBS 
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to remove the excess unbound anti-CD16, cells were incubated with rhodamine-

conjugated goat anti-mouse IgG (Pierce), at a concentration of 0.5 µg/ml in complete 

medium, for an additional hour at 37ºC. Excess unbound rhodamine-conjugated 

secondary antibody was removed by washing with PBS.   Fluorescent images were 

collected on a Zeiss LSM 510 Meta confocal microscope using a 63x NA 1.4 Plan-

NEOFLUAR oil immersion objective. Specimens were illuminated with an argon laser 

with emission at 488 nm and a HeNe laser with emission at 543 nm.  Images were 

collected as vertical Z-stacks of optical sections. 

   

 Quantitative data, including number of clusters/cell, percentage of clusters with 

associated F-actin and relative F-actin intensity, were derived using the Comet Detector, 

a newly developed computational tool (D. Vasilescu, unpublished).  This tool constitutes 

a unique, unbiased method for the quantitative analysis of relationships between 

antibody-induced aggregates of membrane targeted proteins and localized actin 

polymerization. Details will be published elsewhere, but in brief this tool is an adaptation 

of the application for multiple particle detection and tracking from digital videos 

developed by Guy Levy at the Computational Biophysics Laboratory, ETH Zurich.  The 

Comet Detector utilizes previously described algorithms46, 47 for analysis of antibody 

clusters and actin comets in two channels of fluorescent images.  

 

 For detection of clusters, the algorithm assumes that the particles are circular in shape 

and that the size and intensity between particles vary by no more than one order of 

magnitude. The software allows the user to adjust the parameters relevant to the detection 
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process: radius and threshold.  The radius (in pixels) of the particles of interest (clusters) 

should be slightly larger than the apparent particle radius but smaller than the smallest 

distance between two particles. The radius is chosen as to minimize errors such as 

“collision” (two particles detected as one if radius is too large) and “left out intensity” 

(part of the particle being left out if radius is too small).  The parameter threshold allows 

all the bright pixels in the upper nth percentile of the image intensity to be considered as 

candidate particles. For detection of actin comets, a similar algorithm is used with the 

assumption that most of the intensity information is located at the “growing end”, which 

is consistent with visual observations and modeling. In this case, the radius chosen must 

be large enough to include most of the comet body.  Because of the “noisy” nature of the 

actin channel, true actin tails as well as other cytoskeletal structures (actin cables) are 

detected at any given threshold.  However, spurious detections (such as actin cables) are 

then eliminated from the analysis during the pairing of information from both channels.  

The detection process on both channels consists of the following common steps; i) 

restoration of image, ii) location of candidate particle positions by finding local intensity 

maxima in the image filtered during the previous step and, iii) particle position correction 

based on the assumption that the center of mass of the particle is near (but not necessarily 

at) the point of local intensity maxima. After the detection of particles in each channel, a 

multi-pass algorithm is used to pair the detected clusters with the comets.  We identified 

proximity as the most reliable pairing criterion.  The algorithm identifies the comet 

closest to a given cluster by searching over a progressively larger area around the cluster 

that is smaller or equal to the chosen comet diameter. 
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Fluorescence polarization binding assays. 

 Fluorescein-labeled probe proteins were added at 10-30 nM concentration, depending 

on the amount required to give the appropriate fluorescence intensity. Series of samples 

were made with constant probe concentration and increasing concentrations of unlabeled 

binding partner in 20 mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT and 0.1 mg/mL BSA. 

These samples were loaded into a 384-well plate (Corning) and read in an Analyst HT 

plate reader (Molecular Devices) (excitation: 485 nm; emission: 530 nm). All readings 

were performed in triplicate. Data were fitted to binding curves using the program ProFit 

(Quantum Soft). 

 

Circular dichroism. 

