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Abstract

Ste24, an integral membrane protein zinc metalloprotease, is found in every kingdom of eukaryotes. It was
discovered approximately 20 years ago by yeast genetic screens identifying it as a factor responsible for
processing the yeast mating a-factor pheromone. In animals, Ste24 processes prelamin A, a component of the
nuclear lamina; mutations in the human ortholog of Ste24 diminish its activity, giving rise to genetic diseases of
accelerated aging (progerias). Additionally, lipodystrophy, acquired from the standard highly active
antiretroviral therapy used to treat AIDS patients, likely results from off-target interactions of HIV (aspartyl)
protease inhibitor drugs with Ste24. Ste24 possesses a novel “α-barrel” structure, consisting of a ring of seven
transmembrane α-helices enclosing a large (N12,000 Å3) interior volume that contains the active-site and
substrate-binding region; this “membrane-interior reaction chamber” is unprecedented in integral membrane
protein structures. Additionally, the surface of the membrane-interior reaction chamber possesses a strikingly
large negative electrostatic surface potential, adding additional “functional mystery.” Recent publications
implicate Ste24 as a key factor in several endoplasmic reticulum processes, including the unfolded protein
response, a cellular stress response of the endoplasmic reticulum, and removal of misfolded proteins from the
translocon. Ste24, with its provocative structure, enigmatic mechanism, and recently emergent new biological
roles including “translocon unclogger” and (non-enyzmatic) broad-spectrum viral restriction factor, presents
far differently than before 2016, when it was viewed as a “CAAX protease” responsible for cleavage of
prenylated (farnesylated or geranylgeranylated) substrates. The emphasis of this review is on Ste24 of the
“Post-CAAX-Protease Era.”

© 2020 Elsevier Ltd. All rights reserved.
Introduction

Ste24 was discovered more than 20 years ago
through yeast genetic screens identifying its muta-
tion as causing a mating Sterility phenotype.
Specifically, Saccharomyces cerevisiae Ste24
(ScSte24) is responsible for proteolytic processing
of the yeast a-factor mating pheromone [1–3].
Additionally, Ste24 was shown [1,2] to contain the
HExxH zinc metalloprotease (ZMP) consensus
sequence [4]. In humans (Homo sapiens), HsSte24
(often referred to in the literature as ZMPSTE24) was
identified to play a role in processing prelamin A, an
intermediate filament protein, into mature Lamin A, a
component of the nuclear lamin [5,6]. Prior to 2016,
the vast preponderance of research and scientific
literature on Ste24 described it as a “CAAX
r Ltd. All rights reserved.
protease,” targeting proteins possessing a C-
terminal tetrapeptide motif of (prenylated, farnesy-
lated or geranylgeranylated) Cysteine, Aliphatic,
Aliphatic, X (any residue) and cleaving the “AAX”
tripeptide from the C-terminus [7]. Ste24, in yeast
and humans, shares functional redundancy as a
CAAX protease (cleaving a-factor or prelamin A,
respectively) with Ras-converting enzyme 1 (Rce1)
[1]. In both a-factor and prelamin A, Ste24 cleaves at
a second non-prenylated site several residues N-
terminal to the CAAX box in a reaction that is Ste24-
dependent [2,8]. A significant motivation for this
review is to present more recent published results,
from our lab and others, which both indicate
additional significant biological roles for Ste24, and
very strongly suggest that Ste24 is not primarily a
CAAX protease (and may likely not be one at all).
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The Unique “α-Barrel” Structure of Ste24

