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The rhomboid gene was discovered in Drosophila,
where it encodes a seven transmembrane protein that is
the signal-generating component of epidermal growth
factor (EGF) receptor signaling during development. Al-
though metazoan developmental regulators are rarely
conserved outside the animal kingdom, rhomboid pro-
teins are conserved in all kingdoms of life, but the sig-
nificance of this remains unclear. Recent biochemical
reconstitution and high-resolution crystal structures
have provided proof that rhomboid proteins function as
novel intramembrane proteases, with a serine protease-
like catalytic apparatus embedded within the membrane
bilayer, buried in a hydrophilic cavity formed by a pro-
tein ring. A thorough consideration of all known ex-
amples of rhomboid function suggests that, despite bio-
chemical similarity in mechanism and specificity, rhom-
boid proteins function in diverse processes including
quorum sensing in bacteria, mitochondrial membrane
fusion, apoptosis, and stem cell differentiation in eu-
karyotes; rhomboid proteins are also now starting to be
linked to human disease, including early-onset blind-
ness, diabetes, and parasitic diseases. Regulating cell sig-
naling is at the heart of rhomboid protein function in
many, but not all, of these processes. Further study of
these novel enzymes promises to reveal the evolutionary
path of rhomboid protein function, which could provide
insights into the forces that drive the molecular evolu-
tion of regulatory mechanisms.

Developmental biology has progressed from descriptive
observation to mechanistic analysis in the latter half of
the 20th century (Wolpert 1998). Powerful genetic tools
applied to model organisms have led to an intricate and
beautiful picture of how genes build complex organisms.
Parallel analyses in diverse animals and sequencing of

their genomes revealed that a relatively small number of
master genes and core regulatory pathways are used re-
peatedly in different contexts to build complex patterns,
and these factors are conserved among animals.

In addition to revealing some of the underlying logic of
how organisms are constructed, these approaches were
powerful in identifying the factors that mediate this in-
tricate level of organization. But little is still known
about how these key regulators exert their functions bio-
chemically, which is central to understanding core bio-
logical processes that drive development at the molecu-
lar level.

Most developmental regulators are conserved in the
animal kingdom but are not found in other kingdoms,
including plants, perhaps because plants and animals
evolved multicellular development after splitting from a
common ancestor (Meyerowitz 2002). But in recent years
a small number of factors have been discovered that are
conserved across kingdoms, raising the exciting possibil-
ity that they are key regulators that evolved very early.
One such class of regulatory proteins are intramembrane
proteases.

Intramembrane proteolysis, the cleavage of membrane
proteins within their membrane spanning segments, has
recently been discovered to be a new regulatory para-
digm through the study of completely unrelated biologi-
cal and pathological processes (Brown et al. 2000; Steiner
and Haass 2001; Urban and Freeman 2002; Weihofen and
Martoglio 2003; Wolfe and Kopan 2004). Although three
types of proteases are known to catalyze intramembrane
proteolysis, and this field has seen exciting new ad-
vances, my aim is to discuss rhomboid proteins alone,
and consider their functions as a family. These enzymes
were originally identified by classical developmental ge-
netics, but recent work has now uncovered roles for
rhomboid proteins in unrelated biological processes,
some of which have implications for human health. Al-
though the majority of their known functions appear to
be in regulating cell signaling in diverse organisms, im-
plication of rhomboid proteins in unrelated processes
promises to help reveal the evolutionary path of this cen-
tral mode of regulation.
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Rhomboid proteins: the basics

A short history of a classical developmental fly gene

In what could be described as the first animal genomics
project, screens were initiated in the 1970s to identify all
genes required for Drosophila embryonic patterning
(Jurgens et al. 1984; Nusslein-Volhard et al. 1984). The
importance of these saturation screens to biology are re-
markable, even in retrospect. Infiltration of diverse fields
by the unique and memorable Drosophila names, such
as patched in cancer and hedgehog in human holopros-
encephaly, underscored how far reaching the results of
these screens were.