 Circular dichroism spectra were measured of protein samples in 20 mM sodium 

phosphate pH 8.0 and 50 mM NaCl on an Aviv spectrometer. GBD-C and GBD- EspFU 

1-17 readings were done on samples at 20 µM concentration. The GBD construct showed 

lower signal (due to its instability) and was assayed at 40 µM concentration in order to 

get readings in the appropriate range. Temperature melts were monitored at 222 nm from 

10°C to 90°C in 2°C steps with one minute equilibration time. Subsequent cooling of the 

samples back to 10°C showed that the unfolding of each protein was reversible. 

 

PAK kinase assays. 

 Assays were performed as described previously48 with minor modifications. Human 

PAK1 and PAK2 proteins were purchased from Cell Signaling Technology. Myelin basic 

protein (MBP) (Invitrogen) from bovine brain was used as the phosphorylation substrate. 
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The Cdc42 used is a soluble fragment of the human protein (residues 1-179) bearing a 

G12V constitutively active mutation. Each reaction was done with 0.5 µg of PAK and 15 

µg of MBP substrate in 35 µL volume, with or without 2.5 µg of Cdc42 G12V or full-

length EspFU. Our kinase assay buffer consisted of 50 mM HEPES pH 7.5, 10 mM 

MgCl2, 10 mM NaF, 2 mM MnCl2, 1 mM DTT and 0.05% Triton X-100. The reaction 

was initiated by addition of 10 µCi of [γ-33P]ATP and then incubated at room 

temperature. 10 µL aliquots of each reaction were removed at 10, 30 and 107 minutes and 

stopped by addition of SDS loading buffer with EDTA. The samples were analyzed by 

SDS-PAGE and the gels were vacuum dried (Bio-Rad) for 2 hours at 85°C. Incorporation 

of radioactive phosphate into PAK and MBP was visualized by exposure of the dried gels 

to film. 

 

Analytical ultracentrifugation. 

 Oregon Green 488-labeled repeat fragments were present at sufficient concentration 

to give an absorbance reading of 0.3-0.4 at 495 nm (2-8 µM protein, depending on 

labeling efficiency). Unlabeled mini N-WASP or N-WASP GBD (residues 214-274) was 

added at multiple different molar excesses. Samples of EspFU fragment alone, EspFU and 

N-WASP mixed, and N-WASP alone were analyzed. Labeled and unlabeled proteins 

were monitored at 495 nm and 280 nm, respectively. Equilibrium analytical 

ultracentrifugation experiments were performed at 20°C on a Beckman Optima XL-A 

ultracentrifuge with an An-60 Ti rotor. Samples were spun at 10,000 and 20,000 rpm (in 

succession) for 22 hours at each speed (1 scan/hour) in order to allow the proteins to 

reach equilibrium. Relevant segments of the data were extracted using the program 
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Reedit9 (Jeff Lary, National Analytical Ultracentrifuge Facility). The data were then 

fitted to effective reduced molecular weight (σ) values using the program WinNonlin49. 

