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Abstract
Although the affinity optimization of protein binders is straightforward, engineering epitope
specificity is more challenging. Targeting a specific surface patch is important because the
biological relevance of protein binders depends on how they interact with the target. They are
particularly useful to test hypotheses motivated by biochemical and structural studies. We used
yeast display to engineer monobodies that bind a defined surface patch on the mitogen activated
protein kinase (MAPK), Erk-2. The targeted area (“CD” domain) is known to control the
specificity and catalytic efficiency of phosphorylation by the kinase by binding a linear peptide
(“D” peptide) on substrates and regulators. An inhibitor of the interaction should thus be useful for
regulating Erk-2 signaling in vivo. Although the CD domain constitutes only a small percentage of
the surface area of the enzyme (~ 5%), sorting a yeast displayed monobody library with wild type
(wt) Erk-2 and a rationally designed mutant led to isolation of high affinity clones with desired
epitope specificity. The engineered binders inhibited the activity of Erk-2 in vitro and in
mammalian cells. Furthermore, they specifically inhibited the activity of Erk-2 orthologs in yeast
and suppressed a mutant phenotype in round worms caused by overactive MAPK signaling. The
study therefore shows that positive and negative screening can be used to bias the evolution of
epitope specificity and predictably design inhibitors of biologically relevant protein-protein
interaction.
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Introduction
Structural and biochemical studies often lead to hypotheses regarding how the activity of a
protein may be inhibited using an epitope specific binder. Although reagents with defined
binding activity are useful for hypothesis testing and target validation, engineering epitope
specificity is challenging for both rational design and directed evolution. Instead, protein
inhibitors are designed by first engineering high affinity binders and then screening the
selected clones for relevant function (1, 2). This strategy does not make full use of existing
information about the target molecule, e.g. a surface that has been identified to be
functionally relevant. Also, engineering an inhibitor in and of itself does not test a
hypothesis motivated by biochemical and structural studies, because finding a binder that
turns out to be an inhibitor is not the same as testing if targeting a particular surface patch
leads to inhibition of a biologically relevant response.

A number of factors will determine whether epitope selectivity can be engineered
efficiently, including the target molecule, the protein scaffold, and the method of screen.
Although in vitro display platforms, such as phage or ribosome display, can also be used to
engineer epitope specificity, cellular display systems, including yeast and bacterial displays
are particularly well suited for the task because they allow analysis of displayed molecules
by flow cytometry in order to fine tune molecular interaction (3, 4). In this study, we used
yeast display to simultaneously engineer target affinity and epitope specificity. The
quantitative information collected on the individual clones during the sort was then used to
model their in vitro and in vivo activity. We chose the monobody scaffold derived from the
tenth type 3 domain of fibronectin (Fn3) for our study because it has a compact structure
(~100 amino acids) and can be engineered by mutating flexible loops to interact with an
arbitrary target with high affinity and selectivity (5). Fn3 monobodies are ideal for targeting
intracellular proteins, since they do not require a disulfide bond for structural stability.

We designed epitope specific Fn3 binders to target a surface patch on Erk-2 known to be
important for signaling (Fig. 1a). The targeted area, the CD domain, appears on a solvent
exposed surface away from the catalytic site, but plays a critical role in Erk-2 activity by
binding a linear D-peptide found on its substrates and regulators (6–9). Since the interaction
between the CD domain and a D peptide is used to impose specificity of signaling in all
MAPKs, disrupting the interaction at the CD domain should result in selective inhibition of
MAPK signaling (Fig. S1). Yet, conclusive evidence that links inhibition of D peptide
binding with physiological changes in vivo is lacking due to the lack of a suitable reagent.
For example, isolated D peptides typically have limited affinity and specificity (10), and are
biologically unstable for in vivo testing. Computationally designed small molecule inhibitors
were shown to induce apoptotic responses in cultured cells and change the egg laying
behavior of C. elegans (11) but they have low affinity (12) and have not been shown to work
through the docking site of Erk-2. Given the challenges of designing small molecule
inhibitors (13), epitope specific protein binders are attractive alternatives to small molecule
inhibitors for target validation in drug discovery as well as for basic research applications.

