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Abstract

Reversible phosphorylation relies on highly regedkinases and phosphatases that
target specific substrates to control diverse tallprocesses. Here, we address how protein
phosphatase activity is directed to the correcssate under the correct conditions. The
serine/threonine phosphatase SpollE figemillus subtilis, a member of the widespread protein
phosphatase 2C (PP2C) family of phosphatasestivatsd by movement of a conserved
helical element in the phosphatase domain to ctbatbinding site for metal-cofactor. We
hypothesized that this conformational switch cquiovide a general mechanism for control of

diverse PP2C phosphatases. Bheaubtilis phosphatase RsbU responds to different signals, act



on a different substrate, and produces a more drnaponse than SpollE. Using an unbiased
genetic screen, we isolated mutants inctteelical switch region of RsbU that are constitetv
active, indicating conservation of the switch metsa. Using phosphatase activity assays with
phosphoprotein substrates, we found that both gtadapes integrate substrate recognition with
activating signals to control metal-cofactor birgland substrate dephosphorylation. This
integrated control provides a mechanism for PP263phatases to produce specific responses by

acting on the correct substrates, under the apjtepronditions.

Introduction

Protein kinases and phosphatases regulate diviedsgibal processes by controlling the
phosphorylation state of target proteins, requithmg they select specific substrates and act on
them at the correct time and place. Protein kinhags conserved allosteric elements that
control kinase activity in response to regulatomyuts and have deep active site grooves that
facilitate recognition of cognate substrates (1V8hile all protein kinases belong to a single
superfamily of related enzymes, protein phosphatasme from multiple evolutionarily
unrelated lineages (4). Determining how each fawiilghosphatases achieves regulation and
specificity will reveal mechanistic differences tlagstinguish each phosphatase family and may
suggest specific strategies for targeting phosgleataith small molecules.

We focus here on the PP2C family of serine/thredpimosphatases, members of which
are found across all kingdoms of life (5, 6). PR2@sphatases are precisely regulated to control
a diverse range of processes including stress mespdevelopment, virulence, and cell growth
and death in all kingdoms of life, but their mecisars of regulation and substrate specificity are

unknown (4, 7). To address this question, we d@ezla system to compare substrate selection



and regulation of two PP2C phosphatases, SpollERabtl), which co-exist in the same
bacterial cell, but respond to different signald ant on distinct phospho-protein substrates.

SpollE controls the developmental program of spleeelopment in the bacteriuB
subtilis (Figure 1A) (8). Following asymmetric cell divisioSpolIE is stabilized against
proteolysis and is activated by multimerizatiorsmall cells (9). The multimerization,
stabilization, and activation of SpollE is mediabdits unique regulatory domain. Upon
activation, SpollE dephosphorylates SpollAA to eaté a cell-specific transcription factef )
(Figure 1A) (8, 10). We recently found that SpoBEactivated by rotation of arhelical
element at the base of the phosphatase domainntotfi@ binding site for the catalytically
essential metal ions (we refer to the metal iorfsratal-cofactor” and use Mtias the metal for
all experiments in this study, Figure 1B) (11). Taegulatoryu-helical element we described is a
conserved feature of the PP2C phosphatase donmainye hypothesized that it is preserved as a
regulatory switch for phosphatases in this familly)(

The phosphatase RsbU has a PP2C phosphatase dbatasrelated to SpollE (17%
sequence identity, 40% similarity, and includeegian predicted to form thehelical switch)
(SF1A and SF1B) but has an unrelated N-terminallaeg¢gry domain (Figure 1A and SF1A) and
responds to different signals to initiate the gahstress response B subtilis (Figure 1A) (12).
The general stress response describes a broadripgional response that is activated by diverse
bacterial species in response to changing conditmal coordinates processes including
virulence, antibiotic resistance, and biofilm fotina (13). A common mechanism for activation
of a general stress response relies on a PP2Cldtasp that recognizes the initiating signal.
This appears to be the most evolutionarily anceat broadly conserved function of PP2C

phosphatases across the bacterial kingdom. Toadetilie general stress response under



conditions of environmental stressBnsubtilis, RsbU binds to an activating protein (RsbT) and
dephosphorylates RsbV. RsbV then activates thedraution factor®, which controls the
general stress response transcriptional prograBnsubtilis (Figure 1A) (12). It is essential that
SpollE and RsbU act with high fidelity on their cage substrates (14); aberrant
dephosporylation of RsbV-P and activation of theegal stress response during sporulation
blocks spore development (15) and dephosphorylati@pollAA-P in non-sporulating cells is
toxic.

In addition to sensing different signals and actinglifferent substrates, SpollE and
RsbU exhibit different response profiles. Wherepslik initiates a switch-like developmental
transition, RsbU initiates a graded response witplaudes scaled to the strength of the
initiating signal (16, 17). These phosphatase-satespairs thus provide an experimentally
tractable system within a well-characterized maaghnism with which to identify principles
for how PP2C family phosphatases are regulatechanigve substrate specificity.

Using a combined forward-genetic and biochemicatagch to probe the regulation and
specificity of RsbU and SpollE, we found that tegulatory switch is a conserved element that
ensures each phosphatase is only active at thectdime, under the correct conditions, and

when in complex with the correct substrate protein.

Results
Spol | E principally achieves specificity by stabilizing the transition state

To assess how SpollE achieves specificity focatgnate substrate SpollAA as opposed
to its non-cognate substrate RsbV, we used ther@irtal phosphatase domain in isolation

(SpollE°**%%) (Figure 1B). We selected this construct to teethypothesis that specificity can



be encoded by the PP2C catalytic domain alone@it®ntify potentially conserved
mechanisms of specificity. At least three stepthefphosphatase reaction could in principle
contribute to specificity: substrate recognitionemistry, and metal-cofactor binding. To isolate
the contributions of substrate recognition and deesnwe held the metal-cofactor constant at
saturating levels (10 mM Mng)l Under these conditions, Spoif£®?’was specific,
dephosphorylating SpollAA-P approximately 3,500dfatore efficiently than the off-pathway
substrate, RsbV-P (SpollAA-RKKy = 0.68+0.04 mituM™, RsbV-P ka/Ku =

0.00020+.00002 mituM™) (Figure 1C). This specificity was principally thesult of an
increased & for the cognate substrate (18.7+0.4 tniar SpollAA, 0.064+0.005 mih for

RsbV) but was enhanced by a lowey #r the cognate substrate (20+1 uM for SpollAA,
255139 uM for RsbV) (Figure 1D). Thus, specifiasyachieved by directing 3.4 kcal/mol of the
specific binding energy for the cognate substratgtabilizing the transition state and 1.5
kcal/mol to stabilization of the enzyme substraimplex (Fig 1E). Here we discusg las
representing “substrate recognition”, but also &t the lack of a lag-phase in pre-steady-state
reactions, the uM K values for substrate, and minute timescaleake all suggestive of the K

being equal to the iof the enzyme-substrate complex.