Data and fitted curves were plotted and residuals were calculated using MATLAB 

(MathWorks). 
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Figure 3.1: EspFU is a potent activator of N-WASP. A. Overview of actin pedestal 
formation by EHEC. Using a type III secretion system, EHEC injects its pathogenic 
proteins, including EspFU, into a host cell. EspFU stimulates actin polymerization in the 
host cell through endogenous N-WASP and Arp2/3, leading to pedestal formation. B. 
Multiple endogenous activators of N-WASP (like the GTPase Cdc42 and the 
phospholipid PIP2) must be present simultaneously to potently activate N-WASP. EspFU 
has evolved a mechanism to bypass this regulation and achieve high potency activation 
with a single input. C. EspFU potently activates N-WASP in an in vitro pyrene-actin 
polymerization assay. Minimal and maximal rates of polymerization are determined in 
reactions with no N-WASP and 50 nM unregulated N-WASP WCA, respectively (shown 
in gray, but the minimal rate curve is behind the black curve). All other reactions contain 
50 nM mini N-WASP (GBD-linker-WCA), which alone is autoinhibited (in black). 
Addition of nanomolar quantities of EspFU can fully activate mini N-WASP so that it 
overlays with the maximal WCA-catalyzed curve. D. EspFU is much more potent than 
endogenous activators of N-WASP. Activation data are fitted to single exponential curves 
using MATLAB (MathWorks), with a small linear term subtracted (where necessary) to 
account for EspFU sequestration of actin and/or Arp2/3. This fit gives us a Kact value for 
EspFU of 20 nM (concentration required for half-maximal N-WASP activity). This value 
is over 100-fold more potent than previously reported Kact values for single endogenous 
activators like Cdc42 and PI(4,5)P2 (3 µM and 8 µM, respectively9). 
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Figure 3.2: Sequence details of EspFU. The N-terminal 79 amino acids of EspFU are a 
type III secretion signal, followed by five and a half 47-amino-acid repeats which are 
nearly identical to one another. 
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Figure 3.3: Mapping the EspFU – N-WASP interaction. A, C. Binding was evaluated 
by a glutathione S-transferase (GST) pulldown assay. Fragments capable of interacting 
with their binding partner were scored as “+”, fragments that did not interact were scored 
as “-”, and those that showed a weak interaction were scored “+/-”. B. Sample GST 
pulldown data testing GST fusions of EspFU fragments for ability to pulldown the N-
WASP GBD. Amino acids 1-17 of the EspFU repeat constitute the minimal fragment that 
strongly interacts. D. Testing GST fusions of N-WASP GBD fragments for ability to 
pulldown EspFU. Amino acids 228-270 of N-WASP constitute the minimal fragment that 
strongly interacts. 
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Figure 3.4: The WASP-binding fragment of EspFU is a mimic of the C helix. A. The 
structure of an autoinhibited fragment of WASP8 (image generated with PyMol36) 
composed of the GBD (gray) fused to the C helix (green). Three hydrophobic side chains 
on the C helix that are critical for interaction with the GBD are highlighted in red. B. 
Sequence alignment of the N-WASP C helix with the minimal GBD-binding fragment 
from EspFU reveals homology at the three corresponding hydrophobic positions 
(highlighted in red). Alanine scanning mutagenesis was carried out on all non-alanine 
residues in both fragments. GST fusions of singly alanine-mutated peptides were tested 
for binding to the N-WASP GBD in a GST-pulldown assay. Mutation of any of the three 
critical hydrophobic positions on either fragment to alanine completely disrupted 
interaction with the GBD. 
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Figure 3.5: EspFU disrupts the autoinhibitory interaction of N-WASP. A. The 
interaction is shown in trans in a GST-pulldown assay by incubating 1 µM GST-fused N-
WASP WCA (on glutathione-agarose resin) with 10 µM N-WASP GBD. B, C. Addition 
of full-length EspFU or just repeat 1 to the mixture disrupts the interaction. 
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Figure 3.6: The GBD fused to EspFU 1-17 forms a stably folded structure similar to  
autoinhibited WASP. Temperature melts of GBD proteins, monitored by circular 
dichroism. The isolated WASP GBD is unstable, as seen by its low melting temperature, 
shallow melting curve and weak ellipticity signal (it had to be scanned at twice the 
concentration of the other constructs in order to get readings in the optimal  range for the 
instrument).  Fusion of the C helix to the C-terminus of the GBD (GBD-C) results in a 
stably folded protein that approximates autoinhibited WASP. A fusion of EspFU 1-17 to 
the GBD (GBD-EspFU) shows similar helical content and thermal stability to GBD-C, 
suggesting that it forms a structure similar to autoinhibited WASP. 
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Figure 3.7: Model for disruption of N-WASP autoinhibition by EspFU. Some 
endogenous activators (e.g. Cdc42) bind to sites near the autoinhibitory portion of the 
GBD and disrupt autoinhibition by inducing a conformational change. These endogenous 
activators also affect many other target proteins. By mimicking a competitive 
autoinhibitory fragment, EspFU has evolved an activator that is highly specific to WASP 
proteins. 
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Figure 3.8: Affinity comparisons between the EspFU repeat and the N-WASP WCA.   
A. Binding of fluorescein-labeled EspFU repeat 1 or N-WASP WCA to N-WASP GBD 
fragments, monomeric actin or Arp2/3 was measured in a fluorescence anisotropy assay. 
The WCA – GBD affinity (*) is a previously measured value for the corresponding 
WASP fragments8. B. Two sample sets of binding data for the EspFU – N-WASP 
interaction from the above table. Data were fit to binding curves using the program ProFit 
(Quantum Soft).  
 
