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Conformational Control of the Steb
Scaffold Protein Insulates Against
MAP Kinase Misactivation

Jesse G. Zalatan,'* Scott M. Coyle,* Saravanan Rajan,* Sachdev S. Sidhu,* Wendell A. Lim*3t

Cells reuse signaling proteins in multiple pathways, raising the potential for improper cross talk.
Scaffold proteins are thought to insulate against such miscommunication by sequestering
proteins into distinct physical complexes. We show that the scaffold protein Ste5, which organizes
the yeast mating mitogen-activated protein kinase (MAPK) pathway, does not use sequestration
to prevent misactivation of the mating response. Instead, Ste5 appears to use a conformation
mechanism: Under basal conditions, an intramolecular interaction of the pleckstrin homology (PH)
domain with the von Willebrand type A (VWA) domain blocks the ability to coactivate the mating-specific
MAPK Fus3. Pheromone-induced membrane binding of Ste5 triggers release of this autoinhibition.
Thus, in addition to serving as a conduit guiding kinase communication, Ste5 directly receives input
information to decide if and when signal can be transmitted to mating output.

ells use a complex network of signaling
proteins to respond to diverse signals and
stresses. Execution of proper decisions is
complicated by the fact that individual cells con-
tain many closely related signaling proteins (7).
In fact, the same proteins are often reused in
multiple signaling pathways (2, 3). The resulting

Fig. 1. Exchange of the Ste7 MAPKK from the Ste5
scaffold protein. (A) Shared components of the
yeast mating and invasive growth pathways yield
physiologically distinct input-output responses. (B)
Dissociation rate of the MAPKK Ste7 from the Ste5
scaffold protein measured with purified recombi-
nant Ste5, the MAPKKK Ste11, the MAPK Fus3, and
a constitutively active form of the MAPKK Ste7
[Ste7EE, bearing phosphomimic mutations in the
Ste7 activation loop (16)]. To a preassembled Ste5-
Ste11-Ste7-Fus3 complex, an excess of a Ste7
binding domain [a minimal Ste7 binding domain
from Ste5 (residues 759 to 810)] was added to
capture Ste7 as it dissociated from Ste5 (fig. S1).
At various times, adenosine 5 -triphosphate (ATP)

interlinked networks could lead to inappropriate
cross talk between signaling pathways.

Scaffold proteins, which physically assemble
components of a signaling pathway (4-6), pro-
vide a possible solution to this problem. By bind-
ing and organizing pathway components into
complexes, scaffold proteins promote efficient
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signaling along a particular pathway. Scaffold pro-
teins may also insulate against improper com-
munication by physically sequestering signaling
proteins into distinct pools (7—15). However, to
prevent shared proteins from exchanging be-
tween pools, a scaffold must bind its partners
with dissociation rates that are slow compared to
the time scale for signaling. Direct evidence for
this prevailing view of scaffold-based insulation
is limited.

A prototypical scaffold protein is SteS, which
coordinates the yeast mating mitogen-activated
protein kinase (MAPK) response by binding to
all three components of the MAPK cascade and
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was added, and the initial rate of Fus3 phosphorylation was measured (the amount of Ste5-Ste11-Ste7-Fus3 complex remaining at each timepoint). Error bars,
mean + SD. The observed k. of 0.2 s~ is a lower limit; dissociation occurred on a time scale faster than could be measured with mixing by hand.
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serving as a required coactivator of the mating-
specific MAPK, Fus3 (16, 17). The Ste5 scaffold
is thought to insulate the mating response from
other MAPK pathways in yeast, such as the star-
vation response, which uses the identical MAPK
kinase (MAPKK), Ste7, and MAPKK kinase
(MAPKKK), Stell, proteins, but activates a dis-
tinct starvation-specific MAPK Kss1 to produce
an invasive growth response (Fig. 1A) (2, 17).
How the common MAPKK, Ste7, when acti-
vated by a specific input, is directed to the correct
downstream MAPK is only partially understood.
With mating input, both Fus3 and Kss1 are acti-
vated (binding to the Ste5 scaffold does not pre-
vent the MAPKK Ste7 from activating Kss1)
(16, 18). However, activation of Kss1 by mating

input does not lead to cross talk because activated
Fus3 overrides the Kssl-induced starvation re-
sponse by phosphorylating and down-regulating
a starvation-specific transcription factor (79, 20).
Thus, proper starvation response hinges on pre-
venting Fus3 misactivation by starvation inputs,
which would both launch the mating program
and directly inhibit the starvation response.