Theregulatory switch couples substrate recognition to metal-cofactor binding

The conserved regulatory switch moves to acti$gelIE by recruiting metal-cofactor to
the active site (Figure 1B). We hypothesized thiéstrate binding is favored when the switch is
in the active conformation, coupling substrate bigdo metal-cofactor binding. To investigate
this hypothesis, we took advantage of a gain-otfion mutant of SpollE (valine 697 to alanine,

V697A) in which substitution of a single amino agidhe hydrophobic core of the phosphatase



domain biases the switch to the active state (Eig#) (11, 18, 19). The V697A substitution
decreased the specificity of SpollE, increasingkithéKy for RsbV-P 150-fold compared to a 5-
fold increase for SpollAA-P (Figure 2A). In the expnents described below, we analyzed the
effect of the V697A substitution on\K k.o, @and metal-cofactor binding with both the cognate
and non-cognate substrates.

Substrate recognition (Ky): The V697A substitution decreased thg &f SpollE*827
for both SpollAA-P (10-fold) and RsbV-P (5-fold)i¢fare 2A), suggesting that substrate binding
is favored when SpolIE is in the active conformiatio

Chemistry (kear): The V697A substitution increased the maximal céitahate (la) of
SpollE***#7for the non-cognate substrate nearly forty-foldlevhaving a modest effect on the
cognate substrate (Figure 2A). Thus, the switchirotmthe maximum catalytic rate of SpollE in
addition to controlling metal-cofactor binding. Ewermore, the conformational flexibility of the
switch can differentially affect the catalytic rdte cognate and non-cognate substrates.

Metal-cofactor binding: To monitor metal-cofactor recruitment, we held shbstrate
concentration constant and measured SpollE actnitty varied concentrations of MngCl
(Figure 2B). Consistent with our previous obsenadi the V697A substitution decreased the
concentration of MnGlrequired for SpollB®®¥?"to dephosphorylate SpollAA-P (£3.1+0.9
mM for WT SpollE*#"and Ky, 0.16+0.05 mM for SpollE%®2'V697A). In contrast, the
V697A substitution increases the Ma€bncentration required for dephosphorylation Far t
non-cognate substrate RsbV-P,46f 2.0+0.4 mM for WT SpollB°2and Ky, of 19+2 mM
for SpollE***#2v697A). Cooperativity of metal-cofactor bindingi(itoefficient of two, inset
panels Figure 2B), yields a switch-like responssilar, appropriate for initiation of a

developmental transition.



Together, these kinetic parameters demonstratéttbawitch mediates coupling
between metal-cofactor binding, substrate recagmitand chemistry and that the V697A
substitution shifts binding energy for the non-caignsubstrate from metal-cofactor binding to
chemistry, reducing specificity at saturating metaflactor concentrations (summarized in

Figure 2C).

The Spol | E regulatory domain controls metal-cofactor binding, substrate recognition and
chemistry.

PP2C phosphatases have regulatory domains thabttir activity (4, 11). We
therefore repeated the above analysis with thepgttatase domain of SpollE together with a
portion of the regulatory domain (SpoffE®2). We chose this fragment because it is a well-
behaved soluble protein whose crystal structur@nseiously reported (11) (Figure 3A).
Although the regulatory domain is truncated, thagyfnent allowed us to test how contact with
an accessory domain affects the behavior of theebwsimilar to our observations with
SpollE?9827 5polIE®"#2"was specific for SpollAA-P (SpollAA-Pl¢/Ky = 0.039+0.002 min
UM™, RsbV-P kafKy = 7.2+0.2 x1G min*pM™) (Figure 3A) and its specificity for its cognate
substrate was reduced by the V697A substitutigqiil, for RsbV-P increases 100-fold, but
was unaffected for SpollAA-P) (Figure 3A).

SpollE™®"#"exhibited several notable differences from thesphatase domain alone
(SpollE°*®%_ First, the regulatory domain increased thedf SpollE for both cognate and
non-cognate substrates, such that the concentr@dg¢jpendence of phosphatase activity was
linear even at concentrations of substrate abo@guM (Figure 3A). Second, the regulatory

domain altered how the V697A substitution affeategtal-cofactor binding; whereas the



substitution decreased the concentration of Mm&juired for Spollf®"®*"to dephosphorylate
SpollAA-P (Figure 2A), it had no effect on the centration of MnCJ required to
dephosphorylate RsbV-P (Figure 3B).

Together, these findings (summarized in Figure &€)consistent with coupling between
substrate recognition, chemistry, and metal-cofagtoruitment and indicate that regulatory

domains can influence all three steps through wheeis.

A rolefor the switch-element in activating RsbU phosphatase activity

Next, we addressed whether coupled activation,tetbsrecognition, and metal-cofactor
binding through the switch is conserved for thesgfresponse phosphatase, RsbU (Figure 1A).
First, we tested the hypothesis that the switchiatesl RsbT activation of RsbU. We took an
unbiased approach to interrogate the mechanismsbtJRactivation by performing a genetic
screen to isolate variants of RsbU that are aatiee absence of RsbT. We reasoned that if the
switch is important for RsbU regulation, we wousblate activating mutations in the switch
region. We generated a library of randomly mutageshirsbU variants and induced their
expression in a strain harboring a LacZ reportersfo activity and selected for variants that
activated ¢®. From this screen, we identified two amino acicstitutions in the RsbU
phosphatase domain, both at M166 (M166L, and M16&\Wt activateds® in the absence of
RsbT as visualized bhacZ dependent color change on X-Gal plates (Figuresddws plates
with rsbUMV introduced at the native locus; Figure SF2A shdies plates with strains
expressingsbUM* using the plasmid based system used in the scraetiyation ofc® was
dependent on expression of the mutagenized Rsblaubec both pathways known to

dephosphorylate RsbV-P were deleted from the palresttain (and all other strains described



below), and activation in plasmid-based systemsed@pd on induction of RsbU expression
(Figure SF2A). M166 is in the N-terminathelix of the switch and is predicted to pack ie th
hydrophobic core of the phosphatase domain (Fig¥e The position of these mutations is
reminiscent of the activating mutation V697A in 8go(Figure 4B) and the position of M166 in
the RsbU switch provides independent evidencethigaswitch is required for RsbU activation.
Our analysis of the SpollE V697A mutation revedledt it acts by biasing the switch towards
the active conformation, allowing for partial aetion in the absence of signal, and potentiating
the response to low levels of signal (11). Consisteith a similar mechanism for the M166

UMY variants were

mutations, we observed that when the plasmids tsadolate thersb
introduced to strains withsbT, ¢® activity was elevated compared 4osbT strains on plates
(SF2A). A similar phenomenon was not qualitativalyparent on plates for cells expressing
rsbUMSHY at the native locus (Figure 4A). However, we obeerthat thes® activity of liquid-
grown cells expressingsbUM®" sharply increased between §p0.5-1.0 and peaked as the
cells entered stationary phase .5) (Figure 4C, top panel}l.his cell-density dependent
effect was potentiated by Rsbd® activity was ten-fold lower in strains that lackedT (Figure
4C, bottom panel). A similar cell-density dependietease ins” activity was not detected in
cells expressing wild-typesbU regardless of the presencerdbT (Figure 4C, top panellhese
data suggest that mutation of M166 sensitizes Rsbattivation by RsbT — even at levels that
are normally insufficient to elicit a response.