 
 
 
 
 
 
 
 
 



 98 

 
 

 
 
 

Figure 3.9: EspFU is highly specific for WASPs - it does not activate other Cdc42 
effectors like p21-activated kinases (PAKs). A. Cdc42, when GTP-bound, activates 
many downstream signaling proteins, including WASPs. Of these Cdc42 effectors, PAKs 
are the most closely related to WASPs – they have similar autoinhibited structures and 
Cdc42 activates them by a similar mechanism. B. Sequence alignment of the N-WASP C 
helix with the EspFU C mimic highlighting the three conserved hydrophobic residues that 
are critical for interaction with the GBD. The PAK helix that is structurally homologous 
to the C helix lacks three hydrophobic residues with the correct spacing. C. PAK kinase 
assays showing incorporation of radioactive phosphate into myelin basic protein (MBP). 
PAK1 and PAK2 alone are autoinhibited and show minimal phosphorylation over the 
timecourse. Addition of Cdc42 G12V (a constitutively active mutant) to the reactions 
greatly activates PAK phosphorylation, but EspFU has no effect. 
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Figure 3.10: EspFU fragments with more repeats are more potent activators of actin 
polymerization. A. Activities of EspFU fragments consisting of different numbers of 
repeats in a pyrene-actin polymerization assay. “Full-length” EspFU refers to residues 80-
337. Shorter repeat fragments consist of the most N-terminal repeats (for example, “3 
repeats” means repeats 1-3). All assays contain 50 nM mini N-WASP and activities are 
reported relative to 50 nM unregulated N-WASP WCA. Data are fitted to single 
exponential curves using MATLAB (MathWorks), with a small linear term subtracted 
(where necessary) to account for EspFU sequestration of actin and/or Arp2/3. B. An 
engineered EspFU construct of eight and a half repeats is more potent than wildtype at 
low concentrations. 
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Figure 3.11: The C-terminal portion of the repeat is not essential for activity. A. 
Sequence of EspFU ΔLinker, a chimeric EspFU protein consisting of six copies of the 
minimal GBD-binding peptide separated by eight residue glycine-serine linkers instead of 
the 30 wildtype proline-rich residues. B. This chimera is active in the in vitro pyrene-
actin polymerization assay, but not as active as wildtype EspFU. 
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Figure 3.12: Multiple EspFU repeats are required for activity in a bead motility 
assay. Visualization of polymerized, fluorescently-labeled actin around beads coated 
with fragments of EspFU. The images were acquired at two timepoints after mixing the 
beads with actin, Arp2/3, ΔEVH1 N-WASP (residues 136-501), profilin, and capping 
protein. Full-length EspFU on the bead stimulates formation of a polarized actin shell and 
then initiates movement of the bead away from the shell. Beads coated with three-repeat 
fragments show similar behavior. Two-repeat beads show weaker activity – there is less 
visible fluorescence from the polymerized actin and the shell falls apart quickly. Beads 
coated with single repeats produce minimal actin fluorescence. 
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Figure 3.13: EspFU fragments with more repeats are also more active in an in vivo 
clustering assay. (legend next page) 
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Figure 3.13: EspFU fragments with more repeats are also more active in an in vivo 
clustering assay. A. NIH 3T3 cells are transfected with a fusion of EspFU to the 
cytoplasmic tail of a transmembrane protein (CD16/7) and then clustered with a 
rhodamine-tagged antibody that recognizes the extracellular portion of the fusion protein. 
The three images for each fragment show (left to right) GFP-actin fluorescence, 
rhodamine fluorescence from the antibody, and the overlay of these two images (with 
actin in green and the antibody in red). Inset in each image is a portion of that cell 
(denoted by the white box) shown at higher magnification. In cells transfected with 
CD16/7- EspFU full-length, bright spots of actin fluorescence co-localize with the 
antibody clusters. Clustering of three-repeat and two-repeat fragments likewise trigger 
localized actin polymerization, but with incrementally decreasing GFP-actin fluorescence 
intensity. Clustering of one repeat leads to minimal actin phenotype. Control cells with 
clustered CD16/7 alone (no EspFU fusion) are shown at the bottom. B. Quantification of 
in vivo clustering data. Ten cell images from three independent experiments were 
analyzed for each construct. The results are shown in two different metrics: the 
