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Ssy5 is a signaling serine protease that exhibits atypical
biogenesis and marked S1 specificity
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Ssyb5 is a signaling endoprotease that plays a key role in regu-
lating central metabolism, cellular aging, and morphological
transitions important for growth and survival of yeast (Saccha-
romyces cerevisiae) cells. In response to extracellular amino
acids, Ssy5 proteolytically activates the transcription factors
Stp1 and Stp2, leading to enhanced Ssyl-Ptr3—Ssy5 (SPS) sensor—
regulated gene expression. Ssy5 comprises a catalytic (Cat)
domain and an extensive regulatory prodomain. Ssy5 is refrac-
tory to both broad-spectrum and serine protease—specific
inhibitors, confounding its classification as a protease, and no
information about Ssy5’s cleavage-site preferences and its
mechanism of substrate selection is available. Here, using muta-
tional and inhibition experiments, we investigated the biogene-
sis and catalytic properties of Ssy5 and conclusively show that it
is a serine protease. Atypical for the majority of serine proteases,
Ssy5’s prodomain was obligatorily required in cis during biogen-
esis for the maturation of the proteolytic activity of the Cat
domain. Autolysis and Stp1 and Stp2 cleavage occurred between
a cysteine (at the P1 site) and a serine or alanine (at the P’1 site)
and required residues with short side chains at the P1 site. Sub-
stitutions in the Cat domain affecting substrate specificity
revealed that residues Phe-634, His-661, and Gly-671 in the
S1-binding pocket of this domain are important for Ssy5 cata-
Iytic function. This study confirms that the signaling protease
Ssy5 is a serine protease and provides a detailed understanding
of the biogenesis and intrinsic properties of this key enzyme in
yeast.

Proteases are instrumental in the control of many biological
processes, including the cell cycle, growth, differentiation, apo-
ptosis, metabolic homeostasis, and signaling (1, 2). Under-
standing the complexity of protease-regulated processes and
the intrinsic activity of this class of enzymes is thus important
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(3). Consistent with their central regulatory roles and druggable
catalytic activities, proteases constitute an important focus of
research in medicine and biotechnology.

Protease-dependent signal transduction depends on cleav-
age of substrates to regulate their activation, inactivation, or
functional modification of signaling components. Protease sig-
naling is inherently irreversible and thus differs from other
types of signaling events in cells. Consequently, the regulatory
mechanisms controlling protease activity require tight coordina-
tion to avoid deleterious effects (3, 4). Unwanted protease activity
may contribute to the development and progression of disease,
such as Alzheimer disease and cancer (5-9). In plants and fungi,
proteases are instrumental in the processing, maturation, or
destruction of specific sets of proteins in response to developmen-
tal cues or to variations in environmental conditions (5).

The Ssy5 signaling endoprotease is a core component of
the nutrient-induced SPS*-sensing pathway of Saccharomyces
cerevisiae. This signaling pathway enables yeast cells to detect
the presence of extracellular amino acids and initiate a response
that induces their uptake (10 -15). The binding of extracellular
amino acids to the SPS sensor, a plasma membrane-localized
protein complex, results in the endoproteolytic activation of
the homologous effector transcription factors Stpl and Stp2.
Stpl and Stp2 are synthesized as latent precursors excluded
from the nucleus by negative regulatory activities intrinsic to
their N-terminal domains (10). Upon amino acid induction,
Ssy5 cleaves off the N-terminal domains, enabling the pro-
cessed forms of Stpl and Stp2 to efficiently target the nucleus
and to induce the expression of genes encoding broad-specific-
ity amino acid permeases (10-15).

Ssy5 is expressed as an inactive zymogen that during biogen-
esis is subject to an autocatalytic event that cleaves the N-ter-
minal prodomain from the C-terminal Cat domain (16, 17). For
most proteases, autolytic processing is directly involved in cat-

*The abbreviations used are: SPS, Ssy1-Ptr3-Ssy5; ACN, acetonitrile; AD, acti-
vation domain; AzC, azetidine-2-carboxylic acid; Cat, catalytic; EtOH,
ethanol; FA, formic acid; HA, hemagglutinin; GST, glutathione S-trans-
ferase; MM, 2-{[({{[(4-methoxy-6-methyl)-1,3,5-triazin-2-yl]-amino}carbonyl)
amino]-sulfonylibenzoic acid; PMSF, phenylmethylsulfonyl fluoride; SC,
synthetic complete dextrose; SD, synthetic minimal dextrose; vc, vector
control; YPD, yeast extract/peptone/dextrose; ZZ, dual immunoglobulin-
binding Z domain; aa, amino acid; TFPA, T. fusca protease A; PEG, polyeth-
ylene glycol; ACN, acetonitrile: FA, formic acid.
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alytic activation; however, autolysis does not suffice for Ssy5
activation. Following autolysis, the prodomain remains associ-
ated with the Cat domain and prevents substrate processing
(16, 17). The prodomain functions as the inhibitory subunit of
the SPS sensor. At this stage Ssy5 constitutes a primed protease
able to bind but not proteolytically process Stp1 and Stp2, the only
known substrates. Although uncommon, similar inhibition mech-
anisms can be found in secreted prokaryotic bacterial proteases,
including the paradigmatic a-lytic protease. Similar to Ssy5,
a-lytic protease is expressed with an N-terminal prodomain essen-
tial for the catalytic domain to reach a correctly folded and active
state (18 —20). Following autolysis, the a-lytic protease prodomain
remains strongly associated with the catalytic domain, sterically
blocking the active site until secreted, at which point the inhibitory
prodomain is degraded by extracellular proteases (21).

The mechanisms regulating Ssy5 activation have recently
been elucidated and shown to be more complex than for a-lytic
protease activation (22, 23). The primary amino acid-induced
signal is initiated by the binding of amino acids to Ssyl, which
stabilizes a signaling conformation (24). As a consequence, and
in a strictly Ptr3-dependent manner, a phosphodegron in the
N-terminal Ssy5 prodomain is brought in close spatial proxim-
ity to the plasma membrane-anchored yeast casein kinases,
Yck1/2, thus facilitating its hyperphosphorylation. Phosphory-
lation serves as a switch-like trigger to recruit the ubiquitin E3
ligase complex Skpl—Cullin—F-box“™*!, which mediates the
ubiquitylation and proteasomal degradation of the hyperphos-
phorylated phosphodegron. As an outcome the liberated Cat
domain processes Stpl and Stp2.

Currently, little is known regarding the catalytic properties of
Ssy5. The Cat domain contains a conserved and predicted cat-
alytic triad (His-465, Asp-545, and Ser-640) suggesting that
Ssy5 is a serine protease. Even though mutation of the predicted
nucleophilic Ser-640 results in complete loss of signaling (25),
Ssy5 has been refractory to both broad-spectrum and serine
protease-specific inhibitors, e.g. diisopropyl fluorophosphate
(26), which has confounded its classification as a serine prote-
ase. Moreover, no information regarding cleavage-site prefer-
ences and the mechanism of substrate selection is available.

Here, we have investigated the biogenesis and catalytic prop-
erties of Ssy5. The data provide a detailed understanding of the
intrinsic sequence requirements within the catalytic site that are
important for autolysis during biogenesis and processing of Stpl
and Stp2. We report under sensitive assay conditions that the cat-
alytic activity of Ssyb is responsive to the serine protease inhibitor
phenylmethylsulfonyl fluoride (PMSF), a finding that conclusively
confirms that Ssy5 is a serine protease. Moreover, we have identi-
fied the scissile bonds in Stp1 and Stp2 and established the rules for
their recognition as substrates, and we analyzed the residues in the
substrate-binding pocket involved in substrate recognition.

Results
Ssy5 is a serine protease

The Ssy5 Cat domain contains three residues, His-465, Asp-
545, and Ser-640, that appear in a sequence context similar to
the catalytic triad of well-characterized serine proteases (Fig.
1A). The replacement of the putative nucleophilic serine 640
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with alanine results in the loss of amino acid-induced SPS sen-
sor signaling (25, 27). To test the requirement of the catalytic
triad, we constructed alleles with alanine substitutions at the
three critical residues, His-465, Asp-545, and Ser-640, and
assessed the ability of these mutant alleles to complement ssy5A
in growth-based assays. Azetidine-2-carboxylic acid (AzC) is a
toxic proline analog and 2-{[({[(4-methoxy-6-methyl)-1,3,5-
triazin-2-yl]-aminojcarbonyl)amino-]-sulfonyl}-benzoic acid
(MM) is an inhibitor of branched-chain amino acid biosynthe-
sis. When grown on YPD media, cells lacking a functional Ssy5
are resistant to AzC and sensitive to MM; mutant cells do not
take up the toxic proline analog and are unable to take up suf-
ficient branched-chain amino acids to support growth. The
mutant alleles failed to complement ssySA indicating that they
encoded nonfunctional proteins (Fig. 1B, dilutions 3-5). Notably,
the mutant proteins did not exhibit autolytic processing (Fig. 1C,
upper panel, lanes 2—4) and were incapable of proteolytically pro-
cessing Stp1 (Fig. 1D). Next, we examined whether autolytic pro-
cessing of Ssy5 is a strictly intramolecular event. The cleavage of
the mutant Ssy5 proteins was assessed in WT cells with an intact
and functional SSY5 locus. No processing was observed (Fig. 1C,
lower panel, lanes 2— 4), indicating that Ssy5 cleavage occurs via an
intramolecular event and cannot be catalyzed in trans.