For Ste5 to act as a sequestration-based in-
sulator would require exchange rates for the
scaffold-bound shared kinases (Stell or Ste7) to
be slow relative to the time scale of signaling.
Otherwise, shared kinases activated by nonmat-
ing inputs would be able to exchange onto the
SteS scaffold protein and activate the mating re-
sponse [Fus3 can only be activated when the

REPORTS

MAPKK Ste7 is bound to the Ste5 scaffold (16)].
We measured the dissociation of purified Ste7
from Ste5 to have a half time (¢,,) of <5 s (Fig.
1B), faster by several orders of magnitude than
the typical ~5 min time scale of MAPK signal-
ing pathways, and far faster than the time scale
of days on which the yeast starvation response
operates. Thus, physical sequestration is unlikely
to be the primary mechanism that prevents ac-
tivation of the mating MAPK Fus3 by nonmating
inputs.

An alternative model for insulation is that, in
the absence of mating input, Ste5 adopts an in-
active conformation that blocks its ability to co-
catalyze Fus3 phosphorylation (/7). To investigate
this possibility, we measured rates of Fus3
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tions). Fus3 and Kss1 phosphorylation was monitored with an antibody to
phosphorylated MAPKs by protein immunoblotting, and phosphoglycerate
kinase (PGK) is shown as a loading control for yeast lysates (see figs. S5 to S7
for quantitative analysis). The invasive growth response was assayed with
yeast cells grown on solid agar plates (see supplementary materials). Similar
results were obtained with constitutively active alleles of Ste11 and Ste7 (fig.
S8). (C) Ste5ywac misdirects signaling to Fus3 and allows cells to mate in
response to starvation. Mating efficiencies were determined using a quan-
titative mating assay, and patch assays were done as described (see sup-
plementary materials). Error bars, mean + SD.
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phosphorylation by the MAPKK Ste7 with full-
length Ste5 and with a minimal Ste5 fragment
[SteSvwa.c, containing a von Willebrand type A
(VWA) domain that is required for Fus3 coac-
tivation, together with active MAPKK Ste7 (16)].
Under maximal rate (k.,,) conditions (saturating
concentrations of all components), the rate of
Fus3 phosphorylation with full-length SteS was
one-tenth that in the presence of Ste5ywa.c (Fig.
2A). Assembly of the Ste5-Ste7-Fus3 complex

was similar with either Ste5 construct (Fig. 2A),
suggesting that the dominant contribution to the
difference in activity is not a binding effect (dis-
ruption of kinase complex assembly) but rather a
disruption of the catalytic coactivator function of
the VWA domain.

To test the possibility that this activity differ-
ence contributes to insulation of the mating MAPK
Fus3 in vivo, we introduced the fully active
SteSvwa.c fragment into yeast. In these cells,

