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Rcelp and Ste24p are integral membrane proteins involved in
the proteolytic maturation of isoprenylated proteins. Extensive
published evidence indicates that Rcelp requires the isoprenyl
moiety as an important substrate determinant. By contrast, we
report that Ste24p can cleave both isoprenylated and non-pre-
nylated substrates in vitro, indicating that the isoprenyl moiety
is not required for substrate recognition. Steady-state enzyme
kinetics are significantly different for prenylated versus non-
prenylated substrates, strongly suggestive of arole for substrate-
membrane interaction in protease function. Mass spectroscopy
analyses identify a cleavage preference at bonds where P1’ is
aliphatic in both isoprenylated and non-prenylated substrates,
although this is not necessarily predictive. The identified cleav-
age sites are not at a fixed distance position relative to the C
terminus. In this study, the substrates cleaved by Ste24p are
based on known isoprenylated proteins (i.e. K-Ras4b and the
yeast a-factor mating pheromone) and non-prenylated biologi-
cal peptides (A B and insulin chains) that are known substrates of
the M16A family of soluble zinc-dependent metalloproteases.
These results establish that the substrate profile of Ste24p is
broader than anticipated, being more similar to that of the
M16A protease family than that of the Rcelp CAAX protease
with which it has been functionally associated.

The CAAX motifis a loosely defined tetrapeptide C-terminal
sequence; C represents cysteine, A is typically aliphatic, and X
can be one of several amino acids. Proteins bearing a CAAX
motif (i.e. CAAX proteins) are abundant, estimated at 1-2% of
eukaryotic proteins. They have roles in many biological pro-
cesses, including cancer, development, aging, and parasitic
growth, among others. Canonical CAAX proteins undergo an
ordered series of post-translational modification: isoprenyla-
tion (farnesylation or geranylgeranylation) of cysteine (C),
endoproteolysis by the Rcelp and/or Ste24p protease to
remove the C-terminal tripeptide (AAX), and carboxyl methyl-
ation of the isoprenylated cysteine. These modifications are
generally thought to modulate CAAX protein function and/or
localization (1). Although these modifications are not known to
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occur within bacteria, prokaryotic orthologs of both CAAX
proteases exist.

The necessity for two CAAX proteases with differing speci-
ficity is proposed to stem from the many possible permutations
of the CAAX motif (2, 3). Rcelp and Ste24p are both ER? mem-
brane-localized proteases capable of cleaving isoprenylated
CAAX proteins, yet they are neither structurally related nor
functionally redundant (3-7). Rcelp cleaves the isoprenylated
CAAX motifs of Ras and Ras-related GTPases (Rho, Rac, etc.) in
various species (8 —12). Both Rcelp and Ste24p can cleave the
CAAX motif of the yeast a-factor precursor (CVIA). No natu-
rally occurring Ste24p-specific CAAX motifs have been discov-
ered. The few Ste24p-specific CAAX motifs reported thus far
have been identified by mutating the natural CAAX motif of
yeast a-factor. In addition to its reported role as a CAAX pro-
tease, Ste24p also cleaves the precursors of a-factor and human
lamin A (prelamin A) at sites distal to the CAAX motif (13-15).
The distal cleavage sites of these proteins lack sequence simi-
larity and vary in distance from the isoprenylated cysteine (14
and 25 residues, respectively).

Orthologs of Rcelp and Ste24p are found across diverse spe-
cies, including bacteria, and in all cases, the proteases are mem-
brane proteins. The structure of Methanococcus maripauludis
Recelp (MmRcelp) reveals a hydrophobic substrate-binding
pocket that is solvent-exposed and a novel aspartate-histidine
dependent active site (16). The structure is consistent with
mutational studies identifying these residues as critical for
activity of Rcelp from various eukaryotic species (4, 5, 17).
Despite the absence of identified isoprenylated proteins in pro-
karyotes, MmRcelp cleaves a farnesylated substrate in vitro (18,
19).

Structures of yeast and human Ste24p reveal this protease
family to form a large fully enclosed chamber that contains a
zinc-dependent active site (6, 7). The chambered active site is
fully protected from its membrane surroundings, leaving open
the question of how substrates gain access. A chambered active
site, although unusual, exists in other metalloprotease families,
notably the M16A family of soluble zinc-dependent metallo-
proteases (20, 21). The Ste24p chamber (~14,000 A®) has
dimensions similar to those of the typical M16A protease
chamber (~16,000 A?). Interestingly, both protease families
possess extended B-strand secondary structure near the active

2 The abbreviations used are: ER, endoplasmic reticulum; ABZ, aminobenzoic
acid; EDANS, 5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid; EEPANS,
EDANS-L-glutamate; IDE, insulin-degrading enzyme or insulysin; K®, e-dini-
trophenyl-lysine; DABCYL, 4-[4-(dimethylamino)-phenylazo)benzoic acid;
KPABCYL e DABCYL-L-lysine; YN, 3-nitro-L-tyrosine.
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FIGURE 1. Structural views of MmRce1, SmSte24p, RnIDE, and BtThermo-
lysin. A, cut-away views reveal the groove of MmRcelp, chambers of
SmSte24p and RnIDE, and globular structure of BtThermolysin. The structures
were created using PyMOL from Protein Data Bank files 4CAD, 4IL3, 2JG4, and
1LND. B, structure surrounding active sites of MmRce1, SmSte24p, RnIDE, and
BtThermolysin. The active sites of the metalloproteases were oriented simi-
larly to showcase the active site Zn?* co-factor (orange), Zn*"-chelating res-
idues (green), and nearby B-strand platform (magenta). The structures were
created using PyMOL from Protein Data Bank files 4CAD (residues 138-179,
200-215, and 218-236), 4IL3 (223-227, 248-254, 274-280, 263-268, 295-
305, and 386-394), 2JG4 (83-94, 106-115, 135-155, 185-193, and 253-261),
and 1LND (37-47, 98-124, 140-148, and 163-170).

site that, in the case of M16A proteases, is responsible for ori-
enting substrates (Fig. 1) (20). The human M16A protease IDE
cleaves numerous small peptides and has been implicated in the
clearance of neurotoxic A peptides and other amyloidogenic
peptides (22-26). The yeast M16A protease Ste23p also cleaves
amyloidogenic peptides (27). Coincidentally, the yeast M16A
proteases Axl1p and Ste23p are both involved in a-factor pro-
duction (28).