percentage of antibody clusters that have associated actin clusters (top graph) and the 
intensities of these associated actin clusters (middle graph). The relative intensity value is 
defined as the ratio of the sum of intensities of associated actin clusters to the sum of 
intensities of all antibody clusters. Similar numbers of clusters per cell are detected with 
all EspFU constructs (bottom graph), showing that all of the EspFU proteins have similar 
expression levels and efficiencies of membrane-targeting and clustering. 
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Figure 3.14: Quantification of in vivo clustering data.  Detection of clusters and 
correlation between antibody and actin clusters were done with a computational tool 
developed by D. Vasilescu. Shown is a representative image of a cell co-transfected with 
actin-GFP and CD16/7-Nck.  A section of the cell (white square) is shown at higher 
magnification in the bottom panels. The left panels show the merged image depicting 
antibody-induced aggregates (red) and the locally induced F-actin (green).  The center 
panels show the aggregates detected by the algorithm in the red channel (green circles).  
The right panels show F-actin in the green channel with the detected green and red 
clusters superimposed.  Red and yellow circles represent matched antibody clusters and 
actin patches, respectively. Green and blue circles are orphan antibody clusters and actin 
patches, respectively. 
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Figure 3.15: EspFU fragments bind to the GBD with similar relative affinity. A. 
Using a fluorescence polarization binding assay, we measured the affinities of EspFU 
fragments for fluorescein-labeled N-WASP GBD (residues 226-274). Plotted is the 
measured Kd value vs. the number of repeats in the EspFU fragment (full-length is 
considered 6 repeats here) and we see a roughly linear correlation. Inset in the graph is a 
example set of the binding data for the three-repeat fragment. B. The same graph, but 
now the Kd values are scaled by the number of repeats (i.e. binding sites) in the construct, 
so the Kd of a three-repeat fragment, for example, is multiplied by three. This plot shows 
similar affinity values per binding site across the different fragments, suggesting that the 
various sites bind to the GBD independently of one another. 
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Figure 3.16: A two-repeat fragment of EspFU has high affinity for one mini N-
WASP (mNW) protein, but low affinity for a second. A. Analytical ultracentrifugation 
(AUC) curves of the complex of an Oregon Green 488-labeled two-repeat fragment with 
mini N-WASP (GBD-linker-WCA). Shown are two experiments that were done with 2-
fold and 5-fold excess mini N-WASP relative to the EspFU concentration. In each pair of 
curves, the top is spinning at 10,000 rpm and the bottom at 20,000 rpm. Shown below are 
the residuals for the fits to the data. The two data sets fit to different effective reduced 
molecular weight (σ) values, shown at the bottom. B. AUC experiments were 
additionally performed on the EspFU and N-WASP proteins alone and their σ values are 
summarized here, along with predicted σ values for different complexes. Our data  
for the complex show that at 2X mNW it is forming a mixture of 1:1 and 1:2 
(EspFU:mNW) complexes, but that the σ value is closer to a 1:1 complex. At 5X mNW, 
we see formation of just the 1:2 complex. C. These data show that binding of a second 
mini N-WASP to the two-repeat fragment is disfavored, possibly due to steric effects. 
This likely explains the low activity of the two-repeat construct in our assays of actin 
polymerization. D. Summary of data from similar AUC experiments on a three-repeat 
fragment of EspFU. The results show that this fragment binds two N-WASP proteins at 
both 2X and 5X mNW. The higher activity of three repeats in actin assays correlates with 
its ability to bind two N-WASPs more effectively. We tried to similarly analyze full-
length EspFU, but the complex with N-WASP precipitated in our experiments. 
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Figure 3.17: Model for activation of actin polymerization by EspFU. One EspFU 
repeat can bind and activate a single N-WASP protein, but this is insufficient to trigger 
actin polymerization in vitro and in vivo. Multiple EspFU repeats are necessary for 
activation of actin assembly – activity correlates with ability of these fragments to 
coordinate the activation of at least two N-WASP proteins simultaneously. 
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 Signaling proteins have evolved an impressive array of regulatory mechanisms to 