Among the ∼126 genes that were identified was rhom-
boid, although the first rhomboid mutation was isolated
some years earlier and was called veinlet, because it was
a gene required for wing vein development, which is one
of its post-embryonic functions. The embryonic pheno-
type of rhomboid placed it in the spitz group of genes
comprised of spitz, Star, pointed, single-minded, and
sichel (several derive their names from a misshaped head
skeleton) (Mayer and Nusslein-Volhard 1988). The clon-
ing revolution of the late 1980s resulted in the molecular
identification of the spitz group genes: three membrane
proteins and two transcription factors (Thomas et al.
1988; Bier et al. 1990; Rutledge et al. 1992; Scholz et al.
1993; Kolodkin et al. 1994). The only protein to have a
domain signature that might suggest a molecular func-
tion was Spitz, which contained an epidermal growth
factor (EGF) domain in its predicted extracellular region
(Rutledge et al. 1992). Were the Spitz group proteins
components of growth factor signaling?

The importance of signal emission in development

Cells learn their fates progressively during development,
being instructed by local activating or inhibitory signals,
or long-range morphogen gradients (Gerhart 1999). Sur-
prisingly only about half a dozen conserved signaling
pathways are responsible for orchestrating the hundreds
of diverse cell communication events in development.
Analysis of spitz group and EGF receptor (EGFR) mutant
phenotypes implicated them in a single pathway that
was involved in the development of virtually every tis-
sue in the fly. The broad importance of EGFR signaling
next focused attention on its regulation. Surprisingly,
the EGFR and its ligand Spitz were found to be expressed
in virtually every cell during development (Price et al.
1989; Schejter and Shilo 1989; Rutledge et al. 1992), but
activation of the pathway was known to be highly dy-
namic in both space and time, as evidenced by staining
for activated MAP kinase (Gabay et al. 1997), the main
transducer of receptor tyrosine kinase signaling. How is
signaling initiated at the required times and places?

Strikingly, only expression of the rhomboid gene pre-
cisely mirrors the activation of the pathway (Bier et al.
1990). Moreover, Rhomboid is the only limiting compo-
nent: ectopic expression of only Rhomboid triggers
EGFR signaling ectopically (Freeman et al. 1992; Sturte-

vant et al. 1993). Removal of either Rhomboid or Star,
another transmembrane Spitz group protein, recapitu-
lates the null phenotype of Spitz, arguing that the EGF
ligand Spitz is inactive in the absence of Rhomboid or
Star (Mayer and Nusslein-Volhard 1988; Guichard et al.
1999). Finally, genetic mosaics established that Rhom-
boid and Star were required in the cell sending, not re-
ceiving, the signal (Golembo et al. 1996; zür Lage et al.
1997; Wasserman and Freeman 1998; Guichard et al.
1999; Wasserman et al. 2000), arguing that Rhomboid,
with some involvement from Star, is the signal-generat-
ing component of EGFR signaling. But it remained un-
clear how Rhomboid and Star activate Spitz.

The Spitz activation pathway

Despite the success of Drosophila genetics in identifying
the regulators of EGFR signaling, how signaling is acti-
vated at the molecular level could not be solved by this
approach. Instead, biochemical analysis of Spitz in de-
veloping Drosophila embryos (Lee et al. 2001) and het-
erologous expression in a frog explant assay (Bang and
Kintner 2000) revealed that Spitz is cleaved from its
transmembrane anchor, and this required both the
Rhomboid and Star proteins. Although these systems
ultimately proved to be too complicated to reveal the
molecular details of the signaling mechanism, Spitz pro-
cessing could be recapitulated in transfected insect and
mammalian cells (Lee et al. 2001; Pascall et al. 2002;
Tsruya et al. 2002). Careful cell biological analyses by
several groups revealed that Spitz is activated through
regulated ligand trafficking and proteolytic cleavage
(Fig. 1).