X-ray crystal structures of yeast (Saccharomyces
mikatae) and human Ste24, SmSte24, and HsSte24,
respectively, were published concurrently in 2013
[9,10]. The structures are highly similar, with anRMSD
(Cα) of 1.7 Å; also, HsSte24 can functionally comple-
ment yeast Ste24 in vivo [3]. Ste24 is a multi-domain
ZMP constructed of seven transmembrane (TM) α-
helices, two ofwhich, TMsVI andVII, provide residues
coordinating the zinc and the catalytic base, and a pair
of membrane-interfacial domains, the Loop 5 Domain
(L5D) andC-terminal domain (CTD) (Figure 1(a)). The
membrane-spanning portion of the structure consists
of seven TM α-helices, most of which are bent or
kinked. The distortion of these TM α-helices results in
fenestrations between neighboring helical elements
likely providing putative substrate entry/exit points
(see section “Ste24 is not an intramembrane en-
zyme”) (Figure 1(b)). By analogy to (gram-negative
bacterial and mitochondrial) outer membrane β-
barrels, the TM helices of Ste24 form an “α-barrel”
[12], which encompasses a voluminous cavity
(N12,000 Å3) within the membrane interior (Figure 1
(c)). The ZMPactive site is within this “reaction cavity,”
immediately indicating that the protein substrates
proteolyzed by Ste24 must (somehow) enter this
cavity for processing. In addition to the α-barrel, two
interfacial extramembranous domains, the L5D and
CTD, enclose the side of the α-barrel proximal to the
enzyme's active site (Figure 1(a) and (b)). Another
distinctive aspect of the α-barrel is its large negative
electrostatic (interior) surface potential (Figure 1(d)),
which has been previously noted [10]. Due to the
amphipathic nature of the TM α-helices of Ste24, TM
helix prediction programs based on primary amino
acid sequence fail to identify all of them (unpublished
observation).
Ste24 Enzymology

Ste24 is not an intramembrane enzyme

A hallmark of intramembrane proteases is the
presence of their active sites within the membrane
interior, i.e., the scissile bonds of their substrates are
also located within the more hydrophobic portion of
the bilayer. In contrast, the active site of Ste24 is
located at the membrane interface (Figure 2(a)),
consistent with the location of prenylated (or other
surface-bound) substrates. The splayed TM helices
V and VI, partially occluded by the L5D, were posited
to serve as an “entrance portal” for interfacially-
bound substrates at the cytoplasmic/nucleoplasmic
leaflet (Figure 1(b)) [9,10]. The authors of the
SmSte24 structure further suggested that splayed
TM helices VII and I, partially occluded by the CTD,
served as an “exit portal” [9]; the authors of the
(original) HsSte24 structure suggest that entrance
and exit portals are identical [10]. Currently, no
experimental results exist to characterize how
proteins enter the α-barrel reaction cavity, in which
the substrate-binding groove and active site are
located. Although variants of “fenestration portal”
models have been hypothesized, other modes of
access, such as through the cytoplasmic/nucleo-
plasmic membrane surface occupied by L5D and
CTD, cannot currently be excluded.

Ste24 is a gluzincin ZMP

The HExxH consensus sequence [4], where the
two conserved histidines bind the catalytic zinc, is
the motif of the Zincin family of ZMPs [11].
Identification of the third Zn-ligating amino acid
provides further classification: “HExxH…E/H,” in
which glutamate is most often present at the third
position, denotes the gluzincin family of ZMPs [11].
The similarity of Ste24 to soluble gluzincins was
recognized in the two original papers describing the
yeast and human Ste24 crystal structures [9,10], and
recently analyzed in much greater detail [12]. The
soluble portion of the HsSte24 structure shares a
conserved active-site architecture with the soluble
gluzincin thermolysin (Figure 2(b)). The structural
superposition of Ste24 and thermolysin [22] is shown
in Figure 2(c), which also further illustrates the
interfacial positioning of the Ste24 active site. The
active sites of multiple soluble gluzincins, thermo-
lysin (MEROPS database [26] family designation
M4), neprilysin (M13), and a ZMP from Geobacter
sulfurreducens (M48C), align well with the active site
of Ste24 (subfamily M48A) [9,10,12].

The tripartite architecture of Ste24

Although the relationship between soluble gluzin-
cin ZMPs and Ste24 is well established, much of
Ste24 bears no resemblance whatsoever to them
(Figure 2(b)). Moreover, as previously mentioned,
the structure of the α-barrel is completely novel.
What further analysis, if any, can be performed to aid
in understanding, and to guide future studies, of
Ste24? A very recent detailed bioinformatic and
structural study of Ste24 has yielded a modular
tripartite architecture representation of Ste24 [12]
(Figure 2(d)). Analysis of soluble gluzincins and their
comparison to Ste24 localized a “ZMP core” module
to portions of TM α-helices VI and VII extending
beyond the membrane interior, along with regions of
the L5D and CTD. The ZMP core possesses highest
structural homology to the most structure- and
sequence-conserved portions of the M4, M13, and
M48 soluble gluzincins. Variation in function of
different soluble gluzincins is conferred by regions
of low sequence conservation, often retaining