Ste24p is found in all domains of life. In humans, loss of
Ste24p function is associated with defective deposition of
nuclear lamin A and is associated with several diseases:
Hutchinson-Gilford progeria, mandibuloacral dysplasia, and
generalized lipodystrophy (29). In Drosophila, Ste24p is impli-
cated in regulation of cytoskeletal remodeling associated with
spermatid maturation and a germ cell migration event that is
posited to involve production of a yet to be identified secreted,
isoprenylated signaling molecule (30, 31). In yeast, where the
precursor of the a-factor mating pheromone is the best
described Ste24p substrate to date, other substrates are highly
likely. Their existence is inferred from the observation that
Ste24p is expressed at high levels (i.e. among the top 10% most
abundant proteins in yeast) and in cells that do not produce
a-factor (i.e. MATa and diploid cells) (32, 33).

In this study, we have taken cues from substrate competition
experiments and the similarity in structures between Ste24p
and M16A family enzymes to more deeply explore the substrate
profile of Ste24p. We have determined that Ste24p cleaves non-
prenylated peptides, including the AB peptide. By contrast,
Rcelp does not cleave these substrates. Our findings firmly
establish that Ste24p has a broader substrate specificity than
previously recognized. These findings provide potential insight
into the biological function of Ste24p and suggest that its major
biological role may not be as a CAAX protease.
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Experimental Procedures

Substrates, Competitors, and Other Reagents—Peptides and
reagents were purchased from commercial sources: AB 1-40
(rPeptide, Bogart, GA); a-factor, human recombinant insulin,
bovine insulin B-chain, and trans,trans-farnesyl bromide
(Sigma-Aldrich); carboxymethylated porcine insulin A- and
B-chains (Schwarz/Mann); 15-mers based on a-factor YIIK-
GVEFWDPACVIA and YIIKGVFWDPAC(farnesyl)VIA (Cali-
fornia Peptide, Napa, CA); Zymolyase 100T (Cape Cod Inc.,
East Falmouth, MA); Escherichia coli polar lipid (Avanti Polar
Lipids, Alabaster, AL). The fluorescent, farnesylated 9-mer
peptides ABZ-KSKTKC(farnesyl) VIK® and ABZ-KSKTKC-
(farnesyl) KPIM were purchased from Anaspec (San Jose, CA);
K® was denoted as Q, in previous publications (4, 34). The
fluorescent, non-prenylated, peptides based on a-factor (ABZ-
SEKKDNYIIKGVYMT'RO; M16A reporter) and human AB
(DAEFRHDSGYEVHHQKPABYLL VFFAEEPANSDVGSNK) were
purchased from CHI Scientific (Maynard, MA); YN'TRO was
denoted as nitroY in previous publications (27, 35). Tran-
s,trans-farnesyl bromide was prepared as 100 mm stock in
DMSO. E. coli polar lipid was prepared at 50 mg/ml in H,O and
stored under nitrogen gas. Fluorescent isoprenylated and non-
prenylated peptides were prepared as 1 mm stocks in 4%
DMSO. Isoprenylated and non-prenylated a-factor-based pep-
tides were prepared as 1 mm stocks in methanol. Non-preny-
lated AB 1-40 and insulin-based peptides were prepared as 4
mg/ml stocks in 100% DMSO. Before use, AB 1-40 and insulin-
based peptides were incubated for 20 min in a water bath son-
icator and heated at 65 °C for 5 min.

Plasmids and Yeast Strains—Plasmid-transformed versions
of Saccharomyces cerevisiae strain SM3614 (MATa trpl leu2
ura3 his4 canl rcel:TRPI ste24:LEU2) were created using
published methods (2). Previously described plasmids used
were pRS316 (CEN URA3) (36), pSM1282 (2w URA3 Pp i -HIS-
HA-ScSTE24) (2), pWS804 (pT7-HIS-RnIDE, 40 1 1010) (27),
pWS335 (2 URA3 Ppgy-HIS-HA-HsRcelA22), and pWS479
(21 URA3 Ppr-ScRCEI-HA) (4). pWS1275 (2u URA3 Ppey-
HA-HsSTE24) was created by PCR-directed, plasmid-based
recombination (37). The PCR fragment containing HA-HsSTE24
was derived from pSM1468 (CEN URA3 HsSTE24) using
appropriately designed PCR primers (2); the recipient vector
pWS767 (2u URA3 Ppgr-HIS-HA-TbSTE24) was digested
using EcoRI and Mlul before use (5).

Proteases—Rat IDE was expressed in BL21 DE3 E. coli from
plasmid pW S804 and was purified as described previously (38).
Saccharomyces mikatae Ste24p (SmSte24p) was purified as
described previously (6). Membranes used as a source of prote-
ase activities were prepared from yeast strains expressing Rcelp
or Ste24p according to our previously reported methods (4, 5,
39). The yeast strains were derived by transforming SM3614
with the desired overexpression plasmid: vector (pRS316),
ScSte24p (pSM1282), HsRcel (pWS335), ScRecelp (pWS479),
or pWS1275 (HsSTE24). Isolated membranes were stored at
—80 °C as 1 mg/ml total protein stocks in Lysis Buffer (50 mm
Tris, pH 7.5, 0.2 Msorbitol, 1 mmMm EDTA, 0.2% NaN,) containing
protease inhibitors (1 ug/ml each chymostatin, leupeptin, pep-
statin, and aprotinin; 1 um PMSF).
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In Vitro Fluorescence-based Proteolysis Assay—A fluores-
cence-based assay was used to monitor protease-dependent
cleavage of internally quenched fluorogenic peptide substrates
(4, 40, 41). In general, the assay involved mixing 50 wul of sub-
strate with 50 ul of yeast membrane suspension or purified
protease, where each individual component was prepared at
twice the intended final concentration. The individual compo-
nents were assembled in a 96-well microtiter plate (Corning
3631), and fluorescence was measured at regular intervals over
a60-min time course at 30 °C using a Bio-Tek Synergy fluorom-
eter equipped with a 320/420-nm excitation/emission filter set.
For the AP 1-28 peptide, a 320/485-nm filter set was used.
Samples were typically analyzed in duplicate.

