UCSF
UC San Francisco Electronic Theses and Dissertations
Title
The Role of Docking and Scaffolding Interactions In the Spatiotemporal Control of MAP
Kinase Signaling

Permalink
https://escholarship.org/uc/item/3mr593p6

Author
Good, Matthew Charlton

Publication Date
2010
Peer reviewed|Thesis/dissertation

eScholarship.org

Powered by the California Digital Library
University of California

by

DISSERTATION
Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in

Biochemistry and Molecular Biology
in the
GRADUATE DIVISION
of the
UNIVERSITY OF CALIFORNIA, SAN FRANCISCO

Copyright

Copyright 2010
by
Matthew C. Good
ii

Dedication

To my parents, Marlin and Barbara Good

iii

Acknowledgments
Graduate school has been a great adventure punctuated by scientific
breakthroughs and periods of frustration. What has kept me on an even keel
throughout has been unwavering encouragement from my parents, Marlin and Barb
Good, the good humor of my brothers Jeremy and Charlie, and the tremendous love and
support of my new family, Holly Ramage and Gabe Prichard. I will not forget that there
were many nights that I came home much later than planned, yet Holly was always
understanding and reassuring. There were also innumerable chances to check in with
family and friends (perhaps to call about a birthday that I had forgotten), and I am
grateful to everyone who showed patience. I also want to acknowledge the Ramage
family for treating me like a son and showering me with good company and excellent
wine. I came into graduate school expecting predominantly a top-notch scientific
apprenticeship, but I leave now, after six and one-half years feeling very fortunate about
both my personal and academic gains.
After so many years it is hard to look back, but my first year in the Tetrad
program was the most formative. I had the opportunity to befriend most of my
classmates as I got to know UCSF’s new Mission Bay campus as well as the great food
and beverages in the Mission District in San Francisco. I want to especially acknowledge
Emma McCullagh, Veena Singla, and Kevin Jones for the friendships cultivated over this
period. I hope that we can stay close, even as we spread out geographically, and
continue to not take life too seriously. I also want to thank my program coordinators
Sue Adams, Danny Dam, and Rachel Mozesson for providing me with what has felt like
a personalized graduate school experience. I cannot imagine having had a better time at
any other university. Scientifically, I am grateful to Nevan Krogan, Al Burlingame,
iv

Jonathan Trinidad and Yifan Chang for either training or collaborating with me at UCSF.
I also want to acknowledge Natalie Ahn and Kevin Shi at University of Colorado Boulder, Ben Turk at Yale, and Arnie Falick at Berkeley for working with me on HXMS,
kinase-substrate profiles, and mass spectrometry, respectively. Lastly I want to thank
Geeta Narlikar for being a great mentor in enzymology, and Jeff Cox for the support and
advice (particularly in the form of tequila), for fellowship recommendations, and
generally for being a great boss to my girlfriend and friend to me.
Not surprisingly, I have been most shaped by my time in Wendell Lim’s lab. The
Lim Lab is a rich environment, full of great scientists and equally great people. I am still
impressed by quality of the students and postdoctoral scholars who join the lab, and all
the interesting personalities they bring along with them. I feel I owe a huge debt of
gratitude to the entire lab, both former and present, for making my graduate school
experience so positive. I want to single out a few people for special recognition. Attila
Remenyi was my mentor for at least three years in the lab and taught me a great deal
about biochemistry and protein purification. He was tough and challenged me, which
in the end (with some kicking and screaming) led to my maturation. I wish him
continued success as a professor in Hungary. Roby Bhattacharyya was a generous
student who got me started on yeast work, and Caleb Bashor is an all-around scientific
talent who has been a friendly guide throughout much of the uncharted territory of my
doctoral work. I also want to thank Grace Tang – undergraduate superstar - for being
such a patient collaborator as we worked tirelessly to put together my Cell paper.
Additionally, I need to recognize Julie Singleton and Melinda Lukacs for their
experimental help.

v

Finally, I want to thank Wendell Lim for guiding me throughout graduate
school, helping me find a postdoctoral position, and for any future support he may
provide. Wendell is a great scientific advisor and has taught me how to tackle new
projects, given me strategies for getting out of the ‘cloud’, and helped me embrace a
philosophy for getting things done in lab. To be honest, I needed to be challenged in
graduate school and I am lucky that Wendell was up to the task. Additionally I am
grateful for all the opportunities that he gave me: refereeing journal papers, giving talks
at conferences, writing reviews, meeting with seminar speakers and hosting postdoc
candidates. I hope that other students are able to enjoy as rich an experience as I had
under his tutelage.
Several chapters in this dissertation use text and figures reprinted from
published materials. Chapter 2 is reprinted with permission from Elsevier and from
Curr Opin Struct Biol. Reményi A, Good MC, Lim WA. “Docking interactions in protein
kinase and phosphatase networks.” 2006 Dec;16(6):676-85. Chapter 3 is reprinted with
permission from Elsevier and from Mol Cell. Reményi A, Good MC, Bhattacharyya RP,
Lim WA. “The role of docking interactions in mediating signaling input, output, and
discrimination in the yeast MAPK network.” 2005 Dec 22;20(6):951-62. Chapter 4 is
reprinted with permission from the American Association for the Advancement of
Science and from Science. Bhattacharyya RP, Reményi A, Good MC, Bashor CJ, Falick
AM, Lim WA. “The Ste5 scaffold allosterically modulates signaling output of the yeast
mating pathway.” 2006 Feb 10;311(5762):822-6. Chapter 5 is reprinted with permission
from Elsevier and from Cell. Good M, Tang G, Singleton J, Reményi A, Lim WA. “The
Ste5 scaffold directs mating signaling by catalytically unlocking the Fus3 MAP kinase
for activation.” 2009 Mar 20;136(6):1085-97.
vi

A number of co-authors contributed greatly to individual chapters in this
dissertation. They are listed on chapter title pages and their roles are described below.
Chapter 1 is unpublished material that will eventually be edited and submitted as a
review on scaffold proteins with WAL. Chapter 2 is a review for Current Opinion in
Structural Biology in 2006. AR and WAL wrote the introduction, the sections on docking
in phosphatases, docking specificity and drug design. MCG and WAL wrote the
sections on linear motif identification, docking in kinases, and allostery versus tethering.
AR and WAL handled submission of the review. Chapter 3 is a primary research paper
published in Molecular Cell in 2005, and is primarily the work of AR, MCG and WAL.
RPB and AR initially mapped the docking peptides and determined binding affinities
for their cognate MAP kinases. AR did the majority or structural determination and in
vitro kinase assays. MCG crystallized the first Msg5-Fus3 docking complex, and
performed most of the peptide synthesis work. MCG carried out the in vivo yeast work.
AR, MCG and WAL did most of the writing, editing, submission and resubmission.
Chapter 4 is a primary research paper published in Science in 2006, and is primarily the
research of RPB, AR (co-first authors) and WAL. RPB made the original observation of
allosteric activation of Fus3 by Ste5_pep as well as that of back-phosphorylation of Ste5
on T287 and carried out some of the biochemical characterization. RPB performed the
yeast work and determined the in vivo consequences of Ste5 mutants. AR carried out
further biochemical characterization of the components in this pathway and solved all of
the crystal structures shown. MCG made the preliminary finding of increased pathway
output in Ste5-ND yeast strains and discovered that the two MAPK docking sites on
Ste7 are redundant and required for pathway function. MCG also provided a number of
vii

stains and plasmids for this study. CJB developed most of the flow cytometry capacity
for lab and built the Fus1-GFP strain that was used for the in vivo assays. CJB also
established the collaboration with AMF for mass spectrometry on Fus3. RPB, AR and
WAL did the majority of the writing, editing, and submission of the manuscript.
Chapter 5 is a primary research paper published in Cell in 2006. This work is mainly the
research of MG and WAL. AR made the original discovery that Fus3 phosphorylation
by Ste7 looks slower than Kss1 phosphorylation in vitro. MG and AR adapted and
developed the Trulight Assay for in vitro kinase assays. MG made most of the
recombinant proteins for biochemical characterization and kinetic assays, and JS assisted
in purifying a set of Fus3 mutants. MG determined the crystal structure of Ste5-ms, and
performed subsequent domain analyses and mutagenesis. GT, AR and MG developed
the quantitative anti-phospho MAPK western blot Licor assay. MG and GT performed
all kinetic experiments published in Figures 5.4-5.6. MG performed the evolutionary
analyses in the supplementary material. MG and WAL did the bulk of the writing,
editing, and submission.

viii

ELSEVIER LICENSE
TERMS AND CONDITIONS
Mar 02, 2010

This is a License Agreement between Matthew C Good ("You") and Elsevier ("Elsevier")
provided by Copyright Clearance Center ("CCC"). The license consists of your order details,
the terms and conditions provided by Elsevier, and the payment terms and conditions.
All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.
Supplier

Elsevier Limited
The Boulevard,Langford
Lane
Kidlington,Oxford,OX5
1GB,UK

Registered Company Number

1982084

Customer name

Matthew C Good

Customer address

2330 Cecilia Ave
San Francisco, CA 94116

License Number

2380980866691

License date

Mar 02, 2010

Licensed content publisher

Elsevier

Licensed content publication

Current Opinion in Structural
Biology

Licensed content title

Docking interactions in
protein kinase and
phosphatase networks

Licensed content author

Attila Reményi, Matthew C
Good, Wendell A Lim

Licensed content date

December 2006

Volume number

16

Issue number

6

Pages

10

Type of Use

Thesis / Dissertation

Portion

Full article

Format

Both print and electronic

You are an author of the Elsevier article

Yes

Are you translating?

No

Order Reference Number
Expected publication date

Mar 2010

Elsevier VAT number

GB 494 6272 12

Permissions price

0.00 USD

Value added tax 0.0%

0.00 USD

Total

0.00 USD

Terms and Conditions

ix

ELSEVIER LICENSE
TERMS AND CONDITIONS
Mar 02, 2010

This is a License Agreement between Matthew C Good ("You") and Elsevier ("Elsevier")
provided by Copyright Clearance Center ("CCC"). The license consists of your order details,
the terms and conditions provided by Elsevier, and the payment terms and conditions.
All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.
Supplier

Elsevier Limited
The Boulevard,Langford
Lane
Kidlington,Oxford,OX5
1GB,UK

Registered Company Number

1982084

Customer name

Matthew C Good

Customer address

2330 Cecilia Ave
San Francisco, CA 94116

License Number

2380980703348

License date

Mar 02, 2010

Licensed content publisher

Elsevier

Licensed content publication

Molecular Cell

Licensed content title

The Role of Docking
Interactions in Mediating
Signaling Input, Output, and
Discrimination in the Yeast
MAPK Network

Licensed content author

Attila Reményi, Matthew C.
Good, Roby P.
Bhattacharyya, Wendell A.
Lim

Licensed content date

22 December 2005

Volume number

20

Issue number

6

Pages

12

Type of Use

Thesis / Dissertation

Portion

Full article

Format

Both print and electronic

You are an author of the Elsevier article

Yes

Are you translating?

No

Order Reference Number
Expected publication date

Mar 2010

Elsevier VAT number

GB 494 6272 12

Permissions price

0.00 USD

Value added tax 0.0%

0.00 USD

Total

0.00 USD

Terms and Conditions

x

THE AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIEN
TERMS AND CONDITIONS

This is a License Agreement between Matthew C Good ("You") and The Ame
Association for the Advancement of Science ("The American Association for t
Advancement of Science") provided by Copyright Clearance Center ("CCC").
consists of your order details, the terms and conditions provided by The Ameri
Association for the Advancement of Science, and the payment terms and cond
All payments must be made in full to CCC. For payment instructions, pleas
information listed at the bottom of this form.
License Number

2380980591036

License date

Mar 02, 2010

Licensed content publisher

The American Association for the Advancement of Sci

Licensed content publication Science
Licensed content title

The Ste5 Scaffold Allosterically Modulates Signaling O
Yeast Mating Pathway

Licensed content author

Roby P. Bhattacharyya, Attila Remenyi, Matthew C. G
Bashor, Arnold M. Falick, Wendell A. Lim

Licensed content date

Feb 10, 2006

Type of Use

Thesis / Dissertation

Requestor type

Author of the AAAS published paper

Format

Print and electronic

Portion

Full Text

Order reference number
Title of your thesis /
dissertation

Role of docking and scaffolding interactions in spatiote
of MAP kinase signaling

Expected completion date

Mar 2010

Estimated size(pages)

250

Total

0.00 USD

Terms and Conditions

xi

ELSEVIER LICENSE
TERMS AND CONDITIONS
Mar 02, 2010

This is a License Agreement between Matthew C Good ("You") and Elsevier ("Elsevier")
provided by Copyright Clearance Center ("CCC"). The license consists of your order details,
the terms and conditions provided by Elsevier, and the payment terms and conditions.
All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.
Supplier

Elsevier Limited
The Boulevard,Langford
Lane
Kidlington,Oxford,OX5
1GB,UK

Registered Company Number

1982084

Customer name

Matthew C Good

Customer address

2330 Cecilia Ave
San Francisco, CA 94116

License Number

2380980226164

License date

Mar 02, 2010

Licensed content publisher

Elsevier

Licensed content publication

Cell

Licensed content title

The Ste5 Scaffold Directs
Mating Signaling by
Catalytically Unlocking the
Fus3 MAP Kinase for
Activation

Licensed content author

Matthew Good, Grace Tang,
Julie Singleton, Attila
Reményi, Wendell A. Lim

Licensed content date

20 March 2009

Volume number

136

Issue number

6

Pages

13

Type of Use

Thesis / Dissertation

Portion

Full article

Format

Both print and electronic

You are an author of the Elsevier article

Yes

Are you translating?

No

Order Reference Number
Expected publication date

Mar 2010

Elsevier VAT number

GB 494 6272 12

Permissions price

0.00 USD

Value added tax 0.0%

0.00 USD

Total

0.00 USD

Terms and Conditions

xii

Abstract
To survive, cells must be able to properly sense and respond to information in a
fluctuating environment. Inside a cell, information flows through discrete signaling
pathways built around specific networks of protein interactions. However, it is difficult
for the cell to ensure signaling fidelity in the face of a broad range of stimuli, a high
internal concentration of proteins – many of which are related, and signaling pathways
that use shared elements. For example in the yeast mating mitogen-activated protein
kinase (MAPK) pathway, extracellular input activates a three-tiered kinase cascade
(MAPKKK Ste11 phosphorylates MAPKK Ste7 which in turn phosphorylates MAPK
Fus3), and leads to the mating response. However a similar, but distinct pathway, the
filamentation pathway also uses the same MAPKKK Ste11 and MAPKK Ste7 to activate
a related MAPK, Kss1. How are these pathways assembled via protein interactions and
what prevents signals from crossing over to the wrong pathway?
Cells utilize a general strategy of subcellular compartmentalization to direct the
flow of information. Spatial regulation is achieved by targeting proteins to organelles
and membranes, or at a molecular level by assembling proteins into distinct signaling
complexes. Modular docking interactions are the basis for wiring most three-tiered
MAPK kinase cascades. However, docking interactions alone are not sufficient for the
MAPKK Ste7 to discriminate between Fus3 and Kss1 MAPKs; they bind competitively to
the same motif on Ste7. Instead a scaffold protein, Ste5, is required to selectively activate
Fus3 during the mating response. Unexpectedly, the scaffold functions not only as a
passive tethering platform but also actively controls signaling by co-catalyzing
phosphorylation between the MAPKK Ste7 and the MAPK Fus3 (enhancing kcat nearly
xiii

5000-fold). This unique scaffold mechanism answers a long-standing question in the
field about why there is limited signal crosstalk between two pathways that share the
same upstream components, Ste11 and Ste7.
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Chapter 1. Protein Scaffolds: Tools for Cellular Signaling

Matthew C Good and Wendell A Lim

Howard Hughes Medical Institute
Department of Cellular and Molecular Pharmacology,
Program in Biological Sciences,
University of California San Francisco,
600 16th Street, San Francisco, CA 94158, USA
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Abstract
A universal strategy to direct the flow of cellular information is to organize
proteins into distinct complexes. By acting as platforms for the selective assembly of
pathway components, scaffold proteins have emerged as versatile tools in cell signaling.
Scaffolds proteins function by colocalizing interaction partners, are modular and highly
evolvable, and can be used to generate new signaling pathways or behaviors. However,
the biochemical mechanisms employed by scaffold proteins are poorly understood. In
this review we highlight both the advantages and costs of using scaffold proteins to
regulate the kinetics of signal transfer, including mechanisms that challenge the basic
view of scaffold proteins as passive tethering platforms. We also summarize new
evidence that demonstrates the utility of scaffold proteins for evolving and engineering
diverse biological responses.
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Introduction
For biological information to be transferred inside a cell with high fidelity,
signaling pathway proteins must be precisely localized in space and time (Kholodenko,
2006; Scott and Pawson, 2009). The subcellular position of proteins can be influenced by
organelle targeting, membrane localization, and by using scaffold proteins (Figure 1.1).
Over the past decade it has become clear that scaffold proteins, by assembling signaling
complexes, play a fundamental role in cellular signaling (Bhattacharyya et al., 2006b;
Morrison and Davis, 2003; Shaw and Filbert, 2009; Zeke et al., 2009). Scaffold proteins
have been shown to promote phosphorylation, GTPase activation, ubiquitination and
histone modification (Figure 1.2) (Hohenstein and Giles, 2003; Kozubowski et al., 2008;
Petroski and Deshaies, 2005). Analogous to how tissue-specific promoters generate
cellular diversity from a single genome, proteins scaffolds enhance the combinatorial
complexity of intracellular signaling.
Historically, scaffolds have been thought of as simple passive platforms for colocalizing signaling components, however new data suggests that they play a more
active and dynamic role in cellular information transfer (Good et al., 2009; McKay et al.,
2009; Mishra et al., 2007). Recent studies have shown that additional functions of
scaffolds include allosteric regulation of enzyme-substrate reactions, and insulation of
signaling components from other activators and phosphatases. However, there are also
a number of costs that must be overcome to utilize scaffold proteins effectively. An
additional level of complexity is evidence suggesting that scaffolds not only modulate
signaling responses but themselves are regulated like molecular switches by
autoinhibition or covalent modifications.

3

The modular nature of scaffold proteins is a key component in evolving and
engineering diversity signaling responses. Scaffolds have been implicated in kinase
duplication and divergence (Good et al., 2009), and it has been hypothesized that
scaffold proteins allow a cell to share signaling components between distinct pathways
by compartmentalizing signal transfer (O'Rourke et al., 2002). Pathogens use scaffoldlike proteins to enhance infectivity by rewiring host signaling responses to circumvent
host defenses. Finally, scaffolds have been successfully used as platforms to engineer
novel signaling behaviors in a variety of cell types.
This review focuses on biochemical principles utilized by signaling scaffold
proteins to modulate the kinetics of information flow. We take mechanistic perspective
to explain how scaffolds direct signaling, how they act in diverse processes, and how
they have evolved to have great flexibility in function.

4

Examples of scaffold-dependent signaling pathways
Many of the most extensively studied cellular signaling pathways
(phosphorylation, small GTPase signaling, and ubiquitination) require scaffold proteins
for proper function. Phosphorylation is the most common form of information currency
inside the cell and is regulated by opposing enzymes: kinases and phosphatases (Figure
1.2A). Two of the best characterized examples of scaffold proteins, Ste5 and kinase
suppressor of ras (KSR), were first identified in mitogen activated protein kinase
(MAPK) cascades in yeast and human. The Ste5 scaffold is a large (917aa) protein
known to coordinate multiple aspects of information flow in the mating MAPK pathway
in S. cerevisiae. It coordinates G-protein coupled receptor (GPCR) activation by mating
pheromone to scaffold membrane-recruitment and cascade activation (specifically
activation of the MAPKKK, Ste11). Ste5 has also been shown to function as a kinase
tethering platform; it contains specific domains to recruit and colocalizes MAPKKK
Ste11, MAPKK Ste7, and MAPK Fus3 (Figure S1.1) (Choi et al., 1994; Park et al., 2003).
Interestingly, the Ste5 scaffold also has a role beyond tethering; it co-catalyzes Ste7-Fus3
phosphorylation (Good et al., 2009).
Small GTPases of the Ras superfamily regulate the signaling to the actin
cytoskeleton and control cell polarity and budding. These small GTPases, such as
Cdc42, reversibly bind GTP and GDP, and the nucleotide state dictates signaling output.
Guanine nucleotide exchange factors (GEFs) catalyze the exchange of GDP for GTP on a
GTPase, while GTPase activating proteins (GAPs) oppose this process by promoting
nucleotide hydrolysis (Figure 1.2B). In budding yeast, Cdc24 is a GEF that converts
Cdc42-GDP to Cdc42-GTP. The signaling output of Cdc42 can be amplified by the Bem1
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scaffold protein. Bem1 localizes to the membrane via a PX phosphoinositide binding
domain, and tethers a PAK kinase (via an SH3 domain), Cdc24 and Cdc42 in close
proximity, in a manner that promotes symmetry breaking and allows budding (Figure
S1.1) (Kozubowski et al., 2008).
Scaffold proteins also play a role in ubiquitination and degradation. Proteins
modified by ubiquitin are targeted for degradation or endocytosis. The ubiquitination
process is catalyzes by ubiquitin ligase enzymes (often termed E2 or E3 proteins), and is
countered by deubiquitinating enzymes (DUBs) (Figure 1.2C). Cullins are scaffold
proteins that promote the modular assembly of substrate recognition and catalytic
domains (Petroski and Deshaies, 2005). For example, the Cullin1-Skp1-RING complex
recruits various specific substrate recognition modules (F Box proteins) and E2 enzymes
leading to specific substrate degradation. Additionally, the activity of the Cullin1
scaffold can be modified by neddylation, a process involving the covalent attachment of
a ubiquitin-like protein (Wu et al., 2005).

Scaffold proteins are modular and evolvable, and resemble molecular circuit boards
Analogous to the structural role of circuit boards in electronic circuits, scaffolds
are platforms that physically couple multiple components and promote information
transfer between them (Figure 1.3A). New devices can be appended to an existing
signaling circuit by adding protein interaction domains to the scaffold, and output
behavior can be fine-tuned by altering communication between components and
including elements that limit or gain pathway flux. Scaffold proteins can also be
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thought of as flexible protein interaction platforms that allow for combinatorial control
of a limited set of signaling elements (Figure 1.3B). Scaffold proteins have the potential
to create a diverse set of pathways from a restricted pool of signaling transduction
components in a manner similar to the way tissue-specific promoters can generate
cellular diversity from a single genome. From an evolutionary cost standpoint, scaffolds
are very useful. They allow the cell to bypass the process of modifying whole output
domains (such as kinases) or storing additional genetic material, in favor of shuffling
scaffold domains or modifying short stretches of sequence on activator or substrate.
Modularity and evolvability are two fundamental features that make scaffold
proteins useful in cellular signaling. Pathway output can be varied widely by changing
the set of interaction domains in the architecture of a scaffold protein (Pawson and Scott,
1997). If domains that bind to protein A, B, and C are shuffled in a scaffold protein, the
new protein will assemble a distinct set of components (such as A, B and X) and direct
signal to flow in a new direction (Figure 1.3C). Similarly, if an interaction domain for
protein Y is added to an existing scaffold framework that already binds proteins A-B-C,
positive and negative regulators can be localized to enhance, dampen, or evolve the
timing of pathway output. This regulator recruitment strategy has been used by
synthetic biologists to create novel and complex behaviors out of existing signaling
circuits (Bashor et al., 2008).
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Mechanistic biochemistry of scaffold proteins
Only recently have the mechanistic benefits of scaffold proteins begun to be
explored experimentally. Generally, scaffolds can promote information transfer
between two components by either enhancing component interactions (tethering), or
actively regulating the kinetics of signaling. Scaffolds have additional emergent
functions at a systems level, theoretically tied to the simple property of colocalizing
signaling components along with the activators and downregulators. A number of
models for the mechanistic action of scaffolds have been postulated over the years
(Burack et al., 2002; Burack and Shaw, 2000), and the most well established functions are
described in Figure 1.4. Additionally, mathematical simulations have been published
describing the physical properties of scaffolds and how they positively or negatively
influence theoretical signaling behaviors (Borisov et al., 2005; Ferrell, 2000; Kholodenko,
2006; Levchenko et al., 2000; Locasale et al., 2007; Wong and Scott, 2004).
Tethering is a defining feature of scaffold proteins. Numerous studies have
shown that removal or mutation of a protein interaction domain from a scaffold restricts
signaling by blocking binding of the protein of interest. Tethering serves to promote
colocalization of signaling components that may interact only weakly in the absence of
the scaffold, increasing their effective concentration in a defined region (Figure 1.4A).
The importance of colocalization was defined quantitatively for the Ste5 scaffold protein
in yeast mating MAPK signaling (Park et al., 2003). The authors found that by blocking
MAPKKK or MAPKK binding to the scaffold they could block mating signaling by
greater than 100,000-fold. However, they were able to restore nearly 1000-fold of
signaling output simply by re-recruiting the mislocalized kinases to the scaffold using
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orthologous protein interaction domains (e.g. PDZ domains). This work elegantly
demonstrated that a basic function of the Ste5 scaffold is to colocalize cascade kinases.
A variety of adapter and scaffold proteins are anchored to specific subcellular
compartments, often as the result of stimulus. The best defined example of the ability of
scaffold or adapter proteins to restrict signaling to defined positions within a cell is the
family of A kinase anchoring proteins (AKAPs). Various genes and isoforms code for
AKAP proteins that can selectively target the activity of cAMP-dependent protein kinase
A (PKA) to regions such as the nucleus, plasma membrane and golgi (Figure 1.4B)
(Wong and Scott, 2004). Other examples include the Ste5 scaffold and KSR1 scaffold
which are known to alternate between cytoplasmic and membrane bound states
dependent on pathway input. The net effect of tethering or anchoring is to produce
more spatially defined signaling responses (Figure 1.4, upper left graph).
Beyond simple tethering or anchoring, how do scaffold proteins lead to
enhanced signaling? Mathematical simulations have proposed that kinases bound to
scaffolds can be protected from the action of phosphatases (Figure 1.4C) (Locasale et al.,
2007). This has been confirmed empirically for the Ste5 scaffold in yeast mating MAPK
signaling and the Jip1 scaffold in Jnk MAPK signaling. A Fus3-binding domain on the
Ste5 scaffold binds to a common docking groove on the MAPK Fus3 and competes with
for binding with a motif (D-motif) from the phosphatase Msg5, which deactivates Fus3
(Bhattacharyya et al., 2006a; Remenyi et al., 2005). In a similar fashion, the Jip1 scaffold
contains a D-motif which also competes with docking motifs from Jnk phosphatases for
binding to the common docking groove on the Jnk MAPK, (Heo et al., 2004).
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The first evidence that scaffolds play a direct role in co-catalyzing enzymesubstrate phosphorylation was recently published (Good et al., 2009). The authors
found that the Ste5 scaffold contains a structured domain, termed the minimal scaffold
(ms), that enhanced the rate of Ste7-Fus3 phosphorylation nearly 5000-fold. Detailed
studies showed that the scaffold regulated the kcat (not KM) of phosphorylation. The
authors proposed a model in which the scaffold was allosterically unlocking Fus3,
making it a better substrate for its activator, the MAPKK Ste7 (Figure 1.4E). In a simple
enzyme(E)-substrate(S) reaction scaffolds have the potential to regulate numerous steps
(Figure 1.4F). If the scaffold acts as a tether it would likely impact the KD (dissociation
rate constant, koff/kon) of E and S. Additionally, the scaffold may control kcat by precisely
orientating or allosterically modulating enzyme or substrate, or by influencing the
chemistry or product release steps. The last two mechanisms have not been validated
experimentally yet.
When scaffolds are evaluated in the context of large systems with many
parameters (including diffusion), interesting behaviors are predicted (Figure 1.4G). For
example in pathways that share signaling components, how are input signals properly
shunted to the correct outputs? Scaffold proteins (such as Ste5 and Pbs2 in S. cerevisiae)
can separate an activated component into discrete complexes so that there is no signal
crosstalk (O'Rourke et al., 2002). Scaffolds (such as InaD) can also recruit negative
effectors to determine whether an output response is transient or sustained. Finally, the
KSR and InaD scaffolds are known to regulate the dynamics of complex assembly in
their respective pathways (McKay et al., 2009; Mishra et al., 2007).
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Costs associated with using scaffold proteins
It is tempting to consider all of the benefits of using scaffold proteins without
considering how their use creates a number of challenges to cellular signaling. Most of
these problems are related generally to the fact that scaffolds often alter the affinity of
off-rate constants for individual signaling components. The biphasic effect is a property
of scaffolds where signaling velocity between two components is slow in the absence of
scaffold, accelerates when the scaffold concentration is near ideal, and then slows again
if the scaffold is present at very high concentrations (Figure 1.5A) (Ferrell, 2000;
Levchenko et al., 2000). At high concentrations, a scaffold segregates the signaling
components, preventing their colocalization in one complex. This model has been
verified for the Ste5 scaffold, whose concentration determines mating pathway output in
a biphasic manner (Chapman and Asthagiri, 2009).
Signaling networks, while needing sufficient protein interaction affinity to
assemble into competent complexes, also depend on the ability of activated signaling
components to diffuse away to propagate downstream information transfer (Figure
1.5B). For example, in yeast mating signaling the Ste5 scaffold tightly assembles with
the Ste11 MAPKKK and Ste7 MAPKK at the membrane (van Drogen et al., 2001).
However the terminal MAPK, Fus3 is dynamic and must diffuse away from the scaffold
complex to phosphorylate cytoplasmic and nuclear targets (Maeder et al., 2007; van
Drogen et al., 2001). It has been proposed that if scaffold-MAPK affinity is too high,
Fus3 MAPK diffusion would be restricted, and this would slow down signal transfer in
the pheromone response pathway (Good et al., 2009).
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A hallmark of biological signaling is amplification. Small amounts of ligand
bound to receptors on the outside of a cell membrane can trigger responses inside the
cell that are amplified 1000-fold or more. This phenomenon is dependent on enzymes
being able to cycle through multiple substrates, and the addition of scaffold proteins can
restrict amplification if signaling components are not able to turnover (Figure 1.5C)
(Locasale et al., 2007). The experiments required to test this hypothesis are difficult
because scaffold proteins are often necessary for tethering the signaling components
together. Thus, signal often propagates much slower in the absence of scaffold,
confounding any measure of amplification.
Certain multi-step signaling cascades are known to be ultrasensitive to input
stimulus. This means that the input-output relationship of the pathway is not graded,
but instead appears cooperative. A number of mathematical models have proposed that
scaffolds may convert an ultrasensitive response in a kinase signaling cascade into a
graded response by limiting diffusion and altering the nature of protein
phosphorylation (Figure 1.5D) (Ferrell, 2000; Levchenko et al., 2000). Distributive kinase
phosphorylation (multiple sites in the substrate are phosphorylated in series) is one
requirement for cooperativity, and scaffolds have the potential to force phosphorylation
to be processive (Ferrell, 2000). The results of pathway alteration could be costly or
beneficial, depending on the cellular context.
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Regulation of scaffold proteins
Mechanisms for regulating scaffold activity are just beginning to be elucidated,
and add a new layer of complexity to scaffold-dependent signaling pathways. The Ste5
scaffold has long been suspected of being regulated by oligomerization or a
conformational change upon membrane binding (Inouye et al., 1997). More recent
studies have shown that constitutive membrane localization of Ste5 is sufficient to
unlock it and promote increased pathway output (Winters et al., 2005). A likely model is
that the Ste5 scaffold is present in the cytoplasm in a restricted conformation, and
subsequently moves to the membrane upon pheromone stimulation. This may results in
a conformational change, exposing the co-catalytic ms domain to promote Ste7 MAPKK
– Fus3 MAPK phosphorylation (Figure 1.6A) (Flatauer et al., 2005; Good et al., 2009).
A common theme in biology is regulation by post-translational modification, and
scaffolds are no exception. Phosphorylation modulates the activity of the Ste5 scaffold
in mating signaling, the localization of the Ste5 scaffold during the cell cycle, the
membrane localization of the KSR scaffold, and is thought to alter the functionality of
the InaD scaffold (Bhattacharyya et al., 2006a; McKay et al., 2009; Mishra et al., 2007;
Strickfaden et al., 2007). The Ste5 scaffold is backphosphorylated by its own MAPK,
Fus3, and this negative feedback loop restricts pathway output (Figure 1.6B)
(Bhattacharyya et al., 2006a). Other studies have shown that this feedback loop is
essential for cell-fate decision making during pheromone stimulation in yeast (Hao et al.,
2008). Ste5 can also be regulated by cyclin-dependent kinase (Cdk) phosphorylation of
membrane-binding amphipathic helix (Figure 1.6C). Phosphorylation of Ste5 blocks its
membrane association and prevents any activation of the mating response during
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certain, sensitive stages of the cell cycle (Strickfaden et al., 2007). Similarly, KSR1
backphosphorylation by its MAPK substrate ERK also leads to disengagement of the
KSR1 scaffold from the membrane (McKay et al., 2009). Finally, modification of the
Cullin1 scaffold by Neddylation (a ubiquitin-like protein) can make Cul1-Skp1-RING-E2
a more active ubiquitin ligase complex, while also rendering it less stable (Figure 1.6D)
(Wu et al., 2005).