Ssy5 protease activity can be assayed in cell-free lysates in a
manner that faithfully reproduces SPS sensor signaling (16).
Briefly, this is carried out by combining protein lysates from
ssySA stpIA stp2A cells that express either Stpl-myc or Ssy5-
HA. Stpl cleavage is observed only if the Ssy5-HA expressing
strain has been induced with leucine prior to lysate preparation.
By quantifying the levels of processed and full-length forms of
Stpl, and plotting their ratio over a period of 60 min, we noted
a clear reduction in Ssy5-dependent processing activity in the
presence of 5 mm PMSF (Fig. 1E). The solvent alone (EtOH) did
not affect processing. The mutational and chemical inhibition
data provide conclusive evidence that Ssy5 is a serine protease.

Prodomain is required as a translational fusion for Cat domain
folding and substrate recognition

Co-expression of pro- and Cat domains, individually placed
under the control of the weak endogenous SSY5 promoter
(Pggys), does not reconstitute a functional protease (16). This
finding, consistent with the results obtained in Fig. 1, C and D,
suggested that the functional association between the pro- and
Cat domains is established in a co-translational manner. We
tested this notion by overexpressing the Cat domain from the
strong TDH3 promoter on a multicopy plasmid in combination
with a single-copy vector expressing the prodomain (HA;-Pro)
(Fig. 24, lane 7) and did not detect any complementation of the
ssySA phenotype (Fig. 24, dilution 7). Thus, the Cat domain
does not fold into an active conformation even in the presence
of high levels of co-expressed prodomain.

Next, we used a directed two-hybrid approach to investigate
whether the lack of Cat domain function was due to its inability
to interact with the co-expressed prodomain. We constructed a
bait plasmid composed of the Cat domain fused to the LexA
DNA-binding domain, and a prey composed of the prodomain
fused to the B42 transcriptional activator (AD), and we tested
whether this interaction pair activated LexA-operated LYS2
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Figure 2. Prodomain is required in cis for Cat domain function and substrate interaction. A, co-expressed pro- and Cat domains of Ssy5 do not form a
catalytically active protease. Growth of CAY309 (ssy5A) carrying plasmids pSH120 (55Y5), pRS316 (vc), pSHO78 (Psys-Cat), or pSH098 (P1p,,5-Cat-GST, overex-
pression construct, OF) and pRS314 (—) or pSH043 (HAI-Pro, +) as indicated. 10-Fold dilution series of cell suspensions were spotted onto YPD and YPD+MM.
Immunoblot analysis of cell lysates (a-HA and «a-GST antibodies) is shown; the immunoreactive forms of the HAi-Pro and Cat-GST are indicated at their
corresponding positions of migration. B, co-expressed pro- and Cat domains of Ssy5 interact. Plasmids directing the expression of prey proteins, either the
activation domain alone (AD, pJG4 -5) or AD fused to the prodomain (AD-Pro, pSH096), were introduced into the two-hybrid reporter strain SHY016 expressing
the LexA-Cat bait construct (pSH095). Dilutions of cultures pregrown in SC (containing galactose) were spotted onto galactose containing SC and SC minus
leucine and lysine as indicated. Immunoblot analysis of bait and prey constructs in cell lysates is shown; the immunoreactive forms of the prey and bait
constructs are indicated at their corresponding positions of migration. C, Stp1 interacts with Ssy5 in a conformationally-dependent manner. Dilutions of the
yeast two-hybrid reporter strain SHY016 carrying bait construct LexA-Stp11-125 (pCA147) together with prey plasmids AD (pJG4-5), AD-Ssy5 (pSH043), AD-Pro
(pSH096), AD-Cat (pSH125), AD-Pro (pSH096), and overexpressed Cat (pSH076, Cat-GST, and OE), or with HAi-Pro (pSH076) and AD-Cat (pSH125). Immunoblot
analysis of bait and prey constructs in cell lysates; the immunoreactive forms of expressed proteins are indicated at their corresponding position of migration.
Molecular markers (kDa) are indicated at the position of migration (left of immunoblots).

and LEU?2 reporters. Co-expression resulted in growth on the
reporter-selective media (Fig. 2B). Thus, individually expressed
pro- and Cat domains do interact but not in a manner that
facilitates Cat domain folding (Fig. 2B).

We exploited our previous finding that Stp1 interacts with
Ssy5 in a two-hybrid setup to assess the folding status of indi-
vidually and co-expressed domains. Three prey proteins, i.e.
full-length Ssy5 (AD-Ssy5), prodomain (AD-Pro), and Cat
domain (AD-Cat), were fused to the B42 transcriptional activa-
tor and tested for their ability to interact with the first 125
N-terminal residues of Stp1 fused to LexA. As reported previ-
ously, the N terminus of Stpl interacts with full-length Ssy5
(Fig. 2C, dilution 2) (16). In contrast, no interaction between
Stpl and individually expressed pro- and Cat domains was
observed (Fig. 2C, dilutions and lanes 3 and 4). Other Ssy5 frag-

ments, including regions 220-699, 388-699, 1-448, and
91-220, also failed to interact with Stpl (data not shown).
Finally, we assessed whether co-expression of the Cat domains
(Cat-GST) or prodomains (HAi -Pro) with the AD-Pro and AD-
Cat constructs, respectively, would enable Stpl binding; no
interaction was detected (Fig. 2C, dilutions and lanes 5 and 6).
Taken together, our data indicate that the pro- and Cat
domains of Ssy5 must be expressed as a single peptide to enable
the Cat domain to fold into a catalytically active protease capa-
ble of substrate recognition.

Ssy5 cleaves its substrates between a cysteine and a serine
(Stp1) or alanine (Stp2)

To better understand the catalytic properties of Ssy5, we
determined the precise cleavage site in its only known sub-

Figure 1.Ssy5 is a serine protease that undergoes autolytic processing. A, schematic diagram of the Ssy5. Scissors indicate the autolytic cleavage site. The
prodomain (residues 1-381) includes a phosphodegron (residues 60-130) containing the phosphoacceptor motif (conserved serine residues and ubiquityla-
tion sites, Ser and Lys, respectively) (22). The Cat domain (residues 382-699) presents a chymotrypsin-like catalytic triad composed of residues His-465,
Asp-545, and the nucleophilic Ser-640. B, growth of ssy5A strain CAY265 transformed with pRS316 (vc), pCA177 (SSY5), pCA215 (ssy5-His-465A), pCA216
(ssy5-Asp-545A), or pCA217 (ssy5-Ser-640A). Dilutions of cultures grown in SD were spotted onto SD, SD+AzC, YPD, and YPD+MM, and the plates were
incubated at 30 °C. C, autolytic processing of Ssy5 requires a functional catalytic triad. Immunoblot analysis of extracts prepared from HKY77 (ssy5A; upper
panel) and CAY29 (SSY5; lower panel) carrying pCA177 (S5Y5), pCA215 (ssy5-His-465A), pCA216 (ssy5-Asp-545A), or pCA217 (ssy5-Ser-640A). Cells were grown in
SDin the absence of inducing amino acids. Theimmunoreactive forms of the HA-tagged constructs are schematically depicted at their corresponding positions
of migration. D, Stp1 cleavage by Ssy5 requires a functional catalytic triad. Immunoblot analysis of protein extracts from HKY77 (ssy5A) carrying plasmids as in
C grown in SD (no leu) and 30 min after the induction by leucine (+/eu). The immunoreactive forms of Stp1 are schematically depicted. E, serine protease
inhibitor PMSF inhibits Ssy5. Immunoblot analysis of in vitro Stp1 cleavage reactions. Lysates of strain AMY001 (ssy5Astp1Astp2Aprb1A) carrying pCA177
(Ssy5-HA) were prepared 30 min after induction with 1.3 mm leucine and mixed with lysates of AMY001 expressing Stp1-myc (pCA211) in the absence or
presence of either 5 mm PMSF or an equal volume of ethanol 99.5% (EtOH). The immunoreactive forms of myc-tagged Stp1 are schematically represented at
their corresponding positions of migration (left panel). The signal intensities of the cleaved and full-length forms of Stp1 were normalized to loading control
Pgk1 (a-Pgk1 antibody) and quantified. The ratios between the values of cleaved and full-length forms of Stp1 were determined at the different time points and
the mean values plotted (right panel). Error bars show standard deviation (n = 3). Two-way ANOVA followed by Tukey’s multiple comparison test was
performed using GraphPad Prism version 7.0. Significance values are indicated by the following: *, p = 0.013; **, p = 0.005; ****, p < 0.001. Molecular markers
(kDa) are indicated at the position of migration (left of immunoblots).
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strates Stpl and Stp2. Based on mutational analysis, the con-
served N-terminal regulatory motif region II (RII) is predicted
to encompass the Ssy5 cleavage site (11). Consistent with this
notion, a minimal fragment of Stp1, including RII, amino acid
residues 70-99, is cleaved in an SPS sensor-dependent manner
(Fig. 3A, right panel, lane 8). Truncated versions of Stp1 (resi-
dues 1-114) and Stp2 (residues 1-102) carrying N-terminal
13xmyc- and C-terminal 6xHA-tags, without cysteine (0C; ser-
ine substituted at positions Cys-80 and Cys-85) and single cys-
teine residues at distinct positions (Cys-80, Cys-82, Cys-85,
Cys-86, Cys-87, and Cys-80) were created (Fig. 3B). These con-
structs were tested as substrates; cleavage was monitored by
immunoblot analysis, and all were processed in an SPS sensor-
dependent manner (Fig. 3B, right panel). Detection of cysteine
residues present in the cleavage products of the Stpl/Stp2
derivatives was achieved through labeling with the thiol-reac-
tive reagent PEG-maleimide (Fig. 3B, left panel) and assessing
the altered electrophoretic mobility by immunoblot analysis
(Fig. 3C).