Unless otherwise noted, the substrate components were pre-
pared by dilution of stocks to 40 um with HM buffer (100 mm
HEPES, pH 7.5, 10 mm MgCl,). The enzyme components were
prepared by diluting membrane stocks to 0.2 mg/ml (total pro-
tein concentration determined by the Bradford protein assay)
with HM-BSA buffer (100 mm HEPES, pH 7.5, 10 mm MgCl,, 1
mg/ml BSA), purified rat IDE to 0.08 mg/ml (measured using
Asgo nm and a calculated extinction coefficient of 113,570 M~ *
cm 1) with HM-BSA buffer, and purified SmSte24p (measured
using A,g, ., and a calculated extinction coefficient of 58,790
M~ 'em ™) to 0.08 mg/mlin HM buffer. Studies involving puri-
fied SmSte24p included added E. coli polar lipid (125 or 500
pg/ml) as a buffer component, except for mass spectroscopy
studies (see below). For competition assays, substrate and com-
petitor were premixed at appropriate molar ratios in the micro-
titer plate before the addition of enzyme. For K, determina-
tions, a range of substrate concentration was used (0—-200 um).

Activity and Kinetic Analyses—For all fluorescence-based
assays, data were graphed using Microsoft Excel. Initial linear
slopes (relative fluorescence units/min) were determined using
a time window that was manually optimized for each condition
(usually minutes 1-10).

To obtain percent activity, values were calculated relative to
an appropriate control (i.e. solvent-, DMSO-, or methanol-
treated). When DTT and iodoacetamide were used in reactions,
insulin or DMSO was preincubated for 15 min at room temper-
ature with a 3-fold molar excess of DTT followed by quenching
for 15 min with a 2-fold molar excess of iodoacetamide relative
to DTT. The data for each experimental condition were gener-
ally collected in replicate, often across two or more indepen-
dent experiments. See the figure legends for details.

To obtain reaction rates and other kinetic parameters, rate
values (relative fluorescence units/min) were converted to
product amounts per minute (wmol/min) by referencing two
standard curves (27, 35, 42). First, the amount of fluorescence
observed was corrected for intermolecular quenching using
standard curves for fluorophore alone and a 1:1 mixture of fluo-
rophore and quencher pair (Fig. 2). This was necessary at high
substrate concentration but not generally needed for compar-
ative activity assays at lower concentrations. Second, the cor-
rected amount of fluorescent product was converted to a mole
amount of product using a fluorophore-only standard curve.
Kinetic parameters (i.e. K,, and V. ) were extracted from a
curve fit by non-linear regression methods (Prism version 6.0,
GraphPad Software Inc.).
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Mass Spectroscopy—Generally, cleavage products were pre-
pared by incubating peptides with or without purified
SmSte24p in Buffer MS (40 mm HEPES, pH 7.5, 250 mMm NaCl,
1.3% glycerol, 0.01% C,,E,) for 12 h at room temperature,
stopping reactions with EDTA (12 mm), and then analyzing
products by LC-MS. Specifically, M16A reporter ABZ-SEKKD-
NYIKGVYNTRO (25 1m), K-Ras4b reporter ABZ-KSKTKC-
(farnesyl) VIK® (25 um), and carboxymethylated insulin
B-chain (68 um) were incubated with 18, 20, and 50 ug/ml
purified SmSTE24p, respectively. For the fluorescent peptides,
these reaction conditions yielded 45—85% sample cleavage as
judged by comparing the fluorescence of SmSte24p-treated
samples with that of trypsin-treated samples prepared in paral-
lel; the extent of insulin B-chain cleavage was not determined.
Products were analyzed by LC-MS using appropriate acetoni-
trile/trifluoroacetic acid gradients and a Kromasil C-18 column
(Keystone Scientific/Thermo Scientific) with mass spectra
being acquired using a mass spectrometer with electrospray
ionization source (i.e. Waters Micromass Q-Tof Micro or
Bruker Esquire 3000 Plus ion trap). Peptide masses within the
spectra were identified manually with the aid of FindPept
(ExPASy Bioinformatics Research Portal).

SDS-PAGE Analysis of Peptide Degradation—Reactions were
assembled in HM buffer to contain purified SmSte24p (0.05
mg/ml) or purified rat IDE (0.05 mg/ml), E. coli lipid (0.6
mg/ml), and a peptide substrate. The peptide substrates evalu-
ated were as follows: human insulin (54 um), porcine insulin
B-chain (70 um), and human AB 1-40 (60 uM). Reactions were
incubated for 12 h at 30 °C and quenched with EDTA (12 mm),
and samples were analyzed by 18% SDS-PAGE and staining
with Coomassie R250.

Results

Rcelp and Ste24p Differ in Their Requirements for an Isopre-
nylated Substrate—An expected unifying feature of the Rcelp
and Ste24p CAAX proteases is that both recognize the isopre-
nylated CAAX sequence as a specific recognition determinant.
In fact, the lack of an isoprenyl group was the reason given for
the “misalignment” of the non-prenylated CSIM tetrapeptide in
the co-crystal structure of human Ste24p (i.e. predicted cleav-
age at P1'-P2’ rather than P1-P1’) (7). To initially test this
“standard model” of substrate recognition for yeast Rcelp and
Ste24p, we performed competition assays involving isopreny-
lated reporter substrates in combination with isoprenylated
and non-prenylated peptides (Fig. 3A). The reporters were
internally quenched fluorogenic nonapeptides based on the
farnesylated C terminus of K-Ras4b (i.e. K-Ras4b reporter),
whereas the competitors were based on the a-factor sequence
(34). ER membranes enriched from yeast were used as the
source of activity; both proteases are ER-associated membrane
proteins (8). The yeast strains used for membrane isolation
were designed to overexpress either Rcelp or Ste24p in the
absence of the other CAAX protease.