Potential for evolving and engineering signaling responses using scaffold proteins
The mechanistic utility of scaffolds in accelerating signal flow through individual
cellular pathways is perhaps outweighed by the incredible potential of scaffolds in
evolving new signaling responses. Any protein that can link two or more signaling
elements can generate a new path in the flow of cellular information. Not surprisingly,
proteins from pathogenic organisms successfully employ scaffold-like strategy to rewire
host signaling pathways. The YopM protein from the Yersinia pestis virulence plasmid
has been shown to mislocalize Rsk1 and Prk2 kinases, forcing their interaction (Figure
1.7A) (McDonald et al., 2003). Also, the NS1 protein from Respiratory Syncitial Virus
(RSV) takes over a host scaffold function, forcing the Cullin-Skp1 scaffold complex to
degrade the host STAT2 protein (Figure 1.7B) (Elliott et al., 2007).
Synthetic scaffolds can be used to build signaling pathways from the ground up,
and will likely be very useful for cellular engineering. Initial attempts at engineering the
Ste5 and Pbs2 scaffolds in yeast MAPK pathways produced modest results (Harris et al.,
2001; Park et al., 2003). However, more recent experiments demonstrate the power or
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recruiting positive and negative effector proteins to scaffold-signaling platforms. For
example, Bashor et al. showed that the transcriptional output of the mating MAPK
pathway could be tuned up or down over time, and that the cooperativity of the inputoutput relationship could also be modulated (Figure 1.7C) (Bashor et al., 2008).
Scaffold proteins are strongly implicated in the evolution of MAPK signaling
pathway diversity. In yeast, the mating and filamentation pathways share the same
MAPKKK Ste11 and MAPKK Ste7 activators but have distinct (but closely related) ERK
family MAPKs, Fus3 and Kss1, respectively. While the Ste7-Kss1 phosphorylation
reaction requires no additional components, Fus3 activation also requires the Ste5
scaffold. Comparison of more than a hundred genomes of fungi reveals that Fus3 and
Kss1 are present as a single protein (ERK-like) greater than 85% of the time, and that the
Ste5 scaffold is only found in fungi that have a Fus3/Kss1 duplication (Good et al.,
2009). This result suggests that the Ste5 scaffold may have played a role in the
duplication and divergence of these MAP kinases (Figure 1.7D). In a similar fashion,
using multiple scaffold proteins can help segregate shared signaling elements into
discrete complexes. In yeast the scaffold proteins Ste5 (mating pathway) and Pbs2
(osmolarity pathway) direct the flow of information from the shared MAPKKK Ste11 to
the correct branch of their respective pathways (Figure 1.7D). If the Pbs2 scaffold is
removed, osmolarity-activated Ste11 is no longer insulated from the mating pathway
MAPKK Ste7 and this leads to inappropriate cross-activation of the pheromone response
(O'Rourke et al., 2002).

15

Figure Legends

Figure 1.1 – Spatiotemporal organization of cellular signaling
(A) How do proteins assemble into signaling complexes? The inside of a cell is
packed with thousands of proteins, most at high concentrations and capable of diffusing
throughout. For information to be transferred with high fidelity, signaling pathway
proteins must be precisely localized in space and time. The cell is able to restrict
proteins to subcellular or molecular compartments using organelle targeting, subcellular
positioning, and scaffold proteins. This effectively increase protein concentration in
specific areas while depleting them across the cell as a whole. Proteins can similarly be
concentrated in organelles (such as the nucleus) or at cytoplasmic membranes to control
their subcellular localization. Protein complexes can also be assembled in molecular
compartments via scaffold proteins.

Figure 1.2 – Examples of scaffold-dependent signaling pathways
Scaffold proteins are essential to common signaling pathways such as
phosphorylation, GTPase – actin cytoskeletal signaling, and ubiquitination –
degradation. (A) Proteins can be reversible modified by phosphorylation – a covalent
mark added by kinases and removed by phosphatases. One of the best studied scaffold
proteins is the Ste5 scaffold from the three-tiered MAP kinase mating signaling pathway
in budding yeast. This scaffold protein plays a number or essential roles in signaling: it
links G-protein coupled receptor activation to scaffold recruitment and cascade
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activation, colocalizes the three kinases of a MAPK cascade: MAPKKK Ste11, the
MAPKK Ste7, and the MAPK Fus3, and co-catalyzes MAPKK-MAPK phospho-transfer
(Choi et al., 1994; Good et al., 2009). (B) Small G-proteins reversibly bind GTP and
hydrolyze it to GDP. Binding of the two states of nucleotide controls the conformation
of the G-protein and influences signaling behavior. Guanine nucleotide exchange
factors (GEFs) catalyze the exchange of GDP for GTP, while GTPase activating proteins
(GAPs) catalyze nucleotide hydrolysis. In yeast, the GTPase Cdc42 is involved in
signaling to and rearranging the actin cytoskeleton. The Bem1 scaffold promotes cell
polarization and budding by colocalizing the PAK kinase, Cdc24 (a GEF for Cdc42), and
Cdc42 (Kozubowski et al., 2008). (C) Protein ubiquitination leads to degradation and
endocytosis. This modification is added by conjugating enzymes known as ubiquitin
ligases and is reversed by the action of deubiquitinylating enzymes (DUBs). Cullin
proteins are platforms for assembling substrate recognition and catalysis in the
ubiquitination process. For example the Cullin1-Skp1-RING complex binds an E2
ubiquitin ligase, and an F box which leads to degradation of specific substrates (Petroski
and Deshaies, 2005).

Figure 1.3 – What are scaffold proteins and why are they so beneficial?
(A) Signaling scaffold proteins can be thought of as molecular circuit boards or
breadboards. Analogous to the platforms used in the construction of electronic circuits
or building basic microscopes (breadboards), scaffolds structurally link multiple
components and promote specific information transfer between them. (B) Like
promoters in transcriptional circuits scaffold proteins give the cell combinatorial control
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over signaling. Rather than the costly and slow process of evolving the coding sequence
of a gene, transcription factor binding sites are often modified to shape tissue-specific
and developmentally regulated responses. (C) Similarly, rather than altering the
enzymatic domains of proteins to evolve new signaling pathways, cells can use modular
scaffold proteins to generating new pathways and new signaling behaviors. Within a
scaffold architecture, individual protein interaction motifs can be swapped for new ones,
and additional regulators can be recruited to existing signaling complexes.

Figure 1.4 – Mechanistically, how scaffold proteins enhance the signaling capabilities
of a cell
Broadly, scaffold proteins can enhance signaling by promoting component
interactions or actively regulating information transfer. Simply by colocalizing proteins,
scaffolds can sharpen a signaling response to a narrow subcellular or molecular region.
(A) A defining feature of scaffold proteins is the ability to tether at least two proteins in
close proximity. (B) Subcellular positioning can be added on top of the tethering
function of adapter and scaffold proteins to anchor signaling components to specific
cellular compartments. For example the A-Kinase Anchoring Proteins (AKAPs) target
cAMP-dependent protein kinase A (PKA) to subcellular addresses (such as the nucleus,
or cytoplasmic membrane) (Wong and Scott, 2004). (C) Scaffold proteins can also play
more mechanistic roles in signal transfer, beyond simple tethering or anchoring. Both
the Ste5 and Jip1 scaffold proteins are known to protect MAP kinases (Fus3 and Jnk,
respectively) from their corresponding phosphatases (Bhattacharyya et al., 2006a; Heo et
al., 2004). (D, E) Scaffolds can also affect the catalytic rate of a reaction (e.g. kcat of a
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phosphorylation) by either precisely orienting or allosterically modulating enzyme and
substrate. The Ste5 scaffold co-catalyzes MAPKK-MAPK phosphorylation in the yeast
mating MAPK pathway (Good et al., 2009). (F) Simple reaction scheme showing scaffold
mechanisms that may alter enzyme (E) – substrate (S) kinetics. Physical tethering
controls on and off-rate constants, and scaffolds can also regulate substrate
conformation, reaction chemistry and potentially product release. (G) Scaffolds can
have even more pronounced effects on signaling networks at the systems-level due to
their interactions with additional signaling components. For example, scaffolds such as
Ste5 and Pbs2 in yeast MAPK signaling, can insulate pathways that use shared signaling
components (such as the MAPKKK Ste11) but have distinct inputs and outputs
(O'Rourke et al., 2002). Additionally recruitment of positive and negative effectors to
signaling complexes via scaffolds can change the dynamics of a signaling response. The
InaD scaffold is critical for adaptive feedback in drosophila eye phototransduction
signaling (Mishra et al., 2007).

Figure 1.5 – Costs of using scaffold proteins
The use of scaffolds in cellular signaling is not without costs. While the
colocalization of signaling components that interact weakly can be very useful, tethering
can also create a number of physical challenges. (A) A hallmark and diagnostic of
scaffold proteins is that they can they have a biphasic concentration effect on signaling.
Consider a two component pathway that requires a scaffold to enhance signaling. At
extremely low concentrations signaling is slow because the scaffold is required for
assemble or co-catalysis, or both. At high scaffold concentrations, signaling is also
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nonideal because the scaffold can bind to and segregate individual signaling
components in the cascade. (B) The enhanced affinity provided in scaffolded pathways
can also be detrimental if off-rates are restricted and signaling components must diffuse
away from the signaling complex to perform their downstream activities. For example
in MAPK signaling the terminal kinase must diffuse from the membrane to the nucleus
to activate gene transcription. However a scaffold that promotes tight assembly of a two
kinases theoretically could restrict diffusion, and thus limit transcriptional output (Good
et al., 2009). (C) Scaffold proteins are also predicted, in some cases, to limit signal
amplification. As in the example in B, a scaffold that generates an ultra-tight signaling
complex can limit diffusion and thus limit enzyme turnover and the amplitude of
pathway output. (D) Studies have shown that MAPK cascades can be ultrasensitive to
input (be cooperative, hill coefficient > 2) and this phenomena is dependent on one
kinase phosphorylating the next kinase in a distributive fashion (Ferrell, 2000). If a
three-tiered kinase cascade is bound to a scaffold, the phosphorylation between
signaling components may switch from being distributive, to processive (similar to the
how helicases increase the cooperativity of RNA and DNA polymerases), due to
restrictive colocalization.

Figure 1.6 - How scaffolds themselves are regulated like switches
Scaffolds not only regulate signaling responses but themselves can also be
regulated. (A) Conformational control is a common theme in proteins regulation. Not
surprisingly it has been suggested that scaffold protein Ste5 undergoes a conformational
change upon membrane localization, and this promotes signaling in the yeast mating
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MAPK pathway. The scaffold is in an inactive conformation in the cytoplasm, and one
hypothesis is that its co-catalytic minimal scaffold (ms) domain is held is restricted
(Good et al., 2009). Upon G-beta binding and membrane localization or under
conditions of artificial membrane recruitment, the scaffold changes conformation and
this dramatically enhances phosphorylation through the MAPK cascade. (B) Covalent
modification can also control the activity, localization, and degradation of scaffold
proteins. The Ste5 scaffold can be backphosphorylated by the MAPK Fus3 and this
negative feedback restricts output of the pathway (Bhattacharyya et al., 2006a). This
feedback phosphorylation has also been shown to control global cellular processes such
as cell fate decision-making in yeast in the presence of pheromone (mating pathway
input) (Hao et al., 2008). (C) The Ste5 scaffold can also be regulated by Cdk
phosphorylation. These modifications block binding of an amphipathic helix on Ste5 to
the cytoplasmic membrane. This mechanism is thought to prevent improper activation
of the mating response during certain stages of the cell cycle (Strickfaden et al., 2007).
The number of phosphorylation sites determines membrane affinity and thus total
pathway output. (D) The overall ubiquitin ligase activity of cullin scaffolds can be
modulated by attachment of the ubiquitin-like proteins (NEDD8), in a process known as
neddlyation (Wu et al., 2005).

Figure 1.7 - Scaffolds as platforms for evolving and engineering signaling pathways
Pathogen proteins can function as interaction platforms, or scaffolds, to wire
together novel signaling responses. (A) The protein YopM from the bacterium Yersinia
pestis - a causative agent of the plague – causes improper signaling between then kinases
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Rsk1 and Prk2 (McDonald et al., 2003). (B) The Respiratory Syncitial Virus (RSV)
protein NS1 hijacks the host Cullin1-Skp1-RING scaffold complex to force degradation
of a cellular target, STAT2 (Elliott et al., 2007). (C) By expanding on the tethering
function of the Ste5 scaffold, Bashor et al. recruited positive and negative modulators of
MAPK signaling to the scaffold to create novel pathway responses (Bashor et al., 2008).
Scaffold proteins are ideal tools for engineering new cellular responses and can be used
to show how cells may have evolved information flow from the ground up. (D)
Scaffold proteins are implicated in the evolution of signaling complexity. In yeast, the
scaffold protein Ste5 covaries with a duplication/divergence event of the MAPKs (Kss1,
Fus3), and is critical for discriminating between the two pathways, filamentation and
mating, that selectively activate these MAPKs (Good et al., 2009). (E) In many
organisms, discrete signaling pathways use shared signaling components. In S.
cerevisisae, the same MAPKKK (Ste11) is used to phosphorylate MAPKKs in the mating
and osmolarity (Pbs2), but signaling is properly directed by the scaffold proteins Ste5
and Pbs2. Removal of the Pbs2 scaffold causes crosstalk from osmolarity input to
mating output (O'Rourke et al., 2002).
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Figure 1.1 - Spatiotemporal Organization of Cellular Signaling
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Figure 1.3 - What are scaffold proteins and why are they so beneficial?
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Figure 1.4 - Mechanistically, how scaffold proteins enhance the signaling
capabilities of a cell
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Figure 1.5 - Costs of using scaffold proteins
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Figure 1.6 - How scaffolds themselves are regulated like switches
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Figure S1.1 - Modular architecture of canonical scaffold proteins in kinase,
GTPase, and ubiquitin signaling
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Abstract
To achieve high biological specificity, protein kinases and phosphatases often
recognize their targets through interactions that occur outside of the active site.
Although the role of modular protein–protein interaction domains in kinase and
phosphatase signaling has been well characterized, it is becoming clear that many
kinases and phosphatases utilize docking interactions — recognition of a short peptide
motif in target partners by a groove on the catalytic domain that is separate from the
active site. Docking is particularly prevalent in serine/threonine kinases and
phosphatases, and is a versatile organizational tool for building complex signaling
networks; it confers a high degree of specificity and, in some cases, allosteric regulation.
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Introduction
Biochemists dating back to Emil Fischer have traditionally assumed that the
substrate specificity of an enzymewas determined primarily by stereochemical
complementarity with its active site. Although protein kinase and phosphatase active
sites do possess preferred target phosphorylation or dephosphorylation sequences, these
preferences are not stringent enough; often they alone cannot explain in vivo specificity.
In addition to substrate target site preferences, many protein kinases and phosphatases
use dedicated protein–protein interaction surfaces (Figure 2.1a). One common strategy is
to use modular protein–protein recognition domains, such as SH2 and SH3 domains—
numerous kinases contain such domains fused to their core catalytic domain. However,
a second strategy is to utilize docking interactions — interactions involving binding
surfaces of the catalytic domain but distinct from the catalytic active site. These docking
grooves bind to short peptide docking motifs that are separate from the substrate motif
that is chemically modified by the enzyme. These two supplemental recognition
strategies are not mutually exclusive (Figure 2.1b). The development of these alternative
modes of recognition provides a simple way to meet the ever-increasing evolutionary
requirement for specificity in protein–protein recognition within complex networks.
Related kinases and phosphatases, for example, can develop slightly different docking
grooves without compromising the strict stereochemical requirements for efficient
catalysis performed at the active site (Figure 2.1c) [1].
In this review, we will focus on outlining our current understanding of docking
interactions in both protein kinases and phosphatases. Although docking was originally
discovered as a mechanism to increase enzyme–substrate specificity, docking
interactions can also govern the binding of kinases and phosphatases to each other and
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other effectors. There are now numerous well-characterizedexamples of both kinases
and phosphatases that utilize docking interactions. The majority are serine/threonine
phosphatases, such as PP1 and calcineurin,and serine/threonine protein kinases,
including CDK–cyclins, MAP kinases, PDK1 and GSK3. However, at least one protein
tyrosine kinase (Csk) has recently been shown to also utilize docking.

Two solutions for increased network specificity: modular recognition domains and
docking.
The separation of partner recognition and partner modification in signaling
circuits based on reversible phosphorylation is an evolutionarily advantageous process.
It enables a high degree of transferability of protein recognition independent of catalytic
function [1]. This separation appears to have taken two independent routes during the
evolution of complex signaling pathways. On one hand, dedicated interaction domains
separate from the catalytic domain are often used to establish links with other signaling
protein partners. Examples of this include the non-receptor protein tyrosine kinases and
phosphatases that contain, for example, SH3 and SH2 domains, such as the Src, Abl, Hck
and Csk protein kinases and the SHP protein phosphatases [2]. On the other hand,
kinase and phosphatase domains can also acquire surface grooves — referred to as
docking sites — that are capable of establishing specific connections via small peptide
motifs residing in interaction partners. Although domain-mediated and docking
interactions are distinct, they serve a similar functional purpose in targeting catalytic
domains to particular substrates, partners and cellular locations. They can govern
protein association in a phosphorylationdependent manner, and can influence kinase
and phosphatase activity through allosteric mechanisms as well (Figure 2.1d,e).
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Interestingly, enzymes that regulate serine/threonine phosphorylation and those
that regulate tyrosine phosphorylation appear to have chosen different strategies for
building supplemental specificity interactions (Figure 2.2). Analysis of the human
genome reveals that the majority of serine/threonine kinases and phosphatases do not
contain any recognizable modular recognition or targeting domains (including protein–
protein, protein–lipid and transmembrane motifs). Conversely, most examples of
docking interactions have been identified in serine/threonine kinases and phosphatases
[3]. In contrast, the majority of tyrosine kinases and phosphatases contain one or more
recognizable modular targeting elements outside of the catalytic domain. Overall, these
observations are consistent with a model in which serine/threonine phosphorylation,
which is thought to have evolved earlier as a signaling system, has primarily utilized a
docking interaction strategy for achieving higher levels of partner discrimination,
whereas the later-evolving tyrosine phosphorylation systems began to utilize the
strategy of recombination with multiple alternative modular interaction domains. One
possible exception to this rule is the tyrosine kinase Csk. New work suggests that the
interaction of Csk with its substrates Src or Yes is mediated through a docking groove,
indicating that modular domain and docking peptide interactions might co-function in
some tyrosine kinases [4,5].

Identifying linear recognition elements
Most domain-mediated and docking interactions recognize short linear
recognition elements rather than folded globular partners. These linear motifs are short,
between three and ten amino acids, of which usually just a few residues are important
for function. Linear-motifmediated protein association tends to be more transient in
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nature and therefore is ideal for signaling networks. Whereas globular domains mainly
arise by gene duplication, linear motifs, because of their short length, can arise
convergently [6].
The small size of linear motifs makes bioinformatic identification and analysis
challenging. The identification of globular domains (SH3, SH2, PTB, WW, PDZ, etc.) in
signaling proteins is now straightforward using resources such as SMART and Pfam
[7,8]. Efforts are also underway to catalogue linear motifs. The short length of these
motifs makes them difficult to detect through sequence comparison; however, a set of
proteins that all interact with a certain protein will normally share common features
(Figure 2.3). The DILIMOT and SLiMDisc programs, for example, can find statistically
overrepresented motifs in non-homologous sequences that bind to a certain kinase or
phosphatase [9,10]. This approach successfully rediscovered known motifs and
predicted several others using genome-scale interaction data sets [11].
The small size of docking motifs potentially enables experimental screening of
focused or randomized peptide libraries to discover novel docking peptide sequences.
Docking-peptide-mediated interactions, however, are often weak and might function
synergistically with interactions mediated by the active site. To overcome lowaffinity
binding, synthesis of multiple peptides on membranes was used to map synergistic
components of weakly interacting protein–protein motifs for MAP kinases and tyrosine
phosphatases [12,13].

Docking interactions in protein phosphatases
The serine/threonine phosphatase protein phosphatase 1 (PP1) has evolved
effective catalytic machinery, but lacks strong substrate specificity in its active site. PP1
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finds its targets via a large number of regulatory subunits, which influence the activity
and cellular localization of the phosphatase. To date, more than 50 PP1–protein
interactions have been identified [14]. Many of the PP1- interaction partners possess one
or two of the following sequence motifs: FxxRxR or RVxF [15]. Co-crystallization of PP1
with a synthetic peptide encompassing the RVSF sequence established the RVxF motif as
a conserved binding sequence that associates with a hydrophobic pocket on the surface
of the PP1 catalytic subunit [16,17]. Recently, a systematic analysis of structural elements
that mediate the binding specificity of PP1- interacting proteins proposed a refined
consensus for high-affinity PP1 ligands [18]. Application of the results of this study to
protein sequence database searches enabled the authors to predict PP1-interaction
partners with high accuracy. Furthermore, binding studies with several PP1 partners
and mutational analysis have demonstrated that differences in peptide–protein
interactions dictate the affinity of PP1 for cellular regulators and control the dynamic
physiological regulation of PP1 functions in the cell [19].
Calcineurin (known as protein phosphatase 2B, PP2B) is a serine/threonine
phosphatase whose substrate selectivity is also determined in part by docking
interactions. Calcineurin plays an important role in T-cell activation by directly
regulating the activity of NFAT (nuclear factor of activated T cells) transcription factors
via dephosphorylation. Calcineurin–NFAT signaling depends on the transient and
reversible recognition of the N-terminal regulatory domain of NFAT by calcineurin. This
interaction is mediated by a conserved PxIxIT motif present in NFAT proteins and a
docking groove on the surface of calcineurin [20]. Peptide cross-linking, in silico docking
and experimental analysis later revealed the structural basis of calcineurin–PxIxIT
docking motif interaction, and suggested an unexpected evolutionary parallel with the
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PP1–RVxF motif interaction [21 ] (Figure 2.4). Finally, the importance of calcineurin–
PxIxIT motif docking has also been established in other targets; the phosphatase binds to
a K+ channel through a consensus PxIxIT motif, which is indispensable for the
regulation of channel activity [22].

Docking interactions in protein kinases
In mitogen-activated protein kinase (MAPK) networks, extracellular input leads
to the phosphorylation and activation of a three-tiered kinase cascade
(MAPKKKMAPKK- MAPK), which in turn stimulates a specific transcriptional
response. Within the signaling cascade, the MAPKKK must first recognize the correct
MAPKK and phosphorylate it, and the activated MAPKK in turn must locate and
activate its cognate MAPK. Structural, biochemical and genetic data have all shown that
docking motifs from interacting proteins are necessary for MAPK to bind to and
phosphorylate its targets. MAPK docking is ubiquitous, having been demonstrated in
yeast and mammals [23]. The best-characterized MAPK-docking motifs are the so-called
D-motifs. The consensus D-motif [(R/ K)1–2-(X)2–6-F-x-F; where F denotes a
hydrophobic residue] is found in activators (MAPKKs), negative regulators
(phosphatases) and various substrates. MAPK docking occurs in all mammalian MAPK
families (ERK, p38 and JNK) and crystal structures now exist for most of these MAPK
docking complexes [24–27]. Comparison of the MAPK docking interactions from yeast
to humans reveals a conserved mechanism of interaction, whereby basic residues of the
D-motif bind to a negatively charged surface area (CD-site) and the hydrophobic
residues bind to a hydrophobic groove on the MAPK (F-x-F groove). However, there is
also a second class of MAPK docking (found only in ERK signaling), whereby a so-called
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DEF motif with an FxFP consensus sequence binds to a separate MAPK surface
[28,29,30]. Hydrogen-exchange mass spectrometry (HXMS) data have located the
DEFdocking groove near the kinase active site. FxFP motif binding to ERK2 is coupled
to the positioning of its activation loop; it has been demonstrated that the
phosphorylated MAPK binds this docking motif better than the inactive kinase [29].
Kinase docking also occurs at other levels in the MAPK cascade. The C-terminal region
of mammalian MAPKKs (which contains a so-calledDVD motif) is necessary for
interacting with and discriminating between various MAPKKKs [31]. There is also
evidence that MAPKKK–MAPKK docking occurs in yeast [32].
Similar to the domain-mediated recognition of phosphorylated peptides (e.g.
SH2, PTB, 14-3-3 and FHA domains), docking motifs can also act as regulatory elements
when the docking interactions are themselves phosphorylation dependent. 3phosphoinositide-dependent kinase-1 (PDK1) interacts with several downstream AGC
kinases that contain a conserved docking motif known as the PDK1-interaction fragment
(PIF) [33,34]. PIF motifs, however, must be phosphorylated before they bind effectively
to the PIF pocket located on PDK1 (PIF motif: FxxFS/TF/Y, where S/T has to be
phosphorylated) [35]. Therefore, downstream AGC kinase substrates must be primed by
phosphorylation before interaction with and phosphorylation by PDK1. A similar
priming event is required for phosphorylation of some substrates by glycogen synthase
kinase-3 (GSK3), which is part of the insulin signaling pathway. GSK3 substrates must
be phosphorylated on a residue that is C terminal to the serine/threonine site to be
modified by GSK3. This priming phosphorylation motif binds to a phospho-recognition
docking groove adjacent to the active site of GSK3 [36]. The priming phosphorylation
scheme observed in the GSK3 and PDK1 pathways provides a mechanism for making
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signal processing dependent on catalytically distinct phosphorylation events, thereby
increasing the specificity and complexity of control.
The activities of cyclin-dependent kinases (CDKs) are governed by the cyclins
and linked to phases of the cell cycle. However, cyclins not only serve as activatory
subunits for the kinase but also may function in substrate recognition. Many CDK
substrates contain an RxL or KxL docking motif that is remote from the site of
phosphorylation. Interestingly, the RxL-docking groove is located not on the kinase but
on the interacting cyclin, providing a slightly different mechanism of substrate
recognition, whereby the cyclin functions as an adaptor [37,38].

Allostery versus tethering
A fundamental question is how docking motif binding influences kinase and
phosphatase activity: is it simply tethering or is allostery also important? Overall, the
primary role of docking interactions appears to be tethering. However, there are a few
cases in which docking interactions play an important role in altering protein
conformation and allosterically regulating activity. The binding of PIF motifs to PDK1
increases kinase activity four- to six-fold [33,34]. Studies of MAP kinases, however,
suggest that the main function of D-motif docking interactions is tethering the kinase to
partners; the Fus3 MAPK structure, for example, changes very little upon binding to Dmotif peptides from various interaction partners [39]. In one example, however, the
activity of the same MAPK is allosterically activated by a peptide whose binding site
includes the docking groove for Dmotifs [40]. A recent structure of ERK2 in complex
with a D-motif also demonstrates that peptide binding to the docking groove can have
long-range effects, including reordering of the kinase activation loop [27] (Figure 2.5).
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Hydrogen-deuterium exchange data have also indicated that some flexibility is induced
in the activation loop of p38 upon D-motif binding [29].
In the case of phosphatases, binding of an RVxF motif to PP1 does not change the
structure of the phosphatase domain. Similarly, allosteric effects of docking peptide
binding on the catalytic activity of calcineurin have not been found. The catalytic
domains of these two phosphatases may be too rigid and docking interactions
apparently cannot augment structural changes at the active site. Therefore, it is likely
that, in these examples, the localization or tethering of the effector phosphatase domain
to the protein partner is sufficient to explain the physiological roles of docking.
However, in the case of calcineurin– NFAT binding, it is possible that the association of
the phosphatase with its PxIxIT docking peptide itself is controlled by an allosteric site.
This site, bound by some small-molecule inhibitors of calcineurin– NFAT association, is
separate from both the docking groove and the active site [41].

Specificity of MAP kinase docking interactions
Although docking provides a simple way to generate new connectivity in circuits
relying on kinase or phosphatase activity, the recurrent use of the same surface grooves
presents a new problem: how can docking surfaces encode specific information about
kinase or phosphatase interactions in the context of many related peptide motifs (Figure
2.6)? Signaling events regulated by MAP kinase docking interactions display a
remarkable degree of finetuned specificity: simple sequence variation in yeast D-motifs
can influence signal flow between distinct but closely related MAPKs and their
interaction partners, and it appears that induced-fit recognition allows docking peptides
to achieve discrimination by exploiting subtle differences in kinase flexibility [39].
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For mammalian MAPK systems, substrates are phosphorylated by specific
subsets of MAPKs depending on the number and sequence of the docking motifs. DEF
and D-motifs form a modular system in which a different arrangement of these two
docking motifs on c-Jun and JunD transcription factors governs the differential response
of these two ERK2 targets upon EGF stimulation [30]. In another study that highlighted
the restrictive and selective nature of docking interactions, discrete ERK2 docking
groove mutations differentially affected the binding and inactivation of two different
tyrosine phosphatases. Importantly, some of these mutations still allowed efficient
phosphorylation of ERK2 by MEK1/2 (a MAPKK) [42].

Docking and drug design
The prevalence of protein kinases and phosphatases that are involved in disease
has led to intensive efforts to develop specific inhibitors for use as therapeutics. Most
kinase and phosphatase inhibitors currently target active sites. However, protein
interactions, as outlined earlier, also play an essential role in linking kinases and
phosphatases with their signaling partners. Thus, blocking docking interactions holds
promise as an alternative strategy for selectively inhibiting kinase and/or phosphatase
signaling. For example, cell-permeable peptides containing docking motifs were shown
to selectively modulate MAPK and PP1 activity in vivo [43–45].
Another approach to docking-based drug design is using high-throughput
experimental or computational structure- based screens to identify small chemical
compounds. The existence of a specialized substrate-targeting mechanism in
calcineurin–NFAT signaling enabled the identification of small-molecule inhibitors that
act by interfering with phosphatase–substrate docking rather than with the calcineurin
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catalytic site [46,47]. As three-dimensional structures of docking groove surfaces on
kinases and phosphatases become available, structurebased screens will be increasingly
practical [48]. Taking advantage of the recently identified ERK MAPK docking surface, a
computer-aided drug design study identified novel small-molecule ERK inhibitors that
showed a dosedependent reduction in the proliferation of several cancer cell lines [49].
Moreover, downstream branches of ERK signaling that are based on DEF- or D-motifmediated docking can be selectively inhibited without blocking total pathway activity
[28]. These studies demonstrate that interference with docking interactions is a viable
alternative to the direct catalytic inhibition of kinase or phosphatase activity.