Upon leucine induction and PEG-maleimide treatment, a
molecular weight shift in the 13myc-tagged N-terminal cleav-
age product was observed when cysteine occupied amino acid
positions 80, 82, and 85 (Fig. 3C, left panel, lanes 2, 4, and 6,
arrow) but not when placed at positions 86, 87, and 90 (Fig. 3C,
left panel, lanes 8, 10, and 12). These results indicate that
Cys-85 is the C-terminal amino acid of the N-terminal cleavage
fragment. A molecular weight shift of the C-terminal 6xHA-
tagged cleavage fragment was observed when cysteine was
placed at positions 86, 87, and 90 (Fig. 3C, right panel, lanes 8,
10, and 12, arrow) but not when present at positions 80, 82, and
85 (Fig. 3C, right panel, lanes 2, 4, and 6). Together, these find-
ings demonstrate that Ssy5 catalyzes the cleavage of Stpl
between cysteine 85 and serine 86. Using a similar approach, we
unambiguously identified the Ssy5 cleavage site in Stp2 and
found that cleavage occurs between cysteine 93 and alanine 94
within a conserved sequence motif that aligns well with Stpl
(Fig. 3, A, D and E). This was accomplished by analyzing a Stp2
fragment encompassing residues 1-102. Together, the data
establish the precise and conserved cleavage sites in both Stpl
and Stp2 (Fig. 3E).

Ssy5 requires a small amino acid residue at the P1 site

Knowledge regarding the precise cleavage site in Stpl and
Stp2 provided the basis to scrutinize the substrate sequence
requirements. According to the Schechter and Berger nomen-
clature (28), the active site of a protease is composed of several
subsites, S pockets, that accommodate consecutive amino acids
of the substrate (called P sites). The substrate specificity of chy-
motrypsin-like serine proteases is usually classified in terms of
the P1-S1 interaction (29). We constructed mutant Stp1 vari-
ants carrying amino acid substitutions at the P1 and P’1 posi-
tions as well as at the P4 position. Three categories of amino
acids were used to replace the native residues at the desired
positions: charged (aspartate and lysine); bulky hydrophobic
(leucine and phenylalanine); and small (serine, alanine, and gly-
cine) (Fig. 44). Immunoblot analysis revealed that charged and
hydrophobic residues at the P1 position render Stp1 noncleav-
able (Fig. 4B, lanes 17-24). Accordingly, these variants failed to

8366 . Biol. Chem. (2018) 293(22) 8362-8378

complement the stpIA stp2A growth phenotype on MM (Fig.
4C, dilutions 10-13). The effect of residue replacements at the
P4-and P'1 position (Fig. 44) revealed that the conserved valine
at the P4 position is important for Stp1 cleavage. When charged
amino acids were placed in the P4 position, Stpl was not
cleaved (Fig. 4B, lanes 1, 2, 7, and 8) and did not support growth
on MM (Fig. 4C, dilutions I and 4). Substitutions with alanine
and phenylalanine at the P'1 position did not impair cleavage
(Fig. 4B, lanes 25-30). However, lysine at this position rendered
Stpl noncleavable and unable to support growth on MM (Fig.
4C, dilution 16). Further investigation of the S86K variant
revealed that the C-terminal cleavage fragment was unstable;
the cleavage product could not be detected by immunoblot
analysis (Fig. 4B, lane 30). An N-terminal lysine is known to be
destabilizing in the context of N-end rule substrates (30, 31),
and thus it is likely that lack of growth on MM is due to the
inherent instability of the modified C-terminal fragment.

To test whether these sequence requirements are specific to
Stp1, we performed the same range of amino acid substitutions
in Stp2. As observed for Stpl, charged and large hydrophobic
residues at the P1 position rendered Stp2 noncleavable and
unable to complement stpIA stp2A phenotypes (Fig. 5B, lanes
and dilutions 6 and 8). Interestingly and contrary to Stpl, a
charged amino acid at the P4 position did not impair Stp2 cleav-
age or its ability to complement stp1A stp2A (Fig. 5B, lanes and
dilutions 2 and 4). A less strict P4 requirement for Stp2 cleavage
could be the consequence of the nonconserved residues span-
ning the P4—P'4 region, positively affecting Ssy5 subsite coop-
erativities. Alternatively, differences at more remote sites of
Stp2 could contribute to an enhanced affinity for Ssy5.

Autolytic cleavage in Ssy5 occurs between Ala-381 and
Ala-382

It has previously been proposed, based on sequence homo-
logy between Stpl and Ssy5 and the availability of mutations
that abolish autolysis, that autolytic processing of Ssy5 occurs
somewhere between acids 409 and 432 (25). By contrast, N-ter-
minal sequence analysis of purified Cat domain identified the
N-terminal amino acid as Ala-382, suggesting that autolysis
occurs between amino acids 381 and 382 (17). Strikingly, Ala-
382 and the region immediately preceding this residue are
highly conserved in all Ssy5 orthologs; by contrast, the succeed-
ing sequences are highly variable (Fig. 64). We sought to inde-
pendently define the site of autolysis. First, we purified Ssy5
(HAi-Ssy5-GST) and resolved the Cat domain (band I) and
prodomain (band II) by SDS-PAGE (Fig. 6B, left panel). The
bands were subjected to in-gel trypsin digestion, and the
extracted peptides were identified by mass spectrometry (MS)
(Fig. 6B, right panel). One of the peptides recovered from band
1 had a mass corresponding to the peptide ASAVGSIPSHTA-
ATIDTIAPTK (aa 382-403). Sequencing of this peptide by
MS/MS confirmed its identity (data not shown). This peptide is
the most N-terminal in our band 1 data set, and its N terminus
could not have been generated by trypsin digestion of Ssy5. We
conclude that this peptide defines the N terminus of the puri-
fied Cat domain, a result that is consistent with cleavage occur-
ring between amino acids 381 and 382 (17).

SASBMB



A

K Stp1/Stp2

Cleavage specificity of the Ssy5 endoprotease

n L L
S

i — © N
il gy DBD 0 g SSY5 - + - + -+ - + - ¢
’ gl Stp1
Stp1 LFPESNNIERILNGGCIVEC g, 45— e L }+ 2z{ =GST
o
Stp2 LFPKQNNKOLSLESKSSVMECEENEDNLEEPFS ! v a
p72 105 METEEY B T —ZZ+]
M~ 12345678 910
Sconservation
B Stp14_414 65 Stp1 -RII 97
1 65 97 114 WT LFPESNNIDRSLNGGCSVIPCSMDVSDLNTPIS
OC LFPESNNIDRSLNGGSSVIPSSMDVSDLNTPIS
myc il m HA C8 LFPESNNIDRSLNGGCSVIPSSMDVSDLNTPIS
s C82 LFPESNNIDRSLNGGSSCIPSSMDVSDLNTPIS
C85 LFPESNNIDRSLNGGSSVIPCSMDVSDLNTPIS
+Ieu C8% LFPESNNIDRSLNGGSSVIPSCMDVSDLNTPIS
65 ? ? C87 LFPESNNIDRSLNGGSSVIPSSCDVSDLNTPIS
ﬂ %h A CO LFPESNNIDRSLNGGSSVIPSSMDVCDLNTPIS
C80 O0C €82 (C85 C86 C87 C90
+MaI-PEGl- leu - + - + - + - + - + - + - &
64— .
P SR -0
myc—ﬂ—'_gl or thA -
a3 - - - e - myc =]
a-myc
4% Jf%
% %
C C80 C82 €85 €86 €87 C90 C80 C82 C8 (C86 C87 C90
- + - + - + - + - + -+ Ma-PEG T~ + + -+ + +
) oy .‘ —myc—|li|—HA— “ ” u u
e .aﬂﬂﬂnh,,-aﬂu —mvc-l-D-HA—~ “ - “ -64
s vt - el Fet
L oy W # 0 & o - myc={}]
1 2 34 56 7 8 9 10 1112 E-HA- ' BN
a-myc [=HA - -— L2g
D 12 3456 7 8 9 101112
co3 Co4 c93  Co4 a-HA
Mal-PEG
-+ - + -+ - +
97— o7 E
' ol mvoiti-na Ti Stp1/Stp2
\ — mycmfHmHA [ S -
e 64 Rl [T gy BOEDI M W N B,
> . —myc-ﬁ P T —
51— 51 = -
St1 LFPESI LNGGC C | SMD¥S
" _myc={H] H_HA_ o P NEDRS IVE
Stp2 LFPKQONNKQLSLESKSSVVEC | BENEDNLEEPFS
39— -39 72 03 194 105
[=HA- e
i 2 3 4 5 6 7 8 S(Xas
a-myc a-HA Sy

SASBMB

J. Biol. Chem. (2018) 293(22) 8362-8378 8367



Cleavage specificity of the Ssy5 endoprotease

To further investigate the cleavage site, we inserted a FLAG
tag immediately after Ala-382 in a doubly tagged HAi-Ssy5-
GST construct (Fig. 6C). The resulting HAi-SSY5-FLAG382
allele complements ssy5A phenotypes and therefore encodes a
functional protein (Fig. 6C, right panel). Inmunoblot analysis
revealed that the internal FLAG tag co-migrates with the GST-
tagged Cat domain of autoprocessed Ssy5 (Fig. 6C, lower panel)
indicating that cleavage occurs N-terminal of alanine 382.
Taken together, our data conclusively demonstrate that auto-
lytic processing occurs between Ala-381 (P1) and Ala-382 (P'1)
residues.