starvation led to substantial activation of Fus3,
whereas cells with full-length Ste5 predominant-
ly activated the starvation MAPK Kss1 (Fig. 2B).
Thus, the minimal Ste5ywa_c fragment promotes
Fus3 activation when the MAPKK Ste7 is acti-
vated, regardless of whether cells have received
the mating signal or not. Because activated Fus3
cross-inhibits the starvation signaling pathway at
the transcriptional level (79, 20), this misactiva-
tion of Fus3 prevents the normal physiological
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Fig. 3. Mechanism of Ste5 autoinhibition and activation by mating-specific input. (A)
Diagram of truncation mapping of Ste5 (red is residues 544 to 592). The minimal
autoinhibited fragment (367 to 786) contains all elements necessary to assemble the
three-tiered MAPK cascade [Fus3 is recruited to the VWA domain by Ste7 (16)]. See fig.
S9 for additional constructs. (B) Effect of deletion of the N-terminal extension of the
VWA domain in Ste5 (residues 544 to 592) to disrupt pathway insulation in vivo.
Activation of Fus3 measured by protein immunoblotting, and invasive growth assayed
on solid agar plates (assays conducted as in Fig. 2B; also see fig. S6). (C) Crystal
structure of Ste5sgy7g4 (See table S4 for crystallographic statistics). The N-terminal
extension (582 to 592) is shown in pink, with surface residues necessary for trans
inhibition by the PH domain (fig. $10) shown as sticks in red. The Fus3-coactivating
loop of Ste5 (743 to 756) is shown in green. The spatial proximity of the PH-domain
interface and the site of Fus3 coactivation is illustrated by overlapping circles. (D)
Model for Ste5 autoinhibition inferred from truncation mapping data and Ste5sg;-7g¢
crystal structure, using structural models as described in the supplementary materials.
(E) Titration of the VWA domain with the PH domain results in inhibition of the Fus3
coactivator activity (ko) of the VWA construct bearing the N-terminal extension (582 to
786, shown in pink), or lacking the N-terminal extension (593 to 786, shown in black).
Error bars, mean + SD. (F) Relief of autoinhibition in full-length Ste5 by a Fab antibody
(SR13) that can bind the PH domain. Error bars, mean + SD. (G) Recruitment of Ste5 to
membranes with PIP, stimulates coactivation of Fus3. A minimal, autoinhibited Ste5
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response to starvation (invasive growth) (Fig. 2B).
Further, under starvation conditions, Ste5ywa-c
restores a partial mating phenotype in cells that
lack the mating receptor, Ste2 (Fig. 2C); full
rescue of mating likely requires mating pathway
components upstream of the kinase cascade that
are not activated by starvation (27). Thus, cells
expressing the unregulated SteSywa.c fragment
misinterpret starvation as a signal to phosphoryl-
ate the mating MAPK Fus3, blurring the nor-
mally clear insulation between the starvation and
mating pathways.

By deletion analysis, we identified two re-
gions of Ste5 essential for autoinhibition of the
VWA domain in vitro: the PH domain, which
binds to phosphoinositol 4,5-bisphosphate (PIP,)
to facilitate membrane binding (22) and binds to
the MAPKKK Stell (23), and an N-terminal ex-
tension to the VWA domain (residues 544 to 592),
within the linker that connects the PH and VWA
domains (Fig. 3A and fig. S9). When Ste5 was
replaced by Ste5A(544-592) in vivo, activation of
Fus3 in response to mating pheromone was nor-
mal (fig. S7), but Fus3 was misactivated in re-
sponse to starvation (Fig. 3B). Because all kinase
binding sites are intact in Ste5A(544-592), this
result supports the idea that physical sequestra-
tion of kinases by Ste5 is not sufficient for path-
way insulation.

We determined the crystal structure of an ex-
tended VWA fragment (residues 582 to 786; we
were unable to obtain crystals for a PH-VWA

Fig. 4. Mating input-
mediated conformational
activation of Ste5. (A) Sim-
ple AND-gate model for
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MAPKKK do not activate
Fus3. (B) Revised molecular
model for mating pathway
activation mediated by the
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G protein, leading to release
of the GBy subunit from Go.
and recruitment of Ste5 to o
free GBy at the membrane
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ing to release of the VWA
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complex) (Fig. 3C). This construct includes the
minimal N-terminal extension that binds the PH
domain (fig. S10). This extension forms an
N-terminal o helix lying directly adjacent to the
VWA domain coactivator loop that contains
residues essential for Fus3 coactivation (/6). The
spatial proximity of the autoinhibitory PH do-
main binding site (the N-terminal extension) and
the Fus3 coactivator loop indicates that PH do-
main binding and Fus3 activation might be mu-
tually exclusive, providing a molecular mechanism
for Ste5 autoinhibition (Fig. 3D). Indeed, the
isolated PH domain of SteS inhibited the Fus3
coactivator function of the VWA domain in trans
(Fig. 3E). Further, a Fab antibody fragment that
binds the PH domain competitively relieved au-
toinhibition (Fig. 3F and fig. S11). Also, an allele
of Ste5 (S770N) that was previously found to
constitutively activate the mating pathway (24) is
not autoinhibited in vitro (fig. S12).