Conclusions
A growing number of substrates as well as many regulator proteins have been
shown to bind kinase or phosphatase catalytic domains through docking groove
interactions. Docking-mediated interactions are particularly prevalent in
serine/threonine kinases. The search for new docking peptide sequences and their
corresponding protein–protein interaction surfaces on kinase/phosphatase domains is
an active area of research. Computational approaches, in combination with systematic
experimental analysis, will aid the identification of new examples of protein– protein
interactions mediated by docking. The next challenge is to discover the molecular
principles behind the specificity mediated by individual docking grooves and their
corresponding peptide motifs. This new knowledge will be helpful in the design of
biological tools to modulate protein–protein interactions in vivo and in elucidating the
specific roles of this ubiquitous class of enzymes in diverse cellular processes. Such
studies will set the stage for the selective regulation of kinase/phos- phatase network

46

activity by small-molecule inhibitors, whereby the focus would be on targeting
connections rather than catalytic activity.
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Figure 2.1
Comparison of interactions mediated by modular domains and docking grooves
for protein kinases and phosphatases. (a) Separation of catalytic function from protein–
protein recognition. A kinase or phosphatase catalytic domain, in addition to the
substrate preferences of the active site, can acquire additional protein–protein
recognition modes through a dedicated surface called the docking groove (orange) or
through a dedicated modular protein–protein interaction domain (blue). (b) Substrates
or other protein partners in turn can acquire simple peptide motifs that will interact with
the docking groove or the globular protein recognition domain. (*It is also possible that
substrates or kinase/phosphatase partners acquire the globular domain and the
kinase/phosphatase contains the globular domain motif.) This panel demonstrates three
protein recognition interactions that have been identified for protein kinases and
phosphatases. (c) Docking motifs can direct the specificity of enzymes. Protein kinase
and phosphatase active sites generally have limited substrate recognition capabilities.
Although a relatively large array of substrates may fit the stereochemical requirements
for catalysis, those with appropriate docking motifs will be selected through interactions
mediated by the docking groove. (d) Like certain modular-domain-mediated
interactions, certain docking-motif-mediated interactions can be phosphorylation
dependent. (e) Docking interactions can also participate in allosteric regulation of kinase
or phosphatase domain catalytic activity by directly modulating the catalytic domain
structure. Modular domains often allosterically regulate their catalytic domains via
autoinhibitory interactions.
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Figure 2.2
Distribution of non-catalytic targeting domains in human kinases and
phosphatases. Human (a) kinases and (b) phosphatases containing 0, 1 or 2 types of
recognizable targeting domains (in addition to the core catalytic domains) are shown.
This analysis demonstrates that tyrosine kinases and phosphatases tend to use more
targeting elements compared to serine/threonine kinases and phosphatases.
Furthermore, members of certain serine/threonine kinase groups (e.g. the CMGC group)
appear to entirely rely on the specificity of the kinase catalytic domain (they lack any
additional, identifiable domains). Interestingly, this group includes kinase families such
as MAPKs, CDK–cyclins and GSK3, for which many docking-groove- mediated
interactions have been described. TKL (tyrosine kinase like) is a diverse group of
families that resemble both tyrosine and serine/threonine kinases. Kinase sequences
were obtained from the human kinome [50] and analyzed using the SMART database
[7]. For phosphatases, only proteins fully annotated in SMART were utilized. The
analysis involved a representative sample of about 270 known kinases and 65
phosphatases, corresponding to approximately half of the human kinome or
phosphatome. Only intracellular targeting domains were counted in this analysis. Noncatalytic domains found include: protein–protein interaction (SH3, SH2, PDZ, SAM,
ANK, FHA, Ig like, IGc2, FN3); membrane targeting (transmembrane regions, PH, PX,
C2, B41); and miscellaneous (PBD, RBD, RGS, CNH, HR1, RhoGEF, CaM, IQ, C1, PB1,
IG, DCX, TPR, LRR, UBA, RING, FCH, DEATH, RWD, CARD, GS, LIM).
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Figure 2.3
Schematic of a linear motif discovery strategy. Large-scale interaction maps are
probed for interacting subsets of interest. Partners of proteins with multiple interactions
are grouped. Domains and homologous regions are identified and subsequently
removed before running extensive pattern-discovery algorithms. Finally, a list of motifs
is ranked by their probabilities. Predicted motifs are depicted as colored boxes. Adapted
from [11].

Figure 2.4
Divergent evolution of a docking groove. PP1 and calcineurin are two
serine/threonine phosphatases that have a homologous catalytic domain, but interact
with different sets of proteins through a related docking groove. The similar location but
clearly different topology of the RVxF and PxIxIT motif docking grooves on these two
phosphatases suggests divergent evolution. The positions of Mn ions near the active site
are shown as spheres in magenta and the middle panel shows an RVxF motif peptide
from the PP1–MYPT1 complex crystal structure in red [17]. The calcineurin PxIxIT motif
docking groove has been mapped in [21].

Figure 2.5
Mechanisms by which docking motifs can influence MAPK signaling. (a) The
‘tethering’ model: in the case of the yeast MAPK Fus3 and, in some cases, the
mammalian MAPK ERK, docking peptide binding creates no obvious changes in
structure or kinase activity. Structural depiction of the MAPK Fus3 in the apo state
(gray) and bound to the D-motifs of its activator, Ste7 (dark blue), and its negative
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effector, the phosphatase Msg5 (light blue) [39]. Docking peptides are shown in green.
(b) Long-range conformational changes induced by D-motif docking: the ‘allosteric’
model. Peptide binding to the MAPK docking groove induces an allosteric effect,
including reordering of the activation loop. These conformational changes are
postulated to affect MAPK activity (the positioning of the activation loop is also
controlled by phosphorylation and thus relates strongly to enzymatic function).
Structural alignment of the mammalian MAPK ERK2 with (red) and without (gray) a Dmotif peptide from the PTP phosphatase [27]. The activation loop in the ERK2–PTP Dmotif complex moves into a new position that more closely matches the conformation in
phosphorylated (and active) ERK2.

Figure 2.6
Specificity and evolution of MAPK docking networks. (a) Divergent evolution of
MAPK–D-motif interactions. The D-motif–MAPK interactions of two yeast MAPKs
demonstrate how a common and highly conserved docking groove can dictate
interaction specificity. Ste7, a MAPKK, activates two related yeast MAPKs: Fus3 and
Kss1. This interaction is mediated by a D-motif that can bind to Fus3 as well as to Kss1
(promiscuous). A separate D-motif of the substrate Far1 is specific for Fus3 (selective).
Promiscuous and selective peptides bind the docking groove in conformationally
distinct modes and, interestingly, it is the sequence of the intervening region between
the basic (R) and the F-x-F motif that appears to influence the binding mode. Insertion of
two proline residues into this region renders a promiscuous D-motif MAPK selective
[39]. (b) Convergent evolution of MAPK–D-motif interactions. Many Fus3-interaction
partners bind to the Fus3 docking groove. Two proteins, the Far1 substrate and the Ste5
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scaffold, contain Fus3-selective docking motifs that bind the docking groove in what
appears to be a similar conformation: they both interact with the negatively charged CDsite using an arginine, use a leucine to bind the F-x-F groove and have a proline in a
pivotal position that favors a Fus3-specific peptide conformation [39,40]. However, these
motifs are clearly unrelated: the orientations of the peptide chains are opposite (note that
the N-C orientation is different). It appears that both proteins evolved a similar but
unrelated solution to interact with Fus3 in a specific manner, suggesting an example of
convergent evolution for docking motif design.
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Figure 2.1 - Comparison of interactions mediated by modular domains and
docking grooves for protein kinases and phosphatases
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Figure 2.2 - Distribution of non-catalytic targeting domains in human kinases
and phophatases
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Figure 2.3 - Schematic of linear motif discovery strategy
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Figure 2.4 - Divergent evolution of a docking groove
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Figure 2.5 - Mechanisms by which docking motifs can influence MAPK signaling
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Figure 2.6 - Specificity and evolution of MAPK docking networks
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Abstract
Cells use a network of mitogen activated protein (MAP) kinases to coordinate
responses to diverse extracellular signals. Here we examine the role of docking
interactions in determining connectivity of the yeast MAP kinases Fus3 and Kss1. These
closely related kinases are activated by the common upstream MAPK kinase, Ste7, yet
generate distinct output responses, mating and filamentous growth, respectively. We
find that docking interactions are necessary for communication with the kinases, and
that they can encode subtle differences in pathway specific input and output. The cellcycle arrest mediator Far1, a mating-specific substrate, has a docking motif that
selectively binds Fus3. In contrast, the shared partner, Ste7, has a promiscuous motif
that binds both Fus3 and Kss1. Structural analysis reveals that Fus3 interacts with
specific and promiscuous peptides in conformationally distinct modes. Induced fit
recognition may allow docking peptides to achieve discrimination by exploiting subtle
differences in kinase flexibility.
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Introduction
Mitogen activated kinases are central nodes in a complex signal transduction
network that allows eukaryotic cells to respond to a broad set of environmental stresses
and signals. MAP kinases must interface with a diverse set of partners — upstream
activating kinases, deactivating phosphatases, and substrates. Moreover, because cells
contain multiple MAP kinase pathways, these interactions must be discriminatory so
that the proper response is elicited by a specific stimulus. However, MAPK network
wiring is complicated by the fact that in some cases, a subset of the same protein
components are used within two or more distinct MAP kinase pathways. In these cases
MAPK interactions must be promiscuous. How is this balance between specificity and
promiscuity maintained?
It has been proposed that MAP kinase docking motifs may form a modular
recognition system mediating kinase connectivity (Fantz et al., 2001; Jacobs et al., 1999;
Tanoue et al., 2000; Vinciguerra et al., 2004). Docking motifs are short peptide sequences,
often found in substrates, that bind to a groove on the MAP kinase surface distinct from
the kinase active site. The presence of docking motifs in substrates contributes to the
efficiency with which they are phosphorylated (Sharrocks et al., 2000, Barsyte-Lovejoy et
al., 2002). Growing evidence indicates that docking interactions also play a role in
mediating interactions with upstream factors; putative docking motifs are found in other
components of MAPK pathways, including activators, phosphatases, and scaffold
proteins (Biondi and Nebreda, 2003;Tanoue and Nishida, 2003).
Saccharomyces cerevisiae has at least four distinct MAPK pathways, involved in
mating, filamentous growth, osmolarity response, and cell wall integrity. In the mating
pathway, a-type cells respond to the pheromone -factor using a MAPK pathway
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mediated by the MAPK Fus3. Proteins that are known to physically interact with Fus3
include the upstream activating kinase Ste7 (Errede et al., 1993), inactivating
phosphatases, Msg5 (Doi et al., 1994) and scaffold Ste5 (Choi et al., 1994), as well as
substrates such as Far1 (Peter et al., 1993). These proteins contain sequences that match
the general MAPK docking motif (R/K)1-2X4-6LXL. Connectivity within yeast MAP
kinase networks is complicated by the fact that multiple functionally distinct pathways
use overlapping set of protein components (Madhani and Fink, 1998;Breitkreutz and
Tyers, 2002). For example, the MAPKK, Ste7 participates in both the mating and
filamentation pathways (starvation induced filamentous growth; Cook et al., 1997). Ste7
is the immediate upstream activator of two MAPK’s: Fus3 (mating) and Kss1
(filamentation). Despite high similarity, these two MAP kinases yield distinct
phenotypic output responses. The overlapping yet distinct subsets of functional
interactions of particular MAP kinases raises the question of whether docking motifs
contribute to specificity by discriminating between MAPKs, or if they are relatively
promiscuous in their interactions with the various members of the MAPK family.
Here we demonstrate that MAPK docking motifs are critical elements in
directing kinase-specific signal flow within the overall yeast MAP kinase network. We
show that docking interactions are essential for efficient signaling both to and from the
MAP kinase node. Although Fus3 and Kss1 bind with similar affinity to many of their
docking partners, including their common upstream activator, the MAPKK Ste7, we find
that docking motifs from certain partners, such as the mating-specific cell-cycle
regulator protein, Far1, are discriminatory, binding selectively to Fus3. We have solved
the crystal structures of Fus3 alone and in complex with both promiscuous and selective
docking peptides and find that these two classes of ligands bind in distinct
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conformational modes. Induced fit interactions may allow docking motifs to probe
differences in docking site flexibility to achieve discrimination between highly
homologous kinases.

Results & Discussion
Affinity and Specificity of Docking Motifs from Diverse MAPK Interacting Proteins
Putative docking motifs have been reported in diverse proteins that are
functionally linked with the mating MAP kinase, Fus3. These include upstream positive
regulators (e.g. MAPKK Ste7), upstream negative regulators (e.g. phosphatase Msg5),
and downstream substrates (e.g. Far1) (Figure 3.1A). Our goal was to identify bona fide
motifs from these proteins that could directly bind to Fus3 in vitro. Moreover, to address
issues of specificity, we tested such motifs for binding to other yeast MAP kinases,
including the closely related filamentation pathway MAP kinase, Kss1, and the more
distantly related osmolarity MAP kinase, Hog1 (Figure 3.1B).
Sequence analysis of Ste7, Msg5 and Far1 reveals one or more sequences in each
protein that match a putative docking consensus motif (Figure 3.1C). Putative motifs
were cloned as GST fusions and screened for binding to purified recombinant Fus3,
Kss1, and Hog1 (Figure 3.1D). We identified at least one Fus3 binding motif in Msg5
and Far1 and two such motifs in Ste7, including one that had previously been reported
(Bardwell et al., 1996) (here referred to as Ste7_pep1), and one that is reported in this
study (Ste7_pep2). We probed the specificity of these docking motifs for other yeast
MAP kinases such as Kss1 and Hog1 to test if pathway specific signaling could be
explained at the level of MAPK/docking motif interactions. Hog1 did not bind to any of
the Fus3 binding motifs. Kss1 bound tightly to the motifs from Ste7 and Msg5, but not
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to the motif from Far1. The differential binding of these two MAPKs to the docking
motif of Far1 is particularly interesting because Far1 is a pivotal component of matingstimulated cell cycle arrest, and is phosphorylated preferentially by Fus3 (Breitkreutz et
al., 2001). Far1 phosphorylation is relatively unaffected by loss of Kss1. Thus the unique
preference of the Far1 docking motif for Fus3 may play an important role in determining
kinase-specific phosphorylation events and pathway outputs.
We used a fluorescence-based binding assay to quantitate docking affinities
(Figure 3.1E). In such assays, docking peptides from Ste7 and Msg5 bind with similar
affinities to both Fus3 and Kss1. In contrast the Far1 peptide displayed a seven-fold
preference for Fus3 over Kss1. The Fus3-binding motifs examined here all clearly
discriminate between Fus3 and the distantly related MAP kinase Hog1; only a subset,
however, discriminate between Fus3 and the closely related MAP kinase Kss1. Thus
docking motifs appear capable of displaying both high and low resolution specificity,
and this specificity may be an important factor in wiring complex signal transduction
pathways.

Docking Interactions are Required for MAPK Activation by MAPKK Ste7
To examine the role of docking in MAP kinase activation by an upstream
MAPKK, we expressed and purified a constitutively active version of the MAPKK Ste7
containing phosphomimicking mutations in its activation loop (S359E, T363E – referred
to as Ste7EE) (Maleri et al., 2004). Ste7EE can phosphorylate Kss1 in vitro. We chose to
focus on the mechanism of Ste7EE activation of Kss1, rather than Fus3, because, Ste7EE
cannot phosphorylate Fus3 in a purified system (Fus3 activation also requires additional
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contributions from the scaffold protein Ste5; Flatauer et al., 2005, AR unpublished
results).
Mutation of either or both of the Ste7 docking motifs does not affect the catalytic
function of Ste7EE, as assayed by its ability to phosphorylate the model substrate myelin
basic protein (MBP) (Figure S3.1). These docking sites, however, are essential for Ste7EE
to phosphorylate Kss1 (Figure 3.2A,B). Although mutation of either individual motif
does not impair Kss1 phosphorylation, simultaneous mutation of both docking sites
disrupts Kss1 phosphorylation. Thus the two docking sites are redundant but essential.
We further examined the importance of the Ste7 docking motifs for Kss1 activation in
vivo (Figure 3.2C). Although the physiological input for activation of the filamentation
pathway (Ste11Ste7Kss1) is starvation, addition of alpha factor leads to low but
detectable expression of a filamentation reporter gene (filamentation and invasion
growth responsive element (FRE) fused to LacZ) (Madhani and Fink, 1997). Mutation of
the individual Ste7 docking motifs leads to either no loss or partial loss of FRE gene
expression in a Ste7 strain (MG40; see Table S3.1). In agreement with the in vitro
analysis, however, loss of both docking motifs abolishes FRE expression, demonstrating
that docking interactions are critical for MAPKKMAPK information flow.

Role of Docking Interactions in MAPK Inactivation by the Phosphatase Msg5
MAP kinases are also regulated by phosphatase-mediated inactivation. We have
identified one strong docking motif in the phosphatase Msg5, a protein previously
shown to play a role in down-regulating Fus3 (Andersson et al., 2004; Zhan et al., 1997).
However, by sequence analysis, several potential weak docking motifs can be found.
Thus to eliminate potentially redundant docking interactions (as in the case of Ste7), we
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used a version of Fus3 bearing a mutation (Asp314Lys and Asp317Lys; referred to
as Fus3DDKK) previously shown to disrupt the docking groove of many MAP kinases
(Kusari et al., 2004). This double mutation eliminates binding between Fus3 and the
docking motifs in a GST-pull down assay without altering catalytic activity of Fus3
towards the model substrate MBP (Figure S3.2). Thus the Fus3 DDKK mutant provides
a simple way to probe importance of docking interactions.
Disruption of docking interactions severely impairs desphosphorylation of Fus3
by Msg5 (Figure 3.2D,E). The effects are specific to Msg5, since Fus3 wild-type and Fus3
DDKK are equally good substrates for the non-docking dependent lambda-phosphatase.
Thus the docking interaction dramatically increases the ability of Msg5 to inactivate its
cognate MAPK. To determine the importance of docking interactions for phosphatasemediated regulation in vivo, we tested the effect of docking mutations on expression of
the mating reporter gene Fus1-LacZ (Figure 3.2F). Msg5 has been shown to limit the
level of Fus3 activation both in uninduced and alpha-factor stimulated cells: Msg5 cells
show elevated mating pathway transcription. We transformed Msg5 strain (MG20)
with either wild-type or docking deficient Msg5 (primary docking motif containing four
alanine substitutions - Msg5ND). Wild-type Msg5 decreases mating pathway output
significantly compared to vector alone. However, Msg5ND only partially decreases
mating output levels. This partial phenotype could be attributed to the presence of
redundant Fus3 docking motifs in Msg5. Nonetheless, these data are consistent with
docking interactions contributing to the ability of Msg5 to control Fus3 activity.
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Docking Interactions are Required for Far1-Mediated Cell-Cycle Arrest during Mating
The output of MAPK pathways is determined by the specific substrates that each
MAP kinase acts upon. The Fus3 substrate Far1 contains a docking motif that has the
unusual property of selectively binding Fus3 and discriminating against the closely
related kinase Kss1 (54% identity; 71% similarity, Figure S3.3). Far1 phosphorylation is
required for cell-cycle arrest during mating, and this response is dependent on Fus3
(Figure 3.2G) (Breitkreutz et al., 2001). We hypothesized that docking interactions might
play a critical role in encoding this pathway specific output. We therefore wanted to
determine if the Far1 docking interaction was required for its phosphorylation by Fus3,
and if the motif was responsible for the dependence of cell-cycle arrest on Fus3
activation.
For in vitro studies, we used a minimal version of Far1 (mini-Far1, residues 1393) as a substrate that is fully functional for cell-cycle arrest in vivo. Mini-Far1 contains
two SP or TP motifs (Ser87 and Thr306) that are phosphorylated by Fus3 in response to
-factor (Gartner et al., 1998). Wild-type Fus3 can potently phosphorylate miniFar1 in
vitro, however a docking deficient mutant of Fus3 (Fus3 DDKK) cannot (Figure 3.2H). In
a converse experiment, we also made mutations in the Far1 docking motif
(miniFar1ND). This mutant version of Far1 cannot be phosphorylated by Fus3. Thus the
docking interaction is critical for efficient phosphorylation of Far1 by Fus3. In contrast,
purified Kss1, which can phosphorylate the model substrate MBP, is unable to efficiently
phosphorylate mini-Far1 or mini-Far1ND. The inability of Kss1 to recognize the Far1
docking motif makes this cell cycle arrest protein a highly specific substrate.
In parallel, we tested the importance of the Far1 docking motif for proper mating
signaling in vivo, using cell budding and halo assays to monitor alpha-factor induced
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cell-cycle arrest (Figure 3.2I). Under normal growth conditions, S. cerevisiae rapidly buds
to generate new cells. Upon alpha-factor treatment a-type cells stop budding as they
arrest in the G1 stage of the cell cycle. Deletion of Far1 (in strain CB009) blocks matinginduced arrest: no halo (an area of low growth) is formed around discs of alpha-factor,
and cultures treated with alpha-factor also display a high ratio (2/3) of budded (nonarrested) cells. Wild-type Far1 rescues this defect, yielding a strong arrest response. We
find, however, that a version of Far1 in which the docking motif is mutated (Far1ND)
fails to rescue this defect.

Crystal Structure of Fus3 MAPK
To date none of the yeast MAP kinases has been structurally characterized. We
were able to obtain crystals of the non-phosphorylated state of Fus3, as well as a nonphosphorylatable mutant in which the activation loop residues Thr180 and Tyr182 were
mutated to Val and Phe, respectively (Fus3VF). The protein sequences of known MAPKs
are well conserved from yeast to human (Fus3 is 51, 44 and 39 percent identical to ERK2,
p38, and JNK3, respectively — Figure S3.3). The overall fold of this yeast MAP kinase is
highly homologous to that of previously studied mammalian MAP kinases (Figure
3.3A). The crystal structure of Fus3VF is essentially identical to the non-phosphorylated
form (npFus3, r.m.s.d for 337 C positions is 0.46 Å). These structures likely represent
the inactive state of Fus3. Loss of phosphorylatable residues in the activation loop
renders Fus3VF incapable of mediating mating response in vivo (Gartner et al., 1992).
Moreover, both Fus3VF and npFus3 show low activity in vitro. Fus3 can be
phosphorylated in vitro, however, by extended incubation with ATP, which results in
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autophosphorylation. Once activated in this manner, Fus3 readily phosphorylates MBP
(Figure S3.4).
Protein kinases are molecular switches that adopt “on” and “off” states. Some
kinases are regulated through allosteric shifts in the position of catalytic residues.
Alternatively, other kinases are regulated through a pseudo-substrate mechanism in
which an inhibitory segment or binding partner occludes substrate binding (Huse and
Kuriyan, 2002). The inactive Fus3 structure is consistent with a pseudo-substrate
mechanism of regulation; key catalytic residues of inactive Fus3 appear to be already
positioned in an active configuration (Figure 3.3B). However, substrate access to the
active site appears to be blocked by residues 180-186, which contain or directly follow
the phosphorylatable Thr180 and Tyr182 residues in the activation loop. The position at
which these residues interact is similar to that occupied by peptide inhibitors of PKA
(Figure 3.3C) (Knighton, 1991).

Structure of Fus3 Complexed with Promiscuous Docking Motifs from Ste7and Msg5
We determined the crystal structure of Fus3VF in complex with docking peptides
from Ste7 and Msg5 (high affinity site, Ste7_1: RRNLKGLNLNLHPD; Msg5:
PRSLQNRNTKNLSLDIAALHP – visible regions underlined; Figure 3.4A and S3.5). No
long range structural changes in the kinase fold or kinase active site residues are
induced upon docking motif binding, consistent with the observation that these peptides
do not significantly alter catalytic activity (data not shown). Both docking motifs bind to
the same surface on the opposite side from the Fus3 active site, the same site as for the
mammalian MAP kinases p38 and JNK1 (Chang et al., 2002, Heo et al., 2004).
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There are two major elements found in nearly all MAPK docking motifs: a
cluster of basic residues at the N-terminus and a hydrophobic motif near the C-terminus.
These elements are recognized by two complementary surfaces on the kinase surface
(Figure 3.4B). The basic motifs bind to a negatively charged surface area on Fus3 formed
by the side-chains of Glu69, Asp314 and Asp317 (earlier described as the common
docking or CD-site ; Tanoue et al., 2000). The salt-bridge interactions made by these Asp
residues explain why their mutation (Fus3DDKK mutant described previously) disrupts
docking. The hydrophobic motif binds to a series of shallow hydrophobic pockets on
the kinase surface. These pockets are defined by the kinase’s hinge region and residues
forming the loops between 8-9 and 2-3. This region of the kinase was previously
named the x groove (Chang et al., 2002). However, by comparing the current and
previous structures we now know that there are actually three (not two) hydrophobic
pockets on this surface, which we will call A, B, and C, that bind the motif LxLxL/I
found in both the Ste7 and Msg5 peptides. Deletion studies (not shown) suggest that the
most C-terminal hydrophobic residue in the LxLxL/I motif is the least critical for Fus3
binding.
Comparison of these structures with mammalian docking structures (Figure
3.4C, Figure S3.6) suggests that the spacing between the basic and hydrophobic elements
is important for recognition. In the case of the Ste7 and Msg5 docking peptides, there
are 4 intervening residues between the basic cluster and the LxLxL/I element. These
residues are well conserved between the two peptides, and form an identical beta-turn.
This turn is stabilized by three intramolecular hydrogen bonds: one between the
backbone atoms of residues i and i + 3, and two between a conserved Asn side chain and
the peptide main chain (Figure 3.5A). In the p38 and JNK complexes, no such tight beta-
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turn is observed in the docking peptide intervening region. However, in these peptides
the intervening region is shorter – it is less than three residues long. Thus the beta-turn
observed in the Ste7 and Msg5 peptides appears to be an energetically favorable way for
the peptide to effectively shorten its longer intervening region, allowing the peptide to
maintain proper spacing between the basic and hydrophobic clusters for docking
against the complementary kinase surfaces. The alternative ways in which intervening
regions can span the proper distance between the two key interaction points may
explain why there is high apparent variability in the length of this region.

Docking Discrimination: Far1 Motif Binds Fus3 in a Conformationally Distinct Mode
We were also able to solve the crystal structure of Fus3 in complex with the
discriminatory docking peptide from Far1. Although the Far1 peptide binds at the same
site, it adopts a very different conformation from the other ligands. This interaction
represents an alternative mode of docking peptide binding, which we refer to as mode 2.
This new mode of binding requires some rearrangement of the Fus3 surface: the shape
of the hydrophobic binding pockets and the network of hydrogen bonding residues that
interact with the peptide main chain both subtly shift (Figure 3.5B).
In the Ste7 and Msg5 complexes (mode 1), the hydrophobic pockets A, B, and C
were found to interact with the underlined side chains within the docking motif:
LxLxL/I. In contrast, in the Far1 complex (mode 2), the peptide residues that dock in
these pockets have a different spacing: PKPLNL (Figure 3.5A). The A-like pocket in
mode 2 is slightly smaller and is further from the B pocket, and we refer to this altered
pocket as the A’ site. The shifts observed in the mode 2 complex allow accommodation
of two intervening residues between the A’ and B binding side chains as well as
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increased steric complementarity to the Pro residue that now inserts in the A’ site. As
part of this shift, the kinase side chains Asp112 and Tyr312 move into position to form a
different set of hydrogen bonds with the peptide main chain (Figure 3.5B). The use of
Tyr312 as part of the A’ pocket to recognize the peptide proline is reminiscent of the
mechanism used by many proline recognition domains: a Tyr is often used because its
planar structure allows parallel packing against the nearly planar Pro side chain, while
its hydroxyl group is then well positioned to interact with the main chain (Zarrinpar et
al., 2003).
There are at least two potential reasons why the Far1 peptide is incompatible
with mode 1 interaction. First, if the same spacing was maintained, the side chains
KxLxL would insert into the hydrophobic pockets, resulting in burial of a hydrophilic
side chain. Second, Pro79 from the Far1 peptide would be in a position that, based on
phi-psi restrictions, forbids proline (first position in the beta-turn). The two Pro residues
in Far1 are thus much more likely to favor the polyproline II conformation that is
observed in mode 2 binding. Although interaction of Far1 in this new mode is
considerably weaker than that of Ste7 (affinity for Fus3 is 100-fold reduced), it is still
able to achieve tolerable complementarity and discrimination, given the compensating
side chain reorganization that occurs on the Fus3 docking surface. Interestingly, the
interaction of the docking peptide from Jip1 with the mammalian MAPK JNK1 also
appears to occur via a mechanism similar to mode 2 – it shows striking similarity to the
Fus3/Far1 complex (Figure S3.6).

Model for Docking Discrimination: Differential Flexibility of the Docking Groove
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Why does the Far1 motif discriminate against Kss1? Far1 cannot bind to a
MAPK docking groove through mode 1 – the mode observed with the Ste7 and Msg5
ligands – for the steric reasons highlighted on Figure 3.5C and D. The Fus3 kinase,
however, can adjust through subtle induced fit conformational changes to interact with
the Far1 motif in an alternative mode. Fus3 has sufficient flexibility to adjust its surface
to participate in two distinct modes of binding. Thus a simple model for specificity is
that Kss1 is unable to make the adjustments to participate in mode 2 binding, thus
preventing recognition of Far1 (Figure 3.5E). Far1 and other peptides that are only
compatible with mode 2 binding would be recognized selectively by Fus3. However,
those peptides compatible with mode 1 binding would be recognized by both Fus3 and
Kss1. It is possible that there are alternate modes of binding that would lead to Kss1
selective docking motifs. This appears to be an example of negative selection (i.e.
against Kss1 binding) playing a major role in determining interaction specificity
(Zarrinpar et al., 2003b).
Residues in Fus3 and Kss1 that directly contact the peptides are almost all
identical. There are, however, several sequence differences in Kss1 that occur near the
docking groove (Figure 3.5B). First, the linker between helices 2 and 3, both of which
contain residues that hydrogen bond to the docking peptide backbone, has a five amino
acid insertion in Kss1 relative to Fus3. Second, residue Thr 311 in Fus3 is a Met (315) in
Kss1. This residue packs immediately adjacent to Tyr 312 which forms parts of pocket
A’. It is possible that the larger Met side chain might alter the positioning or flexibility
of the adjacent Tyr in Kss1. In addition it is possible that many subtle differences
between the Fus3 and Kss1 sequences are coupled to these fine-tuned differences in
structure and flexibility.
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Fus3-Specific Docking Motifs are Sufficient to Direct Selective MAPK Activation by
Ste7
To test the importance of discriminatory docking motifs in directing MAPK
signaling, we explored whether promiscuous docking motifs could be made kinase
selective, and if so, whether these docking mutations would alter signaling connectivity
in vivo. By our model, one reason the Far1 peptide cannot participate in mode 1 binding
is because it has a proline at a position at which such a residue is sterically forbidden
(the beginning of the intervening beta-turn). Thus we introduced a proline into the
equivalent position in the Ste7_1 peptide. Because of the three hydrophobic binding
pockets and a possible binding register shift, both L12 and G14 in Ste7_pep1 were
mutated to prolines. This peptide is referred to as Ste7_pep1_PP. Remarkably, these
two mutations were sufficient to change Ste7_pep1 into a discriminatory peptide that
could only bind Fus3 and not Kss1 in pulldown assays (Figure 3.6A).
Next, we tested the importance of the discriminatory nature of docking motifs in
determining the specificity of MAPK activation in vivo. Activated Ste7 phosphorylates
both Fus3 and Kss1 because it has two promiscuous docking motifs (Ste7_pep1 and
Ste7_pep2). We disrupted both native docking sites in Ste7 (Ste7_ND1,2) and replaced
them with a single functional docking motif to test the ability of this motif to direct
signal flow. Specificity of signaling was assayed by stimulating with saturating amounts
of alpha-factor then monitoring the extent of Kss1 and Fus3 phosphorylation in Western
blots using an anti-phospho-MAPK antibody that recognizes both kinases (Figure 3.6B).
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When a functional Ste7_pep1 was reinserted into this background, phosphorylation of
both Kss1 and Fus3 was observed, consistent with promiscuous interaction of Ste7
docking motifs with both MAP kinases. However, if either the Far1 docking motif or the
selective mutant Ste7_pep1_PP was inserted into this background, only activation of
Fus3 was observed. These findings demonstrate that the docking motif sequence alone
is sufficient to direct selective MAPK activation.