The standard model predicts that cleavage of the K-Ras4b
reporter by Rcelp and Ste24p would be diminished by the pres-
ence of competing isoprenylated CAAX peptides. Indeed, we
observed this to be the case for both proteases. Cleavage of the
K-Ras4b reporter was significantly reduced when a competing
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FIGURE 2. Correlation between fluorescence and peptide concentration. Peptides used in kinetic studies are indicated at the top of each column of
corresponding calibration curves. Top row of graphs, effect of intermolecular quenching on fluorescence. Fluorescence output (relative fluorescence units
(RFU)) was independently measured for free ABZ (A and B) and EDANS (C) and a 1:1 molar mixture of K® and ABZ (4), YN™° and ABZ (B), and DABCYL and EDANS
(Q) in HM buffer. Middle row of graphs, the ratio between unquenched and (intermolecular) quenched fluorescence was graphed as a function of concentration.
The data were fit to a polynomial equation, which was used to calculate a correction factor at any particular substrate concentration. The correction factor was
multiplied by the raw fluorescence data to obtain a normalized fluorescence value. Bottom row of graphs, relationship between fluorescence of ABZ (A and B
used the same graph) and EDANS (C) versus concentration of fluorophore. The data were fit to a polynomial equation that was used to convert normalized

fluorescence values to micromolar values.

non-fluorescent farnesylated substrate (C(f)VIA) was present
in a 2-fold molar excess (Fig. 3, B and C). The standard model
also predicts that cleavage of the K-Ras4b reporter by Rcelp
and Ste24p would be relatively unaffected by competing pep-
tides lacking either the CAAX motif or isoprenoid moiety.
Indeed, for Rcelp, such peptides had only a minor impact on
cleavage of the K-Ras4b reporter. Significant activity was still
observed in the presence of mature a-factor (an isoprenylated
and carboxylmethylated peptide lacking a CAAX motif) and a
non-prenylated peptide matching the preprocessed form of the
a-factor sequence that contains a CAAX motif (CVIA). These
results indicate that optimal substrate recognition by Rcelp
relies on both the isoprenoid and AAX features of substrates.
For Ste24p, however, we unexpectedly observed that all three
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peptides had a significant negative impact on cleavage of the
K-Ras4b reporter. The effective competition by these peptides
suggests that a farnesylated CAAX sequence is a minimal rec-
ognition determinant for Rcelp but not Ste24p.

Ste24p Cleaves a Peptide Modeled on the M 16A Protease Cleav-
age Site in the a-Factor Precursor—We interpreted the findings of
our competition experiments to indicate that non-prenylated pep-
tides can influence the activity of Ste24p. Due to experimental
design, however, we could not establish whether non-prenylated
peptides were actually being cleaved or binding non-productively.
We did note, however, that Quigley et al. (7) reported, but did not
discuss, cleavage of a non-prenylated peptide based on the lamin A
precursor. To probe this issue further, we sought to directly inves-
tigate whether Ste24p could cleave non-prenylated substrates.
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FIGURE 3. Ste24p-mediated cleavage of a farnesylated substrate is competed by non-prenylated peptides. A, sequences of farnesylated and non-prenylated
peptides used in this experiment. Optimal Rce1p and Ste24p activities require differential placement of the quenching group (34). B, time course activity profiles of
Rcelp (top) and Ste24p (bottom) measured in relative fluorescence units (rfu) in the presence of methanol or competitor (2-fold molar excess); the farnesylated
substrates are as described in A. Initial linear velocities were used to calculate percentage of activity relative to the methanol condition. C, the indicated enzyme
activities were calculated for activity against the appropriate farnesylated substrate in the absence or presence of competing peptides. Bars, average of values from
duplicate samples within this single experiment; error bars, range. Similar results were observed in five independent iterations of the experiment having subtle
variations in the experimental setup (e.g. different molar ratios of substrate/competitor; different membrane preparations of protease activity, etc.). The yeast mem-
branes used as the source of protease activity were derived from SM3614 transformed with either pWS479 (RCET) or pSM1282 (STE24).

Our choice of non-prenylated substrates to evaluate was
directed by shared structural and functional similarities
between membrane-bound Ste24p and soluble M16A pro-
teases. Both are zinc-dependent metalloproteases with active
sites sequestered in a large chamber. Both proteases have a
B-sheet domain near the site of peptide hydrolysis that properly
positions substrates for cleavage (6, 7, 20); this structural fea-
ture is not observed in Rcelp family members (Fig. 1) (16).
Moreover, yeast Ste24p and MI16A proteases (Ste23p and
Axl1p) cleave the a-factor precursor at different sites that are
each distal from the CAAX motif, indicating that they can
cleave non-prenylated regions of the same peptide, albeit at
different locations (27, 28, 32). M16A proteases cleave a variety
of small peptides, potentially up to ~80 amino acids in length
(20, 21, 43). The maximum substrate size is limited by the vol-
ume of the M16A protease chamber (~16,000 A®). The Ste24p
chamber has a similar sized chamber (~14,000 A3) (6).

For studies of yeast M16A proteases, we previously devel-
oped a reporter peptide (M16A reporter) that contains the site
within the a-factor that is normally cleaved by Axllp and
Ste23p (Fig. 44) (27, 28). The mammalian M16A protease IDE
also cleaves this reporter (Fig. 4B) (27, 35). Yeast Ste24p readily
cleaved the M16A reporter, whereas Rcelp could not. As
observed with the farnesylated K-Ras4b reporter, cleavage of
the M16A reporter was significantly reduced under mixed sub-
strate conditions involving both prenylated and non-preny-
lated peptides based on a-factor (Fig. 4C).