Signaling molecules like Rhomboid, Star, and Spitz
were assumed to be at the cell surface, but surprisingly
all three were found to reside in internal organelles (Lee
et al. 2001; Pascall et al. 2002; Tsruya et al. 2002). Rhom-
boid is concentrated in the Golgi apparatus, while the
EGF ligand Spitz is confined to the endoplasmic reticu-
lum (ER). Star is distributed broadly, but its coexpression
results in translocation of Spitz from the ER to the Golgi
apparatus, where Spitz is cleaved from its transmem-
brane anchor, and secreted from the cell ready to ini-
tiate EGFR signaling in neighboring cells (Lee et al. 2001;
Pascall et al. 2002; Tsruya et al. 2002). The sequence of
events was revealed by pulse-chase experiments (Lee
et al. 2001), and these observations in cultured cells were
corroborated directly in Drosophila (Lee et al. 2001;
Tsruya et al. 2002). Moreover, this model could be
tested; a form of Spitz that could exit the ER by itself no
longer relied on Star to allow cleavage and secretion from
cells (Lee et al. 2001), and targeting Rhomboid to the ER
allowed Spitz cleavage in the absence of Star (but cleaved
Spitz was retained in the ER and not secreted) (Urban et
al. 2002a).

These studies established that Star was the transport
factor for Spitz, but it had no role in the cleavage event.
So what is the Spitz protease, and what is the role of
Rhomboid in this activation pathway?
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Putting a ‘face to the name’: Rhomboid is a protease

Although Rhomboid does not resemble any known pro-
tease by global sequence analysis (Bier et al. 1990), the
fact that Spitz cleavage occurs with similar efficiency in
cell lines from very different organisms and tissues sug-
gested that Rhomboid itself may be the Spitz protease
(Urban et al. 2001). The obvious direct test of this model
would be to determine whether pure Rhomboid protein
could catalyze Spitz cleavage in vitro, but the difficulty
in reconstituting activity with integral membrane pro-
teins precluded this approach initially.

Instead, the cell-based Spitz cleavage assay was used to
test a reformulated question: What type of protease
might Rhomboid be (Urban et al. 2001)? Proteases are
abundant, well-studied enzymes present in all kingdoms
of life, with as much as 5% of the human genome pre-
dicted to encode proteolytic components (Lopez-Otin
and Overall 2002). Many forms of these enzymes evolved
independently, but resemble each other in their chemis-
try by virtue of convergent evolution. Brian Hartley
(Hartley 1960) recognized this chemical similarity, and
in 1960 proposed a grouping of all known proteases into
what was then four catalytic classes: serine, cysteine,
aspartyl, and metalloproteases (that use conserved histi-
dines and a glutamate to coordinate zinc ions). Although
Rhomboid would be a novel protease, the basic chemis-
try of the hydrolysis reaction should conform to the
known mechanisms.

Mutation of conserved residues in Rhomboid revealed
that only six reduced strongly or abolished Spitz cleavage
(Urban et al. 2001), four of which clustered in three dif-

ferent transmembrane domains and resembled a serine
protease-like catalytic triad and an oxyanion stabilizing
site. Unexpectedly, these observations suggested that
the Rhomboid catalytic apparatus was buried within the
membrane bilayer, making Rhomboid the first described
intramembrane serine protease (Fig. 2). In support of this
model, Spitz was found to be the first growth factor
cleaved in its transmembrane anchor, and this cleavage
was sensitive only to a subset of serine protease inhibi-
tors (Urban et al. 2001).

A second fundamental question was how specificity isFigure 1. Comparison of EGF ligand activation in vertebrates
and Drosophila. (Left) In vertebrates, the EGF ligand TGF� is
synthesized in the ER, and is transported through the secretory
pathway by its association with cytosolic factors (including
p59/GRASP55 and syntenin) that bind its C-terminal tail. Once
it reaches the cell surface, TGF� is shed by ADAM-family me-
talloproteases (MP) by cleavage (depicted by a lightning bolt) in
its juxtamembrane region, resulting in release of the active li-
gand domain. (Right) In Drosophila, the Spitz ligand is held in
the ER until it complexes with the transmembrane protein Star.
The Spitz–Star complex then migrates to the Golgi apparatus,
where Spitz is cleaved (depicted by a lightning bolt) in its trans-
membrane domain by the intramembrane protease Rhomboid-
1. The cleaved ligand is then hyperglycosylated, palmitoylated,
and secreted from the Golgi apparatus as an active ligand. Strik-
ingly, although TGF� and Spitz are homologous proteins, the
transport factors and proteases involved in their respective ac-
tivation are unrelated.