Figure 1. Structural overview of HsSte24. (a) Topology diagram of HsSte24. HsSte24 possesses seven TM α-helices,
which span the membrane, with helices VI and VI containing the catalytic gluzincin ZMP 335HExxH339…E415 consensus
motif [11]. Residues His335, His339, and Glu415 ligate the zinc (shown as a gold sphere) and Glu336 acts as the catalytic
base [10]. TM α-helices are labeled I-VII. Two large domains encircle the coordinated zinc: the mixed α-helix-β-sheet L5D
positioned between TM α-helices V and VI, and the α-helical CTD between TM α-helices I and VII. The Ste24 L5D of higher
eukaryotes, as compared to Ste24 enzymes from fungi, plants, and protists, contains a variable length insertion of
unknown function (5–37 residues; 37 residues in HsSte24) after the α3-helix; this insertion sequence is indicated by the
bolded asterisk (*) [12]. (b) Van der Waals surface representation of the structure of HsSte24 (PDB 6BH8) [13]. Membrane
boundaries, from the Orientations of Proteins in Membranes (OPM) database (https://opm.phar.umich.edu/) [14], are
displayed as parallel black lines with the luminal and cytoplasmic (CP)/nucleoplasmic (NP) boundaries indicated. The
color-coding presented in figure (a) is maintained. For clarity and viewer orientation, the L5D and CTD domains are
specifically labeled. Fenestrations in the HsSte24 structure are indicated by black boxes. (c) Ribbon representation of the
structure of HsSte24. HsSte24 contains a large cavity of greater than 12,000 Å3, visualized as a light gray surface, as
measured with the CASTp webserver (http://sts.bioe.uic.edu/castp/index.html) [15]. (d) Electrostatics of the HsSte24
cavity. The electrostatic potential of the surface of the inner cavity of HsSte24 was calculated with the PDB2PQR server
(http://nbcr-222.ucsd.edu/pdb2pqr_2.1.1/) [16] and APBS [17,18]. The orientation of HsSte24 is identical to that of (c), with
HsSte24 shown as a gray ribbon with its catalytic gluzincin residues depicted as gray sticks. The electrostatic surface
potential (in units of kT/e), reveals a strongly negative electrostatic surface potential of the HsSte24 “reaction cavity.”
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structural homology, that are proximal to their
respective ZMP cores. In Ste24, this “ZMP acces-
sory” module is present in those portions of TM α-
helices I–III and V extending beyond the membrane
interior and located at the membrane interface, and
in the portions of the L5D and CTD that are not in the
ZMP core. The majority of the residues in Ste24 are
in the α-barrel module. Ste24 is a ubiquitous
eukaryotic integral membrane protein found in
every kingdom (protist, fungus, plant, animal).
Multiple sequence analysis of 58 orthologous
Ste24 sequences revealed that 38 residues (8% of
the HsSte24 sequence) in Ste24 are absolutely
conserved, a strikingly large percentage of identical
residues for an evolutionarily ancient and very highly
conserved protein. Using the fungal SmSte24
sequence as a reference, pairwise ortholog identities
are greater than 30% across all kingdoms; if amino
acid chemical conservation (charged, amphipathic,
aromatic, polar) is utilized, orthologs are seen to be
even more alike. In the context of the tripartite
architecture of Ste24, 18, 13, and 7 absolutely

Image of Figure 1
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conserved residues are located in the ZMP core,
ZMP accessory, and α-barrel modules, respectively.
Nearly all of the conserved residues in the ZMP core
module can be rationalized based on comparison to
soluble gluzincins [12]. Many of the conserved
residues in the ZMP accessory module are rational-
ized to play conserved structural roles or to be
involved in the interface between the ZMP accessory
module and the ZMP core module (or located at the
membrane interface). The seven absolutely con-
served residues of the α-barrel module are espe-
cially intriguing; as most of them are distant from the
“enzymatically relevant” ZMP core and ZMP acces-
sory modules, their role(s) are currently unknown. In
light of the constantly expanding scientific and
clinically relevant literature of HsSte24 (see section
“Existing and Emergent Biology of Ste24”), the
Ste24 tripartite architecture will facilitate better
understanding of the functional data. For example,
mutation of the ZMP core is best understood in the
context of comparable residues in homologous,
soluble gluzincins. However, mutations of some
ZMP accessory and all α-barrel modules are likely
“Ste24 unique,” best studied by analysis of the Ste24
family itself.