An early step in mating pathway activation
is pheromone-induced membrane recruitment
of Ste5, which requires a cooperative set of mem-
brane interactions that includes the PH domain
binding to PIP, lipids (22). Thus, binding of Ste5
to PIP,-containing membranes might disrupt the
PH-VWA interaction and relieve autoinhibition.
We designed a minimal, membrane-binding Ste5
construct that is autoinhibited, but PIP,-containing
lipid vesicles did not bind or activate this construct
in vitro (fig. S13). Because pheromone-induced
membrane recruitment of Ste5 is a cooperative

B o-factor

W
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activation
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l activation
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process that requires several membrane-binding
motifs (27), we induced association of the auto-
inhibited Ste5 construct to the lipid vesicles using
other cooperative membrane interactions (Fig.
3G and fig. S13). Under these conditions, PIP,
caused a 3-fold activation of Ste5 (Fig. 3G),
suggesting that membrane recruitment of Ste5
and its interaction with PIP, contributes to relief
of autoinhibition of Ste5. The inability of such
membrane association to completely relieve auto-
inhibition of Ste5 (a 10-fold effect) (Fig. 2A)
could result from incomplete binding to lipid
vesicles in vitro (fig. S13) or because complete
activation requires additional interactions present
in vivo. Ste5 oligomerization has been suggested
to contribute to pathway activation (25), but we
find no evidence that oligomerization plays a di-
rect role in relief of Ste5 autoinhibition (fig. S14).

We propose that, although the shared up-
stream kinases (MAPKKK Stell and MAPKK
Ste7) can be activated by other inputs, only mat-
ing input activates both the kinase cascade and
the Ste5 scaffold protein to permit Fus3 activa-
tion (Fig. 4A). Activation of the mating pathway
recruits Ste5 to the membrane (27), thus activat-
ing the MAP kinase cascade by bringing the
MAPKKK Stell in proximity to its upstream
kinase Ste20. Membrane recruitment may also
relieve autoinhibition in Ste5 when the PH do-
main interacts with PIP, at the membrane (Fig. 4B).

To further test this model, we decoupled the
two functions of Ste5 by deleting the upstream

1. MAPKKK (Ste11)
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2. Ste5 activation
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kinase Ste20 (preventing normal activation of the
MAPK cascade) and introducing a constitutively
active allele of the MAPKKK Stell, thus ren-
dering activation of the kinase cascade indepen-
dent of the mating signal. Previous experiments
of this type demonstrated that full pathway ac-
tivation still requires the mating input, suggesting
that the input acts on a step downstream of kinase
cascade activation (24, 26). Here, we take this
approach one step further by using a constitu-
tively active allele, Stel1AN (27), which lacks
the Ste5 binding site (28), so that any observed
effects of Ste5 activation are likely to arise from
promoting the Ste7—Fus3 reaction rather than
the Stel1—Ste7 reaction. When wild-type Stell
was replaced by Stel11AN in a yeast strain lacking
Ste20, the MAPK Kss1 was preferentially phos-
phorylated, but when this strain was treated with
o factor, activation of Fus3 was observed (Fig.
4C), supporting the idea that pheromone-induced
membrane recruitment of Ste5 has two distinct
and separable functions: to activate the MAPKKK
Stell and to relieve autoinhibition in Ste5 to per-
mit Fus3 activation.