Ssy5 autolysis exhibits a less stringent sequence requirement

Autolysis occurs during biogenesis as the catalytic cleft
attains a functional conformation. We tested the possibility
that as an intramolecular event, autolysis may exhibit a less
stringent sequence requirement. We replaced the P1 alanine
(Ala-381) with a set of amino acids as indicated in Fig. 7A.
Autolysis and complementation of ssySA phenotypes were
blocked or impaired when a charged (Lys, Asp) or bulkier
hydrophobic (Leu, Phe) residue was introduced at the P1 posi-
tion (Fig. 7A, lanes and dilutions 1-4). By contrast, replacing
Ala-381 with C or S did not impair autolysis or growth (Fig. 7A,
lanes and dilutions 5 and 6; compare with lane and dilution 7).
These results show that autolysis presents similar sequence
specificity requirements as Stpl and Stp2 cleavage, at the P1
site.

Next, we created Ssy5 mutant variants carrying substitutions
at different residues surrounding the cleavage site, including
the P'1 site (Fig. 7B). None of the mutant proteins, even the
construct carrying a stretch of six continuous alanine residues
(K379A, K380A, Ala-382, S383A, Ala-384), affected autolysis
(Fig. 7B). Strikingly, a deletion encompassing nine residues
(A379-387) spanning the autolytic cleavage site also did not
impair cleavage or functionality of Ssy5 (Fig. 7B, lane and dilu-
tion 6); apparently, an autolytic cleavage event takes place at an
alternative site in this mutant protein. By contrast, a more
extensive deletion of 21 residues (A379-400), extending fur-
ther into the nonconserved region upstream of the cleavage
site, resulted in a nonfunctional ssy5 allele that weakly ex-
pressed a full-length protein devoid of autolytic activity (Fig.
7B, lane and dilution 7). The data indicate that the autolytic

activity of Ssy5 exhibits similar but not as strict sequence spec-
ificity as observed for Stpl and Stp2 cleavage. The P1 site resi-
due appears to be the most important cleavage determinant.

Three residues in the Ssy5 catalytic cleft determine substrate
specificity

The findings indicating that a small amino acid residue at the
P1 position is important for Ssy5 substrates suggested the exist-
ence of a shallow S1 subsite. The S1 site in chymotrypsin-like
serine proteases is a pocket adjacent to the nucleophilic Ser-
195, formed by residues 189 -192, 214 -216, and 224 —228 (chy-
motrypsin numbering). The residues at positions 189, 216, and
226 usually determine specificity (29, 32). By comparing the Cat
domain of Ssy5 with well-characterized serine proteases, we
identified only a few conserved residues flanking the active site
Ser-640 (Fig. 84). Based on the amino acid sequence alignment
with chymotrypsin A, we tested Ssy5 residues Phe-634, His-
661, and Gly-671 for their ability to influence substrate speci-
ficity by replacing them with residues found in other serine
proteases at the same position (Fig. 84). We assessed autolysis
and the ability of the mutant variants to complement the ssy5A
growth phenotype (Fig. 8B). The results indicate that the
mutant proteins could be classified into three categories as fol-
lows: category 1, inactive proteins, F634D and G671D, which
did not exhibit autolytic cleavage and failed to complement
ssySA (Fig. 8B, dilutions and lanes 1 and 10); category 2, par-
tially active proteins, F634G, F634S, H661G, H661V, G671S,
and G671T, which exhibited reduced autolytic activities and/or
partial complementation of ssySA (Fig. 8B, dilutions and lanes
3, 4, and 6 -9); and category 3, fully active proteins, F634A and
F634C, which exhibited autolytic processing and full comple-
mentation of ssy5A (Fig. 8B, dilutions and lanes 2 and 5). These
results suggest that the three residues selected are indeed
important for Ssy5 catalytic activity.

Next, we considered the possibility that the partially active
category 2 mutant proteins may exhibit altered substrate spec-
ificities. We tested this by assessing whether these mutant pro-
teins could cleave any of the P1 substitution mutations of Stp1l
that were refractory to cleavage by WT Ssy5, i.e. C85F, C85D,
C85K, and C85L (see Fig. 4). Protein extracts were prepared
from strains individually expressing all possible combinations
of category 2 Ssy5 mutants and the Stp1-P1 mutants. Immuno-

Figure 3. Determination of the Ssy5 cleavage site in Stp1 and Stp2. A, schematic representation of Stp1 and Stp2 indicating the location of regulatory
regions | (R) and Il (RIl) and the DNA-binding domains (DBD) (left panel). The Ssy5 cleavage site (scissors) is within region Il. Sequence alignment of region Il from
Stp1and Stp2 (AlignX, Vector NTI); identical (yellow), conservative (blue), and similar (green) residues are highlighted, and residues with weak (green text) or no
similarity (black) are indicated. Strain CAY328 (ssy5A) carrying pRS316 (—) or pSH120 (SSY5, +) and plasmids expressing P, ;-promoted Stp1 fragments, aa
63-125 (pCA221), aa 70-125 (pCA222), aa 80-125 (pCA237), aa 70-99 (pCA246), or aa76-90 (pCA254) in the context of a fusion between a dual immuno-
globulin-binding Z domain (Z2) and GST, was grown overnight in YP with 2% EtOH and subsequently suspended at an ODg(, of 1 in YP with 2% galactose for
2 h to induce expression of the Stp1 fragments. Extracts were analyzed by immunoblot using PAP (1:5000), a polyclonal horseradish peroxidase-conjugated
immunocomplex that binds the ZZ tag (right panel). The immunoreactive forms of the Stp1 constructs are depicted at their corresponding positions of
migration. B, schematic depiction of the maleimide-PEG labeling strategy to map the scissile bonds in Stp1 cleaved by Ssy5 (left panel). WT 13xMYC-STP1,_;,,-
ZZ-6xHA and engineered constructs (right panel) containing no cysteine or a single cysteine residue (red) were individually introduced into CAY123
(stp1Astp2A). Extracts, prepared from the strains grown in SD (—/eu) and 30 min after induction by leucine (+/eu), were analyzed by immunoblotting with
a-myc antibodies; the immunoreactive forms of the myc-tagged constructs are depicted at their corresponding positions of migration (right panel). C, Stp1
cleavage. Strain CAY123 (stp1Astp2A) carrying pAM014 (C80), pAMO018 (C82), pAMO017 (C85), pPAM020 (C86), pAM021 (C87), or pAM022 (C90) was grown in SD,
and extracts, prepared 30 min after induction by 1.3 mm leucine, were treated with maleimide-PEG as indicated. Depending on the site of cleavage and the
localization of the cysteine residue, the maleimide-PEG label will increase the molecular mass of either the N- or C-terminal fragment by 5 kDa (arrows).
Immunoblots were developed with a-myc (left panel) or a-HA (right panel) antibodies. The immunoreactive forms of myc-tagged N- and C-terminal HA-tagged
constructs are depicted at their corresponding positions of migration. D, Stp2 cleavage. Immunoblot analysis of protein extracts from strain CAY123
(stp1Astp2A) carrying pAMO80 (C93) or pAMO081 (C94). Cells were grown, and extracts were treated with maleimide-PEG as in C. The immunoreactive forms of
myc-tagged N- and C-terminal HA-tagged constructs are depicted at their corresponding positions of migration. £, summary diagram of the scissile bonds in
Stp1 (aa 85/86) and Stp2 (93/94) cleaved by Ssy5. Molecular markers (kDa) are indicated at the position of migration (left and right of immunoblots).
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Cleavage specificity of the Ssy5 endoprotease

blot analysis showed that the Ssy5-G671T mutant exhibited an  dated the Stpl mutant with a bulkier lateral chain at the P1
altered substrate affinity. In addition to processing Stpl (Fig. position and could catalyze its endoproteolytic processing.