The Shape of Ste24p Progress Curves Depends on
Substrate—To assess the relative cleavage efficiency of both
isoprenylated and non-prenylated peptides by Ste24p, we
determined kinetic parameters (Fig. 5, A—C). This analysis
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FIGURE 4. Ste24p-mediated cleavage of an M16A protease substrate. A,
sequence of M16A reporter. B, the indicated enzyme activities were assayed for
activity against a non-prenylated M16A protease substrate. Bars, average values
of multiple replicates (n = 7) from two independent experiments; error bars, S.D.
All enzyme components (i.e. membranes enriched for Rce1p or Ste24p; recombi-
nant IDE) were used at 0.25 mg/ml final concentration. C, activity of Ste24p
against the M16A reporter in the absence or presence of competing peptides as
described for Fig. 3. The membranes used as the source of Rcelp and Ste24p
protease activities were derived as described for Fig. 3. Purified rat IDE was iso-
lated as described previously (38). Bars, average values of multiple replicates (n =
5) from two independent experiments; error bars, S.D.

revealed that the K|, of yeast Ste24p for the farnesylated
K-Ras4b reporter (16.4 um) was similar to our previously pub-
lished values (34); the slightly higher K, value reported here is
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FIGURE 5. Enzyme kinetics. A and B, yeast membranes containing Ste24p were assayed for activity against the indicated farnesylated (A) or non-prenylated
peptide (B) over a range of concentrations. C, activity of purified rat IDE against the non-prenylated peptide described for B. Solid lines, curve fitting using an
allosteric-sigmoidal model. Dashed lines, data fit to a Michaelis-Menten model. Insets are magnified parts of the curve at the lowest concentrations evaluated.
Each graph is representative of multiple independent experiments: A,n = 5; B,n = 2; C, n = 1 (also see Ref. 35). The kinetic parameters associated with each
panel were derived using Prism version 6 for the representative data set; S.E. values shown represent error with respect to curve fitting. D, activity of
membrane-associated Rce1p and Ste24p in the presence of increasing amounts of trans,trans-farnesyl bromide. The farnesylated substrates are as described
in the legend to Fig. 3A. The graph is representative of two independent experiments; error bars represent the range from duplicate samples within a single

experiment.

the consequence of normalizing for intermolecular quenching,
which was not done in prior studies. The data fit well (R* =
0.98) to an allosteric sigmoidal model, with a Hill coefficient of
1.8, suggestive of positive cooperativity. By contrast, the K, of
yeast Ste24p for the non-prenylated M16A reporter was much
higher (i.e. 112.5 um), the V, .. was substantially higher (1.66
pM/min versus 0.53 um/min), and the data fit to standard
Michaelis-Menten kinetics. Taken together, the data suggest
that Ste24p recruits the prenylated peptide better than the non-
prenylated peptide but can efficiently cleave the non-preny-
lated peptide once acquired. Curiously, both Ste24p and rat IDE
have a high K, for the non-prenylated M16A reporter under
the same reaction conditions.

We next considered a possible underlying reason for the
non-Michaelis-Menten kinetics observed for Ste24p with the
farnesylated K-Ras4b reporter. Such behavior is often associ-
ated with positive cooperativity, which can result from several
scenarios. Subunit cooperativity (i.e. multimerization) is a com-
mon reason. However, purified recombinant yeast and human
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Ste24p are both monomeric in solution, and there is no evi-
dence of functionally relevant oligomerization in crystals used
to determine their structures (6, 7). Kinetic cooperativity due to
enzyme hysteresis (i.e. a slow, substrate-induced isomerization
of the enzyme) is also possible, but this would be accompanied
by a lag in enzyme activation time, which was not readily
observed in Ste24p progress curves. Multiple substrate binding
sites can also lead to sigmoidal kinetics, so it is possible that
Ste24p has separate peptide and isoprenoid binding sites that
act cooperatively. This seems unlikely, given that Ste24p activ-
ity was largely unaffected by the presence of excess farnesyl (Fig.
5D). By comparison, Reelp activity was significantly reduced.
Curves resembling, but not indicative of, cooperative kinetics
are also observed when substrates bind both specific and non-
specific sites (44). Because lipidation can increase a protein or
peptide’s membrane binding affinity, the lipid bilayer sur-
rounding Ste24p in membranes could be acting as an abundant,
low affinity binding site for the substrate. To test this possibil-
ity, we measured the activity of membrane-enriched Ste24p
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FIGURE 6. Impact of membrane concentration on Ste24p activity. Yeast
membranes containing Ste24p were assayed for activity against a farnesy-
lated (open circle) or non-prenylated peptide (closed square) in the presence
of increasing amounts of yeast membranes devoid of Ste24p activity. The
source of Ste24p activity was derived as previously described for Fig. 3. The
membranes devoid of Ste24p activity were derived from SM3614 trans-
formed with pRS316 (CEN URA3). The data points plotted represent the aver-
age value from several independent experiments (n = 5, farnesylated; n = 4,
non-prenylated); error bars, S.D. Curve fitting was either linear (non-preny-
lated) or exponential (farnesylated).

after mixing with increasing amounts of membrane devoid of
both Rcelp and Ste24p (rcelA ste24A). We observed increasing
sequestration of the farnesylated substrate into an inactive pool
(Fig. 6). By contrast, no sequestration was observed for the non-
prenylated substrate.

Ste24p Cleaves a Peptide Modeled on AB—MI16A proteases
are perhaps best known for their ability to cleave small peptides
that adopt B-strand secondary structure when positioned in the
M16A active site. Biomedically relevant substrates include the
A peptides and insulin chains. We thus challenged Ste24p and
Rcelp to cleave an internally quenched fluorogenic peptide
based on A that includes a cleavage site recognized by IDE
(Phe-Phe) (45). This reporter is cleaved by rat, worm, and
human IDE (35). Both yeast and human Ste24p cleaved the
reporter, whereas yeast and human Rcelp did not (Fig. 7). As
observed for the M16A reporter, a hyperbolic kinetic curve was
observed with the AB reporter. The K, for Ste24p (K, = 52.3
uM) was ~3 times lower than the reported value for rat IDE
against this same peptide (i.e. K,, = 142.3 um), albeit under
different buffering conditions (35). Nonetheless, these results
indicate that Ste24p cleaves the A3 reporter somewhere among
the six peptide bonds that exist between the fluorophore and
quencher (i.e. FRET pair).