Because the area involved in the binding of a D peptide is only ~ 5% of the total surface area
(14), screening of Erk-2 mutants may yield a similarly low percentage of the binders capable
of disrupting the docking interaction. We therefore tested the use of a rationally designed
Erk-2 mutant to engineer epitope specific binders that specifically target the docking
domain. The study yielded a surprising finding that the CD domain may constitute an
interaction hot spot by demonstrating that there exists a significant selection bias at the
docking site over the rest of the protein surface. The selected binders interfered with Erk-2
activity in vitro and in cultured cells as expected. Importantly, when expressed in yeast and
round worms, the designed binders predictably interfered with orthologous Erk-2 signaling
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in each organism, thus providing for the first time definitive evidence that blocking the CD
domain is a valid strategy for selective inhibition of Erk-2 signaling in vivo.

Results and Discussion
Screening of Fn3 yeast library

Existing biochemical and structural data suggest that targeting the CD domain of Erk-2
would lead to inhibition of the kinase activity, but testing of this idea in vivo has been
elusive due to the lack of a suitable reagent. To identify monobody binders of the Erk-2 CD
domain, we screened an Fn3 library on the yeast surface using recombinant Erk-2 as bait
(Fig. 1b, S2). We used both magnetic sorting and fluorescence activated cell sorting (FACS)
to cope with the large size of the library (1.5 × 108) (15). The sorting strategy is described in
Supplementary Information (SI, Fig. S3). After the fourth round of FACS, most of the
selected clones could be labeled intensely using 10 nM of Erk-2. To identify the monobodies
that bind Erk-2 at the CD domain, we constructed a rationally designed mutant,
Erk-2(NHN), that contains three mutations (H123N, Y126H, and D319N) at the docking
site. The mutations prevent the binding of a D-peptide (Fig. S4). We reasoned that these
mutations should similarly disrupt the binding of a monobody whose epitope overlaps with
the CD domain. Therefore, we labeled the yeast with Erk-2(NHN) and collected the cells
that do not bind mutant Erk-2, which presumably correspond to epitope-specific
monobodies (Round 6).

A large fraction (~38%) of the cells did not bind the mutant protein (Fig. 1b, iii), which is
significantly greater than expected based on the 5% fractional surface area of the docking
domain, and suggests that the CD domain may constitute a preferred interaction surface. A
recent study described the use of phosphorylated and unphosphorylated forms of Erk-2 to
engineer conformation-specific intrabodies (16). The use of a rationally designed mutant
should be useful to guide epitope evolution toward an arbitrary surface patch and engineer
functionally relevant binders independent of conformational changes. The Fn3 monobody
scaffold was previously used to bind intracellular targets, including the SH2 domain of Abl
kinase or SUMO (17, 18). Monobody binding was sufficient to inhibit the activity of the
target proteins by disrupting protein-protein interaction. However, these studies did not
provide quantitative evaluation of the binding preference at the target sites, which makes it
difficult to determine if similar success can be expected on other systems. Furthermore,
these molecules have smaller surface areas than Erk-2, which likely increased the
probability of finding binders at or near functionally relevant sites without explicit negative
selection. Introducing negative selection should play a more important role for engineering
epitope specificity as the target size increases.