Our data do not support the prevailing model
that scaffold proteins primarily insulate signaling
by sequestration of proteins. Instead, Ste5 ap-
pears to function as a conformational switch to
gate the flow of information between two distinct
signaling outcomes. This mechanism provides a
potentially general means to control information

flow in complex signaling networks with shared
components.

References and Notes

. S. S. Taylor et al., Trends Biochem. Sci. 18, 84 (1993).

2. M. A. Schwartz, H. D. Madhani, Annu. Rev. Genet. 38,
725 (2004).

3. M. S. Qi, E. A. Elion, J. Cell Sci. 118, 3569 (2005).

4. M. C. Good, ]. G. Zalatan, W. A. Lim, Science 332, 680
(2011).

5. D. K. Morrison, R. ]. Davis, Annu. Rev. Cell Dev. Biol. 19,
91 (2003).

6. A.S. Shaw, E. L. Filbert, Nat. Rev. Immunol. 9, 47 (2009).

7. H. Saito, Curr. Opin. Microbiol. 13, 677 (2010).

8. D. N. Dhanasekaran, K. Kashef, C. M. Lee, H. Xu,
E. P. Reddy, Oncogene 26, 3185 (2007).

9. K. Harris et al., Curr. Biol. 11, 1815 (2001).

10. W. R. Burack, A. S. Shaw, Curr. Opin. Cell Biol. 12, 211
(2000).

11. T. P. Garrington, G. L. Johnson, Curr. Opin. Cell Biol. 11,
211 (1999).

12. A.]. Whitmarsh, R. ]. Davis, Trends Biochem. Sci. 23, 481
(1998).

13. T. Pawson, ). D. Scott, Science 278, 2075 (1997).

14. S. Marcus, A. Polverino, M. Barr, M. Wigler, Proc. Natl.
Acad. Sci. U.S.A. 91, 7762 (1994).

15. K.-Y. Choi, B. Satterberg, D. M. Lyons, E. A. Elion,
Cell 78, 499 (1994).

16. M. Good, G. Tang, ]. Singleton, A. Reményi, W. A. Lim,
Cell 136, 1085 (2009).

17. L. ). Flatauer, S. F. Zadeh, L. Bardwell, Mol. Cell. Biol. 25,
1793 (2005).

18. E. A. Elion, ]. A. Brill, G. R. Fink, Proc. Natl. Acad.
Sci. U.S.A. 88, 9392 (1991).

19. M. Z. Bao, M. A. Schwartz, G. T. Cantin, ]. R. Yates 3rd,
H. D. Madhani, Cell 119, 991 (2004).

20. S. Chou, L. Huang, H. P. Liu, Cell 119, 981 (2004).

21. L. Bardwell, Peptides 26, 339 (2005).

=

22. L. S. Garrenton, S. L. Young, ]. Thorner, Genes Dev. 20,
1946 (2006).

23. C. Inouye, N. Dhillon, T. Durfee, P. C. Zambryski,
]. Thorner, Genetics 147, 479 (1997).

24. R. E. Lamson, S. Takahashi, M. ]. Winters, P. M. Pryciak,
Curr. Biol. 16, 618 (2006).

25. C. Inouye, N. Dhillon, J. Thorner, Science 278, 103 (1997).

26. D. M. Lyons, S. K. Mahanty, K. Y. Choi, M. Manandhar,
E. A. Elion, Mol. Cell. Biol. 16, 4095 (1996).

27. B.R. Cairns, S. W. Ramer, R. D. Kornberg, Genes Dev. 6,
1305 (1992).

28. G. Jansen, F. Bihring, C. P. Hollenberg, M. Ramezani
Rad, Mol. Genet. Genomics 265, 102 (2001).

Acknowledgments: ].G.Z. is supported by the Damon
Runyon Cancer Research Foundation (DRG 2012-09).