The rsbUM*®®- mutation also potentiated the RsbT-mediated respem®nvironmental
stress. Cells witlhsbU"*®" integrated at the native chromosomal locus haderated response

to a well-characterized environmental stressor @®anol by volume) that activates RsbU

through RsbT (12). Stress was introduced at low @D&-0.2) to minimize the impact of cell



density ons® activity in rsbUM®®- expressing cells. The elevated response of cefisesging
rsbUM% mirrored the characteristic dynamics of the sharg transient increase &% activity

of wild-type cells followed by a gradual ramp-dowhactivity (Figure 4D and SF2B, top panel)
(. As this response depends on both RsbT and Rstbdins lacking either of these genes failed
to respond to the stressor (Figure 4D, bottom pamefgether, the position of M166 in the RsbU
regulatory switch and its impact on RsbU activitypiicate the switch as a conserved element to

control phosphatase activity in response to celkilgnals.

M echanisms of regulation and specificity are conserved between SpollE and RsbU

If the switch-element acts similarly to activateo8g and RsbU, a simple prediction is
that activation of RsbU by RsbT would decreasectirecentration of metal-cofactor required for
activity. We reconstituted RsbU activation by Rsbid found that RsbT decreased the &f
RsbU for Mrf* by nearly 100-fold (I, 1.0+0.1 mM in the presence of RsbT and 77+9 mM in
the absence of RsbT) (Figure 5A). In contrast toll&p RsbU activity towards its cognate
substrate was non-cooperative with respect t6'Mancentration (Figure 5A right panels).
Whereas SpollE regulates a developmental transiioonwhich an all-or-nothing response is
important, RsbU regulates a stress response, fimhvihe graded response that non-cooperative
activation affords may be advantageous.

In ourinvitro assays, RsbT additionally enhanced the maximalytet activity of RsbU
towards RsbV-P 10-fold {k 25+2 min™* in the presence of RsbT and 0.44+0.06 Triim the
absence of RsbT) (Figure 5A), consistent with presiobservations (12, 20). This suggests that,

as we observed for SpollE, control of chemistry aredal-cofactor binding are coupled,

10



providing nearly a 1000-fold increase in the atyiwf RsbU at concentrations of metal ion
below the K/, (as would be expected in the cytoplasm) (21, 22).

Reconstitution of RsbU activation by RsbT furthéowed us to determine how
specificity is maintained upon phosphatase actvatiike SpollE, RsbU is specific: RsbU had
higher catalytic activity towards its cognate stdigt (ks 0.44+0.06 mifi* for RsbV-P and
0.0012+0.0004 mitt for SpollAA-P), and bound both cognate and nonrete substrates
tightly (Ky 0.9 uM for SpollAA-P and 1.5 uM for RsbV-PjyKalues were difficult to
determine accurately because of limitations of d&ie for substrate proteins) (Figure 5B).

As with the cognate substrate, RsbT enhanced Ratalytic activity towards SpollAA-
P (a 300-fold increase t@40.32+0.02 mif) (Figure 5B). However, RsbT did not substantially
change the affinity of metal-cofactor binding witte non-cognate substratey(B+3 mM in the
absence of RsbT and 20+6 mM in the presence of Rsbilar to the V697A mutation of
SpollE®"®%"(Figure 5A). We did note partial cooperativity fomnganese with SpollAA as the
substrate (Hill coefficient of 1.4+0.1 without Rsbifid 1.6+0.3 with RsbT). This mild effect is
consistent with our observation that the substrdbeences the binding of metal in the active
site. RsbT also had little impact on SpollAA-P bingl(approximate kg 1 UM in the absence of
RsbT and 0.3 uM in the presence of RsbT) (Figure BBus, specificity is maintained because
RsbT activation fails to stimulate metal-cofactording for RsbU in the presence of its non-

cognate substrate (summarized in Figure 5C).
Conclusions

By examining two phosphatases, we found that PRgGlation and specificity is

mediated by a conserved allosteric element tHatistionally flexible to respond to varied
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signals and to discriminate between substrate ipt&€his regulatory mechanism is
orchestrated by an allosteric switch that integraigivating signals and binding to cognate
substrate to control metal-cofactor binding in &lcéve site and catalytic activity. This coupling
of regulatory inputs, chemistry, and substrate gadmn provides a unified mechanism to
control diverse signaling pathways.

By what mechanism could the PP2C switch-elemensthace regulatory inputs to
coordinate substrate recognition, metal-cofactoding, and chemistryih a parsimonious
model, both regulatory domains and substrates ndligactly contact and influence the
conformation of the switch. This is supported by findings that a fragment of the regulatory
domain of SpollE shifts the energetic balance betwsibstrate recognition, chemistry, and
metal-cofactor recruitment. Furthermore, the swisctine structural feature of SpollE that
mediates these changes in phosphatase activitgudrstrate recognition. The switch is situated
directly below the active site, where it would likeontact substrate proteins and might also
control the maximum catalytic rate by precise posihg of the phosphoserine bond and the
metal-cofactors in the active site. Such an archite is present in the single available structure
of a PP2C phosphatase bound to its substrate prdtei phosphatase Hab1 bound to ShRK2).
SnRK2 makes direct contacts with the Hab1 switahtara variable region (termed “the flap”)
that packs against the switch (23).

Dimerization may also be a widespread regulatorghrarism for PP2C phosphatases.
SpollE is activated by formation of a dimer in whithe switch elements of the two phosphatase
domains make direct contacts and lock the switemeht in the active state (11). One attractive
possibility is that the specific contacts betwesn dwitch elements in the phosphatase dimer are

conserved. This is supported by the fact that sintibntacts have been observed in dimeric
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structures oP. aeruginosa phosphatases RssB and SiaA (24-25). Dimerizatem@hys an
important role in RsbU activation; a fragment af RsbU regulatory domain crystallized as a
dimer and a groove formed at the dimer interface st@wn to be critical for RsbT binding to
RsbU (20). However, the mechanism of how RsbU diaéon is coupled to phosphatase
activation is unknown.

We hypothesize that this conserved allosteric $witaly regulate diverse PP2C
phosphatases across the tree of life. Regulatanadws from diverse PP2C phosphatases also
pack against the switch, suggesting that couplatg/ben substrate recognition, metal-cofactor
binding, and activity could be broadly conservet], @6-28). Additionally, structural analysis
and molecular dynamics simulations of human RP&@ealed a network of interactions that
link the switch element, metal binding in the aetsite, and the flap subdomain (29). Hydrogen-
deuterium exchange experiments revealed increasédity of the switch helicesofl anda2) at
sub-saturating metal-cofactor concentrations anenvthe binding site for a third metal ion was
disrupted by mutation of its coordinating residD&46 (29). Further highlighting the similarities
between the bacterial and human phosphatases ESg687 and PP2€D146 both sit at the
end off-strand 6, two amino acids away from each othersequence alignment. These data
suggest that the structural features of the PP2&lytia domain that we identify as controlling
phosphatase activity and specificity are broadlyseoved.