Characterization of individual clones
We characterized twenty clones among those selected after sixth and seventh rounds of
sorting. Sixteen clones bound wt Erk-2 only, three clones bound both wt and Erk-2(NHN),
and one bound neither (Fig. 1c, S5). Therefore, the majority of the selected clones had
desired epitope specificity. The difference between epitope-specific binders and those that
lack the specificity was apparent, since each examined clone either exhibited specificity for
the CD domain or not. The inclusion of nonselective clones in the final pool suggests that a
more stringent counter-selection may be needed. We sequenced eleven clones and obtained
five unique sequences (Fig. 2a). Most mutants contained one or more arginines in the FG
loop, which may interact with the acidic patch of the CD domain. Interestingly, F6.2, F7.1,
F7.8 and F7.9 contained residues within their FG loop and the G strand that recapitulated the
canonical D-peptide motif (R-X3-φ-X-φ, where φ is a hydrophobic residue) (19). There was
no detectable consensus sequence in the BC or DE loop.
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We measured the Erk-2 affinity of individual clones on the yeast surface. Affinity
measurement on the yeast surface is known to yield values that largely agree with in-
solution methods, such as surface Plasmon resonance (20). Most of the clones had a
dissociation constant Kd in low nM (Fig. 2a). Two clones, F6.2 and F7.9, that were
characterized by circular dichroism spectroscopy had denaturation temperature Tm = 69 – 71
°C, indicating that the mutations in the loops did not destabilize the molecules (Fig. 2a, S6).

Specificity of interaction
We repeated the binding study with purified p38α and JNK1, which share 69% and 60%
sequence similarity with Erk-2, respectively. The sequence variation is greater within the
docking domain, since of the 28 Erk-2 residues within 5 Å of the bound peptide, only 15
(eight) are conserved in p38α (JNK1). Targeting a divergent epitope should be an effective
way to increase the specificity of designed inhibitors and reduce nonspecific binding. Most
of the clones did not bind p38α or JNK1 at 1 μM concentration (Fig. 2b). F7.8 bound p38α
with Kd = 0.2 μM, which is still 155-fold higher than its affinity for Erk-2 (Kd = 1.3 nM).
Therefore, all selected Fn3 mutants bound Erk-2 with high specificity, even though we did
not actively sort against other enzymes. A likely explanation is that beneficial mutations are
rare on average and therefore targets that are not used in positive selection are implicitly
selected against (21). Although our study is limited in scope, the docking site residues are
equally or more divergent in other MAPKs, including p38β, p38γ, JNK2, JNK3, and Erk5,
which should reduce the likelihood of significant binding to these targets.

Monobodies inhibit Erk-2 activity in vitro
Using purified monobodies, we performed in vitro binding and kinase inhibition assays. To
test if the monobodies disrupt the interaction at the CD domain (Fig. 3a), we used a model
D-peptide, pepHePTP, fused to GST to pull down Erk-2 in the presence of different Fn3
competitors. All clones reduced the efficiency of precipitation in a concentration-dependent
manner (Fig. 3b). In contrast, the amount of Erk-2 bound to GST-pepHePTP was unaffected
by the addition of a control monobody, F0.1, that binds maltose binding protein, MBP (22).
That F7.4 would also inhibit the binding of Erk-2 was unexpected, because the clone
recognizes both wt and Erk-2(NHN) (Fig. S5), suggesting that the clone does not bind at the
docking site. But it also raises an interesting possibility that the clone may bind near the CD
domain and sterically hinder the binding of a D-peptide. By fine tuning the epitope, novel
inhibitors may be engineered for other challenging targets, e.g. proteases, that specifically
utilize this mechanism.

To test for inhibition of the kinase activity, we used activated Erk-2 to phosphorylate
Elk1(307-428) in the presence of a monobody (23). Elk1 phosphorylation decreased in the
presence of F6.2, F7.1, F7.4 or F7.9 but not in the presence of F0.1 (Fig. 3c). Similarly, the
monobodies inhibited MEK2-dependent phosphorylation of Erk-2 (Fig. 3d), although higher
monobody concentrations were needed to achieve similar inhibition. This may be because
full length MEK2 contains two potential D-peptide sequences and also contacts Erk-2 within
the N-terminal lobe (24).