8C, lane 5), the Ssy5-G671T mutant also processed Stp1-C85L To gain a better appreciation of the structural consequences
(Fig. 8C, lanes 2 and 6). Consequently, Ssy5-G671T accommo- of introducing the G671T mutation, we modeled the Cat
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Figure 5. Ssy5 cleavage of Stp2 is not impaired by charged amino acids at the P4 position. A, schematic presentation of Stp2 with expanded Rll; the Ssy5
cleavage site, substrate P and P’ sites, as well as the corresponding S and S’ protease subsites are depicted (28). Amino acid substitutions at the P4,P1,and P'1
positions and summary of their effect on Ssy5 cleavage and growth as in B: red, impaired; green, neutral. B, Ssy5 cleavage of Stp2 (upper panels). Immunoblot
analysis of protein extracts from strain CAY123 (stp1Astp2A) carrying plasmids pAMO059 (V90G), pAM060 (V90D), pAMO063 (V90S), pAM064 (V90K), pAMO61
(C93A), pPAM062 (C93D), pAMO69 (C93F), pAMO068 (A94F), or pMB30 (WT). Immunoblots were developed with a-myc; the immunoreactive forms of N-terminal
myc-tagged Stp2 are schematically depicted at their corresponding positions of migration. Growth of strain CAY123 (stp1Astp2A) carrying plasmids as in the
upper panel. 10-Fold dilutions of cultures grown in SD were spotted onto YPD and YPD+MM,; plates were incubated at 30 °C for 2 days and photographed.
Molecular markers (kDa) are indicated at the position of migration (left of immunoblots).

domain of Ssy5 and its G671 T mutant using PHYRE2 (33). The loop (Fig. 8D, right panel, brown and gray mismatch). Also,
Ssy5 sequence fitted best to the a-lytic protease homolog of the  compared with native Ssy5, the nucleophilic Ser-640 attains a
thermophilic bacteria Thermobifida fusca (34). The structural different orientation in Ssy5-G671T (Fig. 8D, red-Ssy5; orange-
models include the majority of the Cat domain, i.e. residues Ssy5-G671T). Strikingly, in the Ssy5-G671T mutant, residue
456 — 681 (Fig. 8D), and have confidence levels of 98.4% for Ssy5 Phe-634 attains an orientation that opens up the S1 subsite
(middle panel) and 98.6% for Ssy5-G671T (left panel). By com- pocket (Fig. 8D compare yellow-Ssy5 with magenta-Ssy5-
paring the models, the Ssy5-G671T mutation is predicted to G671T). The orientation of the other residues tested, His-661
alter the structure close to the active site and in a more distal and Gly-671, are not predicted to significantly alter the Ssy5

Figure 4. Ssy5 exhibits a strong preference for substrates with a small amino acid at the P1 position. A, schematic presentation of Stp1 with expanded
RIl; the Ssy5 cleavage site, substrate P and P’ sites, as well as the corresponding S and S’ protease subsites are depicted according to Ref. 28. Amino acid
substitutions at the P4, P1, and P’1 positions and summary of their effect on Ssy5 cleavage and growth is as shown in B and C: red, impaired; green, neutral. B,
Ssy5 cannot cleave substrates with either bulky or charged amino acid residues at the P1 position or charged amino acid residues at the P4 position.
Immunoblot analysis of protein extracts from strain CAY123 (stp1Astp2A) carrying plasmids pAM029 (V82D), pAM030 (V82G), pAMO046 (V82S), pAM047 (V82K),
pAMO48 (V82A), pAMO049 (V82F), pAMO050 (C85A), pAMO51 (C85S), pAMO53 (C85F), pAM054 (C85D), pAMO55 (C85K), pAMO052 (C85L), pAM056 (S86A), pAMO57
(S86F), or pAMO058 (S86K). Immunoblot developed with a-myc (upper panel) or a-HA (lower panel). The immunoreactive forms of N-terminal myc-tagged and
C-terminal HA-tagged Stp1 fragments are schematically depicted at their corresponding positions of migration. C, growth of strain CAY123 (stp1Astp2A)
carrying plasmids as in B, including pMB31 (WT). 10-Fold dilutions of cultures grown in SD were spotted onto YPD and YPD+MM, and plates were incubated
at 30 °C for 2 days and photographed. Molecular markers (kDa) are indicated at the position of migration (left of immunoblots).
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Figure 6. Biochemical and in vivo determination of the Ssy5 autolytic cleavage site. A, Ssy5 from S. cerevisiae and orthologs from the related fungi were
compared using sequence alignment algorithm AlignX (Vector NTI). The level of similarity of the aligned proteins is plotted; numbers correspond to amino acid
residues of the longest ortholog (Lodderromyces elongisporus). The sequence alignment of the region containing the putative autoprocessing site (17) (scissors;
between residues 381 and 382 in S. cerevisiae) is shown expanded below the plot. Identical (yellow), conservative (blue), and similar (green) residues are
highlighted; residues with weak (green text) or no similarity (black) are indicated. B, mass spectrometric analysis of the Ssy5 pro- and Cat domain. Ssy5 was
purified from lysates from CAY324 (ssy5A) carrying pCA260 (HAI-SSY5) grown in YPD. HAi-Ssy5 has a 3xHA tag (HAI) inserted internally in the prodomain and
has GST fused to the C terminus of the Cat domain. Coomassie staining revealed two prominent species corresponding in size to the Cat domain (band /) and
the prodomain (band Il). The bands were subjected to trypsin digestion, and resulting peptides were analyzed by MS. The Ssy5 protein sequence with peptides
recovered from band | and band Il are highlighted in red and orange, respectively. The diagnostic peptides identified, i.e. the most C-terminal peptide of the
prodomain and the most N-terminal peptide of the Cat domain are underlined (solid line). Amino acids DYIKKA (dashed underline) were not identified. C, in vivo
analysis of Ssy5 autolysis. Schematic presentation of Ssy5 constructs; the positions of the 3xHA tag (HAI), autolytic processing site (between Ala-381 and
Ala-382), FLAG-tag (inserted after Ala-382), and C-terminal GST fusion are indicated. Growth of strain PLY1351 (ssy5A) transformed with pRS316 (vc), pCA260
(HAI-Ssy5), or pTP103 (HAi -Ssy5-FLAG) were spotted on SD and SD medium containing AzC (right panel). Immunoblot analysis of extracts from the strains (lane
1, v¢; lane 2, HAI-Ssy5; lane 3, HAI-Ssy5-FLAG) grown in SD (lower panel). The immunoreactive forms of Ssy5 are represented at their position of migration; the
parentheses around the FLAG-tag symbol indicates that it is uniquely present in extracts in lanes 3. The position of unrelated cross-reacting proteins is marked
with stars. Molecular markers (kDa) are indicated at the position of migration (left of immunoblots).
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Figure 7. Ssy5 autolysis exhibits a less strict sequence requirement. Mutational analysis of the Ssy5 autoprocessing site was performed. Shown is a
schematic presentation of Ssy5 expanding the sequence between amino acids 373 and 403 and including single amino acid substitutions at the P1 and P'1
positions, at other positions and deletions, as indicated. Mutations that block (red), impair (orange), or do not affect autolysis (green) are indicated. A, immu-
noblot analysis of extracts and growth of HKY77 (ssy5A) carrying plasmids pAM105 (A381L), pAM106 (A381K), pAM107 (A381F), pAM108 (A381D), pAM109
(A381C), pPAM110 (A381S), pCA177 (SSY5), or pRS316 (VC). Immunoreactive forms of HA-tagged Ssy5 are indicated at their corresponding position of migration.
The position of an unrelated cross-reacting protein is marked with a star. Ssy5 function was assessed by a growth-based assay, and 10-fold dilutions of cultures
grown in SD were spotted onto YPD and YPD+MM. B, immunoblot analysis of extracts and growth of the CAY265 (ssy5A) carrying plasmids pSH120 (55Y5),
pSH091 (A382S), pSH093 (A382C), pSH127 (K375A), pSH117 (K379A, K380A, and S383A), pSH128 (A379-387), or pSH129 (A379-400). Immunoreactive forms
of Ssy5-GST are indicated at their corresponding position of migration. The position of an unrelated cross-reacting protein is marked with a star. Ssy5 function

was assessed by growth on YPD and YPD+MM as in A. Molecular markers (kDa) are indicated at the position of migration (left of immunoblots).

structure (Fig. 8D, green and blue, respectively). The structural
changes predicted by modeling are fully consistent with the
ability of the G671T mutation to accommodate a bulkier
R-group at the P1 position.

Discussion

Here, we report that Ssy5-dependent cleavage of Stpl is
inhibited by PMSF, a finding that provides the first experimen-
tal confirmation that Ssy5 is a serine protease. Previously, based
on sequence homology, Ssy5 had been classified as a serine
protease (MEROPS accession MER0043119), the single mem-
ber of family S64 belonging to the Clan PA (35). The Cat
domain of Ssy5 contains three residues (His-465, Asp-545, and
Ser-640) predicted to constitute a chymotrypsin-like catalytic
triad (25). Consistent with PMSF inhibition, we found that all
three residues of the catalytic triad are critical for proteolytic
activity.