Conclusions: MAPK Docking Motifs as Organizational Tools for Complex Signal
Transduction Pathways
Docking motifs play an important organizational role in mediating signal flow at
two different levels of yeast MAPK-signaling: first, in MAPK activation or inactivation
by upstream factors and second, in downstream substrate phosphorylation. In
agreement with the central role of Ste7 in activation of both Fus3 and Kss1, the
characterized docking motifs from Ste7 show non-discriminatory interactions with the
two related target kinases. In contrast, Far1 is an example of a discriminating substrate
that contains a docking motif that can uniquely bind Fus3 and not Kss1. Moreover,
docking motifs can also modulate remarkably fine-tuned specificity: a PxP motif, present
within a natural discriminatory docking sequence (Far1_pep), is able to confer kinase
selectivity upon a previously promiscuous docking sequence. Non-discriminatory
MAPK docking motifs are pivotal for signaling networks that use shared components
and respond to similar upstream inputs. The existence of discriminatory docking motifs,
on the other hand, is a great asset in correctly directing signal flow where required.
Docking motifs appear to offer the flexibility of providing either low or high resolution
specificity.
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If docking interactions between MAPKs and their interaction partners are
important for organizing signal flow, it is anticipated that these interactions and their
different degrees of discrimination would be conserved in different organisms. Docking
between MAPK/activator, MAPK/phosphatase and MAPK/substrate pairs indeed
appears to be a conserved trait among other fungal species (Figure S3.7). Moreover, the
degree of kinase discrimination encoded in these interactions appears to be also
conserved, since a PxP motif which is associated with high resolution discrimination
between Fus3 and Kss1 is found in all easily identifiable Far1 homologues.
MAPK docking sites are beginning to emerge as possible targets for drug design;
because docking interactions are necessary for many MAPK connections, inhibition of
the site can block function. For example JNK docking inhibitors are showing promise as
treatments for stroke, as they can inhibit ischemia induced apoptosis, a JNK mediated
response (Borsello, 2003). Our findings that even very closely related docking sites have
differences in steric and conformational properties that can be detected by peptide
ligands, bodes well for the goal of generating docking site inhibitors that are highly
kinase selective.
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Methods
Protein Expression and Purification
Fus3 was expressed in Rosetta(DE3)pLysS cells (Novagen) at 18 C for 12 hours
with N-terminal histidine tag. After affinity purification the tag was removed by the
TEV protease and the sample further purified by ion-exchange (RESOURCE 15Q
(Amersham); 20 mM Tris pH 8.0, 2mM DTT, 10% glycerol, 0-1 M NaCl). Recombinant
Fus3 expressed in E. Coli is partially phosphorylated (data not shown). Homogeneously
non-phosphorylated protein (npFus3) was obtained by treatment with -phosphatase. In
an alternative approach we expressed a version of the protein in which the normally
phosphorylated activation loop residues, Thr180 and Tyr182, were mutated to valine
and phenylalanine, respectively (Fus3VF).
Kss1, Hog1, Ste7EE (S359E, T363E) and the docking mutant versions thereof
were expressed in SF9 insect cells, the two MAPKs with His-tags and the MAPKK as
GST-fusion protein, using the Bac-to-Bac Baculovirus Expression System (Invitrogen).
The test substrate protein, myelin basic protein (MBP), was purchased from Sigma
(M1891). MiniFar1 constructs (1-393 aa) and full length Msg5 were expressed as fusion
proteins with an N-terminal GST tag and a C-terminal 6xHis tag in Rosetta(DE3)pLysS
cells. Protein samples were first purified on Ni-NTA agarose then directly loaded to a
GST-column.
Peptides used for affinity measurements and crystallization were synthesized
with standard Fmoc chemistry and purified by reverse-phase chromatography.
Molecular masses were verified by mass spectrometry. GST-docking peptide fusion
proteins were expressed in Rosetta(DE3)pLysS cells (Ste7_pep1: LQRRNLKGLNLN,
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Ste7_pep2: LRRGIKKKLTLD, Msg5_pep: PRSLQNRNTKNLSLD, Far1_pep:
KRGNIPKPLNLS and Ste7_pep1_PP: LQRRNPKPLNLN).

Crystallization and Data Collection
Crystallization trials were carried out at 20 C using hanging drops. Protein
samples contained 20mM Tris pH 8.0, 100 mM NaCl, 10% glycerol, 2mM TCEP, 2mM
MgCl2 and 2mM nucleotide cofactor (Fus3VF: ATP-S or AMP-PNP; npFus3: ADP). The
highest diffraction quality crystals grew from well-solutions containing 25-28%
PEG1000, 0.1M MES pH 6.1, 5-10% MPD. Both crystals belonged to the same space
group (P212121) with identical cell dimensions (a = 57.3 Å, b = 62.5 Å, c = 86.5 Å).
Fus3 complexes were formed by mixing Fus3VF protein with chemically
synthesized peptides in a 1:2 molar ratio. The best crystals were obtained with a 14-mer
(RRNLKGLNLNLHPD) for the Fus3/Ste7_pep1, with a 21-mer
(PRSLQNRNTKNLSLDIAALHP) for the Fus3/Msg5_pep complex and with a 13-mer
(SKRGNIPKPLNLS) for the Fus3/Far1_pep complex. Binary protein-peptide complexes
were grown in 15-20% PEG 8000, 0.1M MES pH 6.1. All complex crystals belong to space
group P212121 with identical cell dimensions a = 58.3 Å, b = 63.8 Å, c = 99.6 Å.
Single crystals were soaked in the appropriate well-solution supplemented with
25% (v/v) glycerol, mounted on nylon loops and flash-frozen in liquid nitrogen prior to
data collection at 100 K. Datasets were collected at beamline 8.3.1 of the Advanced Light
Source, Lawrence Berkeley National Laboratory. Data reduction and scaling was done
using the HKL package (Otwinowski and Minor, 1997) (Table 3.1).
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Structure Determination
The structure of Fus3 was solved by molecular replacement with the program
AMoRe (Navaza, 1994) using a poly-alanine version of ERK2 (Zhang et al., 1994) as a
search model. The automated model building protocol of ARP 6.0 was used to refine
and improve the initial model (Perrakis et al., 2001). ARP 6.0 could successfully build
almost the entire model of Fus3. Additional model building was performed with O
(Jones et al., 1991) and the structure was further refined using CNS (Brunger et al., 1998).
The final model of Fus3 was then used as a search model in AMoRe to solve the
structure of Fus3/peptide complexes.
The final models of npFus3, Fus3VF, Fus3/Ste7_pep1, Fus3/Msg5_pep and
Fus3/Far1_pep contain a full length model of Fus3 (1-353) interspersed with a flexible
segment encompassing part of the activation loop (164-179). This region appears to be
flexible and invisible in all the structures. All crystal structures contain an ADP
nucleotide in complex with one Mg2+ ion. Statistics are listed in Table 3.1.

In Vitro Experiments
Ste7_pep1 was synthesized with a cysteine at the C-terminus and labeled with 5iodoacetamide-fluorescein using a protocol suggested by the supplier (Molecular
Probes). Change in peptide fluorescence polarization was monitored as function of
increasing concentration of purified Fus3 or Kss1 using an Analyst AD & HT Detection
System (LJL Biosystems) plate reader in 384 well-plates. The labeled peptide was present
at 10 nM in 20 mM TrisCl pH 8.0, 100 mM NaCl, 5 mM DTT and 1 mg/ml BSA. The
resulting binding isotherms were fit to a quadratic binding equation using ProFit 5.1.0
(Quantum Soft) as described elsewhere (Harris et al., 2001). The affinities of the labeled
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peptide for Fus3 and Kss1 were 50 nM and 120 nM, respectively. The affinities of the
remaining, unlabelled peptides were measured by competition fluorescence polarization
assays. Labeled Ste7_pep1 was at 10 nM, Fus3 or Kss1 were at 40 and 200 nM
respectively, and increasing amount of unlablelled peptide was added. The Kd for the
unlabeled peptide was determined by fitting the data to a competition binding equation
(Harris et al., 2001). In a typical GST pull-down experiment 10 l of GST-resin saturated
with bait was used and incubated in binding buffer (20 mM TrisCl pH 8.0, 100 mM
NaCl, 0.05% IGEPAL, 2 mM TCEP) containing 10 M prey.
To compare the activity of intact and mutated versions of Ste7EE on MAPK
phosphorylation, Ste7 (~2 M) was incubated with purified non-phosphorylated Kss1
(~8 M) in kinase reaction buffer (20 mM Tris pH=8.0, 150 mM NaCl, 0.05% IGEPAL,
2mM TCEP, 2mM MgCl2) containing 0.5 mM ATP and 5 M radioactively labeled
ATP32(). Core (non-docking dependent) kinase activity was assessed using MBP as a
model substrate (concentrations of Ste7 and MBP were 10 and 50 M, respectively.) In
MAP kinase activity assays, purified enzyme (1 M) was incubated with the different
substrates (MBP, ~50 M; miniFar1, ~5 M). Time course samples were run on SDSPAGE, the gels dried and radioactivity of the substrate bands were quantified using a
phosphorimager screen and a Typhoon 8600 instrument. Initial phosphorylation rates
were determined by fitting band signal intensity from the linear part of the time course.
For the in vitro phosphatase assays pre-activated Fus3 and Fus3DDKK were used
as substrates. 5 M Fus3 or Fus3DDKK was incubated with 1.5 M GST--phosphatase
or 0.25 M GST-Msg5 protein. SDS-PAGE gels were stained with Pro-Q Diamond
Phophoprotein Gel Stain (Molecular Probes). This fluorescent stain allows direct, in-gel
detection of phosphate groups attached to tyrosine, serine or threonine residues. Band
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intensities were scanned using a Typhoon 8600, and initial rates for dephosphorylation
of Fus3 by Msg5 and lambda phosphatase were determined by fitting band signal
intensity from the linear part of the time course to a first order polynomial equation.

In Vivo Experiments
Ste7, Msg5, or Far1 were expressed either from pRS314 (Trp1) or pRS316 (URA3)
CEN/ARS plasmids (New England Biolabs). Plasmids contained the corresponding
gene and its endogenous promoter. We used yeast strain (W303; MATa his3 leu2 ura3
trp1) as the parent strain for all knockouts. All experiments were performed in triplicate.
-galactosidase assays were used to monitor induction of Fus1-LacZ and FRE-lacZ as
described previously (Sprague, 1991). Fus1-LacZ was integrated into the Mfa2 locus,
and FRE-LacZ was maintained on a 2plasmid. Halo assays were performed with the
top-agar method as described earlier (Hoffman et al., 2002). Filter circles (1/4 inch) were
spotted with 2.5 μg of -factor. Plates were grown at 30 C for 36 hours and then
scanned. Cell morphology was assayed using light microscopy to determine the
percentage of budded cells after stimulation by alpha-factor. Uninduced and alphafactor induced (2 hrs) cultures were fixed with 3.7% formaldehyde. Bud counting was
done blinded. Western blots were carried out using a MAPK-activation state specific
antibody that recognizes phosphorylated Fus3 as well as Kss1 (phospho-p44/p42 MAP
kinase Thr202/Tyr204 antibody; Cell Signaling Technology).
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Accession Numbers
The coordinates of Fus3 and Fus3/Ste7_pep1, Fus3/Msg5_pep, Fus3/Far1_pep
complexes are deposited in the Protein Data Bank with the ID codes 2B9F, 2B9H, 2B9I,
and 2B9J, respectively.
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Figure Legends

Figure 3.1. Docking Motifs Found in Interaction Partners of the Saccharomyces
cerevisiae MAP kinases Fus3 and Kss1
(A) MAP kinase activity is regulated by an upstream MAPKK (activating) and
phosphatases (inactivating). The MAPK itself regulates the activity of downstream
substrates. All three classes of partners contain putative docking motifs.
(B) Three distinct MAP kinase pathways in Saccharomyces cerevisiae utilize three different
MAP kinases (Fus3, Kss1 and Hog1), but their upstream activation involves shared
kinase components (e.g. Ste11 and Ste7).
(C) Docking motifs found in various MAPK interacting partners. Their position in the
full length proteins are shown below. Summary of binding interactions (see Panel D) is
given.
(D) Testing MAP kinase interaction specificities of putative docking motifs. Purified
MAPKs were used in pull-down binding assays with GST-docking motif fusion
proteins. Bound kinases were detected by Coomassie staining.
(E) Quantitative binding of docking peptides to Fus3 and Kss1 measured by
competition fluorescence polarization binding assays. Error bars indicate uncertainty of
the fit to a competition binding equation.

Figure 3.2. Docking Motifs are Necessary for MAPK Phosphorylation by Ste7,
Dephosphorylation by Msg5, and MAPK-Specific Phosphorylation of Far1
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(A) The MAPKK Ste7 activates the MAPK Kss1 as part of the filamentation pathway.
Ste7 has two MAPK docking motifs at its N-terminus, which can be disrupted by
mutating key interacting residues to alanines (mutations ND1 and ND2).
(B) In vitro Kss1 phosphorylation assays using purified constitutively active mutant of
Ste7 (Ste7EE) bearing docking motif mutations. Phosphorylation is monitored by
incorporation of radioactive phosphate. Disruption of both motifs eliminates Kss1
phosphorylation.
(C) In vivo induction of a Kss1 dependent filamentation reporter gene (FRE-lacZ) upon
alpha-factor stimulation is blocked when Ste7-Kss1 docking is disrupted in strain MG40
(red line). Docking motifs on Ste7 appear to be redundant.
(D) The phosphatase Msg5 downregulates activity of the mating MAPK Fus3.
(E) In vitro assay of Fus3 dephosphorylation by Msg5. Prephosphorylated Fus3 is
treated with phosphatase, and loss of phosphorylation is monitored using a
phosphoprotein stain. Mutation in the docking groove of Fus3 (D314K, D317K –
referred to as DDKK mutant) impairs dephosphorylation by Msg5, but has no effect on
dephosphorylation by -phosphatase.
(F) In vivo assay of Msg5 function. In the absence of Msg5 (strain MG20), elevated level
of mating reporter gene (Fus1-lacZ) expression is observed upon stimulation with alphafactor (black line). Wild-type Msg5 (grey line) rescues this defect (lowering Fus1-lacZ
expression). Msg5_ND is only able to partially restore lower expression.
(G) The cell-cycle arrest factor, Far1, is phosphorylated only by the MAPK Fus3 and not
by Kss1. Far1 contains a single docking site shown below. Sites of phosphorylation as
well as minimal functional Far1 (mini-Far1) are indicated.
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(H) In vitro analysis of Far1 phosphorylation by Fus3 and Kss1 mutants, measured by 32P
incorporation into Far1. Mutation of the docking motif in mini-Far1 disrupts its ability
to serve as a substrate for Fus3. Conversely, mutation of the Fus3 docking site (DDKK)
disrupts its ability to phosphorylate mini-Far1. Kss1 does not effectively phosphorylate
mini-Far1, either with or without a docking motif, though it can phosphorylate MBP.
(I) In vivo analysis of cell-cycle arrest mediated by full-length Far1 variants in strain
CB009. Arrest was detected by counting budded cells (top, grey bars – untreated; red
bars – alpha-factor treated) or by halo assays (bottom). Far1 containing a docking site
mutation (Far1_ND) cannot mediate arrest.
On panel E and H, error bars indicate uncertainty in the fit to a first order polynomial
equation at the linear parts of the curves. On panel C, F, and I, error bars represent
standard deviation from three independent experiments.

Figure 3.3. Structure of the Fus3 MAPK
(A) Overall structure of non-phosphorylated Fus3.
(B) Close-up view of Fus3 active site. The key catalytic residues appear to be in
functional position.
(C) Comparison of inactive Fus3 structure with structure of PKA catalytic subunit in
complex with a 20 residue peptide inhibitor (Knighton, 1991). Part of the activation loop
of Fus3 appears to occlude substrate access, much as the PKA inhibitor does.
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Figure 3.4. Structure of Fus3 in Complex with Promiscuous Docking Motifs from Ste7
and Msg5.
(A) Overall structure of Fus3/Ste7 docking complex. Ste7 peptide is shown in stick
format in purple. ATP is shown in magenta.
(B) Close up of Fus3/Msg5 docking surface shows two main regions of interaction: the
hydrophobic groove which has three side chain docking pockets (A, B, C; B and C were
earlier described as “-x- groove”) and the acidic region, known as the “common
docking” (CD) site, which binds the basic residues at the N-terminus of the docking
motifs. The DDKK mutation involves charge reversal of CD site residues.
(C) Cartoon of MAPK docking surface comparing Fus3/Ste7 complex with the
mammalian p38/MEF2A complex. Both peptides display similar interactions with the
two main regions of the MAPK, but have different conformations in the intervening
region between the basic and hydrophobic motifs.

Figure 3.5. Structure of Fus3 in Complex with a Kinase Selective Docking Motif from
Far1.
(A) Far1 docking peptide (green) and Ste7 and Msg5 peptides (purple, magenta) bind in
distinct modes. Peptide structures were aligned using atoms from the N-terminal Arg
and the C-terminal residues that pack into pockets B and C. Although all of the peptides
achieve a similar overall spatial arrangement of the above anchor residues, the
remaining regions show highly divergent conformations. The promiscuous peptides
adopt an intervening beta-turn (mode 1), while the selective peptide lacks the turn and
packs a different position into the A pocket (mode 2).
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(B) Surface depictions of Fus3 in complex with promiscuous and selective peptides
highlighting the different spacing of packing residues and the different pattern of main
chain hydrogen bonding in the two modes of interactions. (For clarity, side chains atoms
are shown only for selected residues.) In mode 2, the kinase surface adjusts the A pocket
to achieve complementarity with Pro at this position, and to make new set of main chain
hydrogen bonds. Regions of sequence divergence between Fus3 and Kss1 are labeled.
(C) Cartoon illustrating why Far1 peptide could not bind Fus3 in mode 1. Docking of
Far1 peptide in mode 1 (middle) would lead to insertion of polar residue (Lys) in the A
pocket, and a Pro at a position at which proline is sterically forbidden (see panel D).
(D) Phi-psi plot of docking motif position P-3 (highlighted in grey box). Both G14(Ste7)
and N33(Msg5) are at the end of the beta turn and therefore fall in the left-handed alpha
helix conformation (alpha-L). This region of conformation space is forbidden to proline
(i.e. for P79(Far1)). In mode 2, the two prolines in the Far1 peptide adopt the prolinepreferred Polyproline II conformation.
(E) Model for kinase selectivity. Fus3 has the conformational flexibility to recognize
ligands in either mode 1 or 2. Kss1 can bind ligands in mode 1, but cannot adjust to bind
mode 2 ligands, thus they are selective. It is possible that there are movements that Kss1
can undergo that allow it to selectively interact with a different class of ligands.

Figure 3.6. Signal Flow in MAP Kinase Pathways In Vivo can be Redirected Based on
Docking Motif Promiscuity/Selectivity
(A) Introduction of a PxP motif into Ste7_pep1 transforms a promiscuous docking motif
into a selective one. The altered version of the Ste7 motif (Ste7_pep1_PP) is shown in
two possible binding registers; Pro is introduced at the proline-forbidden position in
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either register. GST-pulldown assays demonstrating the selectivity of the mutant
peptide are shown below.
(B) Replacement of promiscuous with discriminatory docking motifs in Ste7 can result
in selective MAPK activation (phosphorylation). A Ste7 allele lacking both native
docking sites was used as background; a single functional docking site that was either
promiscuous (Ste7_pep1, wt) or selective (Far1 or Ste7_pep1_PP) was reintroduced.
Phosphorylation of Fus3 and Kss1 upon alpha-factor stimulation was detected by
Western blot using a MAPK-activated state specific antibody. In the absence of Ste7
(vector) neither Kss1 nor Fus3 is activated (Lane 1-3). In the presence of Ste7wt both
MAPKs are readily phosphorylated (Lane 4-6). MAPK activation is abolished when
both of the docking motifs are mutated (Lane 7-9). Reinsertion of the wild-type Ste7/1
docking motif restores efficient phosphorylation of both MAP kinases (Lane 10-12).
Replacement of the promiscuous site with a discriminatory docking motif, such as Far1
(Lane 13-15) or Ste7/1_PP (Lane 16-18) specifically activates Fus3 but not Kss1.
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Table 3.1. Crystallographic Data and Refinement Statistics

Space group
Resolution range
(Å)
No. of dat
Completeness (%)
Multiplicity
Rsyma,b
I / Ia
Rcrystc
Rfreec
No. of atoms
<B> protein (Å2)
<B> peptide (Å2)
rmsd Bonds (Å)
rmsd Angle ()
aValues
bR
sym =
cR
cryst

Fus3
non-phosph
P212121
50–1.8

Fus3VF
P212121
50–1.55

Fus3VF–
Ste7_pep1
P212121
50–1.55

Fus3VF–
Msg5_pep
P212121
50–2.5

Fus3VF–
Far1_pep
P212121
50-2.3

28,329
96.4
3.0
7.6 (14.0)
9.0 (5.8)
21.3
25.9
3010
22
0.010
1.5

43,406
94.9
3.7
6.3 (26.6)
14.4 (2.9)
19.3
23.1
3085
20
0.015
1.7

52,829
96.9
2.5
3.5 (23.2)
26.6 (3.8)
18.7
21.6
3230
17
32
0.014
1.6

13,279
98.1
3.4
4.8 (12.5)
18.7 (6.9)
20.2
27.9
2955
29
48
0.013
1.6

16,794
97.5
3.4
9.0 (31.2)
12.4 (4.0)
19.6
26.3
3095
25
49
0.011
1.5

in parentheses are for the highest resolution shell.

hkli |Ii(hkl) - <I(hkl)>|/hklI Ii(hkl).

and Rfree = Fobs - Fcalc/ Fobs ; Rfree is calculated with 10% of the data that were

not used for refinement.
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Figure 3.1 - Docking Motifs Found in Interaction Partners of the Saccharomyces
cerevisiae MAP kinases Fus3 and Kss1
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Figure 3.3 - Structure of the Fus3 MAPK
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SUPPORTING ONLINE MATERIAL
1. Supplemental Table S3.1
2. Supplemental Figures S3.1 – S3.7
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Table S3.1 - Yeast strains used in this study

Strain
MG40
MG20
CB009

Description
W303 MAT a , ste7::HIS3, bar1::NatR, far1 ∆ , mfa2::pFus1-GFP,
his3, trp1, leu2, ura3
W303 MAT a , msg5::HIS3, kss1::KanR, bar1::NatR, mfa2::pFus1LacZ, his3, trp1, leu2, ura3
W303 MAT a , bar1::NatR, far1 ∆ , mfa2::pFus1-GFP, trp1, leu2, ura3
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MBP phosphorylation by Ste7
15' 30' 60' 120' 240'

+Ste7EE
+Ste7EE_ND1,2

Figure S3.1. Ste7EE_ND1,2 (non-docking mutant)
maintains full catalytic activity towards model substrate MBP (myelin basic protein)
Fus3 protein (2 µM) was incubated with 50 µM MBP in a
kinase assay. Equal amounts of the reaction mixtures were
taken at different time points after addition of radioactively
labelled ATP and samples were run on SDS-PAGE. Gels were
then dried and exposed to film.
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Figure S3.2. Mutation in the CD-site (Fus3DD-KK) can be used to probe docking interaction: mutation disrupts docking interactions without altering core
catalytic activity
(a) Pre-phosphorylated Fus3 and Fus3DDKK phosphorylate MBP equally effectively.
Autoradiogram and bar graph of initial phosphorylation rates are shown. DDKK
mutations therefore only effect docking interactions, but not the intrinsic catalytic
function. Error bars represent uncertainty in the fit to a first order polynomial equation for the linear part of the MBP phosphorylation curves.
(b) Mutations in the CD-site of Fus3 abolish interaction between the MAPK and its
docking peptides. GST-pull down experiments with Fus3 and Fus3DDKK (D314K,
D317K) using docking peptides from Msg5, Ste7 and Far1 as bait demonstrate that
an intact CD-site is essential for interaction with all docking peptides from various
MAPK partners.
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Figure S3.3. Sequence alignment of Fus3 and Kss1 with mammalian MAP
kinases
Secondary structural elements from the Fus3 crystal structure are coloured
differently (α-helix: salmon; β-sheet: green; 310-helix: orange). Amino acid
residues that play an important role in the catalytic reaction (Lys42, Glu59,
Asp137, Asn142, and Asp 155) are coloured in magenta. Residues that become
phosphorylated upon MAPK activation are coloured with red. Helix α1 corresponds to the catalytic “αC” helix (nomenclature based on the structure of PKA).
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Figure S3.4.
Comparison of catalytic activity of different Fus3 states and mutants: nonphosphorylated Fus3, prephosphorylated Fus3 and Fus3VF
Fus3 protein (2 µM) was incubated with 50 µM MBP in a kinase assay. Equal
amounts of the reaction mixtures were taken at different time points after addition of radioactively labelled ATP and samples were run on SDS-PAGE. Gels were
then dried and exposed to film. The kinase activity of Fus3VF is reduced compared to non-phosphorylated Fus3 (npFus3). Kinase activity of npFus3 itself is
reduced compared to pre-phosphorylated Fus3, as npFus3 first needs to be
auto-activated in order to phosphorylate MBP (see radioactivity incorporation
into Fus3 at top panel at later time points).
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Fus3 + Ste7_pep1

9-RRNLKGLNLNLH-20

Fus3 + Msg5_pep

25-SLQNRNTKNLSLDI-38

Fus3 +Far1_pep

72-KRGNIPKPLNL-82

Figure S3.5. Crystal structures of Fus3/Ste7_pep1, Fus3/Msg5_pep and
Fus3/Far1_pep complexes.
Peptides are shown with their σA-weighted simulated annealed omit maps calculated with the final models and contoured at 1σ. All docking peptides bind to the
same region of Fus3. (Side chains of residues printed in italics are without electron
density.)
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Fig. S3.6. Structural comparison of Fus3 docking complexes with mammalian
docking complexes
Stereo-diagrams of all known MAPK docking complex structures. MAPK surfaces are
depicted with mesh representation. Alignment of various docking motifs is given
below. Note that some side chains on the docking peptides are not visible in the
crystal structures. For example, the CD-site interactions in p38 are not visible .
However, the basic motif at the N-terminus of the docking motifs is required for p38
binding, suggesting that these residues interact with the CD-site in a manner similar
to that observed with the other MAPKs.
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Fig. S3.7.
Conservation of docking motif sequences among several fungal species
Comparison of fungal orthologs of Ste7, Msg5, and Far1 shows conservation of
docking motifs, and unique conservation of the kinase selective PxP motif in Far1.
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ABSTRACT
Scaffold proteins organize signaling proteins into pathways and are often
viewed as passive assembly platforms. We have found that the Ste5 scaffold has a
more active role in the yeast mating pathway: a fragment of Ste5 allosterically
activated autophosphorylation of the mitogen-activated protein (MAP) kinase Fus3.
The resulting form of Fus3 is partially active – it is phosphorylated on only one of two
key residues in the activation loop (pTyr). Unexpectedly, at a systems level,
autoactivated Fus3 appears to have a negative regulatory role, promoting Ste5
phosphorylation and a decrease in pathway transcriptional output. Thus, scaffolds
not only direct basic pathway connectivity but can precisely tune quantitative
pathway input-output properties.
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Introduction
Cells use networks of intracellular signaling proteins to detect and process
environmental stimuli and to make complex response decisions. A central question in
cell biology is how such signals are accurately and specifically transmitted through these
pathways, especially given the vast number of similar signaling proteins that exist in a
given cell. In many cases, scaffold proteins — proteins that bind and organize multiple
proteins within a pathway — have emerged as important factors in mediating signaling
efficiency and specificity (1, 2). By tethering components together, scaffolds are thought
to promote interaction of the proper partners and to prevent signaling to improper
partners. The scaffold protein Ste5 is required for signaling through the mating (or
pheromone) response MAP kinase (MAPK) pathway in S. cerevisiae (3). Ste5 has
separable binding sites for each member of the mating MAPK cascade: the MAPK Fus3,
the MAPK kinase (MAPKK) Ste7, and the MAPKK kinase (MAPKKK) Ste11 (4-6). A
scaffold is thought to be particularly important for directing signals through the mating
pathway because several functionally distinct MAPK cascades in yeast use an
overlapping set of kinase components (Ste11 is also a member of the osmoresponse and
filamentation pathways; Ste7 is also a member of the filamentation pathway) (7, 8).
Despite the importance of Ste5 as a prototypical scaffold, little is known about
the structural and molecular basis for its function (1, 9, 10). How does it interact with
the kinases and how does it promote proper signaling? Here we focus on
understanding how the mating MAPK, Fus3, is recruited to the Ste5 complex: we have
mapped the interaction sites, determined the structural basis of the interactions, and
analyzed how they contribute to pathway signaling in vivo. We have uncovered several
unexpected findings: within the Ste5 complex, multiple independent recruitment sites
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for Fus3 contribute to pathway function; some of these sites do not function as passive
tethering sites, but rather can allosterically activate the kinase; finally, these sites can
precisely modulate pathway output, not only by promoting signal propagation, but also
by mediating phosphorylation events that limit pathway output.

Results and Discussion
Mapping Fus3 Binding Sites
The MAPK Fus3 physically interacts with two members of the mating pathway,
the scaffold Ste5 and the upstream MAPKK Ste7 (Fig. 4.1A). Fus3 interacts with Ste7
through a canonical MAPK docking interaction; Ste7 contains a motif matching the
consensus sequence (R/K)1,2x3-8LxL (one or two Arg or Lys in the first positions, a spacer
region 3 to 8 amino acids in length, and two Leu residues separated by one amino acid)
(11). Such docking motifs are found in diverse MAPK binding partners and bind to a
groove on the surface directly opposite the kinase active site (12-14). Previous studies
suggested that the docking motif in Ste7 makes a marginal contribution to mating
pathway function (11). We have, however, recently found that Ste7 contains a second
MAPK docking motif, also near the N-terminus (15) (Fig. 4.1B), and we present a
functional analysis of both motifs here. We have also solved the structure of one of the
Ste7 docking peptides bound to Fus3 (15).
In contrast, little is known about the interaction of Fus3 with Ste5. This
interaction was first mapped by yeast two-hybrid analysis to a 96-amino acid stretch in
Ste5 (4). We refined this binding region through a series of deletion constructs to a
minimal ~30 residue polypeptide (residues 288-316, “Ste5_pep”) that is sufficient for
binding (Fig. 4.1B, Fig. S4.1). This polypeptide shows no apparent similarity to other
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MAPK docking motifs, including the docking peptides in Ste7. Using florescence
polarization, we have measured the dissociation constant (Kd) of this Ste5 fragment for
Fus3 to be 4 µM (Fig. S4.2), which is comparable to the affinities of the docking peptides
from Ste7 (KdSte7_pep1 = 0.08 µM, KdSte7_pep2 = 12 µM) (15).

Structure of Fus3-Ste5 complex and comparison to canonical MAPK docking
interactions
We solved the crystal structure of the Ste5 fragment in complex with Fus3 (Fig.
4.2) (16). This complex is unlike others observed for MAP kinases. The Ste5 fragment
binds Fus3 in a bipartite manner, extending over the entire backside of the kinase to
contact two distinct surfaces. The N-terminal portion of the Ste5 fragment contacts the
N-terminal lobe of the kinase (site A), and the C-terminal portion contacts the C-terminal
lobe of the kinase (site B). The intervening linker region of eight residues between site A
and site B binding motifs is disordered and not visible within the crystal structure.
Binding of Ste5_pep buries ~1000 Å2 of surface area with a roughly even contribution
from the A and B sites. Neither the A nor the B site fragment from Ste5 independently
shows measurable binding to Fus3 (17).
The B site interaction in the Ste5-Fus3 complex overlaps with the binding surface
of the kinase that interacts with canonical docking motifs, such as those found in Ste7.
This explains why interaction of Fus3 with Ste7 and Ste5 is competitive (18) (Fig. 4.2A
and 4.2B). The nature of the interaction, however, is quite different — the Ste5 fragment
lies in the docking groove in precisely the opposite N- to C-terminal orientation from
that of the canonical docking peptides. Despite this difference in orientation, the B site
interaction bears some similarities to canonical docking interactions, particularly a
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recently solved complex of Fus3 with a docking peptide from the substrate Far1 (15).
Although the peptides bind in opposite orientations, both insert a proline into a central
pocket in the Fus3 surface and present a peripheral Arg that forms electrostatic
interactions with a conserved pair of Asp residues (Fig. 4.2D). The backbone trace of
these two peptides, although reversed, is virtually identical, as are many of the
hydrogen bonds made to the peptide backbone. The flexibility of the Fus3 binding site
to recognize peptides in two orientations is reminiscent of the properties of SH3
domains and other domains that recognize proline-rich peptides in two possible
orientations. In the case of Fus3, both the Far1 and Ste5 peptides, in their central regions,
adopt a polyproline II (PPII) helical conformation. PPII helices are two-fold rotationally
pseudosymmetric; thus, any protein designed to bind this structure will inherently have
some ability to recognize peptides in a reverse orientation (19). This recognition
flexibility of the MAPK docking groove indicates that there may be additional classes of
MAPK interacting motifs that have not yet been identified.
The interactions at the A site have no obvious similarity to previously
characterized kinase-peptide interactions. This region of the kinase N-terminal lobe
normally forms a five-stranded beta-sheet. However, upon binding, the Ste5 peptide
itself forms a beta strand and induces Fus3 residues 5 to 10 to form a sixth beta strand,
and the region adopts a seven-stranded beta-sandwich-like structure (Fig. 4.2C).