Figure 2. Molecular function of rhomboid. Drosophila rhom-
boid functions as a protease to activate EGFR signaling by cata-
lyzing the intramembrane cleavage of the Spitz ligand. The
model is based on the structure of a bacterial rhomboid, but
note that the placement of the seventh transmembrane segment
is arbitrary (since the bacterial rhomboid contained only six
transmembrane domains). The rhomboid active site is embed-
ded within the membrane, in a cavity formed by a central, re-
cessed helix 4 (in cyan) and protected from lipid by a ring-like
arrangement of helices (helix 5 has been rendered transparent to
facilitate visualizing the interior). The loop between transmem-
brane segment 1 and 3 (L1) is submerged in the outer leaflet of
the membrane to plug a gap between transmembrane segments
1 and 3. The active serine (cyan S) sits on top of the recessed
helix 4 within a hydrophilic cavity, and is hydrogen bonded to
the histidine (white H) in transmembrane segment 6. The L5
loop (in red), shown in the open conformation, is thought to cap
the hydrophilic cavity and thus regulate water access to the
active site. Substrate specificity relies on the sequence at the
very top of the transmembrane domain, with residues known to
confer helical flexibility being both necessary and sufficient for
cleavage. In Spitz, this substrate motif is ASIASGA, with the
GA (in yellow) being most important for cleavage. The substrate
(in purple) is drawn on the outside of the protease ring, with the
substrate motif being unwound into the active site in the inte-
rior of the enzyme, but this model is speculative.
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achieved: if Rhomboid is the Spitz protease, it should
only cleave Spitz and not the hundreds of other trans-
membrane domains that it encounters in the cell. A mu-
tational analysis mapped the critical region for Spitz pro-
teolysis to the top of its transmembrane domain, in a
region comprised of seven residues (Urban and Freeman
2003). This “substrate motif” was not only necessary,
but sufficient for cleavage; placing just these seven resi-
dues into the transmembrane domain of other proteins
converted them into Rhomboid substrates. A mutational
analysis revealed that helix-relaxing residues are the key
feature of this region, and the basis of Rhomboid speci-
ficity (Fig. 2). Since most transmembrane domains in the
cell adopt model helices, Rhomboid substrates would be
the small number of proteins that have more flexible
helices. In this way, although substrates would certainly
start out being helical in the bilayer environment, per-
haps upon encountering Rhomboid the ease with which
the helix could be unwound to facilitate cleavage might
be the basis of specificity.

Rhomboid proteins share conserved biochemical
characteristics despite sequence divergence

While it was expected that rhomboid proteins would be
conserved in other animals, expanding sequence data re-
vealed that rhomboid proteins are conserved in all king-
doms (with losses in a few lineages), being perhaps the
most widely conserved membrane protein family known
(Urban et al. 2001; Koonin et al. 2003). Sequence analysis
also revealed a high degree of divergence at the protein
level: the shared core region in rhomboid proteins con-
sists of six transmembrane domains, but as a family they
share only ∼5% sequence identity in this region (Urban
et al. 2002b; Koonin et al. 2003). Further diversity results
from highly variable N termini present in many rhom-
boid proteins, while the eukaryotic members have an
additional transmembrane helix, added either N- or C-
terminally to the core six.

Initially this suggested that rhomboid proteins have a
more basic cellular function in bacteria, such as acting as
transporters, with a signaling function in Drosophila be-
ing a more recent specialization (Rather et al. 1999;
Wasserman et al. 2000; Mesak et al. 2004). Contrary to
expectation, a first activity analysis indicated that rhom-
boid proteins from a variety of bacteria have similar en-
zymatic characteristics; most (but not all) rhomboid pro-
teins from bacteria, invertebrates, and vertebrates tested
could cleave Spitz, and required the Spitz substrate motif
to catalyze this cleavage (Urban and Freeman 2003; Ur-
ban and Wolfe 2005). These initial analyses suggest that
many rhomboid proteins share fundamental biochemical
characteristics despite billions of years of evolution and
extensive sequence divergence.