The only known physiological substrates for Ssy5 are the
transcription factors Stpl and Stp2. To find the recognition
sequence for Ssy5, we characterized the cleavage site and iden-
tified the scissile bonds. Sequence alignments show that the
cysteine residue preceding the scissile bond (P1 site) is con-
served in Stpl and Stp2 orthologs. The proteolytic activity of
Ssy5 requires small amino acid residues (serine, alanine, and
cysteine) to be in the P1 position. The placement of charged or

8372 J Biol. Chem. (2018) 293(22) 8362-8378

bulky hydrophobic residues at this position resulted in mutants
Stpl and Stp2 that were not cleaved and consistently unable to
complement stp1Astp2A phenotype.

Interestingly, in Stpl, we identified an additional more
remote sequence determinant at the P4 position. This is
unusual because few serine proteases are known to display
selectivity for P4 residues (36). Specificity at the P1 and P4 res-
idues is characteristic of the family of eukaryotic pro-protein—
processing proteases for which the S. cerevisiae Kex2 protease
is the prototype and of subtilisins (37, 38). Subtilisins are known
for possessing an extended binding cleft comprising a mini-
mum of eight subsites (38). Searching the MEROPS database
reveals that only three serine proteases are known to cleave P4
valine- and P1 cysteine-containing substrates (35), indicating
that the Ssy5 recognition sequence is uncommon.

Curiously, the P4 substitutions impairing Stp1 cleavage did
not affect Ssy5’s ability to process Stp2. This could be due to
different residues, spanning the P4—P’4 region of Stpl and
Stp2, inducing a different Ssy5 subsite cooperativity. It is known
that binding of a particular substrate residue at a protease sub-
site can have either a positive or negative influence on the bind-
ing of particular residues at other subsites (2). Subsite cooper-
ativity has been observed in a wide range of proteases, often
between nonadjacent subsites (2). The existence of different,
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more remote, binding sites facilitating a more stable attach-
ment of Stp2 to Ssy5 substrate-binding site could also explain a
less strict P4 requirement.

As observed for Stpl and Stp2, autolytic processing of Ssy5
displays similar amino acid requirements at the P1 position.
However, it is important to note that the severity of such muta-
tions on autolysis is lower when compared with the effects on
Stpl and Stp2 cleavage. Furthermore, alanine substitutions
around the autolysis site and even the deletion of nine residues
spanning the active site did not affect autolysis. This suggests
that compared with Stpl and Stp2 cleavage, autolytic pro-
cessing exhibits a less strict sequence requirement. This may be
the consequence of autolysis occurring before the active site
attains its final conformation. Likewise, autolytic processing of
a-lytic protease precedes and is necessary for folding and cata-
lytic maturation of the C-terminal domain (19, 39). Interest-
ingly, as observed for Stpl, the P4 position in Ssy5 appears to
be important for autolysis; we have reported that several
substitutions of the conserved isoleucine 378 impair func-
tion as assessed by growth-based assays (40).

Together, the results indicate that Ssy5 substrate specificity
is primarily determined by the nature of the amino acid residue
present at the P1 position, a feature typical of the chymotrypsin
family of serine proteases (32). Serine proteases have substrate-
binding pockets that are tailored to bind the side chain of the
residue preceding the scissile bond (P1) (41). Our finding that
only small amino acids are accepted at the P1 position sug-
gested Ssy5 possesses a shallow S1 subsite that cannot accom-
modate large amino acid side chains. Three residues in the
putative Ssy5 active site, Phe-634, His-661, and Gly-671, were
found to influence Ssy5 autolytic processing and activity. Inter-
estingly, the mutation G671T renders an Ssy5 mutant variant
with altered substrate specificity. This mutant retained the abil-
ity to cleave Stpl but gained the capacity to cleave a mutant
Stpl variant (C85L) not processed by WT Ssy5. Apparently,
residue Gly-671 is a major determinant of the Ssy5 S1 subsite
architecture. Consistent with this notion, structural modeling
predicted that the G671T mutation would alter the active site
by affecting the orientation of Ser-640 and Phe-634. The pre-
dicted structural changes appear to explain the impaired auto-
lytic activity and altered specificity demonstrated by the G671T
mutant.

With regard to Ssy5 biogenesis, we found that autolytic pro-
cessing is a strictly intramolecular event. This differentiates

Ssy5 from classical serine proteases that usually are activated by
intermolecular proteolytic processing of an inactive zymogen
precursor (42—45). Intriguingly, we found that the individually
expressed Cat domain and prodomain physically interact; how-
ever, this interaction does not suffice to enable the Cat domain
to attain a folding status compatible with substrate binding.
These results align well with our previous observations (16) and
suggest that the functional association between the pro- and
Cat domains is required early during Ssy5 biogenesis.

The prodomain likely functions as a co-translational chaper-
one, or a folding scaffold, for the Cat domain. Similarly, the
prodomain of the well-characterized secreted bacterial a-lytic
proteases act as folding catalysts essential for their Cat domains
to achieve functional native states within a biologically relevant
time scale (18, 20, 46). The unusually large size of the a-lytic
protease prodomain (166 amino acids) has been postulated to
overcome the folding barrier that results in the high kinetic
stability of the Cat domain (34). Consistently, correctly folded
a-lytic Cat domain exhibits an equally large unfolding barrier
(20, 47, 48). The fact that Ssy5 also has an extremely large
prodomain (381 amino acids), suggests that the Ssy5 Cat
domain may also exhibit high kinetic stability.

Modeling the Ssy5 sequence fitted best with the structure of
the T. fusca protease A (TFPA), a thermophilic homolog of the
a-lytic protease (34). TFPA exhibits enhanced stability at high
temperatures, which has been attributed to a specific structural
element, i.e. the domain bridge, that links the N- and C-termi-
nal domains of the protease (34). The a-lytic protease subfamily
contains some of the best-studied kinetically stable proteins,
and the high free-energy barrier (AG) associated with folding
and unfolding is central to their biological function in the harsh
extracellular environment (34, 49). Consistent with the excep-
tional fit to the structure of TFPA, the Stp1l-processing activity
of the Cat domain is stable for a period exceeding 1 month in
extracts stored on ice, as assessed by in vitro cleavage assays
(data not shown).

It is interesting to consider the consequences of a protease
with high-kinetic stability functioning in the framework of an
intracellular signaling pathway. A major conundrum arises
because within the context of SPS sensor signaling, amino acid
induction irreversibly activates the Stp1l- and Stp2-processing
activity of Ssy5 Cat domain. An enhanced kinetic stability may
be required to spare the Cat domain from degradation by the
proteasome while it is still attached to a phosphorylated and

Figure 8. Mutational analysis of the Ssy5 catalytic cleft. A, sequences of the Ssy5 Cat domain and well-described serine proteases, elastase, chymotrypsin,
trypsin, granzyme A, granzyme B, and a-lytic protease (ALP), were aligned according to the AlignX (Vector NTI) algorithm. The level of similarity is plotted using
the residue numbers corresponding to a-lytic protease sequence. The alignment of the region containing the predicted active site, between residues 594 and
694 in Ssy5-Cat, is shown expanded below the plot. Identical (red, yellow highlight) as well as residues with no similarity (black) are indicated. The active-site
serineis indicated by an asterisk. Residues 634,661, and 671 in the Ssy5 Cat domain, predicted to affect specificity, are boxed in red. The Ssy5 sequence between
628 and 673 is expanded, and single amino acid substitutions at the 634, 661, and 671 positions are shown. Substitutions that block (red), impair (orange), or
do not affect autolysis or growth (green) are indicated. B, growth and immunoblot analysis of extracts from HKY77 (ssy5A) carrying plasmids pAM111 (F634D),
PAM112 (F634A), pAM113 (F634G), pAM114 (F634S), pAM115 (F634C), pAM116 (H661G), pAM117 (H661V), pAM118 (G6715), pAM119 (G671T), pAM120
(G671D), pCA177 (55Y5), or pRS316 (VC). 10-Fold dilutions of cultures grown in SD were spotted onto YPD and YPD+MM, and the immunoreactive forms of
HA-tagged Ssy5 are indicated at their corresponding position of migration. C, Ssy5 G671T substitution exhibits altered substrate specificity. Immunoblot
analysis of extracts from HKY77 (ssy5A) expressing Ssy5 and Stp1 proteins are as indicated: Ssy5-G671T (pAM119); stp1-C85L (pAM130); Ssy5 (pCA177); and
Stp1 (pCA204). Extracts were prepared from uninduced (—) or leucine (1.3 mm, 30 min)-induced (+) cells. Immunoreactive forms of HA-tagged Ssy5 and
myc-tagged Stp1 are indicated at their corresponding position of migration. D, molecular modeling of Ssy5 (middle, gray) and Ssy5 G671T (left, brown) were
obtained using PHYRE2 and visualized with PyMOL™. The differences between both structures are shown as color mismatch (right). The specific location of
Phe-634, His-661, and Gly-671 are indicated in yellow, green, and blue, respectively. The active site Ser-640 is colored in red. Alterations in the active site and
Phe-640 position predicted to occur as a consequence of the G671T substitution are indicated in orange and magenta highlights, respectively. Molecular
markers (kDa) are indicated at the position of migration (left of immunoblots).