Suppression of Erk-2 signaling in mammalian cells
To test the activity of designed monobodies in cells, we transiently expressed them in
HEK293 using a dual expression vector (pCMVFn3-IEGFP) containing monobody and
EGFP genes. Following addition of epidermal growth factor (EGF) to stimulate the Erk-2
pathway, phosphorylation of Erk-2 was quantified by Western blot. The monobodies did not
significantly reduce the level of Erk-2 phosphorylation in stimulated HEK293 cells (Fig.
4a). There are several possible explanations for this, including the low level of Fn3
expression and the involvement of a scaffold protein that makes it difficult to disrupt the
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MEK2-Erk-2 interaction inside the cell (25). Also, only a subset of the cells are transfected
and express monobodies, whereas the Western blot examines the entire cell population.
Together, transient transfection may not have the sensitivity to detect Fn3-mediated
inhibition of Erk-2 phosphorylation inside the cell.

We examined if Elk1 phosphorylation is affected by expressed monobodies in stimulated
HEK293 cells. Because endogenous Elk1 cannot be detected due to its low protein
abundance (26), we fused Elk1(307-428) to the C-terminus of EGFP, thus placing both Fn3
and Elk1 on the same expression vector, pCMVFn3-IEGFP-Elk1(307-428). The co-
expression of Fn3 and EGFP-Elk1(307-408) in the same cell facilitates the detection of Fn3
activity by ensuring that all cells that express Elk1(307-408) also express a monobody.
There was a marked increase in phospho-Elk1 following EGF stimulation in control cells,
but the phospho-Elk1 band was missing in the cells that co-express F6.2, F7.1 or F7.9 (Fig.
4a). The lack of phospho-Elk1 is not due to protein degradation, because the EGFP-
Elk1(307-428) band of correct molecular weight can be seen with anti-GFP antibody (Fig.
S7).

Alternatively, we treated the transfected cells with 100 mM NaCl to stimulate the p38
pathway and induce p38-dependent Elk1 phosphorylation (27). Elk1 phosphorylation was
unaffected by the monobodies under this stimulation condition, showing that they do not
interfere with the p38 pathway (Fig. 4b). Similarly, stimulating the cells with antibiotic
anisomycin leads to p38-dependent phosphorylation of ATF2 (28), which remains
unchanged by the expressed monobodies (Fig. S8). Therefore, the monobodies can
selectively inhibit the Erk-2 pathway while leaving the p38 pathway unaffected.

Monobodies are active in yeast
Three MAPKs in S. cerevisiae, Fus3, Kss1, and Hog1, control the pheromone, filamentous
growth, and hyperosmolarity response, respectively (29). Fus3 and Kss1 are Erk-2
orthologs, whereas Hog1 is orthologous to mammalian p38 (30). Biochemical and structural
studies have shown that yeast MAPKs also use the binding of D-peptides to control the
specificity and efficiency of phosphorylation (31, 32). These enzymes all have 45 – 60%
sequence similarity to Erk-2 but show several key differences in the docking domain (Fig.
S9). For example, 122-DH-123 of Erk-2 are conserved in Fus3 and Kss1 but mutated to QF
in Hog1. Since the monobodies were screened against Erk-2(NHN) binding, they should
similarly exhibit selectivity against Hog1. We transformed yeast with monobody expression
vectors and quantified the activity of each MAPK pathway using three β-galactosidase
reporter constructs containing pathway-specific promoters (33).