Ste24: not a CAAX protease?

Ste24 and Rce1 [27] have been denoted as
“CAAX proteases,” cleaving proteins possessing a
C-terminal tetrapeptide motif of (prenylated, farne-
sylated, or geranylgeranylated) Cysteine, Aliphatic,
Aliphatic, X (any residue) [7]. However, no naturally
Figure 2. HsSte24 is an integral membrane protease posses
active-site as compared to the intramembrane proteases Rce1
and the rhomboid protease, GlpG (PDB 2XTV) [21]. The mem
parallel black lines with the luminal and cytoplasmic (CP)/nucle
The active sites of HsSte24 (a ZMP), Rce1 (a glutamate-depen
are indicated by the dashed circle. While Rce1, S2P, and G
HsSte24 active-site is positioned outside the membrane. (b) Co
(TLN). The extra-membrane lobe of HsSte24 (gray carbon) s
carbon) (PDB 1LNF) [22] at the zinc-containing active site. Th
residues (shown as sticks) and a neighboring β-strand compris
superimpositions of HsSte24 and thermolysin. The active sites
four conserved gluzincin residues of each structure, HExxH…E
reveals additional essential residues (i.e., outside the HEx
elements of the Ste24 L5D, Asn265, and Ala266 of the β3 elem
α7-helix, generating a “sandwich-like” motif around the zinc
determined indirectly, by comparison of the crystal structure
bound structures of thermolysin [24], and directly, by structure
and the inhibitor phosphoramidon [13] (also see Figure 3). (d
structural analysis of the Ste24 enzyme family, and identificat
enabled conceptualization and development of a three-comp
tripartite architecture, depicted as three-dimensional stru
representation (right-hand panel), consists of (i) a chiefly cyto
a mixed soluble/membrane-associated “ZMP accessory” mo
membrane-spanning “α-barrel” module (shown as light-gray ri
core, is shown as sticks and the zinc ion as a gold sphere. The
two-dimensional representations.
occurring Ste24-specific CAAX boxes exist [28]. In
2016, Hildebrandt et al. [28] demonstrated that
Ste24 was able to cleave both prenylated substrates
(derived from K-Ras4b or yeast a-factor mating
pheromone) and non-prenylated substrates (derived
from amyloid Aβ or insulin, known substrates of
M16A-soluble ZMPs). Thus, while Rce1 absolutely
requires the presence of a farnesyl or geranylgeranyl
moiety for function, Ste24 does not. Further inspec-
tion of the cleavage sites of the protein substrates
cut by Ste24 in this study revealed preference for P1′
being a hydrophobic residue. However, given the
limited number of substrates examined to date,
Ste24 substrate specificity remains largely unknown.
Nonetheless, these results strongly indicate that the
substrate specificity of Ste24 is very likely broader
than previously thought, and that prenylation is
dispensable for substrate recognition and cleavage.

Existing and Emergent Biology of Ste24

Laminopathies and (AIDS) lypodystrophies

In animals, Ste24 processes prelamin A, the
precursor to the nuclear intermediate filament
protein lamin A. Lamins comprise nuclear lamina,
which provide mechanical stability to the nuclear
envelope and function as scaffolds for DNA repair
and replication complexes [29]. Mutations in either
HsSte24/ZMPSTE24 or prelamin A are associated
with a spectrum of accelerated aging diseases
referred to as progerias [30], and the severity of
sing a tripartite architecture. (a) Location of the HsSte24
(PDB 4CAD) [19], Site-2-Protease (S2P) (PDB 3B4R) [20],
brane boundaries predicted by OPM [14] are displayed as
oplasmic (NP) boundaries indicated for all four structures.
dent protease), S2P (a ZMP), and GlpG (a serine protease)
lpG cleave substrates within the membrane bilayer, the
mparison of HsSte24 with the soluble gluzincin thermolysin
hares structural homology with thermolysin (TLN) (green
e conserved α-helices, which contain the HExxE…E motif
e a conserved structural motif in gluzincins. (c) Active-site
were aligned via the Pymol program SUPER [23] using the
, to seed the alignment. Examination of the two active-sites
xH…E gluzincin motif) for substrate cleavage including
ent, and CTD, His459 of the α6/α7 loop and Arg465 of the
atom. Peptide substrate orientation in Ste24 has been