Ste5 Allosterically Activates Fus3 Autophosphorylation
The Ste5 fragment not only binds Fus3 in a non-canonical manner, but also
allosterically stimulates the rate of Fus3 autophosphorylation by ~50-fold (Fig. 4.3A).
Such strong activation is not observed with any other known Fus3 binding peptides,
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including the docking motifs from Ste7 (Fig. 4.3B). Mass spectrometric and mutational
analysis indicates that Ste5 stimulation produces a mono-phosphorylated form of the
kinase: autophosphorylation occurs selectively on Tyr182, one of two residues (Thr180 and
Tyr182) in the Fus3 activation loop that are normally phosphorylated upon full activation
of the MAPK (Fig. S4.3) (20). Mono-phosphorylation (pTyr) significantly increases
kinase activity; using the myelin basic protein (MBP) as a model MAPK substrate, the
ratio of activity of the non-phosphorylated, tyrosine-phosphorylated, and doublyphosphorylated forms of Fus3 is 1:25:120 (Fig. S4.4). Thus, unlike other MAP kinases,
such as Erk2 (21), the mono-phosphorylated form of Fus3 is active in vitro, though it still
activated another 4 to 5 fold when doubly phosphorylated.
We have solved the structure of the pTyr form of Fus3 (Fig. S4.5). Comparison
with the non-phosphorylated form of the kinase provides a model for why the pTyr
form shows relatively high activity. Prior to phosphorylation, part of the activation loop
occludes the active site, acting as a pseudosubstrate (15). However, in the pTyr form,
the entire activation loop is disordered and no longer blocks substrate accessibility,
which likely accounts for the increased kinase activity. The role of the second
phosphorylation (pThr), however, cannot be directly inferred from available Fus3
structures. However, phosphorylation on Thr180 may stabilize a new conformation of
the dislodged activation loop by promoting new interactions with the rest of the kinase,
as is observed for the structurally similar mammalian MAPK Erk2 (22).
The allosteric activation of Fus3 by Ste5 is reminiscent of the enhanced
autoactivation of mammalian p38 induced by TAB1 (transforming growth factor activated protein kinase 1 (TAK1)-binding protein 1) (23), although this event leads to
dual phosphorylation of p38 rather than mono-phosphorylation observed for Fus3.
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Little is known about the mechanistic basis for TAB1-enhanced p38
autophosphorylation.

Mechanism of allosteric activation
How, mechanistically, might the Ste5 polypeptide induce autophosphorylation,
and therefore activation, of Fus3? Several pieces of evidence support a model in which
the linkage between the A and B sites of the Ste5-Fus3 interaction is critical for
activation. First, an alignment of peptide-bound and unbound structures observed
within the same crystal form (Fig. 4.3D) reveals that Ste5 binding to Fus3 results in a
perturbation of the relative orientation of the N- and C-terminal lobes of the kinase upon
Ste5 binding. If such an interdomain hinge motion is important for Fus3 activation, then
altering the length of the linker between the A and B site binding motifs might influence
auto-activation. Indeed, lengthening or shortening this linker region by one, two, or
three residues reduced the ability of Ste5_pep to enhance Fus3 auto-activation without
affecting binding affinity for the kinase (Fig. 4.3E and Fig. S4.6). Thus, we propose a
model in which the Ste5 polypeptide binds to both domains of Fus3, inducing a subtle
hinge-bending shift. The shift between the kinase domains may increase the flexibility
of the activation loop (24), allowing the Tyr side chain to enter the active site where it
can be autophosphorylated (rate of autophosphorylation is independent of enzyme
concentration, consistent with an intramolecular reaction) (17).
The overall topology with which the Ste5 peptide interacts with Fus3 is
somewhat similar to the way in which the C-terminal extension of protein kinase A
(PKA) packs against the main kinase domain (Fig. 4.3F) (25). This C-terminal extension
is thought to have an important role in placing the PKA catalytic domain in a
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constitutively active conformation, perhaps by orienting the two lobes of the kinase in
the correct juxtaposition for catalysis (26). In both cases, peptide elements, either interor intramolecular, that properly position the two kinase lobes with respect to one
another may play an important role in activation.

In vivo analysis: Ste7 docking sites are redundant but essential for pathway signaling
We have biochemically characterized 3 binding sites for Fus3 within the mating
signaling complex. To determine the physiological role of these recruitment sites in the
mating response, we made mutant alleles of Ste7 (15) or Ste5 in which each of these
MAP kinase recruitment sites was disrupted (ND or “non-docking” mutations include
disruption of Ste7 docking sites: STE7 ND1, STE7 ND2, STE7 ND1,2; disruption of Ste5
docking site: STE5 ND) and quantitatively measured their ability to replace the wild-type
gene in vivo (Fig. 4.4). Mating response to increasing alpha-factor was measured using
a mating reporter gene (Fus1-GFP). Average pathway output per cell was quantitated
using flow cytometry (16).
Mutation of either individual Ste7 docking motif reduced maximal pathway
output, though output was still clearly detectable (Fig. 4.4A). However, if both sites
were simultaneously mutated (STE7 ND1,2), no pathway output was observed. Similar
results were observed by assaying Fus3 phosphorylation and quantitative mating
efficiency (17). The effect of disrupting both Ste7 docking peptides is similar to that of
disrupting the Ste5-Ste7 interaction (27) and approaches that of deleting Ste7. Hence, it
appears that the Fus3 docking sites in Ste7 are essential for pathway signaling, although
they are functionally redundant.
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In vivo analysis: Allosteric activation site in Ste5 downregulates pathway output
We expected that the region of Ste5 that bound Fus3 would also make an
important contribution to increasing pathway output. Surprisingly, we observed the
opposite effect (Fig. 4.4B, Fig. S4.7). We disrupted the Ste5-Fus3 interaction by mutating
6 residues distributed through the site A and B interaction motifs to Ala (we confirmed
that these mutations yield a fragment that can neither bind nor activate Fus3, Fig. S4.8).
When we replaced wild-type Ste5 with this non-binding mutant in vivo, we observed a
two-fold increase in maximal pathway transcriptional output (Fus1-GFP expression).
This increase in output level is greater than that has been observed with most gain-offunction mutants, such as overexpression or constitutive alleles of pathway members
(28-30). The transcriptional difference observed with this Ste5 allele is dependent on
Fus3, consistent with our observation that the semi-redundant filamentation MAPK,
Kss1, does not bind this fragment (17). This mutant phenotype suggests that the normal
role of the Fus3-binding region in Ste5, with its unusual ability to enhance Fus3 autophosphorylation, is actually to attenuate pathway output.
Thus, contrary to previous simple models, this particular scaffold-MAPK
recruitment interaction appears not to promote signaling; rather, it appears to
downregulate pathway output. In contrast, the MAPKK-MAPK interaction, though
redundant, is essential for signaling.

Mono-phosphorylated Fus3 phosphorylates Ste5 as part of the downregulatory
response
When Ste5 was used to stimulate autophosphorylation of Fus3 in vitro, we
noticed that the Ste5 fragment itself became strongly phosphorylated. The Fus3 binding
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region of Ste5 contains one potential MAPK phosphorylation site (Thr287-Pro288) (Fig.
4.5A). The Ste5 polypeptide phosphorylation is greatly reduced when this site is
mutated (Thr287Val), indicating that this is the primary phosphoacceptor in vitro.
Neither phosphorylation of this site, nor mutation to Val, affects the ability of the
polypeptide to bind to and stimulate autoactivation of Fus3 (Fig. S4.9).
Nonetheless, we hypothesized that this phosphorylation of Ste5 might affect
pathway downregulation in vivo, particularly since feedback phosphorylation occurs
elsewhere in the mating pathway (31-33) and other MAPK pathways (34). To test this
model, we examined the effect of replacing wild-type Ste5 with a version bearing the
Thr287 Val mutation (Fig. 4.5B). This mutant exhibits increased Fus1-GFP output,
partially phenocopying the STE5ND mutant that prevents Fus3 binding and autoactivation. The STE5ND mutation was also epistatic to the STE5T287V mutation – although
both mutations individually increased pathway output, a version of Ste5 bearing both
mutations showed the same maximal transcriptional output observed with the STE5ND
allele. These findings are consistent with a model in which the mutations affect different
steps within the same pathway. Thus, we propose that Fus3, when autoactivated by this
fragment of Ste5, may promote increased phosphorylation of Ste5 on Thr287.
The precise mechanism by which auto-activation and consequent scaffold
phosphorylation downregulates pathway transcriptional output remains unclear.
Phosphorylation of Ste5 might alter turnover and lower steady-state abundance of Ste5
through degradation. It might alter the trafficking properties of Ste5 (30, 35). Or this
Ste5 phosphorylation event might exert its effects through multiple composite actions.
Mono-phosphorylated Fus3 may also have substrates besides Ste5 that contribute to
pathway downregulation, since the STE5T287V allele only partially phenocopies the
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STE5ND allele. The mono-phosphorylated form of Fus3 may act on distinct substrates
from those modified by the dual-phosphorylated, fully active form of the kinase.
Alternatively, the mono- and dual-phosphorylated forms of Fus3 might be differentially
localized.

Conclusions: Ste5 Scaffold shapes quantitative pathway output
We have characterized multiple distinct modes of recruitment of the MAPK Fus3
to the yeast pheromone response pathway signaling complex, a prototypical scaffolded
MAPK cascade (Fig. 4.6). The interaction of the MAPK with the MAPKK Ste7 is
required for efficient signal propagation. In contrast, the interaction of the MAPK with
the scaffold appears to control pathway gain by downregulating overall output. Thus,
the Ste5 scaffold not only functions as an interaction assembly point for the pathway
components, but it also serves as a regulatory node that actively participates in tuning
pathway flux.
These findings force us to revise models for how Ste5 and its interactions
contribute to pathway function. Nonetheless, these findings do not contradict the
fundamental concept that assembly of the MAPK pathway components into a single
complex is important for determining the basic wiring of the pathway; recruitment of
Fus3 to the complex is clearly essential for proper signaling, although this recruitment is
primarily mediated through interactions with the upstream MAPKK, Ste7. Moreover,
recruitment of other cascade members (MAPKKK Ste11 and MAPK Ste7) to Ste5 is also
essential for signaling (27, 36). Nonetheless, the Ste5-Fus3 recruitment interaction
studied here, which was previously thought to be essential for signaling, actually limits
transcriptional pathway output at a systems level. These findings suggest that multiple
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molecules of Fus3, some playing positive and others playing negative roles, may be part
of an individual signaling assembly.
A model in which Fus3 has both positive and negative regulatory roles is
reminiscent of the behavior of transcriptional regulators. Promoters, like scaffolds,
organize the assembly of transcription factor complexes that determine the degree of
gene expression. There are growing examples in which the same transcription factor can
play either positive or negative regulatory roles, depending on the exact context of
promoter sequence and other co-factors (37, 38).
This work presents evidence of a more complex role for the scaffold Ste5 in
regulating the yeast pheromone response pathway. Rather than merely recruiting
catalytic components, the scaffold alters the catalytic activity of at least one bound
kinase and takes part in a negative regulatory loop that appears to decrease output from
the pathway. Other scaffolds may also have multiple roles in shaping signaling
responses, not only wiring together specific sets of signaling components, but also
controlling and coordinating their behavior to precisely tune the amplitude and
dynamics of the response.
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Figure legends:
Fig. 4.1. Fus3 recruitment to the pheromone response MAPK complex. (A) Schematic
of pheromone response MAPK complex. The MAPK Fus3 interacts with the scaffold
protein Ste5 (4-6) and the MAPKK Ste7 (6, 39). (B) Maps of the interaction domains in
the MAPKK Ste7 and the scaffold Ste5. Minimal Fus3 binding peptides are shown in
color [dark blue; Ste7_pep1 (11, 15); light blue; Ste7_pep2 (15)]. Black bars above the Ste5
schematic indicate protein-interaction domains identified in yeast two-hybrid assays (4,
36). The Fus3 binding peptide (Ste5_pep) is shown in red (see Fig. S4.1).

Fig. 4.2. Structure of Fus3-Ste5 complex and comparison to canonical docking
complexes. (A) Crystal structure of Fus3/Ste5_pep complex. Ste5 (red) binds to Fus3 in
a bipartite manner. Close-up views of site A and site B on the right are shown with
simulated annealed electron density omit maps (contoured at 1σ) for the Ste5 peptide.
(B) Structure of Fus3 in complex with a canonical docking motif from Ste7 (Ste7_pep1)
(15). (C) Protein-protein interactions at site A. The N-terminal half of Ste5_pep adopts
a β-strand conformation and initiates the formation of a new β-strand at the N-terminus
of Fus3 (β0). This strand forms eight backbone-backbone H-bonds with the Fus3 Nterminal region (H-bonds are indicated with red dashed lines). The side-chain of Q292
is H-bonded to the backbone of β1, the hydrophobic side chain of I294 interacts with a
groove on the top of the kinase, and Y295 makes an H-bond with the side chain of R4
from Fus3. Schematic illustration of secondary structural elements of the N-terminal
kinase lobe in the unliganded and Ste5_pep liganded complex is shown on the right.
(D) Comparison of protein-protein interactions at the canonical MAPK docking groove
(site B) between the Fus3/Ste5_pep and the Fus3/Far1_pep complexes (15).
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Fig. 4.3. Ste5 allosterically activates Fus3 autophosphorylation.
(A) Ste5_pep enhances Fus3 autophosphorylation. Fus3 was incubated with no ligand
(open circles) or Ste5_pep (closed circles) and data from autoradigrams were fit to an
equation describing unimolecular autophosphorylation kinetics. (B) No other Fus3
binding peptides strongly promote autophosphorylation. Autophosphorylation rate
enhancements (relative to Fus3 activity alone) are plotted. Msg5 is a phosphatase that
acts on Fus3 and Far1 is a Fus3 substrate (15). (C) Comparison of Fus3 with and without
Ste5_pep in the same crystal form. (D) Effect of lengthening or shortening the linker
between the two regions by which Ste5_pep contacts Fus3 (sequence deletions or
insertions are listed in Table S4.1). Rate enhancement factors were obtained by
measuring 32P incorporation into Fus3 in the presence of each GST-peptide compared
with that with GST alone (see Fig. S4.6). (E) Comparison of Ste5_pep in complex with
Fus3 and the C-terminal tail (301-350) of the catalytic subunit of PKA (25).

Fig. 4.4. Negative effects of the Ste5 Fus3 binding region on transcriptional mating
response. (A) Effects of mutating Ste7 Fus3 interaction sites on the transcriptional
mating pathway-dependent reporter Fus1-GFP. Multiple mutations were made in key
basic and hydrophobic residues in Ste7_pep1 (allele STE7ND1) or Ste7_pep2 (allele
STE7ND2) to fully disrupt Fus3 binding. GFP expression driven by the pheromoneinducible Fus1 promoter was measured by flow cytometry in yeast expressing the
indicated allele of STE7 in a ste7∆ strain (empty vector = gray, STE7WT = black, STE7ND1 =
green, STE7ND2 = orange, STE7ND1,ND2 = brown). (B) Effect of mutating the Fus3
interaction site on Ste5 on expression of the Fus1-GFP reporter. Multiple mutations
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were made in key residues of Ste5_pep (allele STE5ND) to fully disrupt Fus3 binding (see
Fig. S4.8; mutations are listed in Table S4.1). Experiments were done in yeast
expressing the indicated allele of STE5 in a ste5∆ strain (empty vector = gray, STE5WT =
black, STE5ND = red). See Fig. S4.7 for histograms from flow cytometry studies.

Fig. 4.5. Importance of phosphorylation of Ste5 in controlling amplitude of pathway
output. (A) Phosphorylation by Fus3 of an extended version of the Ste5_pep peptide
(amino acids 280-321) in vitro. Consensus MAPK phosphorylation sequence (S/T-P) is
shown in large type, with putative phosphoacceptor Thr287 shown in blue. Lower
panel shows autoradiogram of 32P incorporation into GST fusions of either the extended
Ste5_pep or a T287V mutant of the extended peptide, after incubation with Fus3. (B)
Effect of mutating this phosphoacceptor residue in Ste5 on expression of the Fus1-GFP
reporter. The mutation was made in an otherwise wild-type context (allele STE5T287V) or
in a non-docking allele of Ste5 (allele STE5ND,T287V). GFP expression was measured by
flow cytometry in yeast expressing the indicated allele of STE5 in a ste5∆ strain (empty
vector = gray, STE5WT = black, STE5ND = red, STE5T287V = blue, STE5ND,T287V = fit shown in
dashed purple line, data points omitted for clarity).

Fig. 4.6. Schematic of the distinct roles for Fus3 binding peptides in the MAPKK Ste7
and the scaffold Ste5. Left panel: two redundant peptides in the MAPKK Ste7 that
recruit Fus3 are essential for signaling through the pheromone response MAPK
pathway. Right panel: the Fus3 binding site in the Ste5 scaffold limits signal
propagation through the MAPK pathway. Recruitment of Fus3 to this site enhances
autophosphorylation on Tyr182 of Fus3, which may promote Fus3 phosphorylation of

128

other substrates, including Thr287 of Ste5. The net effect of these phosphorylation
events appears to be a decrease in transcriptional output of the pheromone response
MAPK pathway.
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Figure 4.1 - Fus3 recruitment to the pheromone response MAPK complex
B

Ste5

A
Ste11

MAPKKK

Ste7

MAPKK

Ste7

kinase domain

Ste4

Fus3

241

Fus3

MAPK

Ste5

132

Ste11

Ste7_pep1
Ste7_pep2

Ste7

336

Ste5_pep

Figure 4.2 - Structure of Fus3-Ste5 complex and comparison to canonical
docking complexes
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Figure 4.3 - Ste5 allosterically activates Fus3 autophosphorylation
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Figure 4.4 - Negative effects of the Ste5 Fus3 binding region on transcriptional
mating response
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Figure 4.5 - Importance of phosphorylation of Ste5 in controlling amplitude
of pathway output
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Figure 4.6 - Schematic of the distinct roles for Fus3 binding peptides
in the MAPKK Ste7 and the scaffold Ste5
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Materials and Methods:
Constructs and strains:
Plasmids used in this study are shown in Table S4.1. For yeast expression, Ste7
and Ste5 were cloned from S. cerevisiae genomic DNA along with 500 or 1000 bp of
upstream sequence to encompass their native promoters into low-copy yeast vectors
(pRS314 for Ste7, pRS316 for Ste5). For bacterial expression, the Fus3 ORF was cloned
from S. cerevisiae genomic DNA into a pET19b-based vector for His-tagged protein
expression. GST fusion peptides were cloned by oligonucleotide annealing or PCR into
pGEX4T-1 or a pET19b-based vector with the GST sequence from pGEX inserted. The
cDNA of NSte5 (Ste5280-917) was cloned into a pET19b expression vector encoding a
fusion protein with an N-terminal GST- and a C-terminal 6xHis tag. Mutations were
made by standard two-step PCR mutagenesis techniques (except as noted below) and
verified by DNA sequencing.
Yeast strains used in this study are shown in Table S4.2. Gene knockouts were
made using standard gene disruption techniques.
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Protein expression and purification:
Expression and purification of recombinant Fus3 is described elsewhere (S1).
Tyrosine phosphorylated Fus3 (Fus3-pY) was produced by incubating nonphosphorylated Fus3 (Fus3-np) with 2mM ATP in the presence of 5 mM MgCl2 and
saturating amount of Ste5_pep overnight at room temperature. The sample was then
loaded on a gel filtration column in 20 mM Tris pH=8.0, 1M NaCl, 10% glycerol, 2mM
DTT to separate the kinase and activator. Dual-phosphorylated Fus3 (Fus3-pYpT) was
produced by incubating Fus3-np with NSte5 (Ste5280-917) and Ste7S359E,T363E (expressed
and purified as described (S1)) in kinase buffer (20 mM Tris pH=8.0, 100mM NaCl, 10%
glycerol, 5mM MgCl2, 2mM TCEP, 2mM ATP) overnight at room temperature. The
reaction mix contained these three proteins in 30:3:1 molar ratio, respectively. Fus3 was
separated from the scaffold, kinase activator and ATP by ion-exchange.
Phosphorylation states of Fus3 were confirmed by mass spectrometry and isoelectric
focusing.
GST-peptides were expressed in Rosetta(DE3)pLysS cells at 37 C, protein
production was induced with the addition of 1mM IPTG. Cells were harvested after 3
hours and lysed in PBS + 2mM DTT by sonication. For activation assays GST-peptides
were eluted with GSH elution buffer (60mM Tris pH=8.0, 150 mM NaCl, 10% glycerol,
2mM DTT, 15 mM reduced glutathione), concentrated and directly used for Fus3
activation studies.
NSte5 protein production was induced in Rosetta(DE3)pLysS cells at 25 C for 5
hours with the addition of 100 mM IPTG. NSte5 was first purified on Ni-NTA agarose
by standard procedures and the eluted sample was loaded onto a GST-column, washed
with 20mM Tris pH=8.0, 150 mM NaCl, 10% glycerol, 2mM DTT and finally eluted in
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GSH elution buffer (60mM Tris pH=8.0, 150 mM NaCl, 10% glycerol, 2mM DTT, 15 mM
reduced glutathione). To generate the activation deficient form of NSte5 protein
(NSte5ND), the DNA of the wild-type protein was mutated by using the Transformer
Site-Directed Mutagenesis Kit (Clontech) and the protein expressed and purified as
described above.
Myelin basic protein (MBP) was purchased from Sigma (M1891).

Peptide synthesis, labeling, and purification:
Free peptides for crystallography and fluorescence anisotropy studies were
chemically synthesized with an ABI433A Peptide Synthesizer (Applied Biosystems)
using the FastMoc protocol at 0.1 mmol scale. For crystallography, Ste5_pep contained
amino acids 287-316: N-Ac-TPVERNQTIPSQAPSLNPNLILAPPKERN-CONH2-C. For
fluorescence anisotropy, a longer version of Ste5_pep (amino acids 280-321: N-AcPPFGLSYTPVERNQTIPSQAPSLNPNLILAPPKERNQIPQKKC-CONH2-C) was
synthesized with a Cys residue appended at the C-terminus for labeling. For
competition fluorescence anisotropy, a version of Ste5_pep (amino acids 287-316) with a
three amino acid insertion in the linker region (Ste5_pepL+3: N-AcTPVERNQTIPSQAPSSSSLNPNLILAPPKERN-CONH2-C) was synthesized. For in vivo
studies, we synthesized alpha factor pheromone (N-WHWLQLKPGQPMY-C). All
peptides were purified by reverse-phase chromatography on a C-18 column (Vydac)
using a Dynamax high pressure liquid chromatography (HPLC) system and verified by
matrix-associated laser desorption and ionization (MALDI) mass-spectrometry using a
Voyager-DE STR BioSpectrometry Workstation (Applied Biosystems). The peptide to be
labeled was treated with fluorescein using the thiol-reactive 5-iodoacetamidofluorescein
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reagent (Molecular Probes) according to protocols provided by the supplier.
Fluoresceinated peptide was HPLC purified again after labeling to remove the
unreacted fluorophore, and labeling was verified by MALDI.

Peptide binding experiments:
Bacterial lysates containing GST-peptides were loaded to glutathione agarose
(Sigma), washed three times with PBS + 2mM DTT and incubated with the prey in
binding buffer (20mM Tris pH 8.0, 150 mM NaCl, 0.05% IGEPAL, 2mM TCEP) for 30
minutes at 4 C. The beads were then washed three times with binding buffer and
resuspended in SDS sample buffer (50 l). 10 l of each sample was used for SDS-PAGE
and protein bands were visualized by Coomassie staining. In a typical pull-down
experiment 10 l of glutathione resin saturated with GST-tagged bait was used and
incubated in 200 l of binding buffer containing 10 M prey (Fus3).
Binding affinities for Fus3/Ste5_pep and Ste5_pepL+3 binding were measured by
monitoring peptide fluorescence polarization change upon MAPK binding.
Fluorescence polarization was measured at different concentrations of purified Fus3
with an Analyst AD & HT Detection System (LJL Biosystems) plate reader in 384 wellplates (Excitation: 485 nm, Emission: 540 nm). The fluoresceinated peptide, the extended
version of Ste5_pep (amino acids 280-321), was present at 10 nM in 20 mM TrisCl pH 8.0,
100 mM NaCl, 5 mM DTT and 1 mg/ml BSA. The resulting binding isotherms were fit
to a quadratic binding equation using ProFit 5.1.0 (Quantum Soft) as described
elsewhere (S2). The Kd for the fluorescein-labeled extended version of Ste5_pep (1.7
M) was then used for determining binding affinities for unlabelled Ste5_pep and
Ste5_pepL+3 (287-TPVERNQTIPSQAPSLNPNLILAPPKERNQ-316 and
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TPVERNQTIPSQAPSSSSLNPNLILAPPKERNQ, respectively). Fluorescence
polarization was monitored in triplicate at constant concentrations of Fus3 and different
concentrations of unlabeled peptides in a competition binding experiment. Kds for
unlabeled peptide binding were then determined by fitting fluorescence polarization
data obtained at different concentrations of unlabeled peptide to a competition binding
equation (S2).

Crystal structure determination:
Crystallization trials were carried out at 20 C by using the vapor diffusion
hanging drop method. Protein samples for crystallization contained 20mM Tris pH 8.0,
100 mM NaCl, 10% glycerol, 2mM TCEP, 2mM MgCl2 and 2mM ATP-S. Starting
protein concentration was 8 mg/ml. Fus3VF is a non-phosphorylatable form of Fus3
where Thr180 and Tyr182 were mutated to valine and phenylalanine, respectively. Since
recombinant Fus3 is partially phosphorylated at the activation segment, use of this
mutant facilitated Fus3 sample preparation. Note that the crystal structures of Fus3VF
and non-phosphorylated wild-type Fus3 (Fus3-np) are identical (S1).
Highest diffraction quality crystals for Fus3-pY grew from well-solutions
containing 25-28% PEG1000, 0.1M MES pH 6.1, 5-10% MPD in one or two days. The
crystals belong to the space group (P212121) with cell dimensions: a = 56.8 Å, b = 62.5 Å, c
= 86.0 Å.
Fus3/Ste5_pep complex was formed by mixing Fus3VF protein with chemically
synthesized peptide in 1:2 molar ratios. The length of the peptide used in the
crystallization trials was systematically varied. The best crystals were obtained with a
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30-mer peptide (287-TPVERQTIYSQAPSLNPNLILAAPPKERNQ-316). Binary proteinpeptide complexes were grown in a solution containing 18% PEG3350, 0.1M Mes pH 6.1,
10% MPD and 0.2M KSCN. The complex crystals belong to space group P212121 with cell
dimensions a = 94.62 Å, b = 95.21 Å, c = 101.66 Å. Crystals could be also grown in the
absence of Ste5_pep under the same crystallization conditions. These crystals belong to
the same space group but with different cell dimensions: a = 79.15 Å, b = 94.47 Å, c =
113.2 Å. Single crystals were soaked in well-solution supplemented with 25% (v/v)
glycerol, then mounted on nylon loops and flash-frozen in liquid nitrogen prior to data
collection at 100 K. Datasets were collected at beamline 8.3.1 of the Advanced Light
Source, Lawrence Berkeley National Laboratory. Data reduction and scaling was done
using the HKL package (S3).
Crystal structure of Fus3-pY was solved with molecular replacement with
AMoRe (S4) using the structural model of Fus3-np as the search model. Similar to the
crystals of Fus3VF and Fus3-np grown under similar conditions (S1), the rotation and
translation search as well as crystal water content indicated the presence of one Fus3
molecule in the asymmetric unit. Structural models of Fus3-np and Fus3VF contain a
full-length molecule of Fus3 (1-353) interspersed with an invisible segment
encompassing the activation loop (164-179). In the Fus3-pY structure, electron density is
missing for a larger region: from residue 164 till 184. This structure also contains an
ADP nucleotide in complex with one Mg2+ ion.
Molecular replacement was also used to solve the structure of Fus3VF as well as
the Fus3VF/Ste5_pep complex under a different crystallization condition containing 0.2
M KSCN. Coordinates of Fus3VF (S1) were used as the search model in AMoRe. The
rotation function, for data between 8 and 3.5 Å resolution, indicated two apparent
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solutions for both crystals. The translation search was applied to one of the solutions,
giving an R factor of 52.9% for Fus3VF and 53.4% for Fus3VF/Ste5_pep. Next, these
solutions were fixed and new translation searches were carried out using the other
rotation function solution. The R factors dropped to 49.5 % (Fus3VF) and 49.3%
(Fus3VF/Ste5_pep). The final molecular replacement models contain two Fus3 molecules
in the asymmetric unit for both the Fus3VF and Fus3VF/Ste5_pep complex. The solutions
after rigid body refinement in AMoRe had an R factor of 48.0 % and 48.4 %, for data
between 8 and 3.5 Å resolution, respectively.
Model building was performed with O (S5) and the structure was refined using
CNS (S6) interspersed with manual model building. After locating both Fus3 molecules
in the asymmetric unit, the non-crystallographic symmetry (NCS) axis was derived by
overlaying the two MAPK molecules. NCS information was used only in the initial
phases of the structure refinement. Electron density for Ste5_pep was clearly
interpretable after some initial rounds of refinement and its structural model was
manually built in O.
The final two models of Fus3 contain the full-length model of the protein apart
from residues 164-179. This region appears to be flexible and not visible in the electron
density map. 20 amino acids of Ste5_pep could be located in the electron density map.
An eight amino acid long region (APSLNPNL), which links Site A (PVERQTIYSQ) and
Site B (ILAAPPKERN) together, has no interpretable electron density and therefore it is
likely to be flexible. The Fus3VF and Fus3VF/Ste5_pep complex crystals do not show
interpretable electron-density in the nucleotide binding pocket, so nucleotide co-factors
were not included in the final structural models.
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Statistics of the refinement for Fus3VF, Fus3VF/Ste5_pep complex and Fus3-pY are
listed in Table S4.3.