The mechanism we describe here for PP2C phosphaigsiation and specificity,
however, is qualitatively different from what isdwan about evolutionarily unrelated
serine/threonine phosphatases from other famHiesboth the PPP phosphatases (including
PP1, PP2A, and calcineurin) and FCP/CTD phosphat#se catalytic domain itself is thought

to be relatively promiscuous for substrates. Sabstspecificity is instead imposed by diverse
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regulatory subunits that tether substrates in pnayiof the catalytic center, control subcellular
localization of the phosphatase, and/or gate safiesticcess to the active site (4).

Because phosphatases control signaling pathwaysdhaibute to multiple disease
processes, they are attractive drug targets, kutldtk of deep and thus classically druggable
active site pockets has made development of snw#aule modulators difficult (30). Recent
successes, however, have targeted phosphatasatoegguhechanisms: PP2A inhibitors that
target the conformation of regulatory subunits (PB2A activators that promote the assembly
of specific regulatory subunits into holoenymes)(22d allosteric modulators of active site
gating for the protein tyrosine phosphatase, SEB2. (The allosteric regulatory mechanism of
PP2C phosphatases may also similarly provide giegtd¢or the development of modulators.
Indeed, allosteric inhibitors of the oncogenic PR©Gsphatase Wipl were identified that bind
to the flap subregion, although the mechanism vbaof these inhibitors is unknown (34, 35).
We propose that these and future PP2C modulatoysantan the allosteric switch we here

describe as coordinating substrate recognitionnedtey, and metal-cofactor binding.
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Materialsand M ethods

Growth conditions.

Liquid cultures were grown in Lennox lysogeny br@tB) while colonies were grown on LB
containing Bacto agar. The antibiotics used wereSNRO pg/ml erythromycin, 250 pg/ml
lincomycin), chloramphenicol (20 pg/ml f& coli), carbenicillin (100 pg/ml), and kanamycin
(10 pg/ml forB. subtilis or 50 pug/ml fork. coli). When indicated, 80 pg/ml of 5-bromo-4-
chloro-3-indolyl$-D-galactopyranoside (X-gal) and 1 mM Isoprofyd-1-
thiogalactopyranoside (IPTG) were added to growdiom to visualize® reporter activity on

plates.

Protein expression constructs

SpollAA and SpollAB were expressed in BL21 (DE3)sRtta2 pLysS cells as 6H-sumo fusions
in pET23a made by ligation of the coding sequengeET23a 6H-sumo digested with Notl/Agel
(. SpollAA-P was produced in BL21 (DE3) cells caniag pET-YSBLIC 6H-3C-spollAA—
spollAB as reported (36). Spofi®2’ SpollE*"®?’ RsbT, RsbU, RsbV, and RsbW were
produced with 3C cleavable 6H tags in BL21 (DE3)sdgonstructs were made by insertion of
the coding sequence to pET47b vectors digestedXmital/Xhol by isothermal assembly).
Mutations were introduced to SpollE expression trots using QuikChange site directed
mutagenesis. RsbV-P was produced by co-expressiby BRnd RsbW using a pET47b vector
generated by isolation of the coding sequenceR$blV and RsbW from genomic DNA,
yielding a construct with RsbV fused to a 3C cléde®H tag followed by untagged RsbW. All

strains used are listed in the table of strains.
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Protein expression and purification

Proteins were expressed and purified using sligidifications to previous methods (11).
All proteins were purified to greater than 95% pudas assessed by Coomassie stained SDS-
PAGE gel. Unless otherwise noted, protein expressias induced with 1 mM IPTG for 14-18
hours at 14°C in BL21 (DE3) cells that had beemvgron LB to ODyoo 0f 0.6 at room
temperature. Details for purification of individyaioteins follows:

SoollE (same protocol for all variants) was purified frogll pellets lysed (using a
microfluidizer) in 50 mM KeHEPES pH 8.0, 200 mM NaC0% glycerol (v/v), 0.5 mM DTT,

20 mM imidazole, 0.1 mg/ml PMSF. Lysates were §kdliby spinning for 30 min at 16,000
RPM in a Sorvall SS-34 rotor atGl Protein was bound to a HisTrap HP column on KT A
FPLC, was washed, and then was eluted with a gratti200 mM imidazole. The 6H tag was
cleaved overnight in dialysis with PreScission pase, and the tag and protease were removed
by flowing over Ni-NTA resin. SpollE was next pueidl on a Resource Q column equilibrated in
50 mM HEPES pH 8.0, 100 mM NacCl, 2 mM EDTA, 2 mM Da&nd eluted with a gradient to
500 mM NacCl. The SpollE containing fractions wepensconcentrated and gel-filtered on a 120
ml Superdex 75 column equilibrated in 20 mM KeHEREE8.0, 100 mM NacCl, 10% glycerol
(v/v), 2 mM DTT. Protein was spin-concentrated pp@ximately 400 uM and flash-frozen and
stored at —80°C.

SoollAA was expressed for 4 hours at 37°C. Cell pellets wesuspended in 20 mM
KeHEPES pH 7.5, 200 mM NaCl, 0.5 mM DTT, 0.1 mg/MSF (5 ml/l of culture). Cells were
lysed using a cell disruptor in one-shot mode (CamsSystems, Daventry, United Kingdom)
and lysates were clarified by spinning for 30 ntii&,000 RPM in a Sorvall SS-34 rotor &4

Protein was bound to Ni-NTA resin (1 ml/l of cuk)yron column by gravity flow, washed with
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buffer containing 20 mM imidazole, and eluted w20 mM imidazole. The 6H-sumo tag was
cleaved using 10ul of a 100 puM stock of ULP1 inroight dialysis at 16°C to 20 mM
KeHEPES pH 7.5, 200 mM NaCl, 10% glycerol (v/v),50mM DTT. The 6H-sumo tag was
subtracted by flowing over Ni-NTA resin equilibrdtan the cleavage and dialysis buffer. The
cleaved protein was then spin-concentrated andiltggred on a 120ml Superdex 75 column
equilibrated in 50 mM KeHEPES pH 8.0, 100 mM Na@% glycerol (v/v), 2 mM DTT.
Protein was concentrated to approximately 400 yaghtfrozen and stored at -80°C.

SoollAB was expressed for 4 hours at 37°C. Cell pellets wesuspended in 50 mM
KeHEPES pH 7.5, 200 mM NaCl, 10 mM MgCD.5% Triton X-100 (v/v), 0.5 mM DTT, 0.1
mg/ml PMSF (5ml/I of culture). Cells were lysedngsa cell disruptor in one-shot mode
(Constant Systems, Daventry, United Kingdom) asdtgs were clarified by spinning for 30
min at 16,000 RPM in a Sorvall SS-34 rotor & .4Protein was bound to Ni-NTA resin (1 ml/I
of culture) on column by gravity flow, washed wiibffer containing 20 mM imidazole, and
eluted with 200 mM imidazole. The 6H-sumo tag wedsun-cleaved to aid in removal from
phosphorylation reactions. SpollAB was spin-coneratl and gel-filtered on a 120 ml
Superdex 75 column equilibrated in 50 mM KeHEPESHS 175 mM NacCl, 10 mM Mgg|l
10% glycerol (v/v), 2 mM DTT. Protein was concetachto approximately 400 yuM,
supplemented to 50% glycerol (v/v) and flash-froaed stored at -80°C.