of a yeast ortholog of Ste24 [9] to substrate and inhibitor
s of complexes of HsSte24 with the tetrapeptide CSIM [10]
) The tripartite architecture of HsSte24. Bioinformatic and
ion of soluble gluzincin ZMP structural orthologs to Ste24
onent modular tripartite architecture of Ste24 [12]. This
cture (left-hand panel) and two-dimensional topology
plasmic “ZMP core” module (shown as purple ribbon), (ii)
dule (shown as lavender ribbon), and (iii) a heptahelical,
bbon). The gluzincin HExxH…E motif, located in the ZMP
color-coding scheme is conserved between the three- and
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different progerias appears to be correlated with the
extent of loss of HsSte24 activity and/or stability
[31,32]. Improper prelamin A processing is also
correlated with deleterious alterations to adipose
tissue localization and accumulation, known as
lipodystrophy, due to the toxic effects of prelamin A
accumulation leading to altered expression of genes
responsible for adipocyte proliferation and differen-
tiation [33,34]. Additionally, the inability of some
AIDS patients to produce and maintain adipose
tissue, acquired from antiretroviral therapy, likely
results from off-target interactions of HIV (aspartyl)
protease inhibitor drugs with HsSte24 [35–38].
Because of HsSte24's roles in these syndromes,
the Zmpste24−/− mouse has been suggested as a
model for senescent wound healing [39] and
lipodystrophy [40].
Translocon unclogging and diabetes

A series of publications have suggested more
general roles for the Ste24 family in multiple process-
es occurring in the endoplasmic reticulum (ER),
including proper orientation of a single-pass TM α-
helical protein [41] and the unfolded protein response,
a cellular stress response of the ER [42]. Utilizing
APYG (the “AwesomePower of YeastGenetics” [43]),
Ste24 was identified to function as a “translocon
unclogger,” removing misfolded proteins that “clog”
the translocon during signal recognition particle-
independent protein translocation [44]. This first report
of Ste24 as translocon unclogger utilized a “clogging”
chimera comprising bacterial and yeast protein
domains. A 2018 publication, froma different research
group, identified Ste24 as having a similar function
against human islet amyloid polypeptide [45], which
commonly misfolds in patients with type 2 diabetes
(with this “oligomer-inducedproteotoxicity” inducing β-
cell failure). These results, collectively, suggest a role
for Ste24 in the ER-associated degradation pathway
[46]. The implication of Ste24 in multiple disparate
clinical indications (e.g., progerias, AIDS drug off-
target side effects, diabetes) suggests a possibility
that it is a “druggable target” for one or more
conditions.