First, we stimulated the cells with the mating factor α to induce the pheromone response and
measured the activity of the Fus3 pathway in the presence of different monobodies. The
Fus3 pathway was strongly inhibited in the cells that express F6.2, F7.1, or F7.9, but not in
the cells that express F7.4 (Fig. 5a). F7.8 weakly inhibited Fus3. Next, we deprived the cells
of glucose and grew them in a galactose-containing medium to induce the filamentous
growth response. The activity of the Kss1 pathway was lower in the cells expressing F6.2,
F7.8 or F7.9 (Fig. 5b). The inhibition by F7.1 and F7.4 was more subdued, although the
measured effect was statistically significant (e.g. p = 0.02 for F7.1 compared to F0.1 and no
Fn3). Finally, we subjected the cells to a buffer containing 1M KCl to induce the Hog1
pathway that regulates the hyperosmolarity response. The activity of the Hog1 pathway was
largely unaffected by the monobodies, although F7.8 reduced the activity of the pathway by
roughly 30% (p < 0.01) (Fig. 5c). Incidentally, F7.8 is the only clone that showed any
significant binding to p38α, which may explain its activity against Hog1. Taken together,
the monobodies can be functionally expressed in yeast to inhibit various yeast MAPK
pathways with high selectivity.
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Monobodies are active in C. elegans
The Erk-2 pathway plays a prominent role in various forms of cancer, and upstream kinases,
Raf and MEK, are both known targets of cancer therapy (34). In contrast, the possibility of
modulating Erk-2 activity to alter cellular differentiation and developmental processes is less
well established. In C. elegans, the Ras-MAPK pathway controls various physiological
processes ranging from vulval differentiation to olfaction (35). The role of C. elegans
Erk-1/2 ortholog MPK-1 (Ce-MPK-1) in vulval induction has been demonstrated (36, 37).
During vulval induction, a gonadal cell releases a diffusible, EGF-like signal that stimulates
Ce-MPK-1 signaling in six nearby vulval precursor cells (VPCs). The VPCs most proximal
to the EGF-releasing cell are induced to develop into the vulva, while the distal cells remain
uninduced. However, constitutive mutations in the Ras ortholog LET-60 bypass the EGF-
signal requirement and several VPCs, including the distal VPCs, develop into pseudovulvae,
or vulva-like projections (Fig. 6a) (38). Inactivating mutations downstream of LET-60,
including Ce-MPK-1, suppress the constitutive let-60 gain of function (gof) multivulva
(Muv) phenotype.

Homology modeling shows that the docking site residues of Erk-2 are conserved in Ce-
MPK-1. Therefore, the designed Fn3 inhibitors should similarly bind Ce-MPK-1 and inhibit
its function in the animal. Because Ce-MPK-1 null mutation results in sterility and early
larval lethality, adult animals with knockout Ce-MPK-1 cannot be stably constructed (39). A
pleiotropy of mutant phenotypes associated with loss of function (lof) is common for critical
enzymes within a multicellular organism. As such, development of engineered protein
inhibitors that can be utilized in a cell- or tissue-specific manner to suppress the activity of
an essential enzyme would provide an alternative approach to dissect the role of a given
protein while avoiding the pleiotropy associated with lof genetic alleles. Using the
let-60(gof) Muv phenotype as the readout, we tested whether Fn3 expression and
corresponding Ce-MPK-1 inhibition could suppress let-60(gof) multivulva development. We
cloned F0.1, F6.2, and F7.9 downstream of a VPC-specific promoter (lin-31p) and generated
transgenic worms expressing engineered monobodies in the VPCs of let-60(gof) animals.
The proportion of worms displaying ectopic vulvae was significantly reduced across
populations of let-60(gof) worms expressing either F6.2 or F7.9 compared to let-60(gof)
animals or let-60(gof) animals expressing F0.1 (Fig. 6b, S10).

That the inhibitors do not completely suppress the Muv phenotype is likely caused by
multiple factors, including developmental timing and transgene expression. For example, the
lin-31 promoter may not initiate Fn3 expression early enough to produce levels sufficient to
completely block Ce-MPK-1 activity. Possible mosaic expression of the Fn3 clones among
the VPCs can also result in partial inhibition of Ce-MPK-1 function. The incomplete
suppression of the Muv phenotype suggests the challenges inherent to transgene expression
and molecular manipulation in multicellular organisms using exogenously expressed protein
binders. Nonetheless, our study clearly demonstrates that a specific MAPK inhibitor can be
used in a whole organism to induce predictable phenotypic changes. Engineered Fn3-based
protein inhibitors may be similarly useful for characterizing other physiologically relevant
enzymes that were previously inaccessible through whole animal mutant studies. Finally,
this study adds to a burgeoning role for C. elegans in the in vivo validation of biochemically
described protein interactions as well as the application of engineered molecular tools (40,
41). Combinatorial use of such targeted approaches will therefore provide valuable insight
into the mechanisms governing cellular behavior.