SoollAA-P was purified from cells co-expressing 6H-3C-Sp@lland untagged
SpollAB for 4 hours at 37°C. Cell pellets were sgsended in 20 mM KeHEPES pH 7.5, 200
mM NacCl, 0.5 mM DTT, 0.1 mg/ml PMSF (5 ml/l of cuit). Cells were lysed using a cell
disruptor in one-shot mode (Constant Systems, Dayddnited Kingdom) and lysates were

clarified by spinning for 30 min at 16,000 RPM isarvall SS-34 rotor at@. Protein was
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bound to a HisTrap HP column on an AKTA FPLC, wasked with buffer containing 20 mM
imidazole and 500 mM NaCl, and eluted with a gratiie 300 mM imidazole. The tag was
cleaved using PreScission protease overnight asadys1°C. The cleaved protein was then spin-
concentrated and gel-filtered on a 120 ml Super®egolumn equilibrated in 50 mM KeHEPES
pH 8.0, 100 mM NaCl, 10% glycerol (v/v), 2 mM DTHrotein was concentrated to
approximately 400 uM, flash-frozen and stored &1°€8

SoollAB was expressed for 4 hours at 37°C. Cell pellets wesuspended in 50 mM
KeHEPES pH 7.5, 200 mM NaCl, 10 mM MgCD.5% Triton X-100 (v/v), 0.5 mM DTT, 0.1
mg/ml PMSF (5ml/I of culture). Cells were lysedngsa cell disruptor in one-shot mode
(Constant Systems, Daventry, United Kingdom) asdtgs were clarified by spinning for 30
min at 16,000 RPM in a Sorvall SS-34 rotor & .4Protein was bound to Ni-NTA resin (1 ml/I
of culture) on column by gravity flow, washed wiibffer containing 20 mM imidazole, and
eluted with 200 mM imidazole. The 6H-sumo tag wedsun-cleaved to aid in removal from
phosphorylation reactions. SpollAB was spin-coneratl and gel-filtered on a 120 ml
Superdex 75 column equilibrated in 50 mM KeHEPESHS 175 mM NacCl, 10 mM Mgg|l
10% glycerol (v/v), 2mM DTT. Protein was concergchto approximately 400 uM,
supplemented to 50% glycerol (v/v) and flash-froaed stored at —80°C.

RsbT was purified from cell pellets lysed (using a roftwidizer) in 20 mM KeHEPES
pH 7.5, 200 mM NacCl, 10% glycerol (v/v), 0.5 mM DTA0 mM imidazole, 0.1 mg/ml PMSF.
Lysates were clarified by spinning for 30 min aid® RPM in a Sorvall SS-34 rotor dC4
Protein was bound to Ni-NTA resin (1 ml/I of cuk)ron column by gravity flow, washed, and
eluted with 200 mM imidazole. The 6H tag was clehweernight in dialysis with PreScission

protease, and the tag and protease were removial\bygg over Ni-NTA resin. RsbT was spin
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concentrated and gel-filtered on a 120 ml Superdegolumn equilibrated in 20 mM KeHEPES
pH 7.5, 150 mM NacCl, 10% glycerol (v/v), 2 mM DTHrotein was spin-concentrated to
approximately 40 uM (additional concentration legggregation) and was flash-frozen and
stored at —80°C.

RsbU was purified from cell pellets lysed (using a roitwidizer) in 50 mM KeHEPES
pH 8.0, 200 mM NacCl, 10% glycerol (v/v), 0.5 mM DTA0 mM imidazole, 0.1 mg/ml PMSF.
Lysates were clarified by spinning for 30 min ajd® RPM in a Sorvall SS-34 rotor dC4
Protein was bound to a HisTrap HP column on an AKFA.C, was washed, and then was
eluted with a gradient to 200 mM imidazole. Thet@H was cleaved overnight in dialysis with
PreScission protease, and the tag and proteaseaeveoxed by flowing over Ni-NTA resin.
Cleaved RsbU was spin concentrated and gel-filtered 120 ml Superdex 75 column
equilibrated in 20 mM KeHEPES pH 8.0, 100 mM Na@l% glycerol (v/v), 2 mM DTT. The
RsbU containing fractions were then purified oneséurce Q column equilibrated in 50 mM
HEPES pH8.0, 100 mM NaCl, 2 mM EDTA, 2 mM DTT andted with a gradient to 500 mM
NaCl. This final step removes a degradation proguesent in some RsbU preparations. Protein
was supplemented with 10% glycerol (v/v), spin-antcated to approximately 400 uM and
flash-frozen and stored at —80°C.

RsbV was purified from cell pellets lysed (using a roftwidizer) in 20 mM KeHEPES
pH 7.5, 200 mM NacCl, 10% glycerol (v/v), 0.5 mM DTA0 mM imidazole, 0.1 mg/ml PMSF.
Lysates were clarified by spinning for 30 min aid® RPM in a Sorvall SS-34 rotor dC4
Protein was bound to Ni-NTA resin (1 ml/I of cuk)yron column by gravity flow, washed, and
eluted with 200 mM imidazole. The 6H tag was clehweernight in dialysis with PreScission

protease, and the tag and protease were removigal\bgg over Ni-NTA resin. RsbT was spin
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concentrated and gel-filtered on a 120 ml Superdegolumn equilibrated in 20 mM KeHEPES
pH 7.5, 150 mM NacCl, 10% glycerol (v/v), 2 mM DTHrotein was spin-concentrated to
approximately 400 uM and flash-frozen and storeeB&eC.

RsbW was purified from cell pellets lysed (using a roftwidizer) in 20 mM KeHEPES
pH 7.5, 10 mM MgCJ, 200 mM NacCl, 10% glycerol (v/v), 0.5 mM DTT, 2Qurimidazole, 0.1
mg/ml PMSF. Lysates were clarified by spinning30rmin at 16,000 RPM in a Sorvall SS-34
rotor at 4C. Protein was bound to a HisTrap HP column on ERAFPLC, washed, and eluted
with a gradient to 250 mM imidazole. The 6H tag Wedsun-cleaved to aid removal after
phosphorylation reactions. RsbW was then purifieé &resource Q column equilibrated in 50
mM HEPES pH 7.5, 200 mM NaCl, 10 mM MgC?2 mM DTT and eluted with a gradient to 1M
NaCl. RsbW containing fractions were spin conceattand gel-filtered on a 120 ml Superdex
75 column equilibrated in 50 mM KeHEPES pH 7.5, 1881 NaCl, 10% glycerol (v/v), 2 mM
DTT. Protein was spin-concentrated to approximat@ uM and flash-frozen and stored at —
80°C.