Kinase assays:
MAPK activity was measured in kinase assays. Depending on the experiment,
the enzyme (2 M) was incubated with activator peptides as free peptides or GSTfusions (50 M), or longer proteins GST-NSte5 or GST-NSte5ND (1 M) in 100 l of
kinase reaction buffer (20 mM Tris pH=8.0, 150 mM NaCl, 0.05% IGEPAL, 2mM TCEP,
2mM MgCl2). For peptide activation experiments, free peptides showed slightly higher
activation than equivalent GST fusions (50-fold vs. 40-fold rate enhancements). MBP
concentration was 50 M, and samples also contained 0.5 mM ATP and 5 M
radioactively labeled ATP32(). 10 l aliquots of the reaction mix were taken at different
time points and the reaction was stopped by the addition of 4xSDS sample buffer.
Samples were run on SDS-PAGE and gels were dried. After gel exposure to a
phosphoimager screen, radioactivity of substrate protein bands were quantified by
scanning in a Typhoon 8600 instrument (Molecular Dynamics, Amersham Pharmacia
Biotech) and analyzed using Image Quant 5.1 software (Molecular Dynamics,
Amersham Pharmacia Biotech). Data were fit using ProFit software (Quantum Soft) to
either a first-degree polynomial for the initial, linear phase of 32P incorporation or, if
saturation was approached in autophosphorylation reactions, to an equation describing
unimolecular reaction kinetics: y(t) = Amin + Amax*(1 – exp(-k*t) , where y = 32P counts,
Amin = 32P counts at t = 0, Amax = 32P counts at saturation, k = reaction rate, and t = time.
In the latter case, Amax for slower reactions was fixed to the fitted value from reactions
that approached saturation (i.e., with Ste5_pep present).
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Mass spectrometry:
Mass measurements on intact proteins were made on a Model 3000 BrukerAgilent Esquire quadrupole ion trap mass spectrometer (Bruker Instruments, Billerica,
MA) with electrospray ionization. Prior to determining its mass spectrum, each protein
was desalted by microbore reversed-phase high-performance liquid chromatography. A
microprotein analyzer HPLC (Michrom Bioresources, Inc., Auburn, CA) was used to
elute approximately 10 ug of the full-length protein from a Polymer Labs PLRP column
(300A pore size, 1 x 150 mm) using a 10-50% acetonitrile gradient in water with 0.1%
TFA over 7 min at 0.75 mL/min. MS data were acquired on approximately 1 uL of the
collected eluent.
Approximately 0.1-0.5 pmol of each digest was desalted with a C18 ZipTip
(Millipore, Billerica, MA). Then approximately 0.5 uL of the resulting solution was
mixed with an equal volume of matrix solution and allowed to dry on the MALDI
target. The matrix solution used was a 10 g/L solution of alpha-cyano-4hydroxycinnamic acid in 50% acetonitrile/50% 0.1% aqueous TFA. All mass
spectrometric measurements on peptides were performed on an Applied Biosystems
(Foster City, CA) 4700 Proteomics Analyzer, a tandem time-of-flight instrument
(TOF/TOF) with a MALDI ion source (S7). Normal reflector spectra were acquired first
to verify the masses of the peptides of interest. External calibration using known
peptide standards was used, typically giving masses to better than 50 ppm accuracy.
MS/MS CID spectra were acquired on each peptide of interest, using air as the collision
gas and 1 keV (lab frame) collision energy. Default calibration of the mass scale was
used for all MS/MS spectra, which typically provided fragment masses accurate to <0.1
Da. Interpretation of the spectra was done manually.
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Flow cytometry:
For flow cytometric analysis of GFP expression from the Fus1 promoter, cultures
of either CB011 or CB006∆ste5 (for Ste5 plasmids) or MG40 (for Ste7 plasmids) were
treated in early log phase with pheromone (alpha factor) from 0.1 to 200 nM for either
110 minutes (for Ste5 alleles) or 120 minutes (for Ste7 alleles) and analyzed on a BD LSRII flow cytometer (BD Biosciences) after brief sonication at low power to disrupt cell
clumps. 10,000 cells were counted for each reading, and GFP fluorescence was
measured by exciting at 488 nm with a 20 mW Coherent Sapphire argon ion laser and
detecting emission on the FITC channel using 515-545 nm filters.
Fluorescence measurements at long time points (> 2 hours) were complicated by
pheromone-induced cell cycle arrest and associated increase in cell volume. To avoid
this complication, measurements were either made at early time points or in far1∆
strains that uncouple cell cycle arrest from mating response (S8). Similar results were
observed in both cases. All flow cytometry experiments were performed in bar1∆ strains
that lack the protease that degrades alpha factor (S9).
The resulting data were analyzed using FlowJo analysis software (TreeStar, Inc.).
Cell populations were gated based upon forward scatter (a rough measure of cell size)
and fluorescence to include only intact single cells and exclude cell clumps and cell
fragments generated by sonication. After pheromone treatment, a corresponding
population of cells shifted along the FITC axis to higher fluorescence at the same
forward scatter. The gate used for data analysis in the absence of alpha factor was
allowed to re-center on the treated population using the “magnetic gate” feature of the
FlowJo software. Mean cellular fluorescence was calculated for this gated population,
and the resulting dose-response data were fit using ProFit software (Quantum Soft) to a
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Hill equation: F(a) = Fmin + (Fmax – Fmin)*a^(nH)/(Cm^(nH) + a^(nH)) , where F = mean
fluorescence, a = concentration of alpha factor, Fmin = mean fluorescence with no alpha
factor, Fmax = mean fluorescence with saturating alpha factor, Cm = concentration of
alpha factor at which fluorescence is half-maximal, and nH = Hill coefficient. Consistent
with previous reports (S10), Fus1-GFP showed a unimodal, approximately Gaussian
distribution at all doses of alpha factor, indicating a graded response to pheromone
stimulus.
Data shown are from single dose-response experiments that are representative of
many replicates. Experiments carried out on three independent transformants matched
very closely (Fig. S4.7); error bars for mean fluorescence values (Fig. 4.4-4.5) are
estimated to be smaller than the data symbols.
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Table S4.1: Plasmids used in this study
plasmid
vMG110
vMG111
vMG112
vMG113
pSH95
pRB200
pRB215
pRB217
pRB128
pRB140
pRB144
pETARA S5
pETARA S5 L-3
pETARA S5 L-2
pETARA S5 L-1
pETARA S5 L+1
pETARA S5 L+2
pETARA S5 L+3
pBH4 Fus3
pBH4 Fus3VF
pBH4 Fus3T180V
pBH4 Fus3Y182F
pETARA dNSte5
pETARA dNSte56A
pFastBac M Ste7EE

parent
vector
pRS314*
pRS314
pRS314
pRS314
pRS316†
pRS316
pRS316
pRS316
pGEX 4T-1‡
pGEX 4T-1
pGEX 4T-1
pET19b§
pET19b
pET19b
pET19b
pET19b
pET19b
pET19b
pET19b
pET19b
pET19b
pET19b
pET19b
pET19b
pFastBac||

promoter
Ste7 native
Ste7 native
Ste7 native
Ste7 native
Ste5 native
Ste5 native
Ste5 native
Ste5 native

*pRS314

Description
Ste7WT-myc13
Ste7ND1-myc13(R9A,R10A,L15A,L17A)
Ste7ND2-myc13(R62A,R63A,L69A,L71A)
Ste7ND1,ND2-myc13
Ste5WT
Ste5ND(Q292A,I294A,Y295A,L307A,P310A,N315A)
Ste5T287V
Ste5ND,T287V
GST-Ste5_pepWT(280-321)
GST-Ste5_pepT287V(280-321)
GST-Ste5_pepND(280-321)
GST-Ste5_pepWT(288-316)
GST-Ste5_pepL-3(288-316 ∆300-302)
GST-Ste5_pepL-2(288-316 ∆300 ∆302)
GST-Ste5_pepL-1(288-316 ∆300)
GST-Ste5_pepL+1(288-300-Ser-301-316)
GST-Ste5_pepL+2(288-300-Ser2-301-316)
GST-Ste5_pepL+3(288-300-Ser3-301-316)
His6-[TEV site]-Fus3WT
His6-[TEV site]-Fus3T180V,Y182F
His6-[TEV site]-Fus3T180V
His6-[TEV site]-Fus3Y182F
GST-Ste5WT(280-919)-His6
GST-Ste5ND(280-919)-His6
GST-Ste7S259E,T363E-His6

is a low-copy yeast vector (CEN/ARS origin, TRP1)
is a low-copy yeast vector (CEN/ARS origin, URA3)
‡pGEX 4T-1 is a bacterial vector for expression of GST fusion proteins (Amersham)
§pET-19b is a bacterial expression vector (Novagen)
||pFastBac is an insect cell expression vector (Invitrogen)
†pRS316
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Table S4.2: Yeast strains used in this study
Description
Strain
W303 MATa, ste5::KanR, bar1::NatR, far1∆, mfa2::pFus1-GFP, his3, trp1,
CB011
leu2, ura3
CB006∆ste5
W303 MATa, ste5∆, bar1::NatR, mfa2::pFus1-GFP, his3, trp1, leu2, ura3
W303 MATa, ste7::HIS3, bar1::NatR, far1∆, mfa2::pFus1-GFP, trp1, leu2,
MG40
ura3
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Table S4.3. Crystallographic data and refinement statistics

Fus3VF
Space group
Resolution range (Å)
No. of data
Completeness (%)a
Multiplicity
Rsym*,†
I / I*
Rcryst‡
Rfree‡
No. of atoms
H2O
RMSD Bonds (Å)
RMSD Angle ()
*Values

P212121
50–2.85
19,082
94.1
3.4
7.4 (18.9)
13.5 (3.9)
20.9
28.5
5363
45
0.011
1.6

Fus3VF/
Ste5_pep
P212121
50–1.9
69,007
95.3
4.4
7.0 (50.0)
15.3 (2.4)
20.1
23.4
6066
480
0.011
1.5

Fus3-pY
P212121
50–2.1
18,096
97.3
3.0
9.0 (34.6)
10.7 (2.2)
21.1
26.0
2810
100
0.013
1.6

in parentheses are for the highest resolution shell.

hkli |Ii(hkl) - <I(hkl)>|/hklI Ii(hkl).
and Rfree = Fobs - Fcalc/ Fobs ; Rfree is calculated with 10% of the data that were
not used for refinement.
†R
sym =
‡R
cryst
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917
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Fus3 binding

214

386

214

334
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321
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230
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321
302

263
300
290

321
310

280

321
288
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+
+
+
+
+/+/+
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(Ste5_pep)

Figure S4.1. Mapping minimal Fus3 binding region in Ste5 by GST pulldown.
A series of GST fusion constructs was generated as shown, starting from an
expanded version of the Fus3 binding region of Ste5 mapped by yeast two-hybrid
studies (11). We mapped the Fus3 binding element within this region to a minimal
peptide from amino acids 288 to 316, which we refer to as Ste5_pep. In some
experiments, a slightly extended version of Ste5_pep is used (amino acids 280-321).
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Kd = 4.2 ± 1.4 µM
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[Ste5_pep] uM

Figure S4.2. Measuring Ste5_pep binding affinity for Fus3 by competition
fluorescence polarization.
Unlabeled Ste5_pep (amino acids 287-316) was added at varying concentrations to
compete with a constant level of fluoresceinated Ste5_pep (amino acids 280-321) for
binding to a constant level of Fus3T180V,Y182F, and the fluorescence polarization of the
fluoresceinated species was monitored. The resulting Kd was similar to that for other
Fus3 binding peptides (1).
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Alternative Fus3 phospho-species:

A

non-phosphorylated

161-IIDESAADNSEPTGQQSGMTEYVATRWYRAPE-192

pTyr

P

161-IIDESAADNSEPTGQQSGMTEYVATRWYRAPE-192

P

161-IIDESAADNSEPTGQQSGMTEYVATRWYRAPE-192

Expected Mass: 2850 Da Expected Mass: 1491 Da

Expected Mass: 2850 Da

pThr-pTyr

V8 Fragment

= V8 cleavage site
= trypsin cleavage site

Expected Mass: 2770 Da Expected Mass: 1411 Da

pThr

Expected Mass: 1411 Da
P

P

161-IIDESAADNSEPTGQQSGMTEYVATRWYRAPE-192

Tryptic Fragment

Expected Mass: 2930 Da

Expected Mass: 1491 Da

Autophosphorylated Fus3 samples:
Tryptic Fragment

2850.18 Da
+1P

50

2770.20 Da
0
2752.0

2796.0

2841.0

2885.0

(2930)
(+2P)

182-YVATRWYRAPE

100

1491.67 Da
+1P

50

1411.70 Da
0
1404.0

2930.4

Mass (m/z)

B

V8 Fragment

161-IIDESAADNSEPTGQQSGMTEYVATR
% Intensity

% Intensity

100

1441.4

1478.8

1513.6

Mass (m/z)

1553.6

Fus3 T180V mutation does not alter Ste5_pep-enhanced autophosphorylation
10 20 40 80 160

10 20 40 80 160 time (min)

Fus3WT
Fus3T180V, Y182F
Fus3Y182F
Fus3T180V
no ligand

+Ste5_pep

Figure S4.3. Fus3 activated by Ste5_pep is monophosphorylated on Tyr182 in
the activation loop.
(A) Mass spectrometry evidence. Electrospray ionization of full-length Fus3 after autoactivation in the
presence of Ste5_pep revealed only singly phosphorylated Fus3 and trace amounts of unphosphorylated Fus3, but no dually phosphorylated Fus3 (12). Proteolytic mapping followed by MALDI is consistent with a single phosphate on Tyr182, but not Thr180 (the other activation loop phosphoacceptor).
Top panels show Fus3 cleavage products near the activation loop, along with expected masses for each
of the four possible combinations of activation loop phosphorylation. Bottom panels show MALDI
spectra for relevant fragments from trypsin and V8 cleavage. Only the pTyr species is consistent with
both spectra. Analysis of peptide fragmentation of the V8 fragment by MS/MS verified that the single
phosphate is present on Tyr182 and not Thr185, the only other phosphorylatable residue in both
peptides (12). (B) Biochemical evidence. Mutation of Tyr182, but not Thr180, prevents autophosphorylation in the presence or absence of Ste5_pep. Autoradiograms show 32P incorporation into bacterially
expressed, phosphatase-pretreated Fus3 variants. Furthermore, autoactivated Fus3 is recognized by
anti-pTyr antibodies, but not anti-pSer/Thr antibodies (13).
CONCLUSION: Fus3 autoactivated in the presence of Ste5_pep is singly phosphorylated on Tyr182, one
of two phosphoacceptors in the activation loop.
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Fus3-pY
Fus3-np
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150
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101

100

Fus3-pTpY

2.106

Fus3-pY

Fus3-pTpY

Fus3-np

4.106

Relative activity

32 P incorporation (counts)

MBP phosphorylation by Fus3 phosphoforms

Figure S4.4. Relative activity of doubly, singly, and non-phosphorylated forms of
Fus3.
Phosphorylation of Fus3 on its activation loop enhances its kinase activity. Myelin
basic protein (MBP) was incubated with Fus3 that was either non-phosphorylated
(Fus3-np: open circles, dashed line), singly phosphorylated on Tyr182 (Fus3-pY: filled
circles, solid line), or dually phosphorylated on Thr180 and Tyr182 (Fus3-pTpY: filled
diamonds, dotted line). MBP phosphorylation data from an autoradiogram was
quantified and plotted (left panel), and relative initial rates of 32P incorporation into
MBP were plotted on a logarithmic scale (right panel).
CONCLUSION: Tyrosine phosphorylation alone increases kinase activity by a factor of
25 over the non-phosphorylated state, while additional threonine phosphorylation
yields a further 5-fold increase in kinase activity (dually phosphorylated Fus3 is more
active by a factor of 120 than non-phosphorylated Fus3).
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Phosphorylated region of activation loop undergoes order to disorder transition

Fus3-np

αC
Mg.ADP

Fus3-np
Fus3-pY
..

.
. . . . .

Residues 164-179 disordered
Residues 180-184 ordered
(region containing T180,Y182)
Y182 packs in pocket

catalytic loop

Thr180

activation loop

Tyr182

αC

substrate
binding
pocket

R55

Fus3-pY

F52
L51

Residues 164-184 disordered
(including Thr180 and Tyr182)

D137

Figure S4.5. Structure of Fus3-pY compared to non-phosphorylated form.
In the non-phosphorylated Fus3 (Fus3-np) crystal structure, the N-terminal part of the activation segment (residues 164-179) is invisible, indicating the flexible nature of this region
(depicted with dots). The C-terminal part of the phosphorylation lip (residues 180-185, shown
in red), however, is clearly structured and positioned in the substrate binding pocket. In
contrast, this region of the activation loop is invisible and more flexible in the Fus3-pY crystal
structure. Comparison of the Fus3-np crystal structure with that of Fus3-pY reveals no other
differences apart from a more open substrate binding pocket. Fus3-pY and Fus3-np crystallized under identical conditions in the same space group with identical cell dimensions.
Moreover, both proteins bind Mg-ADP in the nucleotide binding pocket, and their structures
were solved to 2.1 and 1.8 Å resolution, respectively (Table S3) (1). (The slightly lower resolution of the Fus3-pY structure could not account for higher flexibility, and in turn for greater
accessibility of the substrate binding pocket, because parts of the protein with higher crystallographic B factors are clearly visible in the electron density.) The close-up views around the
catalytic loop (with D137) and the activation loop (with T180 and Y182) show that the Tyr182
fits into a pocket outlined by residues at the N-terminal part of αC (or α1). A bulkier phosphotyrosine side chain could not occupy the same position due to steric constraints.
CONCLUSION: These findings suggest a simple activation mechanism for Fus3: phosphorylation on Tyr182 renders the whole activation loop more flexible and opens access to a preassembled active site for substrates. The presence of Ste5_pep facilitates this process.
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[unlabelled competitor peptide] (µM)

Ste5_pepWT:
Ste5_pepL+3:

S t e 5 _ p e p WT

Kd = 4.2 ± 1.4 µM

Ste5_pep L+3

Kd = 4.6 ± 1.1 µM

TPVERQTIYSQAPSLNPNLILAAPPKERNQ
TPVERQTIYSQAPSSSSLNPNLILAAPPKERNQ

Figure S4.6. A three amino acid insertion into the Ste5_pep linker region does
not alter binding affinity for Fus3.
Binding of Ste5_pepL+3 (amino acid boundaries 287-316) to Fus3 was measured by
competition fluorescence polarization experiments and compared with that of
Ste5_pepWT (Fig. S2). Both peptides bind Fus3 with equal affinity within error
(Ste5_pepL+3: open red circles, dotted red line; Ste5_pepWT: solid line, data points omitted here for clarity, but see Fig. S2).
CONCLUSION: Lengthening the linker between site A and site B of Ste5_pep (Fig. 2A)
does not alter its binding affinity for Fus3. Thus, the reduction in enhancement of Fus3
autophosphorylation by this peptide variant (Fig. 3E) is not simply due to reduced
binding.
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Figure S4.7. Flow cytometry histograms of Ste5 variants before and after alpha
factor treatment.
The CB011 strain, transformed with a plasmid encoding either STE5WT or STE5ND, was
treated with a saturating dose of α-factor for 110 minutes. Population distributions of
Fus1-GFP expression were detected by flow cytometry. Data from different experiments with three independent transformants are shown (dashed black = STE5WT, no
α-factor; dashed red = STE5ND, no α-factor; solid black = STE5WT, 200 nM α-factor; solid
red = STE5ND, 200 nM α-factor).
CONCLUSION: Flow cytometric detection of Fus1-GFP expression gives a reproducible
measure of the response to α-factor. STE5WT and STE5ND populations clearly have
distinct responses to α-factor, and the difference between these populations is much
greater than the difference between independent transformants of the same allele.
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Figure S4.8. Ste5ND mutations disrupt binding and allosteric activation of Fus3.
(A) Fus3 associates by GST pulldown with the extended Ste5_pepWT (amino acids
280-321) but not with the non-docking variant Ste5_pepND (Fig. 4B). GST fusions
(“bait”) and Fus3 are both shown by Coomassie blue staining. (B) Fus3 autophosphorylation is also enhanced by a large fragment of Ste5 containing the binding domains
for all MAPK module components, which we call ∆Ste5 (amino acids 280-919, the
largest fragment of Ste5 that we were readily able to express and purify). However, a
variant of this protein harboring the ND mutations in the Ste5_pep region that binds
Fus3 ( ∆Ste5ND) does not enhance auto-acitivation of Fus3. Data from an autoradiogram were quantified and plotted along with a fit to an equation describing unimolecular autophosphorylation kinetics (Fus3 alone: open circles, dashed line; ∆Ste5WT:
filled circles, solid line; ∆Ste5ND: filled diamonds, dotted line).
CONCLUSION: The interface between Fus3 and Ste5_pep observed in the crystal
structure is functionally relevant for Fus3 binding and is both necessary and sufficient
for enhancement of Fus3 autophosphorylation.
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Figure S4.9. Ste5_pepT287V mutation does not prevent binding or allosteric
activation of Fus3.
(A) Thr287 is not required for the interaction between Fus3 and Ste5_pep. GST
pulldowns demonstrate that both wild-type and T287V variants of the extended
Ste5_pep (amino acids 280-321) interact with Fus3. (B) Thr287 is not required for
enhanced autophosphorylation of Fus3 by Ste5_pep. Data from an autoradiogram
were quantified and plotted along with a fit to an equation describing unimolecular
activation kinetics (top panel). Relative rates of autophosphorylation obtained from
the fits are plotted in the bottom panel.
CONCLUSION: Thr287, the primary phosphoacceptor residue in Ste5_pep (Fig. 5A), is
not required for Fus3 binding or enhanced autophosphorylation. Therefore the
increased pathway output seen with the T287V point mutants (Fig. 5B) likely has a
different underlying cause than the non-docking mutants that block Fus3 binding
and auto-activation enhancement.
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ABSTRACT
The scaffold protein Ste5 is required to properly direct signaling through the
yeast mating pathway to the mitogen-activated protein kinase (MAPK), Fus3.
Scaffolds are thought to function by tethering kinase and substrate in proximity. We
find, however, that the previously identified Fus3-binding site on Ste5 is not required
for signaling, suggesting an alternative mechanism controls Fus3’s activation by the
MAPKK Ste7. Reconstituting MAPK signaling in vitro, we find that Fus3 is an
intrinsically poor substrate for Ste7, although the related filamentation MAPK, Kss1,
is an excellent substrate. We identify and structurally characterize a domain in Ste5
that catalytically unlocks Fus3 for phosphorylation by Ste7. This domain selectively
increases the kcat of Ste7Fus3 phosphorylation but has no effect on Ste7Kss1
phosphorylation. The dual requirement for both Ste7 and this Ste5 domain in Fus3
activation explains why Fus3 is selectively activated by the mating pathway, and not
by other pathways that also utilize Ste7.
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INTRODUCTION
Living cells receive vast amounts of environmental information, and a central
question is how the cell’s system of signal transduction proteins is able to specifically
process this information. This problem is particularly acute given that many closely
related molecules (e.g. kinases, phosphatases, etc.) are involved in diverse, functionally
distinct signaling pathways. An emerging paradigm is that, in many cases, signaling
pathways are organized by scaffold proteins. Scaffolds are proteins that interact with
multiple members of a pathway and are thought to function as “wiring” elements that
by tethering pathway components into complexes and localizing them to specific sites in
the cell, direct the flow of signaling information. Scaffolds are proposed to both enhance
interactions between the correct signaling proteins and to insulate them from
interactions with competing proteins (Bhattacharyya et al., 2006a; Bhattacharyya et al.,
2006b; Burack et al., 2002; Burack and Shaw, 2000).
One of the first identified examples of a signaling scaffold is the Ste5 protein
from Saccharomyces cerevisiae, which plays an essential role in signal transmission
through the yeast mating pathway. When yeast are stimulated by mating pheromone
from the opposite mating type, signal is transmitted from the mating receptor (Ste2) via
a heterotrimeric G-protein (Gpa1, Ste4 and Ste18) to a mitogen-activated protein (MAP)
kinase cascade. MAP kinase cascades are composed of three kinases that successively
phosphorylate and activate one another: signal passes from a MAP kinase kinase kinase
(MAPKKK) to a MAP kinase kinase (MAPKK) and finally to a MAP kinase (MAPK). In
the mating pathway, signal is transmitted from the MAPKKK Ste11 to the MAPKK Ste7
to the MAPK Fus3. The Ste5 scaffold, although it has no catalytic domains (eg. kinase
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domains), is required for the mating response. Ste5 was initially identified as a scaffold
protein because, by yeast two-hybrid assays, it was shown to have binding sites for all
three MAPK cascade members (Ste11, Ste7, and Fus3) (Choi et al., 1994) and the G
protein, Ste4 (Whiteway et al., 1995). Interaction with Ste4 localizes the Ste5 complex to
the membrane upon stimulation, allowing Ste11 to be activated by a membranelocalized (PAK) kinase, Ste20. Additionally, interaction of Ste5 with the kinases in the
cascade is thought to promote their successive phosphorylation.
The need for robust mechanisms for controlling signaling specificity is
particularly important for the mating pathway because of the potential for crosssignaling with other related MAPK pathways that use overlapping signaling
components. For example, the filamentous growth pathway, which is activated by
nitrogen starvation, requires kinases shared with the mating pathway: the MAPKKK
Ste11 and the MAPKK Ste7 (although it does not require the scaffold Ste5). During the
mating respose, signaling to Ste7 is primarily transmitted to the MAPK Fus3, while in
the filamentation pathway signaling is transmitted to the MAPK Kss1. Here we focus on
the critical question of how activated Ste7 chooses between the two MAP kinases, Fus3
and Kss1, which are 55% identical (Fig. 5.5.1A). Why does Ste7 that is activated by
pheromone stimulation phosphorylate Fus3, whereas Ste7 that is activated by nitrogen
starvation phosphorylate only Kss1? What is the role of the Ste5 scaffold in this
specificity choice?
Despite the importance of Ste5 as a canonical example of a scaffold protein, little
is understood about the biochemical mechanisms that scaffolds use to regulate MAPK
signaling specificity. The simplest model for how a scaffold might promote
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phosphorylation of one substrate versus another is through tethering – by increasing the
proximity and effective concentration of components in the scaffold complex. Tethering,
appears to be important for certain key aspects of Ste5 function: mutation of the binding
sites for the Ste11 and Ste7 kinases disrupts signal transmission, while re-recruitment of
these proteins to the Ste5 complex via heterologous engineered protein-protein
interactions or covalent fusion can partially rescue signaling (Harris et al., 2001; Park et
al., 2003).
The mechanism by which Ste5 directs signaling from the MAPKK Ste7 to the
MAPK Fus3, however, is far less clear. Is the scaffold needed to colocalize these kinases
or does it play some other role? Previous work identified and characterized a binding
site for Fus3 within Ste5. This ~30 amino acid peptide (288-316) binds Fus3 with an
affinity of 1M, and it stimulates partial Fus3 autophosphorylation (it promotes one of
two phosphorylation events required for Fus3 activation) (Bhattacharyya et al., 2006a).
Surprisingly, however, mutation of this Fus3 binding site does not block mating but
actually increases mating output (as measured by transcription), suggesting that this site
plays more of a tuning role, modulating signaling dynamics (Bhattacharyya et al.,
2006a). Nonetheless, the scaffold as a whole is still absolutely required for signaling to
Fus3. Thus, it appears that there may be another site in Ste5 that controls Fus3 activation
and that the scaffold may be playing a more active or catalytic role in controlling signal
transmission to this MAP kinase.
Here we have purified components of the mating and filamentous growth MAP
kinase pathways (Ste7, Fus3, Kss1, and Ste5) in order to understand the role of scaffolds
in specifying in MAPKKMAPK signal transmission. We find that Fus3 is intrinsically a
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poor substrate for activated Ste7, while Kss1 is intrinsically a very good substrate. A
~200 residue segment of Ste5, however, is sufficient to permit Ste7 phosphorylation of
Fus3 but has no effect on Kss1 phosphorylation. This Ste5 fragment is distinct from the
previously identified Fus3 binding site, and crystallographic studies show that it is an
independently folding domain which we refer to as Ste5-ms (minimal scaffold). The
Ste5-ms domain binds tightly to Ste7, but only very weakly to Fus3. However,
mutational and kinetic studies show that the Ste5-ms fragment can catalytically unlock
the Fus3 MAPK so that it is now a good substrate for Ste7. This domain specifically
increases the kcat for the Ste7 Fus3 reaction by ~5000-fold, while it has no effect on the
kcat or KM of the Ste7 Kss1 reaction. Fus3 appears to have evolved a structure that is
“locked” to prevent stray activation by isolated forms of Ste7 (generated by non-mating
inputs). Phosphorylation of Fus3 occurs only in the combined presence of Ste7 and Ste5,
and this mechanism explains why Fus3 is only activated by mating input.
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RESULTS
Fus3 is an intrinsically poor substrate for Ste7 that requires Ste5 as a co-activator
The MAPKK, Ste7, is used in two distinct yeast MAPK pathways, the mating and
filamentous growth pathways. When stimulated by -factor (pheromone input for the
mating pathway), Ste7 primarily activates the mating-specific MAPK Fus3. However,
when stimulated by starvation (input for the filamentation or haploid invasive growth
pathway), Ste7 activates Kss1. How Ste7 makes the appropriate input-dependent
substrate choice between Fus3 and Kss1 (Fig. 5.5.1A) is a challenging question, as the
two alternative MAP kinases are very closely related (55% identity; >70% similarity,
Supp. Fig. 5.8A). Previous genetic work indicates that the Ste5 scaffold is required to
direct signal from a constitutively active MAPKKK Ste11 through Ste7 to the mating
MAPK Fus3 (Fig. 5.1C) (Flatauer et al., 2005). Could Ste5 be playing a direct role in the
selective activation of Fus3 by Ste7? To investigate the biochemical requirements for
Ste7MAPK specificity, we purified key components and reconstituted this pathway
step in vitro.
Previous studies have shown that in addition to any scaffold (Ste5) contributions,
Ste7Fus3 phosphorylation requires direct docking interactions between the two
proteins. Ste7 has two MAPK docking motifs on its N-terminus. These are ~10 residue
peptide motifs (consensus motif: [RK][RK]X(4-6)LxL) that are found to mediate functional
interactions between MAPKs and a variety of their regulators and substrates (Remenyi
et al., 2006). At least one of these docking motifs is required for phosphorylation of
either Fus3 or Kss1 by Ste7 (Bhattacharyya et al., 2006a; Remenyi et al., 2005). However,
the docking sites in Ste7 cannot be sufficient to distinguish between Fus3 and Kss1, since
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they bind to both Fus3 and Kss1 with roughly equal affinity (stronger site KD ~ 100nM)
(Remenyi et al., 2005).
We first investigated whether Ste7 could activate the MAPKs Fus3 and Kss1 in
vitro. We expressed and purified the following recombinant proteins: Fus3, Kss1, a
constitutively active form of Ste7 (Ste7EE – bearing S359E and T363E phosphomimic
mutations in the Ste7 activation loop) (Maleri et al., 2004), and N-Ste5 (Ste5, with an
279 residue N-terminal deletion, which makes the protein soluble and biochemically
tractable) (Fig. 5.2B). The ability of Ste7EE to activate Fus3 or Kss1 was measured using
a fluorescence-based MAPK assay (Trulight kinase assay, Calbiochem -- see Supp Fig.
5.2). We found that Ste7EE rapidly activated Kss1, either in the presence or absence of
purified Ste5 (all components at 50nM) (Fig. 5.2C). In contrast, Ste7EE cannot activate
Fus3, demonstrating that Fus3 is an intrinsically weak substrate for Ste7 (Fig. 5.2D). If,
however, the Ste5 scaffold is added, Ste7 rapidly phosphorylates Fus3 at a rate
comparable to Kss1 (Fig. 5.2D). These results indicate that Fus3 is inherently a poor
substrate for Ste7, but that Ste5 can serve as a co-activator to permit efficient Ste7Fus3
phosphorylation.

A novel domain in Ste5 is required for Fus3 phosphorylation by Ste7
How does the Ste5 scaffold permit Ste7Fus3 phosphorylation? The simplest
model is that a protein scaffold like Ste5 acts as a tethering or co-localization device that
enhances the interaction of proteins that interact poorly on their own (Fig. 5.3A).
Consistent with a tethering model, mutagenesis of Ste5 and a prior yeast-two hybrid
study have identified binding sites for both Ste7 and Fus3 within the Ste5 scaffold (Choi
et al., 1994; Inouye et al., 1997a) (Fig. 5.3B). Conversely, two other results argue strongly
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that Ste5 is not acting as a simple tether to promote Ste7Fus3 phosphorylation. First,
as described above, Fus3 can already bind tightly to Ste7 without the scaffold due to the
MAPK docking motifs found at the N-terminus of Ste7 (Bardwell et al., 1996; Remenyi et
al., 2005). Second, we show here that the previously identified Fus3 binding site in Ste5
(residues 288-316 in Ste5) is not required to promote the Ste7Fus3 reaction. A variant
of Ste5, in which this site is mutated so that it no longer binds Fus3 (Ste5-ND)
(Bhattacharyya et al., 2006a), is indistinguishable from the wild-type protein in its ability
to promote the Ste7Fus3 reaction in vitro (Fig. 5.3B, C). In contrast when the MAPK
docking sites in Ste7 are mutated, Ste7 cannot phosphorylate either Fus3 or Kss1, both in
the presence or absence of Ste5 (Fig. 5.3E). Furthermore, when the previously identified
Fus3 binding domain in Ste5 is mutated in vivo, mating output upon alpha-factor
stimulation actually increases (Bhattacharyya et al., 2006a). Together, these results are
consistent with a model in which this previously characterized Fus3 binding motif does
not play a role in promoting the main flow of signaling information from the MAPKK
Ste7 to the MAPK Fus3, but rather plays a modulatory role in tuning the quantitative
and dynamic output of the pathway.
The finding that the Fus3 binding domain in Ste5 is not required for mating
signaling in vitro led us to postulate that there might be a different region of Ste5 that
promotes Ste7Fus3 phosphorylation. Therefore, we performed deletion analysis to
search for the minimal region of Ste5 that was capable of permitting Ste7 Fus3
phosphorylation (Fig. 5.3B). We identified a ~200 residue fragment of Ste5 (593-786)
that was sufficient for promoting Fus3 phosphorylation. As will be discussed later,
structural analysis revealed that this fragment forms a unique, independently folded
domain. This domain was at least as active as a larger fragment of Ste5 (N-Ste5) in
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promoting Ste7Fus3 phosphorylation (Fig. 5.3D) and we refer to the domain as the
Ste5 minimal scaffold (Ste5-ms). The Ste5-ms domain lacks the previously identified
Fus3 and Ste11-binding regions but contains part of the previously mapped Ste7-binding
region (Inouye et al., 1997a).
In fluorescence polarization binding studies, we found that the Ste5-ms domain
binds tightly to Ste7 (KD = 75nM) (Fig. 5.3F) but does not detectably bind to Fus3 (Fig.
5.3F). The lack of a strong Fus3 binding site in the Ste5-ms fragment argues against a
mechanism in which this fragment is acting as a passive tether, simply increasing the
effective concentration of Ste7 and Fus3. Although colocalization of the two proteins
does appear to be necessary, it is the direct docking interaction between the MAPKK
Ste7 and MAPK Fus3 that plays this role (Fig. 5.3G). Tethering of the two proteins (Ste7
and Fus3) together, however, does not seem to be sufficient for Fus3 activation. Thus
the Ste5-ms domain must play a distinct functional role in promoting phosphorylation.