ensure that cellular responses are only activated under the appropriate conditions. These 

proteins maintain the high fidelity of information processing in the cell, which in turn 

maintains cellular health. We have investigated some of the mechanisms by which these 

precise regulatory mechanisms can be modified or bypassed altogether. Specifically, 

through engineering and the study of pathogens, we have elucidated novel ways that the 

input/output relationships of these proteins can be rewired.  

 

 We first developed a strategy to couple normally unrelated protein interaction 

modules through sequence overlap. This technique provides a powerful tool for rewiring 

signaling because not only does it allow us to regulate protein interactions, it also 

facilitates the formation of linkages between distinct signaling pathways. We showed that 

our synthetic interaction switches could be plugged into various signaling pathways, 

thereby making the pathways responsive to novel molecular inputs. The switching 

components that we made constitute a toolkit that we can use to generate new 

connections between input molecules and output behaviors. Hopefully these tools will 

help researchers to reprogram cellular signaling in useful and informative ways. 

 

 Then we investigated the mechanism that the pathogen EHEC has evolved to bypass 

the endogenous regulation of WASP proteins. We found that the EHEC protein EspFU 

has co-opted a single regulatory element from WASP: the autoinhibitory C helix. This 

use of a regulatory peptide to competitively disrupt autoinhibition represents a novel 

pathogenic strategy. The high potency of EspFU seems to arise from the fact that its C 
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helix mimic binds N-WASP 100-fold more tightly than the natural C helix (in trans) and 

also that this module is repeated six times in the EspFU protein. A critical component of 

EspFU activity seems to be its ability to use these repeats to coordinate the simultaneous 

activation of multiple N-WASP proteins. This, along with other published data, points to 

an important role for clustering (and possibly dimerization) of N-WASP in the regulation 

of actin polymerization. 

 

 These two studies illustrate how the rewiring and modification of signaling proteins is 

useful and informative on multiple levels. First, we have gained insight into a mechanism 

by which signaling protein regulation appears to have evolved, as well as how the 

pathogen EHEC has evolved to bypass this regulation. Second, we have learned more 

about how WASPs function and are regulated endogenously. Even though we have 

focused on the rewiring of WASPs, we have discovered new characteristics of the p21-

binding domain and uncovered a potentially important role for clustering/multimerization 

of WASPs. Finally, our efforts have led to better tools and strategies to rewire cellular 

signal transduction. Hopefully these will allow researchers to target specific signaling 

processes with higher potency and specificity. We feel that these studies will help to lay a 

groundwork for future efforts to modify cellular behaviors in informative and 

therapeutically beneficial ways. 

 

 

 
  