Use of protein inhibitors in basic research
The roles of other MAPKs in basic cellular processes continue to be important topics of
investigation (42). The use of engineered monobodies for studying cell signaling in vivo is
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supported by their ability to inhibit the activity of Erk-2 orthologs in model organisms. We
have shown that binders against a predetermined epitope can be engineered to induce
selective inhibition of an intracellular kinase and provided evidence that targeting protein-
protein interaction is a viable strategy for inhibiting MAPK signaling in vivo. Since the
design strategy for epitope-guided engineering is general, a similar approach should be
useful for isolating functional binders against other biologically relevant enzymes in the
future.

Experimental procedures
Fn3 binder selection

The yeast-displayed Fn3 library was a gift from D. Wittrup (MIT). The construction and
characterization of the library (G4) was previously described (15). The yeast library was
grown in synthetic drop-out dextrose medium lacking tryptophan (SD/−Trp) and induced at
30 °C for 18 hrs by switching to a galactose-based medium. The induced cells (2 × 109)
were labeled with biotinylated Erk-2 (b-Erk-2) and bound to streptavidin-coated magnetic
dynabeads (Invitrogen). Bound cells were separated from unbound cells using a LS column
filled with ferromagnetic particles (Miltenyi Biotec). The collected cells were grown in
citrate based SD/−Trp medium (pH 4.5). For FACS sorting, the cells were labeled with b-
Erk-2 (or Erk-2) and 9E10, and then with streptavidin-phycoerythrin (or M2 and anti-
mouse-FITC). The double labeled cells were sorted at Roswell Park Cancer Institute (RPCI).
The concentration of biotinylated Erk-2 was gradually decreased from 500 nM to 10 nM. A
negative sort was performed using 100 nM Erk-2(NHN). 1 μM of biotinylated Erk-2, GST-
p38α, or JNK1α1 was used to test for target specificity. The affinity was computed based on
the mean fluorescence intensity, MFI (43).

In vitro assays
The D-peptide from hematopoietic protein tyrosine phosphatase (pepHePTP,
RLQERRGSNVALMLDV, Ref. (14)) was fused to GST and purified from BL21(DE3)
pLysS. The resin bound GST-pepHePTP was mixed with 5 μg Erk-2 and 16 nM – 50 μM
Fn3 monobodies. The resin was washed and analyzed by SDS-PAGE and Western blot with
M2. For the kinase inhibition assay, 0.1 unit of active GST-MEK2 (New England Biolabs,
NEB) was mixed with 1 μM of Erk-2 in 20 μl of kinase assay buffer (50 mM Tris, pH 7.5,
10 mM MgCl2, 1 mM EGTA, and 2 mM DTT, 20 μM ATP) in the presence of Fn3
monobodies. After 20 min of incubation at 30°C, the reaction was stopped and phospho-
Erk-2 was analyzed by Western blot. In vitro Elk1 phosphorylation was conducted with 10
units of active Erk-2 (NEB) and 820 ng of GST-Elk1(307-428) (Cell Signaling Technology).