RsbV-P was purified from cells co-expressing 6H-3C-Rslnd antagged RsbW that
were grown at 37°C and induced with 1 mM IPTG fderodirs at 37°C. Cells were lysed (using a
microfluidizer) in 50 mM KeHEPES pH 7.5, 50 mM KdP% glycerol (v/v), 0.5 mM DTT, 20
mM imidazole, 0.1 mg/ml PMSF. Lysates were cladfi®/ spinning for 30 min at 16,000 RPM
in a Sorvall SS-34 rotor at@. Protein was bound to a HisTrap HP column on ERAFPLC,
washed, and eluted with a gradient to 250 mM imatazZRsbVW containing fractions were then
gel-filtered using a 120 ml Superdex 75 column fradtions containing either RsbV or RsbVW
complex were collected. The sample was supplemewitecc mM ATP, 10 mM MgCJ, and

PreScission protease and placed in dialysis inn08f buffer also supplemented with MgCl
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and ATP at room temperature overnight. The 6H taj@otease were removed by flowing over
Ni-NTA resin and the protein was gel-filtered agama Superdex 75 column equilibrated in 50
mM KeHEPES pH 8.0, 100 mM NaCl, 2 mM DTT, 10% glyale(v/v). Free RsbV-P was

collected and complete phosphorylation was confirimgisoelectric focusing. Protein was spin-

concentrated to approximately 400 uM and flashemand stored at —80°C.

Phosphatase Assays
Phosphatase assays were performed using methamteepreviously (9) with modifications as
described. To producéP-labeled SpollAA-P, 75 uM SpollAA, 5 uM SpollAB @50 pCi ofy-
32p ATP were incubated overnight at room temperdtus® mM KeHEPES pH 7.5, 50 mM
KCI, 750 uM MgC4, 2 mM DTT. Unincorporated nucleotide was removedfthe reaction
mixture by buffer exchange using a Zeba spin col@ifmerce) equilibrated in 20 mM KeHEPES
pH 7.5, 200 mM NaCl, 2 mM DTT. The sample was tflewed over Q-sepharose resin to
remove SpollAB. SpollAA-P was then buffer exchantethe buffer used for subsequent
assays using a Zeba spin column equilibrated imSOKeHEPES pH 8.0, 100 mM NacCl.
Labeled SpollAA-P was aliquoted and frozen at —8f@ftGuture use.

To produce?P labeled RsbV-P, 50 uM RsbV, 5 uM RsbW and 200qf@i*’P ATP
were incubated overnight at room temperature iImSB0KeHEPES pH 7.5, 50 mM KCI, 10 mM
MgCl,, 2 mM DTT. Unincorporated nucleotide was remoweaht the reaction mixture by buffer
exchange using a Zeba spin column (Pierce) eqgaiédrin 50 mM KeHEPES pH 8.0, 100 mM
NacCl, 20 mM imidazole. 6H-tagged RsbW was then neaddoy binding to Ni-NTA resin. The
flowthrough containing RsbV-P was then exchangetieduffer used for subsequent assays

using two successive Zeba spin columns equilibret&® mM KeHEPES pH 8.0, 100 mM
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NaCl to remove all unincorporated nucleotide aee fphosphate. Labeled RsbV-P was
aliquoted and frozen at —80°C for future use.

All phosphatase assays were performed at roomdeatyre in 25 mM KeHEPES pH 8,
100 mM NaCl, 100 pg/ml BSA (to prevent protein lstig to tubes). The concentrations of
enzyme, substrate, and Mn@lere varied as indicated. 10 uM RsbT was addilipsalded to
reactions as indicated. We note that the magnivfi@éfects reported for RsbT are lower limits
because higher concentrations of RsbT could ntgédied due to aggregation of RsbT at high
concentration. Reactions were stopped in 0.5 M ERPHAB.0, 2% Triton X-100 (v/v) and run
on PEI-Cellulose TLC plates developed in 1 M Li@.8 M Acetic Acid, and imaged on a
Typhoon (GE Life Sciences). Phosphatase assayspeei@med more than three independent

times as separate experiments.

Strain construction

B. subtilis strains were constructed using standard molegeliaetic techniques (in the PY79
strain background (and were validated to contagnctirrect constructs by double-crossover
recombination at the correct insertion site. Alasts are used in this study are described in table
of strains. As® reporter strain (KC479 (14)) was used as a pateain for allB. subtilis strains.

A parent strainArsbPQ ArsbTU rsbV-FLAG amyE::ctc-lacZ) was generated for the screen of
rsbT-independentsbU variants. To generate a marked deletionsbPQ, the genomic regions

500 bp upstream and downstreamsiiPQ were amplified and ligated to a kanamycin resisgtanc
cassette using standard SOE PCR techniques. e DNA fragment was inserted into KC479
using standard techniques. Transformants weretsdléased on kanamycin resistance and

confirmed by colony PCR and sequencing. A cleastatel ofrsbTU was generated by
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generating a gBlock (IDT DNA Technologies) of raggacorresponding to 500 bp upstream of
rsbT and 500 bp downstream igbU ligated together. This fragment was introduced th®
Hindlll and EcoRl sites of pminiMAD2 (40). Standagdnetic techniques were used to excise
the chromosomal copy o$bTU. Mutants were confirmed by colony PCR and sequmgnef the
genomic region. Similarly, a clean deletionsigB, rsbT, andrsbU were generated, with the
modification that we utilized a gBlock (IDT DNA Teoologies) of regions corresponding to
500 bp upstrearand 500 bp downstream of the appropriate gehemgle FLAG tag was
introduced at the C-terminus idbV using the pminiMAD2 vector. Point mutations of tisbU
gene were similarly introduced using the pminiMAE:tor and confirmed by colony PCR and
sequencing.

An inducible expression vector (pKHO01-Pspaslit)) was generated to screen faT-
independent variants o$bU. A gBlock (IDT DNA Technologies) was generated camteg a
super-foldinggfp gene flanked by Agel and Notl sites and introduocgéal plasmid pDR110 (at
the Hindlll and Sphl sites using standard genetthhiques. The fragment of the resulting
plasmid containing thiacl gene and the inducibkigfp gene were PCR amplified and inserted
into vector pHB201 (42) at the Sacl and Kpnl sitemg standard genetic techniques to generate
pKHOO1-Pspanlsfgfp. To generate expression constructs bk) andrsbTU, the appropriate
genes were PCR amplified from genomic DNA from PYigthg a high-fidelity polymerase and

introduced at the Agel and Notl sites using isatt@rassembly.

To generate libraries of pKHOO1-Psparskt) containing mutagenizedbU, thersbU gene was

PCR amplified from genomic DNA from PY79 using erpvone PCR, utilizing the natural error

rate of Tag polymerase. MutagenizeU was introduced at the Agel and Notl sites using
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standard genetic techniques. Plasmids were intestiinto the parent straini(sbPQ ArsbTU

rsbV-FLAG amyE::ctc-lacZ) using standar8. subtilis transformation techniques.