S.M.C. is supported by a National Science Foundation
Graduate Research Fellowship. S.S.S. and S.R. are supported
by a grant from the Canadian Institutes for Health Research
(MOPS-93725). This work was also supported by NIH grants
RO1 GM55040, RO1 GM62583, PN2 EY016546, and P50
GM081879 (W.A.L.) and by the Howard Hughes Medical
Institute (W.A.L.). We thank G. Narlikar, H. Madhani, and
M. Good for helpful discussions and comments; N. Helman
and S. Vidal for plasmids; H. Madhani for providing yeast
strains; and C. Waddling for assistance with x-ray data
collection. Coordinates have been submitted to the Protein
Data Bank (4F2H).

Supplementary Materials
www.sciencemag.org/cgi/content/full/science.1220683/DC1
Materials and Methods

Figs. S1 to S15

Tables S1 to S4

References

16 February 2012; accepted 10 July 2012
Published online 9 August 2012;
10.1126/science.1220683

Rad51 Is an Accessory Factor for
Dmc1-Mediated Joint Molecule
Formation During Meiosis

Veronica Cloud,™? Yuen-Ling Chan,? Jennifer Grubb,? Brian Budke,? Douglas K. Bishop
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Meiotic recombination in budding yeast requires two RecA-related proteins, Rad51 and Dmc1, both
of which form filaments on DNA capable of directing homology search and catalyzing formation

of homologous joint molecules (JMs) and strand exchange. With use of a separation-of-function
mutant form of Rad51 that retains filament-forming but not JM-forming activity, we show that the
JM activity of Rad51 is fully dispensable for meiotic recombination. The corresponding mutation

in Dmc1 causes a profound recombination defect, demonstrating Dmc1's JM activity alone is
responsible for meiotic recombination. We further provide biochemical evidence that Rad51 acts with
Mei5-Sae3 as a Dmc1 accessory factor. Thus, Rad51 is a multifunctional protein that catalyzes
recombination directly in mitosis and indirectly, via Dmc1, during meiosis.

eiosis reduces chromosome number
as required for biparental reproduc-

tion. The meiotic program evolved by
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modification of the mitotic cell cycle, via dupli-
cation and specialization of key proteins, in-
cluding the RecA family members Rad51 and
Dmcl (7, 2). Rad51 and Dmcl form nucleopro-
tein filaments on single-stranded DNA (ssDNA)
tracts that flank double-strand break (DSB) sites.
These filaments search for, and swap strands with,
homologous double-stranded DNA (dsDNA) seg-
ments on unbroken chromatids to form homolo-
gous joint molecules (JMs). Rad51 is the only
protein that acts directly in JM formation dur-
ing mitotic recombination. Dmc1 is a meiosis-

specific protein. Normal meiotic recombina-
tion depends on both Rad51 and Dmcl. Pre-
vious results reveal that both Rad51 and Dmcl
are capable of carrying out homology search
and catalyzing the formation of JMs (3-5), but
they do not reveal whether one, the other, or both
proteins contribute these activities during wild-
type (WT) meiosis.

The Escherichia coli RecA protein has two
DNA binding sites, a high-affinity site (site I) suf-
ficient for polymerization of proteins on ssDNA
tracts and a low-affinity DNA binding site (site
1) specifically required for interaction of the
ssDNA-protein filament with a second DNA dur-
ing homology search and JM formation (6) (fig.
S1A). Site IT in RecA includes positively charged
residues Arg”*® (R243) and Lys**® (K245) (7); a
third residue, R227, completes a basic patch on
the groove of the helical filament. This patch
corresponds to a patch of three residues in Rad51
protein (R188, K361, and K371, fig. SIB). We
mutated these three residues in Rad51 to alanine
to form Rad51-II3A. This protein was then pu-
rified (fig. S2).

To test Rad51-1I3A for site I binding activity,
we used fluorescence polarization (FP) and elec-
trophoretic mobility shift assays (EMSA). FP
detected no difference in apparent binding af-
finity between the WT protein (Rad51-WT) and
Rad51-1I3A (Fig. 1A). EMSA analysis showed
that both Rad51-WT and Rad51-II3A shift the
mobility of both ss- and dsDNA under similar
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