Biochemical proof: molecular architecture
of an intramembrane serine protease

The important biochemical proof for this model was
missing because no in vitro activity could be demon-
strated with Rhomboid protein initially. Having learned

more about the properties of these enzymes, it has re-
cently been possible to express rhomboid proteins in bac-
teria (Lemberg et al. 2005; Maegawa et al. 2005; Urban
and Wolfe 2005), purify them to apparent homogeneity,
and analyze their activity against a pure recombinant
substrate harboring the substrate motif from the Spitz
transmembrane domain. While robust activity could be
detected with several diverse rhomboid proteins, the
substrate could not be cleaved by any rhomboid enzyme
if the Spitz substrate motif was missing (Urban and
Wolfe 2005), although �-secretase (an unrelated intra-
membrane protease implicated in Alzheimer’s disease)
could readily cleave the proteins that do not contain the
substrate motif. This analysis finally provided the miss-
ing evidence that rhomboid proteins directly catalyze in-
tramembrane proteolysis, and further showed that they
do so without the need for other auxiliary factors for
either activity or specificity, in contrast to �-secretase,
which relies on other components for activity (Edbauer
et al. 2003; Kimberly et al. 2003). This defined in vitro
enzyme system provided the final proof that rhomboid
proteins are novel proteases, and led to their inclusion
into the EC database as the only family of intramem-
brane serine proteases (family EC 3.4.21.105). However,
as with other enzymes, mechanistic insights into the
function of rhomboid proteases would require structural
analysis.

The crystal structure of one rhomboid ortholog has
recently been determined, and provides the first high-
resolution glimpse of any intramembrane protease
(Wang et al. 2006). The resulting structure corroborates
many prior functional analyses and proposed mecha-
nisms, while revealing important new features. As sus-
pected, the general architecture of the protein is a ring of
transmembrane helices, but surprisingly, the long L1
loop between transmembrane segments 1 and 2 dips into
the outer leaflet of the bilayer to close a V-shaped gap
between helices 1 and 3 (Fig. 2). Interestingly, the cata-
lytic serine is at the top of the transmembrane segment
4, but this helix does not traverse the bilayer completely,
instead being sunk ∼10 Å from the extracellular face.
This creates a large central hydrophilic cavity that opens
to the extracellular side, with its bottom apex being the
catalytic serine and conserved transmembrane residues
lining the hydrophilic pocket. The cavity in the struc-
ture contains several water molecules that would be re-
quired for catalysis, but access appears to be regulated by
a mobile extracellular loop (termed the Cap). The active
site serine and histidine residues interact via a strong
hydrogen bond in the interior of the protease ring, and
the planar ring of the histidine is aligned by stacking
onto the tyrosine, thus obviating the need for a third
catalytic triad residue, as is required in classical serine
proteases. Indeed, the transmembrane asparagine—first
proposed to be the third member of the catalytic triad—
is on the other side of the serine. Intramembrane prote-
olysis is therefore accomplished by a catalytic serine–
histidine dyad in a hydrophilic environment within the
membrane bilayer that is protected from lipids by sur-
rounding protein segments. This analysis also indicated
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that, while trimers were present in the crystal, rhomboid
proteins probably function as monomers, with each mol-
ecule functioning independently and not as obligate
multimers.

The substrate is predicted to access the internal rhom-
boid active site laterally, but the precise point of entry is
currently not known. The cavity between transmem-
brane segments 1 and 3 is plugged by the L1 loop, and it
has been proposed that movement of this loop could
open access to the active serine (Wang et al. 2006). How-
ever, the serine points away from this possible site of
entry, thus the substrate or the serine would need to turn
for cleavage to occur. Alternatively, other points of entry
are also conceivable, and further analysis is required to
differentiate between the various possibilities. In any
case, the substrate enters the active site laterally through
a narrow opening on rhomboid, presumably by local
melting and extension of the top of the substrate trans-
membrane segment into the internal active site. This
idea is nicely supported by prior mutagenesis experi-
ments that implicated the top third of the substrate
transmembrane domain to be sufficient for cleavage, and
found that this region is comprised of helix-relaxing resi-
dues (Urban and Freeman 2003). Importantly, although
the precise site of substrate entry and sequence of events
in intramembrane proteolysis remain incompletely un-
derstood, the current structures provide a framework for
further experimental scrutiny, both at the functional and
structural levels.