Screen

Six independent pools of mutagenizeddU were generated by amplifyingbU under mutagenic
PCR conditions using GoTaqg polymerase (Promegaparatiditional 2mM MgGl These pools
of mutagenizedsbU were sub-cloned into linearized plasmid using isotial assembly to
generate pKHOO01-P (spankgbU and transformed separately irfocoli DH5a cells to
propagate plasmids. Mutation rate was confirmeaetapproximately one single nucleotide
polymorphism (SNP) per one kilobase of DNA by sewireg selected clonek. coli colonies
were pooled to generate mixed populations of mutizgd pKHO01-PspanksbU, and this DNA
was introduced separately into independent clohésegarent strain. Cultures were grown in
selective media and plated on selective mediumatoing IPTG and X-gal for 2 days at 37C.
Approximately 12,000 mutant strains were analyBtde colonies were selected and
phenotypes were confirmed by re-streaking on iridicaedium before plasmids were
miniprepped and sequenced. Mutation M166V was tiedlandependently in four out of six
pools of mutagenizexsbU and M166L was isolated onddutations were re-introduced into
pKHOO01-PspanksbU through QuikChange PCR and introduced into freskradbackgrounds

to confirm that phenotypes were dependent on egjome®f mutatedsbU.

Liquid based beta-galactosidase assays

Beta-galactosidase assays to meastireeporter activity were adapted from previously

described protocols (37n brief, cells were grown to desired OD, spun dpamd frozen at -
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80°C. Thawed pellets were resuspended in Z-bubflen{M NaHPO, 7H,0, 40 mM NaHPQ,

H.0, 10 mM KCI, 1ImM MgS@ 50 mM 2-mercaptoethanol) and kept on ice. Celisevarrayed

in a 96 well plate and the QERwas measured to assess cell culture density. ®etks lysed in
Z-buffer containing a final concentration of 10 mgilysozyme for 30 minutes at 37°C.
nitrophenylg-D-galactoside (ONPG) was dissolved in Z-buffer ¢gdml) and added to lysed

cells to a final concentration of 0.67 mg/ml. Abdsamce at 420 nm (to measure ONPG cleavage)
and 550 nm (to control for light scattering caubgdaell debris) was measured over 40 minutes
and the rate of LacZ production was calculated ftbenslope of the linear phase of,é+~

1.75*Ass0 (between 300-1500 seconds). Miller units wereuwtated using the formula that 1
Miller Unit = 1000* (Ay20— (1.75*As50))/ (t*v*OD g00); t is time in minutes, and v is the volume

of the reaction in milliliters.

Figure Preparation:
Figures from structural models were generated uByiol (43) and UCSF Chimera (44). The
sequence alignment in supporting figure SF1 wastcocted and validated using UCSF

Chimera and rendered using Geneious R7.

Data Availability:
All data is contained within the manuscript or dafalie to be shared upon request (please contact

corresponding author).

Supporting Infor mation:
This article contains supporting information (sugip figures SF1 and SF2 and supporting

tables S1-S3).
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Figure 1. Spol | E discriminates between cognate and non-cognate substrates. a. The

pathways controlling activity of the transcriptitactorss” ands® are diagrammed. The
phosphatases SpollE (IIE) and RsbU dephosphorglatdogous substrate proteins SpollAA-P
(AA-P) and RsbV-P (V-P). The activity of RsbU ispgemdent upon activation by RsbT. In the
unphosphorylated state, SpollAA and RsbV bind tid-sigma-factor proteins SpollAB (AB)
and RsbW (W), displacing and activating the sigatdrs.b. Domain diagrams of SpollE and
RsbU. The N-terminal regulatory regions of thesgtqins are unique, while the PP2C domains
share 17% identity. The regulatory region of Spaltiatains an N-terminal degradation tag
(black) followed by 10 transmembrane domains (g(ag)49-320). Both SpollE (magenta) (aa
320-589) and RsbU (blue) (aa) contain unrelatedlaegry domains. The PP2C domain of
SpollE (aa 590-827) has been crystallized (11),mdains am-helical regulatory switch
(orange), which coordinates the binding of metdactor along with metal binding residues
D795, D746, and D628 (red) through the positiorimgbackbone carbonyl of G629. The PP2C
domain of RsbU (aa 121-335) has not been crystallibut is predicted to contain a simidar
helical regulatory switch. The metal binding reggshow conservation between the two
proteins (the detailed alignment can be seen inrEi§F1)c. Structures of SpollE in the
inactive (top left, PDBID 5MQH) and active (top hig PDBID 5UCG) states. Thehelical
switch is represented in orange and the sidechiagtoordinate divalent cations in the active
site are shown as sticks. Manganese ions are nubotelbe active site of SpollE from the
structure of metal bound RsbX and are represergaglaeres. Valine 697 is shown as green
spheres. Below each structure is a cartoon repasemof the active site as it is controlled by

the switch. In the inactive state, residue V69ovahin green, is modeled to be in a hydrophobic
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pocket, while in the active site it is exposed toydrophilic patchd. SpollE***#*"phosphatase
activity with SpollAA-P (red) or RsbV-P (blue) aslstrate. Reactions with SpollAA-P as
substrate were performed as multiple turnover ie@astwith 0.1 pM SpollB°®?"and varying
concentrations of SpollAA-P. Reactions with Rsb\W&re performed as single turnover
reactions (due to the extremely slow rates of reagtusing trace concentrations of RsbV-P
with varying concentrations of Spofi®?” All reactions contained 10 mM MnCData are fit

to the linear equation observed rate z/Km)*[SpollAA-P or SpollE] and are plotted on

log/log axes. ePlots of the data from C including higher concerre of SpollAA-P and
SpollE. Data are fit using nonlinear curve fittifipleidagraph) to the equation observed rate =
Kea'[SpOllIAA-P or SpollE]/ (Ku+ [SpollAA-P or SpollE]). f A reaction coordinate diagram

summarizing the data fromand e.

Figure 2. Spol | E specificity is controlled by the switch. a. Plots showing the
dephosphorylation of SpollAA-P (red) or RsbV-P @IuThe bar plot (left) summarizes the
impact of the V697A substitution on the#y of SpollE**#?” Data from SpollE**™* are
displayed in light colors. Reactions with SpollAAaB substrate were performed as multiple-
turnover reactions with varying concentrations poBAA-P and 0.04puM SpollE9827 Ve¥Athe
reduced ky for this variant and SpollAA-P necessitated a loe@ncentration than used for
SpollE***®#2) Slow reactions with RsbV-P were performed aglsiturnover reactions
(necessary due to slow rates of reaction), usexgetconcentrations of RsbV-P with varying
concentrations of Spolf>827 V6974 Data for wt SpollE are from the same experimesrghown
in Figure 1D. All reactions contained 10 mM MaCTo calculate /Ky, data from

concentrations below theare fit to the linear equation observed rate &/tv)*[SpollAA-P
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or SpollE]. Error bars are the error of the fitgRli is a plot of the data, but including higher
concentrations of SpollAA-P and SpollE. Data arei$ing nonlinear curve fitting
(Kaleidagraph) to the equation observed ratg,={&pollAA-P or SpollE]/ (Ku+ [SpollAA-P

or SpollE]).b. SpollE activity as a function of Mngtoncentration, with SpollAA-P (red) or
RsbV-P (blue). Multiple turnover reactions with 3p&\-P as substrate included 0.1 uM SpollE
and 50 uM SpollAA-P. Single turnover reactions WRbV-P as substrate included 50 uM
SpollE and trace RsbV-P. Data are fit to a cooperahodel using the equatiogyk=

keat IMNCl 2]%/ (Ky2+ [MNCl5]?). Hill plots from the data are shown to the rightl are fit to a
linear equation. For Spolt#?"with SpollAA-Phis 2.0 (1.7 for V697A) and 1.7 with RsbV-P
(1.8 for V697A).c. A summary of kinetic parameters in the reactioresoh for
dephosphorylation by SpollE. S indicates the phoppttein substrate and P indicates the

product.