Activity in HEK293
The Fn3 genes were cloned into pIRES2-EGFP to construct pCMVFn3-IEGFP.
Elk1(307-428) was cloned from pCMV5FELK (Andrew Sharrocks) and fused to the C-
terminus of EGFP. The resulting pCMVFn3-IEGFP-Elk1(307-408) was transfected into
human embryonic kidney (HEK) 293 cells at 50 – 70% confluence. The transfection
efficiency based on EGFP fluorescence 36 hr after transfection reached 70 – 80%. The cells
were starved in the culture media without serum for 9 hr and stimulated with 10 nM of
epidermal growth factor (EGF) for 0 – 30 min to stimulate the Erk-2 pathway. Alternatively,
the cells were treated with 100 mM NaCl or 10 μg/ml of anisomycin to stimulate the p38
pathway. The cells were lysed in 200 μl of lysis buffer and 10 μl of clarified lysate was
analyzed by Western blot.
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Activity of Fn3 in yeast
The monobody activity was measured in yeast by transforming BJ5465 with a reporter
plasmid—pFUS-LacZ (for Fus3), pFRE-LacZ (for Kss1), or pMSB2-LacZ (for Hog1) (P.
Cullen)—and an Fn3 expression plasmid. The mating response was induced with 10 μM α-
factor for 2 hr. Filamentous growth was induced by growing the cells in 2% galactose media
for 6 hr. Hyperosmolarity response was induced with 1 M KCl in YPD for 4 hr. The β-
galactosidase reporter activity was measured using 2-nitrophenyl β-D-galactopyranoside.