Ste24 is a (non-enzymatic) broad-spectrum viral
restriction factor

Most human and animal viruses are enveloped,
surroundedbya viral lipid bilayermembrane, requiring
fusion with one or more cellular membranes of the
host in order to deliver their genomes [47]. This
process very commonly occurs via fusion with
endosomes, in which dramatic pH-dependent confor-
mational changes in viral fusion proteins bring viral
and endosomal membranes into close apposition,
driving lipidmixingof viral andendosomalmembranes
(“hemifusion”) and completing the process by forma-
tion of a “fusion pore,” which enables injection of viral
DNA (or RNA) into the cytosol of the host/target cell
[48]. This process is mediated by direct interaction of
specialized structural elements of viral fusion protein
ectodomains with the endosomal membrane, perturb-
ing the endosomal membrane to permit the complex
topological transformations of viral membrane fusion.
As infectivity by all endocytosed enveloped viruses
requires the fusion of viral and endosomal mem-
branes, inhibition of this process could be a target for
development of broad-spectrum antiviral drugs [49]. A
potential source of broad-spectrum viral restriction
factor proteins is the host innate immune response; in
particular, interferon signaling in response to host
challenge by a viral (or bacterial) pathogen induces
production of more than 2000 gene products [50]. A
functional genomic screen for interferon-inducedhost-
produced viral restriction factors for influenza yielded
the interferon-inducible transmembrane protein
(IFITM) family; in addition to their mediation of
resistance to flu, IFITM proteins discovered in this
study also mediated resistance to West Nile and
Dengue viruses [51]. In multiple additional studies
(reviewed in [52,53]), expression of IFITM proteins
reduced infectivity of more than 20 different viruses,
including Ebola [54], hepatitis C [55], HIV [56], MERS-
and SARS-coronaviruses [57,58], and Zika [59]. In
2017, HsSte24 was identified, by affinity purification
coupled with mass spectrometry, as interacting with
IFITM3 [60,61], and was characterized as an “intrinsic
broad-spectrum antiviral protein,” inhibiting infection
by cowpox, Ebola, influenza, Sindbis, vaccinia,
vesicular stomatitis, and Zika viruses [60]. Additional-
ly, proteolytically inactive HsSte24/ZMPSTE24 exhib-
ited the same broad-spectrum viral restriction factor
phenotype; thus, a non-proteolytic/non-enzymatic
mechanism of action exists. Moreover, deletion of
IFITM proteins had no effect upon the antiviral
phenotype produced by HsSte24 overexpression,
strongly suggesting that HsSte24 is the causative
antiviral agent. In this preliminary hypothesis, the role
of IFITM3 is to function as an in vivo chaperone to
convey HsSte24 to endosomes, with overexpression
of HsSte24 obviating the need for IFITM3 to conduct
this role. However, it is also possible that in vivo
complexes of IFITM3 and HsSte24 in the endosomal
membrane have enhanced antiviral effects relative to
HsSte24 alone. Two 2019 publications (from different
labs) present convincing (and non-mutually exclusive)
evidence for two different physiological roles of
IFITM3: (i) increased trafficking of virus-infected
endocytic vesicles to lysosomes for degradation [62]
and (ii) prevention of fusion pore formation by
accumulation at the sites of viral membrane fusion
[63]. Moreover, this latter publication [63] states: “Of
note, the presence of IFTIM3 at the sites of IAV
[influenza A virus] fusion does not rule out the
possibility that the antiviral effect is due to recruitment



Figure 3. Crystal structures of HsSte24 with the gluzincin inhibitor phosphoramidon (PDB 6BH8) [13] (left-hand panels)
and tetrapeptide CSIM (PDB 2YPT) [10] (right-hand panels) reveal a hydrophobic S1′ specificity pocket. (a) Schematic
images of the HsSte24-bound inhibitor phosphoramidon or tetrapeptide CSIM. The side-chain moiety occupying the S1′
specificity pocket, known as the P1′ position, is indicated for each molecule. A black arrow indicates the position of the
scissile bond of the bound-peptide CSIM located between the serine and isoleucine residues. In the case of
phosphoramidon binding, the two phosphoramidate oxygens ligate the zinc representing a tetrahedral intermediate state
of the scissile bond [25]. (b) The S1′ specify pocket of HsSte24. The phosphoramidon and CSIM peptide are shown as
sticks (marine blue carbon, phosphorous colored orange). The S1′ pocket is indicated by purple van der Waals surface.
The side-chains of Ala265 of β3-strand, Leu283 of the α3-helix, Val332 of TM α-helix VII, and Leu431/Leu435/Leu438 of
the α5-helix form the pocket and are shown as purple. All residues forming the S1′ specify pocket derive from the ZMP core
module (see purple ZMP core module in Figure 2(d)). (c) ~90° rotation of the images in (b). Note: The structure of the
HsSte24:phosphoramidon complex was solved with wild-type enzyme, so the position of the catalytic base Glu336 is
specifically indicated. The HsSte24:CSIM complex structure was solved with the catalytically inactive E336A mutant. The
deposited coordinates of HsSte24:CSIM did not model the terminal Cδ1 carbon of the isoleucine side-chain; as an aid in
visualization of the S1′ pocket, the Cδ1 carbon was added to the image.
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of downstream effector proteins, such as
ZMPSTE24.” Thus, elucidation of the molecular
mechanism of inhibition of viral membrane fusion by
HsSte24 is of significance as both a fundamental
membrane biophysics question and a “translational
research” question, for which consideration of Ste24
as an antiviral protein therapeutic is certainly not
without intrinsic merit.
Unanswered Questions, Unresolved
Challenges