Figure 3. Spol | E activity and specificity isinfluenced by the regulatory domain. a. Plots
showing the dephosphorylation of SpollAA-P (redjl &sbV-P by a fragment of SpollE
(SpollE®"®?) that includes part of the regulatory domain. Tlagment of the regulatory
domain is diagramed above in blue with the phosgsg®atiomain gray and the switch in orange.
Data from SpollB°" 827 V69Agre displayed in light colors. The.ky values displayed in the bar
plot are derived from the data displayed in thétrigraph with concentrations below thg Kt

to the linear equation observed rate z/Km)*[SpollAA-P or SpollE]. Error bars are the error
of the fit. Data in the right plot were fit usingminear curve fitting (Kaleidagraph) to the
equation observed rate sk SpollAA-P or SpollE)/ (Ku™"®?+ [SpollAA-P or SpollE]).

Reactions with SpollAA-P as substrate were perfaraee multiple-turnover reactions with 0.1
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MM SpollE, 10 mM MnC and varying concentration of SpollAA-P. Reactianth RsbV-P as
substrate were performed as single-turnover rea{ioecessary due to slow rates of reaction)
with 10 mM MnC}, trace RsbV-P and varying concentrations of SpdiIESpollE*®"#%" activity
as a function of MnGlconcentration, with SpollAA-P (red) or RsbV-P (®JuData are fit to a
cooperative model using the equatiagsk keat[MNCl 5% (Kyz+ [MnCl2]?). Hill plots from the
data are shown to the right and are fit to a liregaration. Data for Spolf&’#?"and SpollE>"
827-V697A\wjith SpollAA-P as substrate are from Bradshavale2017, replotted here for reference.
Reactions with RsbV-P as substrate included 50 pMIE and trace RsbV-R. A summary of

kinetic parameters in the reaction scheme for dgpiarylation by SpollE. S indicates the

phosphoprotein substrate and P indicates the ptoduc

30



Figure 4. Mutation of the switch activates RsbU activity in the absence of RsbT. a. RsbU
mutants that are active in the absence of RsbT &daie-white screen using a strain carrying a
lacZ-reporter for® activity. Colonies of cells expressingpUM**® or rsbUM*®® 4t the native
rsbU locus on the chromosome exhibit high levels®fctivity both in the presence and
absence ofsbT. All strains lackrsbPQ and carry a reporter fe” activity @myE::ctc-lacz).
Strains were grown on LB plates containing 80 pgftrglal at 37°C and imaged after 18 hours.
Presence of blue pigment indicat€sactivity and activation of the stress responsayay.

b. A structure of the SpollE PP2C domain (PDBID 5UCW®&i}jh the @ of V697 and S640 (the
equivalent of M166 in RsbU) displayed as green sgheé hen-helical switch is represented in
orange and the sidechains that coordinate divakgians in the active site are shown as sticks.
rsbUM |eads to increasesf activity as cultures approach stationary phasgtsRBhow beta-
galactosidase activity fromsbPQ deleted strains carrying a lacZ-reporterdBrctivity

(ArsbPQ amyE::ctc-lacZ) either encoding wild-typesbU (blue),rsbUM®®- (red) (top panel), or
deleted forsbU (gray) (bottom panellLight colors indicate that the strain additiondigdrsbT
deleted (botton panelJhe plots show cell-density dependent activatioa®dfrom four
independent replicates per strain background. @adtwere sampled from early log phase to
stationary phase and beta-galactosidase activiilptted as a function of Qfgy. lacZ expression
was analyzed using ONPG as a substrate. NB: Ysaeies differ between top and bottom
panels to allow better visualization of dadarsbUM'®®" leads to increased responsiveness to
ethanol stress. Plots show beta-galactosidasdtgdtivm strains described in.@he plots show
cell-density dependent activationa’f from four independent replicates per strain baokgd.
The complete data from each replicate can be view€&tgure SF2B. Cultures were exposed to

4% ethanol (v/v) at low O (~0.1-0.2) to control for cell density-dependeffiéets onc®
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activity. Cultures were sampled at early log pHg@eninutes and immediately prior to addition
of ethanol and then at regular intervals afterwiacZ activity analyzed as previously described,
and mean beta-galactosidase activity is plottealfasction of time of ethanol addition. Error
bars reflect standard deviation from the mean. ¥-agales differ between top and bottom

panels to allow better visualization of data.

Figure5. RsbT modifies RsbU activity and specificity in a manner characteristic of switch-
mediated activation. a. Plot of RsbU dephosphorylation of RsbV-P (blue) tapd SpollAA-P
(red, bottom) in the presence (light color) andealoe (dark color) of 10 uM RsbT. Reactions
were performed at varying concentrations of Mi&ld data are fit using nonlinear curve fitting
(Kaleidagraph) to the equatiog,k= kea'[MNCI z]h/ (K12 + [MNnCly] h). Values ofh were
determined from Hill plots of activity shown to thight (data were fit to a linear equation). For
RsbU with RsbV-Fhis 1.0 (1.0 with T) and 1.4 with SpollAA-P (1.6tWiT). For reactions with
SpollAA as substrate, single turnover reaction$\®i6 uM RsbU were performed (due to the
slow rates of dephosphorylation). Reactions witb\R® as substrate included 25 pM RsbU
(single turnover in the absence of T) or 25 uM R$bsind 0.5 uM RsbU (multiple turnover in
the presence of T because of the rapid rate ofagbtorylation)b. Plots of RsbU activity
towards RsbV-P (left, blue) and SpollAA-P (righed) in the absence (dark colors) and presence
(light colors) of RsbT (10 uM). Curves are fitstbh@ Michaelis-Menton equation rate =
keat[RSbU or RsbV-P]/ (K;+ [RsbU or RsbV-P]). Theck for RsbV-P is 25 mirt (0.4 mint
without T) and K; 1.3 puM (1.5 pM without T). Theck for SpollAA-P is 0.32 mift (0.0012
min~* without T) and K 0.3 uM (1 pM without T). Multiple turnover reaatis included 0.1 pM

RsbU and all reactions were performed with satugatlinChL (100 mM except for 10 mM for
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reactions of RsbV-P in the presence ofcl’)A summary of the reaction scheme for RsbU
dephosphorylation with values determined fapkr MnCl,, Ky, for substrate, and.kin the
presence and absence of RsbT below. S indicatgghtigphoprotein substrate and P indicates

the product.
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