Ste5-ms selectively improves kcat for Fus3 but not other substrates
To understand precisely how the Ste5-ms domain contributes to Fus3
phosphorylation we performed quantitative kinetic analyses (Fig. 5.4). We measured
the kcat and KM of Fus3 and Kss1 phosphorylation by Ste7EE both in the presence and
absence of the Ste5-ms fragment (scaffold concentration 1 M). To simplify the kinetic
analysis, we used a variant of Ste7 with a single docking site (mutant Ste7EE-ND2 has
the second, weaker docking motif removed). This Ste7EE variant has the same kcat as
Ste7EE with both docking motifs, and behaves similarly in other assays both in vivo
(Bhattacharyya et al., 2006a) and in vitro (data not shown) (Remenyi et al., 2005). As a
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substrate, we used a catalytically-dead allele of the MAPK Fus3 (K42R) in order to
eliminate background autophosphorylation that is observed for the wild-type protein.
These experiments show that the Ste5-ms domain enhances the kcat of Fus3
phosphorylation by Ste7EE by ~5000-fold, with little effect on the KM (Fig. 5.4C), further
contradicting a potential tethering role for the Ste5-ms domain (which would be
expected to lower the KM). This effect on kcat is highly substrate specific - the Ste5-ms
domain has essentially no impact, positive or negative, on the kcat or KM of Kss1
phosphorylation by Ste7 (Fig. 5.4C, 4D). By varying the concentration of Ste5-ms in a
reaction containing 50nM Ste7EE-ND2 and saturating (750nM) Fus3 we determined that
the concentration of Ste5-ms required to maximally exert its effects is less than 1M.
This titration experiment gives a midpoint of activation (Kactivation, an estimation of
Ste7/Ste5-ms dissociation) of 161nM. This number is roughly the same as the KD for the
Ste7-Ste5-ms interaction measured by anisotropy (75 nM), consistent with a model in
which the Ste7/Ste5-ms complex is the catalytically competent complex.
A simple model for how the Ste5-ms domain kinetically modulates the Fus3
phosphorylation reaction is shown in the reaction coordinate free energy diagrams (Fig.
5.4F). Ste7EE is able to phosphorylate Kss1 efficiently in the presence or absence of Ste5
because it has a low transition state energy (E•S ‡). In contrast, Ste7EE is unable to
phosphorylate Fus3, because it has a much higher transition state energy – Fus3 is an
intrinsically poor substrate. The Ste5-ms scaffold domain is able to lower the energy of
Fus3’s transition state, resulting in a higher kcat, thereby converting a very poor substrate
into a good substrate, comparable to Kss1. Thus, the Ste5-ms domain is essentially
serving as a substrate specific co-catalyst for Ste7Fus3 phosphorylation – a role that is
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conceptually similar to that of a cyclin which acts as a co-catalyst for the cyclindependent kinase (Cdk).

Ste5-ms is a folded domain with distinct surfaces for communicating with Ste7 and
Fus3
To understand how the Ste5-ms domain might act as a substrate-specific cocatalyst, we determined the structure of the domain. We obtained crystals of the Ste5ms fragment and solved the structure to 1.6 Å resolution (Fig. 5.5A, Supp. Fig. 5.5A,
Supp. Table 5.2). This fragment adopts a well-ordered, independently folded structural
domain. While primary sequence analysis (BLAST) failed to identify proteins clearly
related to the Ste5-ms domain (outside of yeasts closely related to S. cerevisiae), the
structural homology program DALI (Holm and Sander, 1996) showed that this domain
shares the same fold as the von-Willebrand Type-A (VWA) domain found in
extracellular matrix proteins and integrin receptors (Fig. 5.5B, Supp. Fig. 5.5B). Although
many of known VWA domain proteins are extracellular, the most ancient VWA
domains conserved across all eukaryotes appear to be intracellular proteins involved in
diverse multiprotein assemblies (Whittaker and Hynes, 2002).
Using the Ste5-ms structure as a guide, we performed extensive mutagenesis of
the ms domain surface to try to identify regions of the protein that are critical for
catalysis (Supp. Fig. 5.6). Twenty one mutant proteins were generated, each containing
a block of 2-3 mutant residues clustered together on the protein surface. Of these
mutant proteins, six out of 21 showed greatly diminished (>100-fold decrease) ability to
promote Ste7-to-Fus3 phosphorylation (Supp. Fig. 5.6B). We then screened these
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mutants for their effect on both binding to Ste7 and on the kcat of Fus3 phosphorylation
(Supp. Fig. 5.6B, Supp Fig. 5.7A)
Five of the six mutations to the Ste5-ms domain that significantly disrupt activity
cluster on two structurally and functionally distinct interfaces (Fig. 5.5C). The first
interface contains four sets of mutations that selectively block catalysis without
disrupting binding to Ste7; these mutations significantly reduce the kcat for Ste7EEND2Fus3 phosphorylation, but do not alter Ste7/Ste5-ms interaction (representative
mutant ‘C’ is shown in Fig. 5.5D, 5E). This region is composed of a semi-disordered
loop (residues 745-756) which we have named the ‘coactivator loop.’ We postulate that
this loop plays a role in lowering the barrier of the Ste7Fus3 phosphorylation reaction,
perhaps through transient interactions with Fus3.
A second interface, near the C-terminus of the Ste5-ms domain, appears to be
involved in direct binding to Ste7. This interface consists of a negatively charged
segment (DEHDDDDEEDN, residues 776-786). Mutant ‘B’ is a variant of the Ste5-ms
domain in which the nine most C-terminal residues (778-786) have been deleted. This
mutant is catalytically impaired, most likely because, as shown in pulldown assays, it
has greatly reduced binding to Ste7 (Fig. 5.5D, 5E). In summary, there appear to be two
functionally distinct surfaces on the Ste5-ms domain that are critical for its function in
promoting Ste7 Fus3 phosphorylation: one that is responsible for association with
Ste7, and a distinct surface that is responsible for Fus3-specific catalysis.
A prediction of this model is that the mutations that selectively reduce the
affinity of the Ste5-Ste7 interaction should be able to rescue the Ste7 Fus3 reaction if
added at much higher concentrations (kcat values shown in Fig. 5.4D were only measured
at a concentration of 1M Ste5-ms). As predicted, a Ste5-ms protein bearing mutation
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B, which selectively disrupts Ste7 binding, has a kcat for the Ste7Fus3 reaction that is
comparable to that of the wild-type protein, but only when added at ~100-fold higher
concentrations (Fig. 5.5F). In contrast, addition of increasing amounts of a Ste5-ms
protein bearing mutation C (a “coactivator” mutation) plateaus at a kcat that is 1000-fold
lower than observed with wild-type Ste5-ms (does not result in increased kcat) (Supp. Fig.
5.7B).
The importance of these two regions within the Ste5-ms domain is also
highlighted by alignment of homologs of Ste5 from other fungal species. The most
conserved region of these Ste5 scaffold homologs corresponds to the Ste5-ms domains
(Supp. Fig. 5.3B), and especially both within the coactivator loop (745-756) and across
the previously defined Ste7 binding region (Supp Fig. 5.3C).

Ste5-ms domain catalytically unlocks Fus3 for phosphorylation by Ste7
There are two distinct models for how the Ste5-ms domain promotes Ste7 Fus3
phosphorylation. One model is that the Ste5-ms primarily acts as an activator of Ste7 to
enhance its overall catalytic activity (Fig. 5.6A – top), much as a cyclin activates a CDK.
A second competing model is that Ste5-ms primarily acts to convert Fus3 from a poor
Ste7 substrate to a good Ste7 substrate (Fig. 5.6A – bottom). A prediction of the first
model is that addition of Ste5 to Ste7 will enhance its overall kinase activity toward any
substrate. To test this model, we compared rates of phosphorylation of a general
substrate, myelin basic protein, by Ste7EE, in the presence and absence of the Ste5-ms
domain (Fig. 5.6B). The rates are indistinguishable, indicating that the Ste5-ms domain
is not a general activator of Ste7. In addition, as described above, the addition of Ste5ms has no effect on the Ste7Kss1 reaction (Fig. 5.4B, 4C). These two findings strongly
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disfavor a model where the Ste5-ms upregulates the general kinase activity of Ste7 to
enhance Fus3 phosphorylation.
These results point toward the alternative model in which the Ste5-ms exerts its
effect on the substrate – it selectively improves Fus3 as a substrate for Ste7. This model
suggests that a key difference between the closely related, competing MAPK’s Kss1 and
Fus3, is that Kss1 is already primed to be a good substrate for Ste7, but that Fus3 is, by
itself, locked in a state that makes it a poor substrate. If this is true, then we reasoned it
might be possible to make mutations in Fus3 that “unlock” it, making it more like Kss1
which can serve as a scaffold-independent substrate for Ste7. We made ten sets of
mutations in Fus3 that make the sequence more like Kss1, based on sequence regions
that diverge between Fus3 and Kss1. We tested the ability of activated Ste7 (Ste7EEND2) to phosphorylate these chimeric mutants in the absence of Ste5 (Supp Fig. 5.8A-D).
We found that a mutation of residue I161L combined with replacement of residues 243254 (a region known as the ‘MAPK insertion loop’) with the comparable insert from
Kss1 resulted in a Fus3 variant that had an approximately 20-fold increase in kcat
compared to Fus3 wild-type, in the absence of scaffold (Fig. 5.6C, Supp. Fig. 5.8D).
Consistent with this result, previous studies showed that a I161L mutant in Fus3 could
partially complement the loss of Ste5 scaffold in mating pathway activation in vivo (Brill
et al., 1994). We mapped the location of mutations that “unlock” Fus3 onto its crystal
structure (Remenyi et al., 2005), which shows that these residues lie near the Fus3
activation loop (Fig. 5.6D).
These data suggest a model for how Fus3 phosphorylation may be regulated by
the Ste5 scaffold. We postulate that Fus3’s activation loop normally exists in a locked
state so that it cannot be easily phosphorylated by Ste7. However, when the scaffold is
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present and bound to Ste7, the Ste5-ms domain may stabilize a transition-state
conformation of Fus3’s activation loop that is accessible to Ste7 (Fig. 5.6E). The precise
mechanism of how the activation loop structure and dynamics are altered remains to be
elucidated.
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DISCUSSION
Assisted catalysis and tethering: complementary mechanisms by which the Ste5
scaffold directs specificity of MAPK signaling
Scaffold proteins have emerged as important elements in determining the wiring
of cell signaling pathways. The simplest model for how scaffolds direct signaling
specificity is through tethering: co-recruiting components to the same site. In the case of
the yeast mating MAPK scaffold Ste5, there is ample evidence that tethering plays a
central role in its function: Ste5 interacts with the G protein Ste4, the MAPKKK Ste11,
and the MAPKK Ste7, and disruption of these interactions is sufficient to destroy proper
signaling. Moreover, the effects of these mutations can be overcome by re-recruiting the
missing components to the complex via heterologous interactions or protein fusions
(Harris et al., 2001; Park et al., 2003). Nonetheless, it has been far less clear if Fus3
activation in the mating pathway is directed by Ste5 through a tethering mechanism,
because disruption of the previously mapped Fus3 interaction site on Ste5 does not
impair the mating response (Bhattacharyya et al., 2006a).
Here we show that the Ste5 scaffold protein plays a far more active, co-catalytic
role in directing Ste7Fus3 signaling. A specific domain in Ste5, which we have named
the minimal scaffold, or ‘ms’ domain, is a necessary co-factor for the Ste7Fus3
phosphorylation reaction: Fus3 is an extremely poor substrate in the absence of this Ste5
domain, although Ste7 is a perfectly competent enzyme. Conceptually, this domain of
the scaffold is a required co-factor, much like a cyclin is a required co-factor for CDK.
However, the Ste5-ms domain appears act in a unique fashion: kinase accessory factors
like a cyclin generally act by either globally increasing the kcat for kinase activity (usually
by allosterically repositioning key catalytic residues) or by decreasing the KM for specific
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substrates via additional substrate recognition sites (Loog and Morgan, 2005; Pavletich,
1999). In this case, the Ste5 scaffold improves the kcat of the phosphorylation reaction,
but in a manner that is only specific for one substrate, Fus3. The KM of Ste7Fus3
phosphorylation is likely dictated by the strength of MAPK docking interactions (data
not shown).
A catalytic role for the Ste5 scaffold helps to explain several paradoxes
concerning organizing factors like scaffolds that were presumed to function solely by a
tethering mechanism. First, if a tethering scaffold is present at a higher concentration
than its components, it might cause inhibition of pathway, by segregating individual
components into different complexes. Second, if a tethering scaffold uses increased
binding energy to shunt signaling specificity towards one substrate, then it may be more
difficult to release this component. This issue is critical for a MAPK like Fus3, which
must dissociate from the scaffold and enter the nucleus to exert many of its downstream
effects. FRAP studies show that Fus3 rapidly dissociates from the Ste5 complex, more so
than other pathway components (van Drogen and Peter, 2002; van Drogen et al., 2001).
These two issues, however, are mitigated by a mechanism in which the scaffold plays a
direct catalytic role. Inhibitory segregation would not be observed if the Ste7-Ste5
complex is the only unit that is able to activate Fus3 (Ste7 or Ste5 cannot activate Fus3
individually). In addition, the lack of a strong direct Ste5-ms/Fus3 interaction in the
Fus3 activation step may allow reasonably rapid dissociation of active Fus3 from the
complex (Maeder et al., 2007).
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A revised model for how Ste5 coordinates the mating MAPK pathway
While Ste5 still acts as a central organizer of the mating MAPK pathway, our
new findings force us to update the model of how Ste5 directs the flow of information
(Fig 5.7). Most significantly, an updated model must include a role for the Ste5-ms
domain in co-catalyzing Fus3 phosphorylation by Ste7. It is also now clear that there are
both activating and downregulatory interaction sites for Fus3 on the scaffold (Fig. 5.7A,
7B). Activation of the mating response requires recruitment of Fus3 to Ste7 docking
motifs, and a transient, catalytic interaction with Ste5-ms. Conversely, downregulation
of pathway output is mediated in part by recruitment of Fus3 to its strong binding site
on Ste5.
An updated model of the mating pathway is summarized below. Binding of factor to its receptor (Ste2) leads to dissociation of the GB protein (Ste4) from the GA
subunit (Gpa1). Activated Ste4, which is membrane tethered, binds to Ste5, recruiting it
to the membrane, allowing the membrane-localized PAK kinase, Ste20, to phosphorylate
and activate the MAPKKK Ste11 (bound to Ste5). Phosphorylated Ste11 then activates
scaffold-associated MAPKK Ste7. We now understand that Ste7, only when
phosphorylated and bound to the Ste5-ms domain can activate Fus3, since both Ste7 and
the Ste5-ms domain required to work together catalytically to promote Ste7Fus3
phosphorylation. In support of this model, a single point mutation (E756G) in the
coactivator loop of Ste5-ms (that impairs Ste5-ms function in vitro) destroys the ability of
Ste7 to activate Fus3 during the mating response, but has no effect on Ste7Kss1
phosphorylation, in vivo (Schwartz and Madhani, 2006). In our model, Fus3 recruitment
to the scaffold complex in not unimportant, but is carried out via a docking interaction
with Ste7. These docking motifs are one of several absolutely required elements for
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Ste7 Fus3 phosphorylation. After activation, Fus3 dissociates from the Ste5 complex
to enter the nucleus, where it can exert its downstream effects.
While there is a strong (KD = 1M) binding site for Fus3 on Ste5 (residues 288316), this site does not appear to play a significant role in directing the main forward
flow of signaling information down the MAPKKKMAPKKMAPK cascade. Rather,
this site downregulates mating signaling – through feedback phosphorylation of Ste5 by
Fus3 – and thereby tunes the amplitude and dynamics of pathway output
(Bhattacharyya et al., 2006a). Other studies have also suggested a role for this regulatory
Fus3-binding domain in tuning the precise input/output behavior of the pathway:
mutation of this domain leads to misregulation of mating projection formation, and
improper decision making between budding, shmooing, and elongated growth cell fates
(Hao et al., 2008; Maeder et al., 2007).

Evolution of new pathways: How the Ste5 scaffold may have facilitated the functional
divergence of the Fus3 and Kss1 MAPKs
New signaling pathways are thought to emerge through duplication of signaling
components, followed by their functional divergence. This mechanism of evolution
raises issues of specificity – when components are duplicated, how is improper crosstalk
avoided, given that they will interact with the same upstream and downstream
partners? Based on their similarity, it seems likely that Fus3 and Kss1 originated from
just this type of duplication event. Although a simple tethering scaffold protein can
contribute to distinguishing the partners of such close homologs, it seems unlikely that a
shift in relative affinities would be sufficient to completely prevent misactivation by the
wrong upstream pathway. In this case, it seems particularly important that activated
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Ste7 that results from starvation input (filamentous growth pathway) does not lead to
launching of the costly mating response.
To avoid misactivation, it appears that Fus3 has evolved a safety catch
mechanism that distinguishes it from Kss1. We postulate a model in which the
activation loop of Fus3 is “locked,” making it a poor substrate for Ste7 alone. However,
this lock can be kinetically opened by the Ste5-ms domain. Thus, as discussed
previously by Flatauer et al., Fus3 can only be phosphorylated by Ste7 that is activated
and bound within the Ste5 complex. Active Ste7 associated with Ste5 is likely to only
arise via activation by mating input. While it is formally possible that Ste7 activated by
starvation input could subsequently bind to Ste5, there is evidence that Ste5 may not be
competent for Fus3 activation in unstimulated cells. Ste5 translocates to the membrane
upon alpha-factor stimulation (not by filamentation input) and it has been hypothesized
that this translocation promotes a conformational change in Ste5 that is important for
mating pathway activation (Flatauer et al., 2005; Inouye et al., 1997b; Sette et al., 2000).
In support of this, a number of mutations or fusions to Ste5 that enhance membrane
localization lead to increased mating signaling (Winters et al., 2005). It is possible that
Ste7 only binds to the scaffold, or that Ste5-ms is only accessible for Ste7-Fus3 catalysis,
when the Ste5 scaffold is in the proper conformation at the membrane.
Phylogenetic analysis of close fungal species supports this general duplicationdivergence model involving scaffold co-catalysis (Supp. Fig. 5.9). Within the subphylum
Saccharomycotina, the majority of genomes contain two homologs of the mammalian
ERK MAPK (the subfamily encompassing Fus3 and Kss1), consistent with a duplication
of this gene prior to this branchpoint.

All ten fungi that contain a Ste5 sequence

homolog fall within this subphylum and have a Fus3/Kss1 (ERK) duplication. This data
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is consistent with a model in which Ste5 was one solution for promoting the functional
divergence of the duplicated MAP kinases, Fus3 and Kss1. Other mechanisms to
diverge these kinases have also evolved: for example misactivation of the filamentous
response by mating input is blocked by Fus3-induced degradation of the filamentous
growth transcription factor, Tec1 (Bao et al., 2004; Chou et al., 2004). Interestingly, Tec1
is present only in the fungi that also have Ste5 (Supp. Fig. 5.9). Species within
Saccharomycotina that lack Ste5 and Tec1 presumably have alternative mechanisms to
promote functional divergence, perhaps yet undiscovered scaffolds. It will be exciting
to see if other pathway scaffold proteins, including those involved in mammalian MAPK
signaling (e.g. JIP, KSR, etc.) utilize a kind of direct catalytic assistance to promote
specific kinase-substrate reactions, and whether these are associated with other
evolutionary duplication-divergence branchpoints.
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EXPERIMENTAL PROCEDURES
Protein Expression and Purification
For expanded methods, see Supplemental information. Fus3, Ste5 scaffold truncations,
and Ste5-ms variants were expressed in Rosetta (DE3) pLysS E.coli cells. Ste7 variants
and Kss1 were expressed in Spodoptera frugiperda (SF9) cells. Purification was carried out
as described previously (Remenyi et al., 2005), with some modifications (see Supp.).

In vitro Kinase Assays
(A) Trulight Kinase Assay
The Ste7-to-MAPK phosphorylation reactions were measured in a continuous, highthroughput fashion using the Trulight Superquenching Kinase Assay (Kit #539710, EMD
Biosciences) in 96-well plates on a SpectraMax Gemini XS fluorescence plate-reader
(Molecular Devices). Kinases and scaffold were added at 50nM concentration unless
written otherwise. Trulight assay kit includes proprietary sensor beads coated with a
fluorescent polymer, a MAPK-specific peptide (LVEPLTPSGEAPNQK) labeled with a
Lissamine Rhodamine B quencher, and Assay Buffer. Kinase activity (phosphorylation
of the peptide) is monitored as a loss in fluorescence over time. For more details on the
Trulight Assay, see Supp. Fig. 5.2D-F.
(B) Quantitative anti-phospho MAPK Western blots
Quantitative in vitro western blots – used to monitor accumulation of pTyr/pThr on the
activation loop of either Fus3 or Kss1 - were carried out using a primary anti-phospho
p44/42 MAPK antibody (Cell Signal Technology, #9101) which recognizes both Fus3
and Kss1 equally (Supp. Fig. 5.1D), and a secondary IRDye 800CW Goat Anti-Rabbit IgG
antibody (Licor, #926-32211). Kinase reactions contained 50nM enzyme (GST-Ste7EE or
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GST-Ste7EE-ND2) and 1M Ste5 scaffold, with varying concentration of substrate
(either Fus3 or Kss1), unless otherwise noted. Standard kinase assay buffer included
100nM NaCl, 25mM Tris pH 8, 0.05% NP-40 and 2mM TCEP. Note, we varied the
concentration of enzyme (10nM and 250nM Ste7EE-ND2) to test if this could drastically
altered the kcat and KM values for Fus3 phosphorylation – it did not. Blots were
visualized using the 800nm channel on Licor Odyssey Imaging System and quantified
using Odyssey 2.1 software (see Supp. Fig. 5.4 for further details). Rate plots for Fus3
and Kss1 phosphorylation were fit to the Michaelis-Menten equation (V =
k2[E][S]/(KM+[S])), using nonlinear least-squares method in Matlab. The KM and kcat
values were calculated as the average of fitting the Michaelis-Menten equation to three
separate curves (from three separate experiments), and errors reported as standard
deviation. Kact plots were fit to a simple binding equation (y = a1 +
a2(([X]/KD)/(1+([X]/KD)))), also in Matlab.
(C) Radioactive Kinase Assay
Phosphorylation of the general kinase substrate, Myelin Basic Protein (Sigma), by GSTSte7EE was monitored by the rate of incorporation of 32P using autoradiography. Assay
conditions included: 0.5M GST-Ste7EE, 2.5M Ste5-ms (where present), and standard
kinase assay buffer (above) plus 10M 32P-ATP, 500M cold ATP, and 1mM MgCl2.

Protein Binding Assays
(A) Fluorescence Polarization
Binding of GST-Ste7wt and Fus3 to fluoroscein-labeled Ste5-ms was monitored using
anisotropy. We removed a surface exposed Cysteine (residue 724), and added a Lys-
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Cys-Lys motif to the N-terminus of Ste5-ms for maleimide-fluoroscein labeling. The
modified protein is called ‘KCK-Ste5-ms’. Interaction with 5nM KCK-Ste5ms was
measured in standard buffer (plus 3M Maltose Binding protein and cell lysate, to
stabilize proteins and reduce non-specific interactions) using 384-well Corning plates on
a Molecular Dynamics Analyst AD (ex. filter 485nm, em. filter 530nm). Curves were fit
to a simple binding equation (y = a1 + a2(([X]/KD)/(1+([X]/KD)))), in Matlab.
(B) Pull-down binding assays
10g of MBP-Ste5-ms was incubated with 10g of GST-Ste7 for twenty minutes and then
added to 15uL of Amylose resin (NEB) for one hour at 4oC. Beads were washed (using
100mM NaCl, 25mM Tris pH 8, 10% Glycerol, 0.1% IGEPAL, 2mM DTT) and protein
was eluted with 2x SDS-loading dye and boiling.

Structure Determination
Crystals of Ste5-ms were obtained by mixing 10mg/mL of protein (1:1 vol:vol) with a
solution containing 20% PEG 3350, 0.1M citrate pH 5.8, in hanging drops at room
temperature. Crystals were visible within two days and grew to a maximum size of
0.5mm. Native crystals, in cryopreservant, diffracted to 1.6Å at BL8.3.1 at the Advanced
Light Source at LBNL. Phases were derived experimentally from crystals soaked in a
10M HgCl2 solution (20% PEG3350, 0.1M citrate pH 5.8) for 30 minutes. Methods for
data processing and refinement can be found in Expanded Experimental Procedures in
Supplemental Information. X-ray diffraction data and refinement statistics are shown in
Supplemental Table 5.2.
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FIGURE LEGENDS
Figure 5.1 – Ste5 scaffold protein is required for mating pathway signaling
(A) The MAPKKK Ste11 and MAPKK Ste7 function in both the mating and filamentation
pathways in yeast. Ste7 must select the appropriate MAPK to phosphorylate in response
to input (Fus3 for -factor, and Kss1 in response starvation). (B) During mating,
stimulation with -factor leads primarily to phosphorylation of Fus3. This reaction
requires the scaffold protein Ste5. Starvation input specifically induces the filamentation
response through phosphorylation of Kss1. The Ste5 scaffold is not required for
filamentation. (C) Expression of a constitutively active allele of MAPKKK Ste11 in a
strain lacking Ste5 results only in Kss1 phosphorylation (both Kss1 and Fus3
phosphorylation are observed in strains with Ste5), further indicating that the Ste5
scaffold is required, in vivo, for Ste11Ste7Fus3 signaling (Flatauer et al., 2005).

Figure 5.2 – Fus3 is intrinsically a poor substrate for Ste7, unless the Ste5 scaffold is
present
(A) Fus3 and Kss1 both bind tightly to docking motifs (D-motifs) on Ste7 (KD ~100nM for
each MAPK). (B) Coomassie stained gel showing purified components of the mating
and filamentation MAPK pathways. (C & D) Activation of Kss1 and Fus3 by Ste7EE in
vitro measured using the Trulight kinase assay - in which phosphorylation of a MAPKspecific labeled peptide substrate results in a decrease in fluorescence over time (the
peptide quenches signal of a sensor bead coated with fluorescent polymers) (See Supp.
Fig. 5.2A-C). 50nM of each protein was used in these assays. Ste7EE rapidly activates
Kss1, and addition of the Ste5 scaffold has no impact on the reaction. (D) Fus3 cannot be
activated by Ste7EE, unless N-Ste5 is added. These results demonstrate that Fus3 is
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intrinsically a very poor substrate for Ste7, and that Ste5 is a required co-activator in
Ste7Fus3 phosphorylation

Figure 5.3 – Ste5 contains a novel domain required for Ste7Fus3 phosphorylation
(A) Ste5 is a large protein (917aa) that contains previously identified binding sites for the
mating pathway kinases. Canonical tethering model proposes that Ste5 co-localizes
three kinases in the mating pathway (Ste11, Ste7, Fus3) to promote signaling. (B)
Deletion mapping identifies minimal region of Ste5 required for Ste7EEFus3
phosphorylation in vitro. As in Fig 5.2, Trulight assay was used to measure Fus3
activation by Ste7EE. Amino acids 593-786 of Ste5 define the ‘minimal scaffold’ domain
(Ste5-ms) sufficient to promote Ste7Fus3 phosphorylation. (C) Confirmation that the
Fus3-binding region (KD = 1M) in Ste5 is not required for phosphorylation of Fus3 by
Ste7EE. N-Ste5-ND (green curve) is a variant of N-Ste5 (black curve) bearing a
mutation in the Fus3 binding region that disrupts interaction with Fus3. For panels C-E
all reaction components are at 50 nM. (D) Ste5-ms domain is as active at the larger
scaffold protein (N-Ste5). (E) MAPK docking motifs on Ste7EE (KD ~ 100nM) are
necessary for Fus3 activation. Mutation of these sites disrupt Ste7 Fus3
phosphorylation, even in the presence of Ste5 (purple curve). (F) Ste5-ms binds to Ste7
but not to Fus3. Interactions were measured with fluorescence polarization (anisotropy)
using 5nM of fluoroscein-labeled Ste5-ms. Error bars represent standard deviation of
three sets. (G) Minimal interactions necessary for formation of the Ste5-Ste7-Fus3
signaling complex.
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Figure 5.4 – Ste5-ms domain selectively improves kcat (not KM) for the substrate, Fus3
(A) Simple kinetic scheme for Ste7MAPK phosphorylation. Ste7EE enzyme converts
substrate (MAPK) into doubly-phosphorylated product (MAPK-pp). Fus3 and Kss1
phosphorylation by Ste7EE was quantified using in vitro western blots with an antiphospho p44/42 MAPK antibody (See Supp Fig. 5.1A-D and Supp Fig. 5.4). (B)
Michaelis-Menten plots show Fus3 phosphorylation requires Ste5-ms, Kss1
phosphorylation does not. Ste7EE-ND2 (which contains only one MAPK docking motif,
KD ~ 100nM), and Fus3-K42R (which is catalytically dead) were used to simplify the
analyses. Kinase reactions contain 50nM Ste7EE-ND2, and a saturating concentration
(1000nM, where appropriate) of Ste5-ms (see panel 4E). Fus3 activation by Ste7EE-ND2,
in the absence Ste5-ms, is very slow but can be measured (inset graph). Error bars show
standard deviation of triplicate runs. (C) Ste5-ms enhances the kcat of Ste7Fus3
phosphorylation by ~ 5000-fold, with negligible effect on KM. Ste5-ms has little or no
effect on the kcat or KM of Kss1 phosphorylation. Overall specificity (kcat /KM) of Ste7 for
Fus3 and Kss1 is comparable (~105 M-1 s-1). (D) Effect of Ste5 on Ste7MAPK
phosphorylation reaction parameters, plotted as the fold-change in kcat, 1/KM, and kcat
/KM for Fus3 and Kss1 activation by Ste7EE-ND2. Major effect of Ste5 is enhancement of
the kcat for Fus3 phosphorylation. (E) Determination of the concentration of Ste5-ms
required to drive Ste7Fus3 phosphorylation. 50nM Ste7EE was used along with a
saturating amount of Fus3, (750nM, based on Fig. 5.4B). Rate of Fus3 activation reaches
half-maximum at ~ 161nM Ste5-ms (+/- 60nM), which we infer is an apparent
dissociation constant for the Ste7/Ste5-ms interaction. 1000 nM Ste5-ms, used in
experiments described in panel 4B, represents a saturating concentration. (F) Reaction

190

free energy diagram illustrating how Ste5-ms selectively lowers the energy of the
transition state for Fus3 phosphorylation (dotted line).

Figure 5.5 – Ste5-ms is a folded domain with distinct surfaces important for kinasebinding and catalysis
(A) Crystal structure of the Ste5 ms domain (1.6 Å resolution; data collection and
refinement statistics can be found in Supp. Table 5.2). Structural figures were made
using Pymol (DeLano, 2002). (B) Structural alignment using DALI illustrates the Ste5ms domain is homologous to the von-Willebrand Type-A (VWA) domain. Cartoon of
VWA domain fold and topology. (C) Ste5-ms has two distinct surfaces critical for Fus3
phosphorylation by Ste7 (identified by surface mutant scan of Ste5-ms for mutations
with > 100-fold decrease in activity – see Supp Fig. 5.6 for full list of mutants used in the
scanning experiment). One interface, the ‘coactivator loop’ (745-756) is critical for
catalyzing Ste7Fus3 phosphorylation (phenotypes are represented by mutant ‘C’,
N744A/D746A), and another interface is necessary for Ste7-binding (represented by
mutant ‘B’, deletion of 778-786). (D) kcat of Ste7Fus3 phosphorylation reduced 100-fold
for Ste5-ms mutant B and reduced nearly 1000-fold for mutant C. Error bars denote
standard deviation of three measurements. These mutants have no effect on the KM of
Ste7-Fus3 phosphorylation (data not shown). Ste5-ms variants present at 1M, a
concentration that saturates binding to Ste7 for Ste5-ms wild-type. (E) Pull-down assays
show Ste5-ms mutant B is defective in binding to Ste7; mutant ‘C’ maintains Ste7
binding. Ste5-ms mutants were expressed as fusions to maltose binding protein (MBP)
as a pull-down affinity tag. (F) Catalysis of Ste7 Fus3 reaction by Ste5-ms mutant B,
but not mutant C, can be restored by adding much higher concentrations of the mutant
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scaffold domain. Vmax for Ste7Fus3 reaction, measured using 50nM Ste7EE and
750nM Fus3. Point of half-max activation (Kact) gives apparent dissociation constants of
Ste5-ms variants for Ste7. As expected, wild-type Ste5-ms has a Kactiv of 150nM, while
Mutant ‘B’ had greatly diminished Kact = 15,500 nM, consistent with a defect in Ste7
binding. At high enough concentrations, mutant B can promote signaling to near wildtype levels. Ste5-ms mutant C shows a Kact close to wild-type (71nM) (Supp Fig. 5.7B),
but its Vmax at saturating concentrations is 1000-fold lower than wildtype (bar graph to
right). This behavior is consistent with a defect in the catalytic step of Ste7Fus3
phosphorylation.