Ste24 may possess an allosteric site

While Ste24 can cleave prenylated C-terminal
CAAX motifs, it is likely not a CAAX protease per se.
However, the presence of a prenyl (farnesyl) moiety
does influence substrate cleavage by Ste24. The
publication first describing the crystal structure of
HsSte24 [10] included mass spectrometric product
analysis of peptide substrates derived from Prelamin
A. (Recall that Ste24-mediated processing of Pre-
lamin A and yeast a-factor consists of two cleav-
ages: one “proximal” to the prenylated CAAX box
and another at a non-prenylated site N-terminal from
and “distal” to the CAAX motif.) A peptide with a C-
terminal farnesyl-cysteine, i.e., lacking “AAX”, was
cleaved with complete specificity at its predicted
“distal” (non-farnesylated) site. However, a peptide
substrate lacking this farnesyl-cysteine (and four
additional residues N-terminal to it) now exhibited
multiple cleavage products in the vicinity of the distal
site, including not only the canonical Prelamin A site
but also two other adjacent positions. (A later follow-
up study from the same group subsequently
reported only a single cleavage of the same,
truncated peptide substrate lacking the farnesyl-
cysteine and four additional N-terminal residues, but
did report “… slow product formation …” compared
to the farnesylated version [38].) Both studies
demonstrate that, for peptides derived from Prelamin
A, deletion of residues at a location removed from
the canonical cleavage site of Ste24 has a marked
effect on HsSte24 proteolytic activity. Analysis of
peptides lacking the distal site also revealed some
effect of farnesylation. A farnesyl-cysteine peptide
containing the Prelamin A CAAX-box was cleaved at
both the canonical/predicted position (removal of the
“AAX”), but also generated “AX” product. However,
the corresponding non-farnesylated peptide yielded
no “AAX” product whatsoever.
As described previously in this review, Ste24 is a

gluzincin ZMP. In the description and analysis of the
tripartite architecture representation of Ste24, the ZMP
core module was shown to possess a hydrophobic S1′
specificity pocket [12], similar to that observed in M4
and M13 gluzincins [64–66]. Correspondingly, the P1′
positions of substrates of Ste24 (and M4 and M13
gluzincins) would be expected to be nonpolar residues
that could fit into the S1′ pocket. Crystal structures of
enzymatically active HsSte24 in complex with phos-
phoramidon (a transition-state analog and competitive
inhibitor of multiple soluble ZMPs) [13], and of
enzymatically-inactive point mutant (E336A, with
E336 being the catalytic residue of HEXXH motif) in
complex with the non-farnesylated Prelamin A CAAX
motif (CSIM), provide structural confirmation of the
hydrophobic P1′ specificity of the gluzincin Ste24
(Figure 3). The multiple cleavage sites observed with
non-farnesylated substrates [10] are consistent with a
rather broad gluzincin substrate specificity determined
primarily (or even solely) by a hydrophobic P1′ pocket;
results supportiveof thiswereobserved in earlier yeast-
mating studies of a-factor CAAX box substrate
specificity [7]. Therefore, the presence of the prenyl
moiety, which is predicted to not interact with the P1′
pocket [9,10], may interact with a posited allosteric site
within Ste24, perhaps sited at a hydrophobic cleft in the
inner surface of the α-barrel. Presciently, early studies
characterizing cleavage of “AAX-removed” prenyl-
cysteine peptides derived from Prelamin A by the
“farnesylation-dependent Prelamin A endoprotease”
[6], and its noncompetitive inhibition by N-acetyl
farnesyl methyl cysteine, led to the suggestion of “…
a specific farnesyl binding site on the enzyme which is
not at the active site.”