Ste24p Cleaves Biological Peptides—Our investigations
involving FRET reporters indicated that Ste24p can cleave non-
prenylated peptides. Because these modified peptides may have
altered substrate properties, we investigated whether Ste24p
could cleave unadulterated substrates of IDE. Through compe-
tition assays, we observed that whole insulin minimally reduced
the activities of both Ste24p and Rcelp against their farnesy-
lated K-Ras4b reporters. As expected, insulin had a much larger
impact on IDE cleavage of the M16A reporter (Fig. 84). We
next evaluated the competitive nature of individual insulin
chains to address the possibility that the size and/or con-
strained conformation of insulin might prevent its interaction
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FIGURE 7. Ste24p cleaves an AB 1-28-based peptide. A, sequence of AB
1-28-based substrate. B, the indicated enzyme activities were observed using
the AB 1-28 substrate. The graph is representative of two independent
experiments. Bars, average values of multiple replicates (n = 5); error bars, S.D.
The sources of enzyme activities were derived as described previously for Fig.
4.Membranes containing human Rce1p or Ste24p were derived from SM3614
transformed with either pWS335 (HsRCET) or pWS1275 (HsSTE24). C, the
kinetic curve was determined as described for Fig. 5 using the AB 1-28 sub-
strate and membranes containing ScSte24p. Curvefitting to the data using an
allosteric-sigmoidal model and a Michaelis-Menten model gave nearly iden-
tical results. The kinetic parameters were derived using Prism version 6; S.E.
values shown represent error with respect to curve fitting.

with Ste24p. We observed that both insulin A- and B-chains
reduced Ste24p activity to a similar extent (Fig. 8B); minimal
effects on activity were observed for Rcelp in the presence of
insulin chains in parallel studies.> With increasing amounts of
competing insulin B-chain in Ste24p reactions, we observed a
concomitant increase in K, and no change in V., (Table 1),
indicative of competitive inhibition. A mixture of unlinked
insulin A- and B-chains also competed for Ste24p activity; the
mixture was prepared by DTT/iodoacetamide treatment of
whole insulin. These results suggest that, by comparison with
insulin chains, the size and/or conformation of whole insulin
might indeed influence its availability as a competitor. Unfor-
tunately, these two possibilities are not separable by our exper-
imental approach. Nonetheless, they demonstrate a critical dif-
ference between Ste24p and IDE. Ste24p is unlikely to bind and
therefore cleave whole insulin, whereas IDE has this ability.
For amore direct assessment of the ability of Ste24p to cleave
IDE substrates, we used purified components and a gel-based
assay to examine products formed after in vitro cleavage reac-
tions. Initial experiments using purified SmSte24p revealed lit-
tle if any cleavage of whole insulin, insulin chains, or A3 1-40.
We then took advantage of an observation that adding lipid to

3 E.R. Hildebrandt and W. K. Schmidt, unpublished observations.
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the enzyme significantly improved in vitro cleavage of the AB
FRET reporter (Fig. 8C); the reason for this effect is unknown
and could stem from stabilizing a more active form of purified
SmSte24p, which was detergent-solubilized, or shifting the
state of the substrate to a more readily cleaved conformer.
Repeating the gel-based assay under conditions of added lipid
revealed reduced levels of both AB 1-40 and insulin B-chain in
the presence of protease (Fig. 8D). Consistent with in vitro com-
petition experiments, we observed little if any reduction in the
level of whole insulin under conditions of added lipid, whereas
whole insulin was cleaved by IDE. Together, these findings indi-
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FIGURE 8. Evaluation of Ste24p activity against biological peptides. A,
competition assays were performed using the indicated protease and appro-
priate FRET substrate in the absence or presence of insulin. See Fig. 3A for
Rcelp and Ste24p substrates and Fig. 4A for the IDE substrate. Substrates
were used at 10 um, and competing peptide was used at 40 um. D, DMSO; Ins,
whole insulin. B, competition assays were performed as described for A using
Ste24p membranes and the indicated insulin species. DTT/IA, pretreatment of
the competitor with a 3-fold molar excess of DTT, followed by a 6-fold molar
excess of iodoacetamide (/A). This serves to dissociate insulin A- and B-chains
and block reformation of disulfide bonds. D, DMSO; A Ins, carboxymethylated
insulin A-chain; B Ins, carboxymethylated insulin B-chain; Ins, whole insulin.
The graphs for A and B are representative of multiple independent experi-
ments (three in each case). The specific graphs represent the averaged value
of replicates (n = 2) from a single experiment where the DMSO-treated con-
trol was set to 100% activity; error bars represent the range. C, purified
SmSte24p (0.8 um) was incubated with the AB 1-28 FRET reporter (50 um) in
the absence and presence of E. coli lipid. 7x, 125 ug/ml total E. coli lipid. rfu,
relative fluorescence units. The graph is representative of five independent
tests of lipid effects on this enzyme/substrate combination. D, SDS-PAGE
analysis of products derived from incubation of purified SmSte24p or rat IDE
with indicated substrates in the presence of E. coli lipid. The gels are repre-
sentative of five independent experiments. The concentrations of enzymes,
substrates, and lipids used are described under “Experimental Procedures.”

TABLE 1

cate that non-prenylated peptides exhibiting strong competi-
tive behavior are indeed cleaved by Ste24p.

Mass Spectroscopic Analysis of Ste24p Cleavage Sites—The
cleavage sites recognized by Ste24p have been identified in var-
ious ways. For example, the distal cleavage site in a-factor was
identified by N-terminal sequencing of an immunopurified
a-factor intermediate (46). The CAAX cleavage sites of a-factor
and prelamin A were both revealed by mass spectroscopy using
purified components and model synthetic peptides (7, 13). For
both, cleavage occurred between the farnesylated cysteine and
the A, position of the CAAX motif, although the prelamin A
peptide was predominantly cleaved between A, and A,.