Activity of Fn3 in C. elegans
Fn3 function in worms was measured with the genetic strain MT2124 that carries the
let-60(n1046) gof mutation in LET-60. SD366 carries the lof mpk-1(n2521) allele in
addition to let-60(n1046). All Fn3 constructs were cloned downstream of the vulval cell-
specific promoter lin-31p (4.3 kb of lin-31 5′ regulatory sequence). Transgenic worms were
generated by germline transformation (44). All Fn3 constructs were injected into MT2124 at
500 ng/μl. Each construct was co-injected with 10 ng/μl pPD48.33 (myo-2p::gfp). The
number of vulvae was quantified on two separate days at 8x magnification on a Zeiss
dissection microscope with two independent transgenic lines per construct. Representative
images of wt and let-60(n1046) worms were obtained using a Zeiss Axio Imager Z1
microscope (using a 40x Plan-APO oil objective and DIC optics), high resolution AxioCam
MRm digital camera and Zeiss AxioVision software.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Engineering monobodies to target the Erk-2 CD domain
a. The Erk-2 residues within 5 Å of bound D-peptide (2GPH) are colored orange. The
activation loop residues are colored in blue to show the separation between the docking
domain and the active site. An Fn3 structure is shown to the scale on the left and is depicted
as binding the docking surface. The randomized loops are shown in color: BC (green), DE
(pink), FG (brown).
b. The yeast displayed Fn3 library was sorted using streptavidin-coated magnetic beads and
FACS. During FACS, the cells were labeled with a cMyc antibody and Erk-2 to normalize
binding with protein expression. i) Unsorted cells labeled with 1 μM of Erk-2. ii) Cells that
have been sorted twice by FACS and then labeled with 250 nM of Erk-2. iii) Cells labeled
with Erk-2(NHN) during negative sorting (Round 6). iv) Cells after the final round of FACS
labeled with 10 nM of Erk-2. The percentages indicate the fraction of the cells within the
indicated gates.
c. A representative selected clone, F7.9, binds 10 nM wt Erk-2 but not Erk-2(NHN). The
lack of binding to the mutant indicates that the monobody epitope includes one or more of
the mutated residues.
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Figure 2. Binding characteristics of selected monobodies
a. The yeast displaying various Fn3 clones were labeled with purified Erk-2, and the MFI of
the displaying population was fitted to a binding curve to extract the apparent binding
constant Kd. All measurements were done in triplicates or more to compute the mean and
standard deviation. The loop sequences correspond to the Fn3 residues that were randomized
in the library. The stability of F6.2 and F7.9 was measured by circular dichroism
spectroscopy. The specificity of Erk-2 binding was tested by labeling yeast cells with 1 μM
biotinylated Erk-2, p38, or JNK; and SA-PE. The MFI of the displaying population was
measured.
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Figure 3. Functional assays of engineered Fn3
a. The components of mammalian ERK pathway. The binding of the MEK2 D-peptide
mediates Erk-2 phosphorylation, and the binding of the Elk1 D-peptide mediates Elk1
phosphorylation. The engineered monobodies should disrupt both interactions.
b. GST-pepHePTP was used to pull down Erk-2 in the presence of Fn3 competitors. The
precipitated Erk-2 was visualized by Western blot using M2. F0.1 is a control monobody
that binds MBP (22). Competitor concentrations in Lanes 1 – 7: 0, 0.016, 0.08, 0.4, 2, 10,
and 50 μM.
c. In vitro phosphorylation of Elk1(307-428) by Erk-2 in the presence of Fn3 competitors
was analyzed by Western blot. Competitor concentrations: (For F0.1 and F6.2) 0, 0.0064,
0.032, 0.16, 0.8, 4, and 20 μM. (For F7.1, F7.4, and F7.9) 0, 0.0013, 0.0064, 0.032, 0.16,
0.8, 4, and 20 μM. The phospho-Elk1 band was quantified using ImageJ and normalized to
Lane 1. Only the intensities corresponding to three highest Fn3 concentrations and Lane 1
are plotted for clarity.
d. In vitro phosphorylation of Erk-2 by MEK2 in the presence of Fn3 competitors.
Competitor concentrations: 0, 0.0064, 0.032, 0.16, 0.8, 4 and 20 μM. The intensity of the
phospho-Erk-2 bands was quantified and normalized to Lane 1. Only select intensities are
plotted for clarity.
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Figure 4. Activity of engineered Fn3 in HEK293 cells
a. HEK293 cells were transiently transfected with pCMVFn3-IEGFP-Elk1(307-428) and
stimulated with EGF to activate the ERK-2 pathway. in the resulting Elk1 phosphorylation
was inhibited by F6.2, F7.1, and F7.9. The stable expression of EGFP-Elk1 was checked by
fluorescence microscopy and by Western blot with anti-GFP antibody (Fig. S7). Fn3
expression was checked using 9E10 against the cMyc tag. The number of cells used in the
analysis was normalized using GAPDH.
b. HEK293 cells expressing various Fn3 clones were stimulated with 100 mM NaCl to
activate the p38 pathway. The monobodies had little or no effect on the p38-dependent
phosphorylation of Elk1.
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Figure 5. Specificity of monobody activity in yeast
Yeast were transformed with reporter vectors to measure the activity of three yeast MAPK
pathways that control a. mating, b. filamentous growth, and c. hyperosmolarity responses.
The yeast cells were further transformed with an Fn3 expression vector (F0.1, F6.2, F7.1,
F7.4, F7.8, and F7.9) or not (“No Fn3”). The cells were stimulated to activate each of the
three pathways, and the resulting reporter activity (in arbitrary unit) was measured.
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Figure 6. Monobodies inhibit MAP kinase function in C. elegans
a. Nomarski images of wild-type (N2) and Ce-Ras let-60(gof) C. elegans. Whereas wt
animals consistently display a single, properly positioned and functional vulva (black
arrow), let-60(gof) animals are multivulval and display a range of additional ectopic
pseudovulvae (white arrows).
b. Distribution of Muv phenotype among different strains and transgenic worms. The
percentage of each population displaying a given number of vulvae is shown in pie charts.
let-60(gof);mpk-1(lof) are significantly non-Muv compared to let-60(gof) worms (p = 2.5 ×
10−72 based on χ2 statistics), indicating the let-60(gof) Muv phenotype is mediated
primarily through downstream Ce-MPK-1 activity. Similarly, expression of F6.2 and F7.9 in
let-60(gof) animals using the VPC-specific lin-31 promoter significantly reduced the
prevalence of ectopic pseudovulvae compared to either let-60(gof) animals or the transgenic
worms expressing the control monobody, F0.1 (p = 1.6 × 10−47 − 8.5 × 10−22). The
combined data of two independent lines is shown. The total number of animals analyzed is n
> 150 for control strains and n > 750 for each set of transgenic let-60(gof) worms.
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