SASBMB

8374 J. Biol. Chem. (2018) 293(22) 8362-8378



Cleavage specificity of the Ssy5 endoprotease

Table 1
Yeast strains used in this study
Ref. or
Strain Genotype source
AMY001 MATa ura3-52 ssySA1:hisG stplAS51::Agleu2 stp2AS50:hphMX4 prblA::kanMX This work
CAY29 MATa ura3-52 10
CAY123 MATa ura3-52 stp1A51::Agleu2 stp2AS0:hphMX4 10
CAY265 MATa ura3-52 ssy5A2:hisG gapl A:PAGPI-lacZ 16
CAY309 MATa lys2A201 trpl AFA ura3-52 ssy5A2:hisG 16
CAY324 MATa ura3-52 ssy5A2:hisG prb1A:kanMX 16
CAY328 MATa ura3-52 trplA101:loxP ssy5A2::hisG 16
HKY77 MATa lys2A201 ura3-52 ssy5A2::hisG 14
HKY84 MATa lys2A201 ura3-52 ssyI1A13:hisG ssy5SA2:hisG 14
HKY85 MATa lys2A201 ura3-52 ptr3A15:hisG ssySA2:hisG 14
MBY93 MATa ura3-52 ssy5A1: hisG stplAS1::Agleu2 stp2AS50:hphMX4 58
PLY126 MATa lys2A201 ura3-52 59
SHY016 MATa his3 trpl—100 ura3-52 leu2:6 X lexAOp-LEU2 lys2A::8 X lexAOp-LYS2 asilA8::loxP-kanMX-loxP GAL2 16

polyubiquitylated prodomain (22, 50). However, this raises the
question of how cells turn off the proteolytic activity of a kinet-
ically stable intracellular protease once the inhibitory prodo-
main is degraded. Attempts to answer this question will open a
new window to further understand the unusual catalytic prop-
erties and biological role of Ssy5. Finally, future work has the
potential to facilitate the pharmacological targeting of Ssy5 as a
means to control the growth of fungi, in which the SPS sensing
pathway plays a central role in regulating metabolism, e.g. in the
human pathogen Candida albicans (51, 52).

Experimental procedures
Media

Standard media, including yeast extract/peptone/dextrose
(YPD) medium, ammonia-based synthetic minimal dextrose
(SD) medium, supplemented as required to enable growth of
auxotrophic strains, and ammonia-based synthetic complete
dextrose (SC) were prepared as described previously (10).
When needed, L-leucine was added at a concentration of 1.3 mm
to induce SPS sensor signaling. Sensitivity to MM on complex
medium is described elsewhere (11). Sensitivity to AzC was
tested at a final concentration of 1 mm on solid leucine-supple-
mented SD medium.

Strains and plasmids

The construction of all S. cerevisiae strains, except AMYO001
has been documented elsewhere, as indicated (Table 1).
AMYO001 was isolated as a G418-resistant clone obtained by
transformation of MBY93 with a PCR product amplified from
CAY324 that spans the PRBI locus. With the exception of the
two-hybrid strain SHY016, all strains are isogenic descendants of
the S288C-derived strain AA255/PLY115 (53). The plasmids used
in this work are listed in Table 2. The sequences of mutagenic
oligonucleotides and PCR primers for homologous recombination
are available upon request.

Directed yeast two-hybrid assay

Two-hybrid interactions between a LexA-fused Cat domain
(pSHO095) and an AD-fused Ssy5 pro-domain (pSH096) were
tested in strain SHY016, which harbors an asil null allele to
allow nuclear targeting of the LexA-Stp1(1-125) (16). Direct
interactions, between the bait plasmid pCA147, expressing
LexA-Stp1(1-125), and an AD-fused Ssy5 prodomain (pSH096)
and Cat domain (pSH125) were tested in the same strain. Inter-
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actions were assayed for growth on SC plates lacking uracil,
tryptophan, histidine, leucine, and lysine containing 4% galac-
tose and 0.1% glucose as carbon sources.

Immunoblot analysis

Whole-cell extracts were prepared under denaturing condi-
tions as described previously (54). Primary antibodies were
diluted as follows: 12CA5 ascites fluid (anti-hemagglutinin
(HA) mAb (55), 1:5000; purified goat polyclonal anti-GSH
S-transferase (GST) antibody (ab6613, Abcam), 1:5000; anti-
myc 9E10 mAb (Roche Applied Science), 1:5000; 3F10 anti-
HA-horseradish peroxidase (HRP) (Roche Applied Science),
1:5000; anti-GST 3—4C mAb (Zymed Laboratories Inc.), 1:500;
anti-myc-HRP 9E10 mAb (Roche Applied Science), 1:5000;
anti-FLAG polyclonal (Sigma), 1:5000; anti-Pgkl (Molecular
Probes), 1:10,000. Dual immunoglobulin-binding Z domain
(ZZ)-tagged proteins were detected using anti-HRP polyclonal
antibody horseradish peroxidase immunocomplex (PAP, Dako-
Cytomation), 1:5000. Immunoreactive bands were visualized
by chemiluminescence detection (SuperSignal West Dura
Extended-Duration Substrate; Thermo Fisher Scientific) of
horseradish peroxidase using an LAS1000 system (Fuji Photo
Film Co., Ltd.) or by near-IR fluorescence detection (Odyssey
Fc; LI-COR Biosciences, Lincoln, NE). Quantification was per-
formed using Image Studio Lite software (LI-COR Biosciences)
by normalizing background-corrected signals to the Pgk1 load-
ing control.

Maleimide-PEG labeling assay

Labeling of protein extracts with maleimide-PEG was per-
formed following the procedure described in Ref. 56, with
minor adjustments. Briefly, after TCA precipitation and wash-
ing, oxidized thiol groups present in the protein extracts were
reduced by addition of 50 mm Bond-Breaker™™ tris(2-carboxy-
ethyl)phosphine solution (Thermo Fisher Scientific Inc.) in
denaturing buffer consisting of 6 m urea, 200 mm Tris-HCI (pH
8.5), 10 mm EDTA, and 0.5% (w/v) SDS. After TCA precipita-
tion, reduced cysteines were subsequently alkylated by addition
of 20 mm methoxypolyethylene glycol maleimide (maleimide-
PEG) (Sigma) in denaturing buffer. Samples were mixed with
nonreducing SDS sample buffer and loaded onto 4-12% SDS-
polyacrylamide gels.
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Table 2