Intramembrane proteolysis is a widespread regulatory
mechanism

Rhomboid enzymes are not alone in catalyzing intra-
membrane proteolysis: three other examples of intra-
membrane proteolysis have been described as a newly
emerging signaling paradigm (Brown et al. 2000; Steiner
and Haass 2001; Urban and Freeman 2002; Weihofen and
Martoglio 2003; Wolfe and Kopan 2004). Site-2 protease
was the first such intramembrane protease to be identi-
fied, and functions as a metalloprotease in regulating
cholesterol and fatty acid biosynthesis (Rawson et al.
1997). Presenilin was discovered to be the catalytic com-
ponent of �-secretase, an enzyme that plays a central role
in Alzheimer’s disease by providing the final cleavage
that generates the Amyloid-� peptide (Wolfe et al. 1999).
A more recent addition is signal peptide peptidease, a
presenilin-type protease that cleaves signal peptides after
they have been removed from precursor proteins
(Weihofen et al. 2002). One fundamental difference be-
tween rhomboid and other intramembrane proteases is
the function of the domains released from the mem-
brane; rhomboid enzymes usually release factors to the
outside of the cell, while other intramembrane proteases
typically release factors into the cytosol (often transcrip-
tion factors) as the ultimate signal effectors in the cells
receiving the signal (Urban and Freeman 2002).

Animals are known to use different signaling path-
ways compared with plants and prokaryotes; therefore,
the wide conservation of rhomboid proteins raises the

exciting possibility that they might be a common link
between diverse communication pathways. Recent
analyses now indicate that, while their biochemical
properties remain similar, rhomboid enzymes also func-
tion in many different processes. The roles can be di-
vided into two broad categories: a prominent function in
signaling between cells during development of various
organisms, and roles within a cell that have implications
for human health.

Rhomboid proteins in development

Conservation of function within an organism: a family
affair in flies

The best understood biological function for any rhom-
boid protease is in EGFR signaling during Drosophila
development, but the situation is more complex than
initially suspected. Sequencing of the Drosophila ge-
nome revealed that many developmental genes exist in
families, with Rhomboid being part of a family of seven
rhomboid-like genes in Drosophila, while rhomboid
gene families also exist in other multicellular organisms
(Guichard et al. 2000; Wasserman et al. 2000). At the
time the genome was sequenced, only the original rhom-
boid gene (renamed rhomboid-1) had been understood on
any meaningful level. Why does Drosophila contain seven
rhomboid genes, and what do the other homologs do?

While it was possible that other rhomboid proteins
could be activators of different signaling pathways, cur-
rently the characterized members function as tissue-spe-
cific activators of EGFR signaling. The two rhomboid
genes most similar to rhomboid-1—rhomboid-2 and
rhomboid-3—are arranged as a gene cluster on chromo-
some 3, probably reflecting evolution by gene duplica-
tion and divergence. All three have very similar bio-
chemical properties, but are expressed in different tis-
sues, suggesting that the task of transcribing a single
rhomboid gene in the >60 different EGFR signaling con-
texts was split among multiple genes whose protein
products carry out similar biochemical roles (Urban et al.
2002a). In fact, transcriptional control is currently the
only known source of rhomboid regulation in Dro-
sophila. Genetic analyses have shown that rhomboid
genes have distinct but partly overlapping functions as
tissue-specific EGFR regulators.