Ste24: unknown substrate specificity and
incompletely determined steady-state kinetics

The observations that Ste24 does not require
prenylation for substrate cleavage [28] and that
Ste24 acts as a translocon unclogger [44,45] provide
strong evidence of biological roles more expansive
than those envisaged prior to 2016. Fundamental
characterization of Ste24 can contribute to our
understanding of its possible biological activities.
Because prenylation is not required for substrate
recognition, modern mass spectrometry-based
methods utilizing standard peptide libraries, such
as multiplex substrate profiling by mass spectrom-
etry [67], could be applied to determine Ste24
substrate specificity (this method has been applied
successfully to the rhomboid protease [68,69]).
Additionally, while multiple researchers (for exam-
ples, see [9,13,28,37,70,71]) have performed
steady-state kinetic characterization of Ste24, no
absolute characterization of turnover and catalytic
efficiency has yet been reported. Several technical
barriers currently impede development of a standard
“platform” for accurate and precise Ste24 steady-
state kinetics characterization. These include the
following: (i) the use of detergent-solubilized and
purified Ste24, as the presence of excess (micellar
and monomeric) detergent can affect the actual
“Ste24-accessible” concentration of interfacial
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(prenylated or other hydrophobic) substrates; (ii) the
use of membranes containing over-expressed
Ste24, when determination of Ste24 concentration
in such a “protein-noisy” background is nontrivial;
and (iii) challenges in the use of standard intramo-
lecular quenched fluorescence methods for steady-
state kinetics [72,73]. We have developed general-
ized methods for correction of systematic errors of
intramolecular quenched fluorescence induced by
inner-filter and non-specific quenching effects [74],
which, surprisingly, had been lacking for this very
frequently utilized method of protease characteriza-
tion and inhibitor library screening. Additionally, the
potentially broad substrate specificity of Ste24
causes concern about use of nanodiscs [75], as
the molecular scaffold protein used to form the
“lipidic nanoparticle” may be cleaved by Ste24.
Currently, we are pursuing the use of styrene-
maleic acid copolymers for “detergent-free” solubili-
zation and purification of Ste24 [76,77]. The novel
structure of Ste24, with its “reaction cavity” and
active site enclosed within an α-barrel, and the
possibility of an allosteric site suggest that this
enzyme could display very interesting and unusual
steady-state kinetics, mechanisms of inhibition/
activation, etc. One publication, on which we
collaborated [28], presents tantalizing evidence of
positive cooperativity in the steady-state kinetics of
farnesylated substrate processing by Ste24; such
behavior can indicate conformational change that is
slow compared with turnover [78], certainly possible
in the context of the posited substrate entrance and
exit portals of Ste24. However, at the time of our
writing of this review, we cannot (yet) rule out being
in a regime of Ste24 concentration that is overly high
(compared to KM) such that systematic error causes
apparent, rather than real cooperativity.

The function(s) of the α-barrel cavity and its
electrostatics

The function of the voluminous α-barrel reaction
cavity remains a mystery. In addition to the
proposed entrance and exit portals for interfacial
substrates, further fenestrations exist within the α-
barrel [9,10]; soluble substrates may enter through
them and diffuse to the substrate-binding groove,
where they become properly positioned in the active
site. Moreover, the driving force for substrate entry
into the reaction cavity and their subsequent
“processive processing” [9] also remain unknown.
The distinctive negative electrostatic potential of the
interior surface of the α-barrel may play a role akin to
that described for “substrate guidance” in acetyl-
cholinesterase [79]. However, a more serious
consideration of electrostatics within the cavity
merits more careful calculation. The presence of
the low-dielectric membrane affects calculations
[80]; a more serious concern is the very likely
possibility that water entrapped within the cavity
may behave quite differently from bulk water (as has
been observed with water in the translocon, which
exhibits anomalous diffusion [81]). Ultimately, at-
omistic molecular dynamics simulations may be
most productive for study of both dynamics and
electrostatics (the latter via particle mesh Ewald
methods [82,83]).
Summary: A Paean to Ste24

Ste24 presents multiple wonders to the structural
biologist, enzymologist, cell biologist, and mem-
brane biophysicist. The recent emergence of its
biological roles, from translocon unclogger to (non-
enzymatic) broad-spectrum viral restriction factor,
provides substantial impetus to further study this
remarkable integral membrane protein ZMP. Its
presence in all eukaryotes, as well as its high level
of sequence conservation and homology, strongly
suggests its importance. Moreover, multiple areas of
applied/translational research present themselves.
Experimental and theoretical challenges abound!
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