Plasmids used in this study
Plasmid Description Ref.
pAMO14 pRS202 (URA3) containing 13xMYC-STPI (1-114) (C44S C85S)-ZZ-6xHA This work
pAMO16 PpRS202 (URA3) containing 13xMYC-STPI (1-114) (C44S C80S C85S)-ZZ-6xHA This work
pPAMO17 pRS202 (LURA3) containing 13xMYC-STPI (1-114) (C44S C80S)-ZZ-6xHA This work
pPAMO18 pRS202 (URA3) containing 13xMYC-STPI (1-114) (C44S C80S C85S V82C)-ZZ-6xHA This work
PAMO020 pRS202 (URA3) containing 13xMYC-STPI (1-114) (C44S C80S C85S S86C)-ZZ-6xHA This work
pPAMO21 pRS202 (LURA3) containing 13xMYC-STPI (1-114) (C44S C80S C85S M87C)-ZZ-6xHA This work
PAMO022 pRS202 (URA3) containing 13xMYC-STPI (1-114) (C44S C80S C85S S90C)-ZZ-6xHA This work
PAMO29 pMB31 containing 13xMYC-STPI (V82G)-6xHA This work
PAMO30 pMB31 containing 13xMYC-STPI (V82D)-6xHA This work
pAMO46 pMB31 containing 13xMYC-STP1 (V82S)-6xHA This work
pPAMO47 pMB31 containing 13xMYC-STPI (V82K)-6xHA This work
PAMO048 pMB31 containing 13xMYC-STPI (V82A)-6xHA This work
PAMO49 pMB31 containing 13xMYC-STP1 (V82F)-6xHA This work
PAMO50 pMB31 containing 13xMYC-STP1 (C85A)-6xHA This work
PAMO51 pMB31 containing 13xMYC-STP1 (C85S)-6xHA This work
PAMO052 pMB31 containing 13xMYC-STP1 (C85L)-6xHA This work
pAMO53 pMB31 containing 13xMYC-STP1 (C85F)-6xHA This work
PAMO54 pMB31 containing 13xMYC-STPI (C85D)-6xHA This work
PAMO55 pMB31 containing 13xMYC-STP1 (C85K)-6xHA This work
pAMO56 PMB31 containing 13xMYC-STP1 (S86A)-6xHA This work
PAMO57 pMB31 containing 13xMYC-STP1 (S86F)-6xHA This work
PAMO58 pMB31 containing 13xMYC-STP1 (S86K)-6xHA This work
PAMO59 PMB30 containing 13xMYC-STP2 (V90G)-6xHA This work
PAMO60 pMB30 containing 13xMYC-STP2 (V90D)-6xHA This work
PAMO061 PMB30 containing 13xMYC-STP2 (C93A)-6xHA This work
PAMO62 PMB30 containing 13xMYC-STP2 (C93D)-6xHA This work
PAMO63 pMB30 containing 13xMYC-STP2 (V90S)-6xHA This work
PAMO64 pMB30 containing 13xMYC-STP2 (V90K)-6xHA This work
pPAMO67 PMB30 containing 13xMYC-STP2 (VI0L)-6xHA This work
PAMO068 pMB30 containing 13xMYC-STP2 (A94F)-6xHA This work
PAMO069 pMB30 containing 13xMYC-STP2 (C93F)-6xHA This work
pAMO80 PpRS202 (URA3) containing 13xMYC-STP2 (1-102) (C59S C60S)-ZZ-6xHA) This work
pAMO81 pRS202 (LURA3) containing 13xMYC-STP2 (1-102) (C59S C60S C93S A94C)-ZZ-6xHA This work
pAM105 pCA177 containing SSY5 (A381L)-6xHA-KITRPI This work
pAM106 pCA177 containing SSY5 (A381K)-6xHA-KITRPI1 This work
pAM107 pCA177 containing SSYS (A381F)-6xHA-KITRP1 This work
pAM108 pCA177 containing SSY5 (A381D)-6xHA-KITRPI This work
pPAM109 pCA177 containing SSY5 (A381C)-6xHA-KITRPI1 This work
pAM110 pCA177 containing SSY5 (A381S)-6xHA-KITRP1 This work
pAMI111 pCA177 containing SSY5 (F634D)-6xHA-KITRP1 This work
pAMI112 pCA177 containing SSYS (F634A)-6xHA-KITRP1 This work
pAM113 pCA177 containing SSYS (F634G)-6xHA-KITRPI1 This work
pAM114 pCA177 containing SSY5 (F634S)-6xHA-KITRPI This work
pAM115 pCA177 containing SSYS5 (F634C)-6xHA-KITRP1 This work
pAM116 pCA177 containing SSYS (H661G)-6xHA-KITRP1 This work
pAM117 pCA177 containing SSY5 (H661V)-6xHA-KITRPI This work
pAM118 pCA177 containing SSY5 (G671S)-6xHA-KITRP1 This work
pAM119 pCA177 containing SSYS (G671T)-6xHA-KITRP1 This work
pAMI120 pCA177 containing SSY5 (G671D)-6xHA-KITRP1 This work
pAM130 pCA204 containing STPI (C85L)-13xMYC-kanMX This work
pCA147 pEG202 (HIS3) Km® G418" containing P, ;,,-STP (I1-124)-LexA This work
pCA177 pRS316 (LURA3) containing SSY5-6xHA-KITRP1 This work
pCA204 pRS317 (LYS2) containing STPI1-13xMYC-kanMX This work
pCA215 pRS316 (UIRA3) containing SSYS5 (H465A)-6xHA-KITRPI1 This work
pCA216 pRS316 (LURA3) containing SSY5 (D545A)-6xHA-KITRPI This work
pCA217 pRS316 (URA3) containing SSY5 (S640A)-6xHA-KITRP1 This work
pCA218 pRS316 (URA3) containing P,,5-SSYS—6xHA-KITRP1 This work
pCA221 PEG-KT (leu2-d) KITRP1-loxP-GALI-loxP-ZZ-TEV-STP1 (63-125)-GST 16
pCA222 PEG-KT (leu2-d) KITRP1-loxP-GALI-loxP-ZZ-TEV-STPI (70-125)-GST This work
pCA237 pEG-KT (leu2-d)KITRPI-loxP-GALI-loxP-ZZ-TEV-STPI (80-125)-GST This work
pCA246 PEG-KT (leu2-d) KITRP1-loxP-GALI1-loxP-ZZ-TEV-STP1 (70-99)-GST This work
pCA254 PEG-KT (leu2-d) KITRPI-loxP-GAL1-loxP-ZZ-TEV-STP1 (76-90)-GST This work
pCA260 pRS202 (URA3) containing Prpy5-HA;-SSY5-GST-SBP-kanMX 16
pMB31 pRS202 (URA3) containing 13xMYC-STP1-6xHA 58
pMB30 PRS202 (URA3) containing 13xMYC-STP2-6xHA 60
pSH043 pJG4-5 (TRPI) containing P, ,-SSYS (1-699) 16
pSHO76 pRS316 (LURA3) containing SSY5 (1-381)-GST 16
pSHO078 PpRS316 (URA3) containing SSY5 (382-699)-GST This work
pSH091 pRS316 (URA3) containing SSY5 (A382S)-GST This work
pSH093 pRS316 (URA3) containing SSY5 (A382C)-GST This work
pSH095 pEG202 (HIS3) Km"® G418" containing P, ,;,~-LexA-SSY5 (382-699) This work
pSH096 pJG4-5 (TRPI) containing B42-HA-SSYS5 (1-381) This work
pSH097 pJG4-5 (TRP1) containing PGALI-HA-SSY5 (1-381) This work
pSHO098 PRS202 (URA3) containing P,;,5-SSY5 (382-699)-GST This work
pSH117 pRS316 (URA3) containing SSY5 (K379A K380A S383A)-GST This work
pSH120 pRS316 (URA3) containing HA,-SSYS5 (1-699)-GST 50
pSH125 pJG4-5 (TRP1I) containing B42-HA-SSYS5 (382-699) This work
pSH127 pRS316 (URA3) containing SSY5 (K375A)-GST This work
pSH128 pRS316 (LURA3) containing SSY5 (A379-387)-GST This work
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Mass spectrometry

Ssy5 was purified from a 3-liter culture of ssy5A strain
CAY324 carrying pCA260 (HA;-Ssy5) grown under inducing
conditions (SC —ura) to optimize cell yield as described (16).
After separation on SDS-PAGE, the bands corresponding to the
prodomain and Cat domain were excised from the gel and sub-
jected to in-gel trypsin digestion, essentially as described (57),
however, with the following minor modifications. The destain-
ing was performed with 35% acetonitrile (ACN) in 50 mm
NH,HCO;. Prior to LC-MS analysis, peptides extracted from
the gel were solubilized in 10 ul 5% ACN, 0.1% formic acid (FA).

Peptide samples were injected (4.9 wl) using partial loop
mode onto a nanoAcquity UPLC system (Waters Corp.),
plumbed for single pump trapping using a C18 trap column (5
pm, 2 cm) and a BEH C18 analytical column (1.7 wm, 10 cm)
(Waters Corp.). Trapping was performed for 2 min at 15 ul
min ' using solvent A (0.1% FA). Subsequently, an analytical
separation was performed at 400 nl min ' with the following
gradient: 1% B (100% ACN, 0.1% FA) (0-1 min), 1-40% B
(1-55 min), 40—85% B (55-56 min), 85% B (56—60 min),
85-1% B (60 —61 min), and 1% B (61.90 min).

The gradient flow from the nanoAcquity was delivered at 400
nl min~' to a Q-Tof™ II mass spectrometer (Micromass,
Waters Corp.) with an ESI interface consisting of the Z spray
source fitted with a nanoelectrospray probe (source voltage 2.9
kV, source temperature 80 °C, cone voltage 35 V, cone gas flow
50 liters/h). Data were acquired in data-dependent mode with
one full scan (400-1700 m/z) followed by maximum four
MS/MS scans (50-1800 m1/z). External TOF mass calibration
was performed prior to the UPLC-MS analysis. This was
obtained by direct infusion of a solution containing [Glu']
fibrinopeptide B (1 um) in 50% ACN, 0.1% FA, data acquisition
in TOF MS/MS mode over the m/z range 50-2000, the colli-
sion energy set to 30 V, and mass set to 785.84 mj/z
([Glu']fibrinopeptide B, [M + 2H]*™).

Raw data files were converted to PKL files (background sub-
tracted, deisotoped, and centroided) using the Protein Lynx
Global Server (PLGS) software package (Waters Corp.) and
searched against the S. cerevisiae entries in the National Center
for Biotechnology Information nonredundant protein database
(NCBInr) using Mascot (Matrix Science, London, UK) with the
following search parameters: enzyme, trypsin or none; fixed
modifications, carbamidomethylcysteine; variable modifica-
tion, oxidized methionine; peptide tolerance, 100 ppm; peptide
charge, +1: number of missed cleavage sites, up to 2: MS/MS
tolerance, 0.1 Da.

In vitro protease assay

Yeast cells were grown in SD to an ODy, of 1. The cultures
expressing Ssy5 were induced for 30 min with 1.3 mm leucine.
Cells were disrupted by bead beating (three times for 20 s) in
lysis buffer (50 mm HEPES-KOH, 100 mm NaCl, 5 mm DTT at
pH 8.0), and nonlysed cells were removed by low-speed centrif-
ugation (1200 X g) for 15 min. Protease reactions were prepared
on ice in lysis buffer (pH 7.4) by mixing equal amounts of Stp1-
and Ssy5-containing lysate. Reactions were incubated at 30 °C for
60 min, stopped by the addition of 2X sample buffer, boiled, and
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separated on SDS-PAGE. The ability to inhibit Stp1 cleavage was
tested using a final concentration of 5 mm PMSF or an equal vol-
ume of 99.5% EtOH, added 30 min prior to substrate addition.
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