Despite its utility for monitoring protease activity, the read-
out of FRET-based methods does not include the precise
sequence location(s) of cleavage, because cleavage occurring
anywhere between the FRET pair will yield a positive signal.
Moreover, cleavage outside the FRET pair can occur and not
yield a signal. To precisely determine the Ste24p cleavage sites
in three of the substrates investigated in this study, we used
mass spectroscopy to analyze the proteolytic products gener-
ated by purified SmSte24p. The products derived from the
K-Ras4b reporter were as predicted for CAAX proteolysis:
cleavage between farnesylated cysteine and the A, position of
the CAAX motif (Figs. 9D and 10). We next examined the prod-
ucts derived from the non-prenylated M16A reporter. This
peptide was cleaved at a single site, between Gly and Val, near
the C terminus of the substrate (Fig. 9). The analysis also
revealed a minor impurity in the sample that was derived from
inefficient peptide synthesis. The minor peptide lacks an Asn
near the middle of the sequence. Nonetheless, this peptide was
also cleaved at the same Gly-Val bond. Finally, analysis of prod-
ucts generated from insulin B-chain revealed two major cleav-
age sites near the middle of the peptide. Cleavage occurred
between Tyr-16 and Leu-17 or between Leu-17 and Val-18
(Figs. 9D and 11).

Discussion

The major finding of this study is the ability of Ste24p to
cleave several non-prenylated oligopeptides in vitro. In terms of
specificity, we determined that Ste24p cleaves both the non-
prenylated M16A reporter and farnesylated K-Ras4b reporter
atabond containing Val at the P1’ position (i.e. X-Val). In these
instances, the bond resides near the C terminus (Fig. 9D). This
specificity may in part explain the ability of Ste24p to cleave the
CVIA CAAX motif of the yeast a-factor precursor and a-factor
CAAX mutants where Val has been substituted by other ali-
phatic residues (Ile and Leu) but generally not other types of
amino acids (3, 47, 48). Curiously, the Gly-Val bond within the
M16A reporter is cleaved in vivo in the context of a-factor pro-

Kinetics of Ste24p cleavage of K-Ras4b reporter in the presence of increasing concentrations of insulin B-chain

All reaction conditions were the same as described in the legend to Fig. 5A. Data shown represent one of two biological replicates. Similar values and trends for K, and V..
parameters were observed in both experiments. S.E. values shown represent error with respect to curve fitting using Prism version 6.

Insulin B-chain

0 pm 10 um 20 uM 33 pMm
K, (um) 232+ 0.8 29.7 = 1.2 375+28 375+23
Vinax (uM/min) 0.56 + 0.01 0.52 = 0.02 0.56 * 0.03 0.46 + 0.02
Hill coefficient 2.04 + 0.13 2.49 +0.20 2.16 £ 0.21 2.38 £ 0.23
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FIGURE 9. Mass spectroscopic analysis of Ste24p cleavage products. Aand
B, mass spectra of the M16A reporter in the absence (A) and presence of
purified SmSte24p (B). C, the peaks identified in A and B correspond to the
indicated species. Peptide 3 is a minor contaminating peptide that lacks the
Asn residue present in peptide 1. D, analysis of mass spectra (see Figs. 10 and
11) reveals cleavage sitesin the indicated reporter substrates. Triangles, major
cleavage sites that were identified.

cessing; the protease responsible is not believed to be Ste24p,
although this conclusion should be revisited in light of our cur-
rent findings (49). By comparison, insulin B-chain has two
major in vitro cleavage sites where P1’ is also an aliphatic amino
acid (Leu or Val), but the bond is considerably farther from the
C terminus. The AB FRET reporter has aliphatic residues (i.e.
Ala, Leu, and Val) in the region between the FRET pair (LVE-
FAE) where Ste24p must be cleaving in order to yield a fluores-
cence signal. The known biological cleavage sites of Ste24p, in
prelamin A (RSY-LLG) and a-factor (TAT-AAP), also bear ali-
phatic residues at the P1’ position (46, 50). In vitro, purified
Ste24p cleaves synthetic peptides based on the prelamin A C
terminus at multiple sites bearing a P1" aliphatic residue (Gly,
Ile, Leu, and to a lesser degree Met) (7). By contrast, Ste24p
poorly cleaves after the farnesylated cysteine of the FRET pep-
tide that we typically use to monitor Rcelp activity (Fig. 34)
(34). This substrate has dinitrophenyl-lysine instead of Val at
the P1’ position (i.e. A, position of the CAAX motif). Moreover,
Ste24p cannot cleave the prelamin A distal site when the P1’
position is mutated to Arg (RSY-RLG) (15). From these limited
data, it appears that Ste24p prefers to cleave peptide bonds
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where P1’ is an aliphatic residue (i.e. Ala, Leu, and Val), as long
as other, yet to be identified, constraints are satisfied. We
expect that this in vitro specificity will be preserved in vivo.

The anticipation of additional constraints for Ste24p is
needed to explain why cleavage does not occur at all bonds
containing a P1” aliphatic. Additional constraints are observed
for thermolysin, which cleaves substrates containing aliphatic
or hydrophobic P1’ residues (Ala, Leu, Val, Ile, Met, or Phe)
unless P1 is an acidic residue (Asp or Glu) (51). Likewise, the
bacterial Ste24p homolog, HtpX, cleaves a variety of non-pre-
nylated substrates in vitro, including B-casein, SecY, and itself
(self-cleavage), but it does not appear to cleave indiscrimi-
nately. The precise cleavage site preferences of HtpX have not
been defined (52). Determining the specificity of promiscuous
proteases can be difficult. For example, the site preferences of
M16A proteases remain relatively undefined despite over 100
known cleavage sites (MEROPS peptidase database). Future
investigations of Ste24p substrate interactions are likely to
reveal the additional constraints on cleavage sites, which we
predict will depend on conformational malleability around the
cleaved bond. Ultimately, we predict that Ste24p will be found
to cleave many substrates, as has been commonly observed for
M16A proteases and thermolysin.

The fact that Ste24p is not isoprenoid-dependent is clearly
unusual for a protein canonically referred to as a CAAX-specific
protease. By comparison, our evidence and data published else-
where indicate that Rcelp is isoprenoid-dependent (9, 40). Our
findings further suggest that Ste24p has more biochemical sim-
ilarity to M16A proteases than to Rcelp. Whereas our initial
experiments involving non-prenylated peptides were largely
directed by the similarity of Ste24p and M16A protease struc-
tures (i.e. possession of voluminous internal cavities containing
the active sites), we have now established that there are several
non-prenylated substrates, including biological peptides, that
can be cleaved by both proteases in vitro. M16A proteases use
their B-sheet domain to properly position substrates for cleav-
age (i.e. a B-strand addition mechanism), so it is tempting to
speculate that Ste24p uses its 3-sheet domain in similar fashion
(20, 53). Consistent with this model is the observation that cer-
tain HIV inhibitors that inhibit Ste24p are known to be
B-strand mimetics (e.g. ritonavir) (54, 55). Although Ste24p and
M16A proteases can cleave common substrates in vitro (e.g.
insulin B-chain, M16A reporter, and a-factor precursor), these
proteases cleave at different bond positions, indicating that the
precise cleavage sites differ between the protease families (20).
Additionally, the ability of insulin A- and B-chains to act as
competitive substrates for Ste24 cleavage, whereas whole insu-
lin cannot compete, hints that size and/or structural con-
straints differ between Ste24p and M16A proteases.