Figure 5.6 – Ste5-ms catalytically unlocks Fus3 for phosphorylation by Ste7
(A) Two potential models for how Ste5-ms enhances Ste7Fus3 phosphorylation. One
model proposes that Ste5-ms primarily acts on Ste7; Ste7 is a poor enzyme that requires
Ste5-ms binding to increase its activity (top). An alterative model hypothesizes that
Ste5-ms acts primarily on Fus3 - converting it from a poor substrate to a good one
(bottom). (B) Ste5-ms has no effect on overall catalytic activity of Ste7EE as tested
against the general kinase substrate, Myelin Basic Protein (MBP) using a 32P kinase
assay. (C) To identify elements in Fus3 that make it a poor substrate compared to Kss1,
we made mutations in Fus3 that make it more similar in sequence to Kss1 (Supp. Fig.
5.8A,B). These mutants were tested for their ability to be phosphorylated by Ste7EE in
the absence of Ste5 (Supp. Fig 8C-D). A combined mutation of I161L with replacement of
the 243-254 ‘MAPK insertion loop’ (with the same region from Kss1) created a Fus3
mutant with a 20-fold increase in kcat compared to wild-type (reaction contains 50nM
Ste7EE-ND2, 750nM Fus3 variant, no scaffold). (D) Crystal structure of Fus3 (Remenyi et
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al., 2005), showing positions of critical mutations in red (I161L, and MAPK insert 243254). The activation loop (shown as dotted line; not fully visible in the crystal structure)
sits between these two regions. Residues that become phosphorylated (T180 and Y182)
shown in green. (E) A model for Ste5-ms action: Fus3’s activation loop normally adopts
a “locked” conformation, but Ste5-ms interaction with Fus3 transiently (and only in the
presence of Ste7) stabilizes a transition state in which Fus3’s activation loop is accessible
to Ste7.

Figure 5.7 – An updated model for how the Ste5 scaffold controls information flow in
the mating MAPK pathway
(A) Ste5 has upregulatory (activating) and downregulatory interactions with Fus3. The
strong, previously identified Fus3 binding site on Ste5 (Fus3-BD, KD = 1M) is not
required for Ste7Fus3 phosphorylation, but rather is important for tuning down
pathway output in vivo. Interactions that promote Fus3 phosphorylation involve the
Ste5-ms domain (in cooperation with Ste7). (B) Cartoon summarizing various activities
of Ste5. The Ste5-mediated complex has several critical tethering interactions (Ste5Ste11, Ste5-Ste7, and Ste7-Fus3) essential for linear propagation of the mating pathway
signal. In addition, Ste5-ms domain is an essential co-factor promoting catalysis of the
Ste7Fus3 phosphorylation reaction. (C) Detailed model of minimal interactions in the
mating scaffold complex required for Ste7Fus3 phosphorylation. Ste7 binds strongly
to both Ste5-ms domain (via surface on Ste5-ms colored blue) and Fus3 (docking motifs
on Ste7 bind to docking groove on Fus3 – colored gray), thereby tethering two proteins
that normally interact only very weakly. Ste5-ms contains a coactivator loop (red
surface) which promotes Fus3’s phosphorylation by Ste7. Fus3’s activation loop is
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colored red. Interaction affinities, where know, are indicated. Interactions that
modulate kcat and KM of Fus3 phosphorylation by Ste7 are indicated by black boxes.
Models for Fus3 (PDB code 2B9F) and Ste5-ms (this study) are derived from crystal
structures. Ste7’s kinase domain was modeled from the structure of a homologous
mammalian MAPKK (MKK7) using the threading program Phyre (Bennett-Lovsey et al.,
2008).
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Figure 5.1. Ste5 scaffold protein is required for mating pathway signaling
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Figure 5.5. Ste5-ms is a folded domain with distinct surfaces important for
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Figure 5.6. Ste5-ms catalytically unlocks Fus3 for phosphorylation by Ste7
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Protein Expression and Purification (expanded)
Constructs expressing recombinant proteins were generated by PCR; mutant variants
were generated by two-step PCR, using internal mutagenic primers. Fus3 and Fus3K42R were expressed at 18oC in Rosetta(DE3) pLysS E.coli cells (Novagen) using the
pBH4 vector to generate an N-terminal His6-tagged, TEV-cleavable protein. Purification
was carried out as described previously (Remenyi et al., 2005). Kss1 and Ste7 variants
were expressed in Spodoptera frugiperda (SF9) cells, using the Bac-to-Bac Baculoviral
Expression System (Invitrogen), at 27oC. Kss1 was expressed with an N-terminal TEVcleavable His6 tag, while Ste7 was expressed with N-terminal TEV cleavable GST, and
C-terminal His6 tag. Kss1 purification was similar to Fus3, while GST-Ste7 was purified
by successive affinity columns, Ni-NTA (Qiagen) and Glutathione Agarose (Sigma).
Ste5 variant proteins were expressed at 18oC in Rosetta(DE3) pLysS E.coli cells as either
GST-fusions (pETARA vector) or MBP-fusions (pMBP-MG vector, modified NEB pMAL
vector). Proteins were purified using Ni-NTA, Glutathione Agarose beads or Amylose
resin (NEB), and dialyzed into ‘Standard Buffer’ (150mM NaCl, 25mM Tris pH8, 10%
Glycerol, 2mM DTT). The Ste5-ms protein used for crystallography was expressed as an
N-terminal TEV-cleavable His6 fusion (pBH4 vector) in Rosetta cells, and purified in
manner similar to Fus3 (Ni-Nta, TEV cleavage, ResourceQ ion exchange)
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Structure Determination (expanded)
All diffraction data was processed using HKL2000 (Otwinowski and Minor, 1997).
Heavy atoms positions were found by SOLVE (Terwilliger and Berendzen, 1999) and
initial solvent flattened maps were generated RESOLVE (Terwilliger, 2003). An
preliminary automated model was built using ArpWarp6.0 (Morris et al., 2003).
Additional model building was done manually with Coot (Emsley and Cowtan, 2004),
and TLS refinement was done using Refmac5 (Murshudov et al., 1997) and Phenix
(Adams et al., 2002).
The cryopreservant for x-ray data collection (not mentioned in the main methods) was
made by mixing 12% PEG 3350 and 34% Glycerol 1:1 (vol:vol) with hanging drop
solution).
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Supplemental Table 5.1 – Constructs used in this study
C-term.
fusion

Expression
System

Plasmid

Parent Vector

Gene

N-term. fusion

vMG500
vMG510
vMG515

pBH4
pBH4
pBH4

Fus3wt
Fus3-K42R
Fus3-K42R-(I161L, 243-254)

TEV cleavable His6
TEV cleavable His6
TEV cleavable His6

E. coli
E. coli
E. coli

vMG530
vMG531
vMG532
vMG533
vMG534
vMG540
vMG541
vMG542
vMG543
vMG544
vMG550
vMG551

vMG950
vMG950
vMG950
vMG950
vMG950
vMG950
vMG950
vMG950
vMG950
vMG950
vMG950
vMG950

Fus3wt
Fus3-I161C
Fus3-I161L
Fus3-(161-163)
Fus3-(325-329)
Fus3-(I161L, 243-254)
Fus3-(I161L, 325-329)
Fus3-(I161L, 164-178, 243-254)
Fus3-(161-163, 243-254)
Fus3-(161-163, 325-329)
Fus3/Kss1
Kss1/Fus3

TEV cleavable His6
TEV cleavable His6
TEV cleavable His6
TEV cleavable His6
TEV cleavable His6
TEV cleavable His6
TEV cleavable His6
TEV cleavable His6
TEV cleavable His6
TEV cleavable His6
TEV cleavable His6
TEV cleavable His6

E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli

vMG800
vMG600
vMG610
vMG612
vMG613

pFBHt-b
pFB1MG
pFB1MG
pFB1MG
pFB1MG

Kss1
Ste7wt
Ste7EE
Ste7EE-ND2
Ste7EE-ND1/2

TEV cleavable His6
TEV cleavable GST
TEV cleavable GST
TEV cleavable GST
TEV cleavable GST

vMG700
vMG705

pBH4
pBH4

Ste5-ms
KCK-Ste5ms (C724A)

TEV cleavable His6
TEV cleavable His6

vMG720
vMG711
vMG721
vMG723
vMG724
vMG726
vMG733
vMG734
vMG735
vMG738
vMG739

pETARA
pETARA
pETARA
pETARA
pETARA
pETARA
pETARA
pETARA
pETARA
pETARA
pETARA

N-Ste5
N-Ste5-ND
Ste5 (316-916)
Ste5 (518-916)
Ste5 (691-916)
Ste5 (280-750)
Ste5 (518-851)
Ste5 (518-786)
Ste5 (518-777)
Ste5 (583-786)
Ste5 (593-786)

TEV cleavable GST
TEV cleavable GST
TEV cleavable GST
TEV cleavable GST
TEV cleavable GST
TEV cleavable GST
TEV cleavable GST
TEV cleavable GST
TEV cleavable GST
TEV cleavable GST
TEV cleavable GST

His6
His6
His6
His6
His6
His6
His6
His6
His6
His6
His6

E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli

vMG750vMG770

pETARA

Ste5-ms (mutant variants)
[21 variants]

TEV cleavable GST

His6

E. coli

vMG775
vMG795

pMBP

Ste5-ms (mutant variants)
[21 variants]

TEV cleavable MBP

His6

E. coli

His6
His6
His6
His6

SF9
SF9
SF9
SF9
SF9
E. coli
E. coli

pBH4 is a pET derived bacterial expression vector that makes your protein with a TEV-cleavable N-terminal His6 fusion
VMG950 is a vector for bicistronic expression of gene of interest with GST-lambda phosphatase (gene is expressed with a TEV-cleavable N-terminal His6 tag)
pETARA is a pET derived bacterial expression that makes your protein with a TEV-cleavable N-terminal GST fusion and C-terminal His6 fusion
pMBP is a pET derived bacterial expression that makes your protein with a TEV-cleavable N-terminal MBP fusion and C-terminal His6 fusion
pFBHt-b is a shuttle vector (pFastbac-Ht-b, Invitrogen) for SF9 expression that makes your protein with a TEV-cleavable N-terminal His6 fusion
pFB1MG is modified pFastbac1 vector (Invitrogen) for SF9 expression that makes your protein with a TEV-cleavable N-terminal GST fusion and C-terminal His6
* numbers for Fus3 genes denote regions swapped with Kss1 sequence
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Supplemental Table 5.2 – Crystallographic Statistics

Data Statistics
Space Group
Cell
Wavelength
Resolution (last shell)
Unique Reflections
Redundancy
Completeness
I /
Rsym
Mean Figure of Merit
Refinement Statistics
Resolution Range
Reflections Used Work (Test)
Rcryst/Rfree
Overall Figure of Merit
r.m.s.d. bonds/angles
Average B factor
Overall Bwilson
Ramachandran Analysis
(Preferred / Allowed)

native
P212121
46.8, 63.6, 69.1, 90, 90, 90
1.11587 Å
50-1.6Å (1.66-1.60Å)
25696
4.3 (3.9)
92.4% (93.9%)
19.3 (4.0)
0.046 (0.311)

HgCl2
1 (peak)
 (inflection)
P212121
45.9, 63.2, 68.9, 90, 90, 90
1.00556 Å
1.00949 Å
50-2.1Å (2.18-2.10Å)
50-2.1Å (2.18-2.10Å)
12160
12123
7.4 (7.4)
5.2 (5.1)
99.8% (99.8%)
99.7% (100%)
20.8 (5.0)
18.1 (4.4)
0.07 (0.326)
0.056 (0.334)
0.563; 0.75 after solvent flattening

(remote)

1.04796 Å
50-2.1Å (2.18-2.10Å)
12128
7.5 (7.4)
99.8% (99.8%)
20.8 (5.0)
0.058 (0.357)

22.17 - 1.60
24227 (1224)
0.209 / 0.237
0.845
o
0.005Å / 0.952
29.91Å2
2
20.23Å
94.4.% / 4.2%

r.m.s.d. is the root-mean squared deviation from ideal geometry
Rsym = ΣhklΣi ΙIhkl,i – <Ihkl,i>Ι/ΣhklΣiΙIhkl,iΙ
Rcyst and Rfree = ΣΙFobs – FcalcΙ/ΣΙFobsΙ. Fobs and Fcalc are observed and calculated structure factors. Rfree is
calculated from a set of randomly chosen 5% of reflections, and Rcyst is calculated with the remaining 95%
of reflections.
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Supplemental Figure 5.1 - Anti-phospho MAPK western blot measures Fus3 and Kss1
phosphorylation
Anti-phospho MAPK western (Detects formation of pp-Fus3)
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Supp. 5.1: Anti-phospho MAPK western blot kinase assay. (A,B) In vitro western detects dual phosphorylation of Fus3’s or Kss1’s activation loop using anti-phospho p44/42 MAPK antibody (Cell Signaling
Technology, #9101). (C) Anti-phospho MAPK western is linear from intensity 0.1 to 40. Antibody preferentially recognizes Fus3 dually phosphorylated on Thr180 and Tyr182 (pp-Fus3) compared to Fus3 monophosphorylated on Tyr182 (pY-Fus3): it is 10-fold more specific for pp-Fus3 vs. pY-Fus3. (D) Antibody has
equal preference for dually phoshorylated Fus3 and Kss1. pp-Fus3 and pp-Kss1 samples were generated
by prior incubation with Ste7EE until phospho-incorporation reached a plateau.
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Supplemental Figure 5.2 - Trulight kinase assay monitors kinase activity
Trulight Kinase Assay (Reads out activity of pp-Fus3)
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Supp. 2: (A) Trulight assay reads out activity of Fus3 and Kss1 MAP kinases. Kinases are phosphorylated
by Ste7 to turn them on. Active MAPK then phosphorylates a labeled MAPK-specfic peptide
(LVEPLTPSGEAPNQK) which, when phosphorylated, binds to Gallium on the sensor bead and quenches
the fluorescent polymers on the bead. (B) Activity is monitored by the slope of fluorescence quenching. A
steeper slope correlates with higher activity. (C) Triplicate curves show the slopes generated by titration of
dually-phosphorylated Fus3 (pp-Fus3). Assay has a 65-fold linear range of activity.
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Supplemental Figure 5.3 - Ste5 domain architecture, domain identification, and conservation
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Supp. 3: (A) Domain architecture of Ste5ms and conservation of
across the five currently known Ste5 fungal homologs (from
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experimentally. The Ste5-ms domain was identified in this paper.
(B) Ste5-ms is the most conserved of the four domains on Scer
Ste5 known to bind to MAPK cascade kinases - highlighting its
evolutionary importance. (C) Multiple sequence alignment of
Ste5-ms homologs from five fungi (Scer, Vpol, Agos, Cgla, Klac).
100% identical regions are colored black, highly conserved
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Supplemental Figure 5.4 - Analyzing kinetic data from anti-phospho MAPK western blots
A
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Supp. 4: (A) Reaction setup for anti-phospho MAPK western: reactions contain 50nM enzyme (Ste7EEND2) and varying amount of subtrate (Fus3 or Kss1); various timepoints were taken and then run on gels
and transferred to nitrocellulose. Primary antibody is an anti-phospho p44/42 MAPK antibody (Cell
Signaling Technology #9101), and secondary is an IRDYE 800CW goat anti-rabbit IgG antibody (Licor).
(B) Blots were scanned on Licor Odyssey Imaging System and data was analyzed using Odyssey 2.1
software to generate rate plots (using initial rates). (C) Triplicate data sets were fit to the Michaelis-Menten
equation with Matlab to calculate KM and kcat for each curve. Error bars represent standard deviation of
the values from three independent experiments.
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Supplemental Figure 5.5 - Structure of Ste5-ms and homology to other VWA domains
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Supp. 5: (A) 1.6 angstrom crystal structure of Ste5-ms. For crystallographic statistics, see Supp. Table 2.
(B) Ste5-ms is structurally homologous (but not related by primary sequence) to the von Willebrand type-A
(VWA) domain. Alignment to the VWA of various proteins (Factor Bb and C2A of the complement system,
and Integrin LFA-1 domain) using DALI server. Rmsd is root-mean squared deviation.
Conclusion: Ste5-ms is a folded domain homologous to the VWA domain found in a number of other
proteins
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Supplemental Figure 5.6 - Testing activity of Ste5-ms surface mutants
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Supp. 6: (A) Positions of Ste5-ms surface mutants along primary sequence of ms domain. Secondary
structure and solvent accessible surface (SAS) are also shown. Topology model of Ste5-ms is displayed on
the right. (B) Table of Ste5-ms mutants summarizing ability to co-catalyze Ste7-to-Fus3 phosphorylation measured by the Trulight and anti-phospho MAPK western blot assays (reactions contained 50nM
Ste7EE-ND2, 1uM Fus3-K42R, and 1uM MBP-Ste5-ms variant). Defective Ste5-ms mutants are defined
as falling below the limit of detection of the Trulight assay (or about 100-fold less activity than wild-type
Ste5-ms). Ability of Ste5-ms variants to bind to GST-Ste7wt in pulldown assays is shown to the right. Red
bars indicate mutations that cluster on two interfaces on the surface of Ste5-ms and that are examined in
detail in the main figures and text.
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Supplemental Figure 5.7 - Distinct Ste5-ms surface mutants affect Ste7-binding or
catalysis
A

B
Triplicate re-analysis of Ste5-ms
catalyzed Ste7-Fus3 phosphorylation
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Supp. 7: (A) The most defective Ste5-ms mutants (MBP-fused) were re-tested in for ability to
promote Ste7-Fus3 phosphorylation using anti-phospho MAPK western blot kinase assay
(reactions contained 50nM Ste7EE-ND2, 1uM Fus3-K42R, and 1uM MBP-Ste5-ms variant).
Representative Ste5-ms mutants ‘B’ and ‘C’, highlighted extensively in main Figure 5, are
denoted by green balls. (B) Log-log plot of titration of Ste5-ms mutants versus Vmax for Ste7Fus3 phosphorylation (50nM Ste7EE-ND2, 1uM Fus3-K42R and variable concentration of
MBP-Ste5-ms variant: 50nM to 40000nM). The activity Ste5-ms mutant ‘B’ can be restored to
near wild-type levels by increasing it’s concentration (from 1uM to 60uM). Ste5-ms Mutant ‘C’
has a Kactivation near Ste5-ms wildtype (~70nM versus 150nM for wild-type) but is crippled in its
ability to co-catalyze Fus3 phosphorylation by Ste7EE-ND2. Kactivation of Ste5-ms mutant ‘B’ is
~ 15500 nM.
Conclusion: Ste5-ms has two functionally distinct surfaces important for: kinase binding (to
Ste7) and co-catalysis of Ste7-Fus3 phosphorylation
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Supplemental Figure 5.8 - Identification of Fus3 mutants that increase phosphorylation by
Ste7 in the absence of the Ste5 scaffold
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1
2
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Region on Fus3
Mutated Out
4
53-53
161
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164-178
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325-329
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R
AL
I
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ESAADNSEPTGQQSG
SAK
HSDNDLRCIESP
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Region of Kss1
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4
53-54
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T
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Supp. 8: (A) Alignment of Fus3 and Kss1 homologs from four yeast species (S.cer, A.gos, C.gla, and
K.lac). Regions of high conservation are shaded purple. Positions differing between the two subgroups
(Fus3 and Kss1 subfamilies) and not part of the core of the kinase domain were chosen for making
chimeric mutations in Fus3 using the corresponding region from Kss1. Mutations were generated in
functional blocks (red bars) rather than individually. (B) List of Fus3 mutations and amino acid sequence
of swapped regions. Note, some larger chimeric genes were constructed, but the encoded proteins were
unstable and did not express (including 197-199, and N- and C-lobe swaps: 161-353, and 1-160).
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Supplemental Figure 5.8 (Continued) - Identification of Fus3 mutants that increase
phosphorylation by Ste7 in the absence of the Ste5 scaffold

Ste5-independent phosphorylation
of mutated Fus3 by Ste7EE

Analysis of Fus3 mutant
that shows highest
scaffold-independent
activation by Ste7EE-ND2

Trulight
Assay

0.8

Rate (pM/sec)

8.0

D

combined
mutations

single mutations

6.0
4.0

Western

0.6
0.4
0.2

2.0

0

0.0

[Fus3-I161L, 243-254] nM

8
(4 )
,1
(4 0)
,6
,8
)

6)

500

1000 1500

(4
,

10

(3
,

5

4

3

2

w

1

0
t

Normalized Rate (Ste7-Fus3)

C

Supp. 8 (cont.): (C) Testing Ste5-independent Fus3 mutant activation by Ste7EE-ND2
alone with the Trulight kinase assay (50nM each component). Fus3 mutations are
described in Supp. Fig. 8 panel B. We found that many Fus3 chimeric mutants had
high levels of autophosphorylation when purified from E. coli, which confounded our
analysis. Therefore, we re-expressed these Fus3 mutants (all except 1, 2, 9) with
lambda phophatase so they would be dephosphorylated for our assays. Fus3 mutants
most-easily activated by Ste7EE in the absence of Ste5-ms are noted in red. Not all
mutant variants of Fus3 could be expressed - a number of combined mutations made
the protein insoluble. (D) The Fus3 double mutant (I161L, 243-254) can be activated
much better than Fus3-wt, in the absence of Ste5-ms. Rate plot of Ste5-independent
phosphorylation of mutated Fus3 (I161L, 243-254) by 50nM Ste7EE-ND2, determined
by anti-phospho MAPK western, shows that this Fus3 mutant can be phosphorylated by
Ste7 approximately 20-fold more rapidly than Fus3-wt.
Conclusion: Mutations can unlock Fus3 for Ste5-independent phosphorylation by Ste7
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Supplemental Figure 5.9 - ERK MAPK duplication and emergence of Ste5 scaffold in
Saccharomycotina
ERK duplication

Saccharomyces cerevisiae

Ste5 present
Tec1 present

Saccharomyces paradoxus
Saccharomyces mikatae

WGD

Candida glabrata

+Ste5

Saccharomyces castelli
Vanderwaltozyma polyspora
Kluveromyces lactis

Family:
Saccharomycetaceae

Ashbya gossypii
Kluveromyces waltii

Subphylum:
Saccharomycotina

Debaryomyces hansenii
Pichia stipitis

ERK
duplication

Family: Saccharomycetaceae

Saccharomyces bayanus

Candida albicans
Candida albicans SC5314
Candida tropicalis
Lodderomyces elongisporus
Yarrowia lipolytica

Ascomycota

Neurospora crassa

Schizosaccharomyces pombe

Supp. 9: Fungal phylogenetic tree adapted from Wapinski et. al fungal whole genome duplication (WGD)
paper (Wapinski, 2007). Other fungal genomes found to contain an ERK duplication, not in the Wapinski
tree, were added as branches. Phylogeny was reconstructed using other reports to infer relationships not
seen in Wapinski paper. Kurtzman et. al paper places Vanderwaltozyme polysporus (aka K. or V. polysporus) next to Candida glabrata (Kurtzman, 2003). Scannell et. al paper puts V. polypora within WGD set but
furthest from S.cer (Scannell, 2007). Tsui et. al paper groups all clinically relevant Candida species
(including P. stipitis next to D. hansenii, and L. elongisporus next to C. tropicalis) (Tsui, 2008). Tree branch
distances are arbitrary. All ERK duplications occur in the family saccharomycetaceae. Ste5 does not cluster
by whole genome duplication (WGD) or genus. Genomes with Ste5 scaffold homologs have a green dot.
Genomes with Tec1 homologs have a blue dot.
Conclusion: Fus3/Kss1 (ERK-family) duplication and divergence occurs within the subphylum Saccharomycotina and covaries with the presence of the Ste5 scaffold and the Tec1 transcription factor.
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Summary
Protein signaling pathways are central to cellular information processing. For
these interaction networks to precisely transmit information in space and time, cells use
the universal strategy of compartmentalization: signaling components are restricted to
subcellular compartments, such as organelles, or assembled selectively into
supramolecular signaling complexes. The work described in this dissertation examines
the modular protein interaction elements - docking motifs and scaffolds – that are used
to assemble and control the kinetics of information flow in MAPK signaling pathways.
Chapter One is an introduction to scaffold proteins and their role in signaling.
Scaffolds can be defined simply as platforms that bind to multiple signaling proteins,
and specify the assembly of discrete pathways in the cell. A scaffold is similar to a
circuit board in that it brings together multiple components and allows information to
flow between them. Also, analogous to the how tissue-specific promoters generate
diverse cell types from a single genome, the modular nature of scaffold proteins imparts
increased combinatorial control over signaling pathways. Scaffold proteins have often
been described as passive tethering platforms that colocalize two or more components
which normally interact only weakly on their own. However, new research shows that
scaffolds use additional mechanisms to actively regulate signaling: including
phosphatase protection, and allosteric modulation. There are also challenges that stem
from the use of scaffold proteins, due to the fact that they promote protein-protein
interactions. For example by limiting protein diffusion, scaffolds can block pathway
output, reduce signal amplification and restrict cooperativity. Nevertheless, the costs of
using scaffold proteins are greatly outweighed by their evolutionary benefits. Scaffolds
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have been hypothesized to play a role in the diversification of MAP kinase signaling in
yeast: promoting a MAPK duplication and divergence event, and allowing separate
pathways to utilize shared signaling components. Additionally, synthetic biologists are
now successfully using scaffolds as platforms to engineer novel signaling behaviors,
with the long term goal of creating a designer cell.
Chapter Two describes the widespread use of docking interactions in protein
kinase and phosphatase networks (Remenyi et al., 2006). Rather than targeting
substrates via active-site specificity, many kinases require a second interaction motif,
away from the site of phosphorylation. While tyrosine kinases bind to their substrates
using modular protein recognition domains (such as SH2 and SH3 domains), a subset of
the Ser/Thr kinases have a docking groove built into their three-dimensional structure
and away from the active site. For example the common docking (CD) groove of MAP
kinases recognizes short peptides in the form, [RK]1-2X2-6[LVI]X[LVI], with basic residues
on one end, a short linker, and hydrophobic residues on the other end. Docking peptide
are widely distributed; they are found in unstructured regions of activators, substrates,
scaffolds and phosphatases, and create together create a MAPK docking network.
Docking motifs themselves can be regulated by phosphorylation, a mechanism used to
link the PDK1 and AGC kinases, and to promote interactions with the GSK3 kinase.
Additionally, some phosphatases, such as calcineurin and PP1 have their substrate
selectivity determined in part by docking interactions.
Chapter Three, describes the structure and function of MAP kinase docking
interactions in yeast signaling, and represents the bulk of my experimental work at the
beginning of graduate school (Remenyi et al., 2005). The mating MAPK Fus3 and the
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filamentation MAPK Kss1 bind to docking peptides found in a variety of interactors:
their activator the MAPKK Ste7, the phosphatase Msg5, and substrate Far1. While a
number of these docking motifs (D-motifs) are promiscuous, some bind specifically to
Fus3 and thus can dictate mating pathway information flow. The crystal structures of
Fus3 bound to docking peptides from Ste7, Msg5 and Far1 suggest that the common
docking grooves on MAPKs can direct specificity in some cases via side-chain chemistry
and in other cases by regulated dynamics. In all cases, the docking peptides tested bind
to only Fus3 and Kss1, and not the related osmolarity MAPK, Hog1. In vivo, docking
motifs are sufficient to change the specificity of the MAPKK Ste7 for its target. Since the
publication of this work, another study has shown that the scaffold Ste5 can also plug
into Fus3’s docking groove, using a reversed peptide-binding orientation (Bhattacharyya
et al., 2006). Also, a recent publication has confirmed the active site promiscuity of MAP
kinases (all prefer to phosphorylate a Ser/Thr preceding a Proline), further validating
the importance of docking peptides for substrate discrimination (Mok et al.). There are a
few outstanding questions from this work: how does the amino acid sequence of Hog1
docking peptides differ from those that bind to Fus3 and Kss1, and what is the entire
network of docking peptides that recognize the MAPK Fus3 during the mating response.
Both questions can be answered by collecting global phosphorylation profiles of
substrates in yeast lysates using mass spectrometry, comparing the data generated by
using either a wild-type MAPK or a docking-deficient MAPK (with critical Asp residues
mutated to Lysine in the MAPK CD groove).
Chapter Four examines Fus3 binding to and feedback phosphorylation of the
Ste5 scaffold (Bhattacharyya et al., 2006). For more than a decade, the Ste5 scaffold was
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predicted to bind to and activate Fus3 phosphorylation via a small short stretch of
sequence on Ste5. However, mutation of this binding site on Ste5 in vivo leads to an
increase, rather than a reduction in mating pathway transcriptional output.
Mechanistically the Fus3-binding peptide on Ste5 promotes Fus3 autophosphorylation,
activating the MAPK, and leading to backphosphorylation of the scaffold. Inside the
cell, this backphosphorylation event limits pathway output. Removing the binding site
for Fus3 or the Ser that is backphosphorylated from Ste5 eliminates the negative
feedback loop. In the years since this work has been published, the importance of this
binding site for Fus3 has been confirmed (Maeder et al., 2007). Unexpectedly, while
mutation of the Fus3 binding site on Ste5 does not restrict Fus3 activation (it actually
increases it), it does damage a yeast cell’s ability to make the correct fate decision in the
presence of mating pheromone (Hao et al., 2008).
Chapter Five is the major body of work for my Ph.D. This chapter describes a
previously undiscovered mechanism for scaffold proteins in co-catalyzing MAPKKMAPK phosphorylation (Good et al., 2009). Chapter Five is also significant in that
explains how signal is directed specifically through pathways that share signaling
components (MAPKKK Ste11 and MAPKK Ste7) using the Ste5 scaffold protein. Fus3
and Kss1 both bind to their activator, the MAPKK Ste7 with equal affinity using docking
interactions. However, in vitro reconstitutions show that while Kss1 is competent for
phosphorylation, Fus3 cannot be activated by Ste7 alone; the reaction also requires the
Ste5 scaffold. This activity on Ste5 can be traced to a two hundred amino acid region,
termed mini-scaffold (ms) domain. The prevailing model for Ste5 as a tethering
platform is ruled out because the ms domain binds undetectably to the substrate Fus3
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(whereas it binds with 100nM affinity to the activator, Ste7). Instead, kinetic studies
reveal that Ste5 co-catalyzes Ste7-to-Fus3 phosphorylation, enhancing kcat nearly 5000fold (with little effect on KM). The structure of Ste5-ms demonstrates that it is folded and
homologous to a VWA domain. Mutagenesis reveals two distinct interfaces on Ste5-ms
critical for enhancing Ste7-to-Fus3 phosphorylation. One region is important for
binding to the activator Ste7. The other interface is essential for co-catalysis but does not
block protein binding and is therefore termed the ‘coactivator loop.’ One key question is
whether Ste5-ms regulate the activator, the MAPKK Ste7 or the substrate Fus3? A
double mutation of Fus3 partially unlocks the MAPK, allowing it to be more rapidly
phosphorylated by Ste7 in the absence of scaffold. Based on the positions of these
mutations, one likely model is that Fus3’s activation loop is held in a restrictive
conformation inaccessible to Ste7, and that the Ste5-ms scaffold (in the presence of Ste7)
is able to stabilize an open conformation of the activation loop. Kss1, in contrast is
constitutively phosphorylated by Ste7 because its activation loop that is always open.
Further studies are required to visualize how the Ste5 scaffold allosterically
regulates Ste7-to-Fus3 phosphorylation. Currently, I am collaborating with Kevin Shi
and Natalie Ahn at the University of Colorado - Boulder on hydrogen exchange mass
spectrometry (HXMS) to detect regions on Fus3 that become either more or less solvent
exposed in the presence of Ste7 and Ste5-ms. A crystal structure of the Ste7/Ste5ms/Fus3 complex would be tremendously informative, but is difficult to attain for
technical reasons (although it is being valiantly attempted by Maria Borovinskaya in the
Lim Lab). As an alternative I am working with Yifan Chang at UCSF on negative stain
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electron microscopy (EM) of the scaffold-MAPKK-MAPK complex to get mediumresolution details about the assembly and orientation of components.
On the whole, the research presented here creates a detailed picture of how
specific kinase interactions dictate the wiring of MAP kinase signaling cascades. The
basic picture of an enzyme binding to and phosphorylating a target sequence strictly
through active site recognition is outdated. Instead, MAP kinases connect precisely to a
set of interacting proteins (including activators, substrates, and phosphatases) using
high affinity, modular docking motifs. These docking peptides bind away from the
kinase active site, and for the most part, these docking peptides are sufficient to properly
distinguish between the set of MAP kinases in yeast. One exception to the sufficiency of
docking in wiring pathway specificity can be seen by examining activation of the mating
MAPK pathway in yeast, which requires a scaffold protein to induce signal flow. The
scaffold Ste5 is necessary to selectively phosphorylate the mating MAPK Fus3 whereas
the related filamentation MAPK, Kss1, can be activated by MAPKK Ste7. To close,
docking and scaffolding interactions are universally required to construct specific
signaling pathways in both yeast and humans. This work helps to explain
mechanistically why these protein-protein interaction devices are so fundamental to the
cellular signaling toolkit.
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