A critically unresolved issue regarding Ste24p relates to its
biological function. Ste24p is referred to as a CAAX protease
and more specifically as a type I CAAX protease in functional
databases. However, evidence to date suggests that Rcelp is the
more biologically relevant CAAX protease. For example, mul-
tiple CAAX proteins are recognized by Rcelp, whereas the only
proteins recognized by Ste24p are precursors to a-factor and
lamin A, and neither necessarily uses Ste24p exclusively for
CAAX proteolysis (8 —12, 56). In additional support of Rcelp as
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FIGURE 10 —continued

the major CAAX protease, rcel '~ mice accumulate cleavable
and methylatable substrates, whereas ZmpSte24 '~ mice do
not (57). Although Ste24p has the capacity to cleave certain
CAAX proteins, we contend that its major biological functions
lie elsewhere.

One intriguing potential role suggested by our observations
is that Ste24p is generally involved in cleaving oligopeptides
that have a high local concentration near or on the membrane
in which Ste24p resides. These peptides would arise from nor-

mal protein turnover events that generate oligopeptides of
varying length, hydrophobic character, and secondary struc-
ture predilection (e.g farnesylated stubs of CAAX proteins;
palmitoylated fragments, amyloidogenic peptides, etc.). Ste24p
could be working in concert with M16A proteases in this man-
ner. Ste24p would have primary responsibility for those that
partition onto membranes, and M16A proteases would primar-
ily cleave cytosolic oligopeptides. Our oligopeptidase model is
fully compatible with observations about Ste24p and its inter-

FIGURE 10. Mass spectra of products derived from the K-Ras4b reporter treated with purified SmSte24p. A-C, samples of K-Ras4b reporter incubated in
the absence (A) and presence of purified SmSte24p (B and C) were analyzed by LC-MS using a Bruker Esquire 3000 Plus mass spectrometer. The sequences and
theoretical masses that correspond to identified peaks are shown centered or adjacent to appropriate peaks. One of the prenylated species in Alacking ABZ and
N-terminal Lys (SKTKC(f)VIKP) is probably a minor impurity from peptide synthesis. Spectra for Band C were derived from different LC fractions corresponding
to 19.7-20 min and 20.2-20.4 min, respectively. D and E, the non-prenylated species detected in A was not present in mass spectra provided by the peptide
manufacturer; they are probably a by-product of ionization (67). In support of this, we observed that MS/MS analysis of the double ion form of the uncleaved
farnesylated peptide (m/z 762.4) resulted in the loss of farnesylated peptide ions (MH", m/z 1523.9; MH,%*, m/z 762.4 m/z) (D) and the appearance of

non-prenylated peptide ions (MH™, m/z 1319.8; MH,?*, m/z 660.4) (E).
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FIGURE 11. Mass spectra of products derived from insulin B-chain treated with purified SmSte24p. Spectra of carboxymethylated insulin B-chain in the
absence (A) and presence of SmSte24p (B) were analyzed by LC-MS using a Bruker Esquire 3000 Plus mass spectrometer. The amino acid ranges of insulin
B-chain and corresponding theoretical monoisotopic masses are shown centered or adjacent to appropriate peaks. Spectra for A and B were derived from
different LC fractions corresponding to 20.5-20.6 min and 17.8-18.0 min, respectively. Peaks for products corresponding to amino acids 1-17 were observed
in other LC fractions but are not shown. For the few instances where the theoretical mass did not exactly match the major peak detected, magnification of the
peak region to increase resolution revealed the theoretical mass as part of an isotopic set. As examples, magnification of spectra centered on m/z823.9and m/z
945.4 (B) revealed monoisotopic peaks nearly identical to theoretical masses of m/z 823.4 (C) and m/z 944.5 (D), respectively.

actions with hydrophobic a-factor, which is small enough to be
captured within the Ste24p chamber, facilitating cleavage at
multiple sites. For the larger prelamin A, we propose that Rcelp
is mainly responsible for CAAX cleavage and that the oligopep-
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tidase activity of Ste24p has been co-opted for cleavage at the
prelamin A distal site during protein maturation, much as
NF-«B and certain transcription factors use the proteasome for
partial proteolysis and conversion to active forms (58 —60).
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Our model is also compatible with observations that Ste24p
is involved in membrane protein quality control (61— 63). It was
recently reported that Ste24p is important for the clearance of a
non-prenylated reporter protein that is stuck mid-transloca-
tion into the ER during signal recognition particle-independent
protein translocation (63). Although the exact role of Ste24p in
this process remains unclear, it could be acting directly on the
stuck polypeptide or as an oligopeptidase on peptide products
derived by the action of other proteases more intimately
involved in the extraction and clearance of the stuck polypep-
tide. Regardless, it is likely that Ste24p is one of several compo-
nents that partner to efficiently clear the stuck polypeptide.
Consistent with this model are strong genetic interactions
between STE24 and CDC48 (an AAA ATPase involved in ER-
associated degradation), Cdc48p interactors (i.e. UBX2), and
proteasome components (i.e. UBC7) (64— 66).

Finally, we should also make clear that our model is not
meant to suggest direct cleavage of insulin chains and A3 1-40
by Ste24p in vivo despite their cleavage in vitro. We do not
expect these peptides to be primary substrates due to their dif-
ferential localization relative to ER-localized Ste24p (insulin
and A are primarily extracellular). Identification of additional
interacting substrates will certainly provide more clarity to the
biological role of this enigmatic protease.
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