Rhomboid-3 is most similar to Rhomboid-1, and its
main role is in eye development. Although EGFR signal-
ing induces the fate of all cell types in the developing
eye, the genetic removal of rhomboid-1 during eye de-
velopment resulted in no defects (Freeman et al. 1992).
This mystery was ultimately resolved when a genetic
analysis revealed that rhomboid-3 fulfills the major role
for a rhomboid during eye development (Wasserman et
al. 2000). In fact, both rhomboid-1 and rhomboid-3 are
expressed in the developing eye and probably function
together (although rhomboid-3 has the predominant
role), since a double mutant has a more severe phenotype
than either alone. rhomboid-3 was actually found to be
the gene mutated in the classical fly mutant roughoid
that was isolated in the early 20th century. Rhomboid-3
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also has roles during embryogenesis, including in tra-
cheal tube migration (Gallio et al. 2004) and in protect-
ing epidermal cells from apoptosis (Urban et al. 2004),
but both are through regulating EGFR signaling.

Rhomboid-2 is expressed in the germline, where it acts
to promote differentiation of germline stem cell progeny
(Guichard et al. 2000; Schulz et al. 2002). Germline stem
cells must be encapsulated by somatic cells to differen-
tiate into gametes, and this encapsulation process re-
quires signaling from the germ cells to the neighboring
somatic cells. A genetic analysis revealed that rhom-
boid-2 (also called stet, for stem cell tumor) acts in the
germ cells, presumably to activate a signal that is sent to
the somatic cells. In rhomboid-2 mutants, this signal is
thus not sent, somatic cells do not encapsulate the germ
cells, and the germ cells fail to differentiate and accumu-
late as germline stem cells and their early progeny. Tar-
geted expression of either Rhomboid-2, or notably
Rhomboid-1 in germline stem cells rescued this pheno-
type, further indicating that these two factors have
highly similar biochemical characteristics. However, the
ligand responsible remains unknown, since activated
forms of both the Spitz and Gurken EGF ligands failed
even to modify the rhomboid-2 defect. Moreover, it is
not known whether Rhomboid-2 has a function late in
oogenesis, when Gurken is required to signal to the over-
lying somatic follicle cells (Roth et al. 1995).

Drosophila contains four other rhomboid-like genes
(Guichard et al. 2000; Wasserman et al. 2000), and while
a recent genetic analysis has revealed that Rhomboid-7
functions in mitochondrial dynamics (as discussed later)
(McQuibban et al. 2006), the precise roles of the other
three remain unknown. Rhomboid-4 and Rhomboid-6
resemble Rhomboid-1, Rhomboid-2, and Rhomboid-3,
and at least Rhomboid-4 can cleave all transmembrane
EGF ligands in a cell-based assay, and can activate EGFR
signaling in developing tissues (Urban et al. 2002a).
Rhomboid-5 does not contain the active site serine, and
is thus unlikely to function as an intramembrane prote-
ase, but could have a regulatory role. Further analysis is
required to determine the function of these rhomboid-
like genes.

Rhomboid proteins in other invertebrates: playing
a supporting role in worms

While rhomboid proteins act as key activators of EGFR
signaling in Drosophila, current evidence suggests that
they play surprisingly minor roles in EGFR signaling in
other animals, even in other invertebrates. Caenorhab-
ditis elegans contains five rhomboid-like genes, with
ROM-1 bearing the strongest resemblance to Drosophila
Rhomboid. Surprisingly, a genetic deletion mutant of
ROM-1 resulted in no phenotype at all, whereas the null
mutant of the EGF ligand LIN3 is embryonic lethal, in-
dicating that ROM-1 is not essential for EGFR signaling
(Dutt et al. 2004).

Instead, it was discovered through a series of elegant
genetic interaction experiments that ROM-1 has a minor
role in amplifying EGFR signaling during vulval devel-

opment (Fig. 3). The initial EGF signal comes from the
AC cell, and induces the underlying Pn.p cells to adopt
one of three fates. Contrary to expectation, ROM-1 is not
expressed in the AC cell, the source of the signal, but is
actually a gene activated by high EGFR signaling in Pn.p
precursors. However, the cells expressing ROM-1 be-
come a new source of the LIN3 ligand, and are thought to
contribute positive feedback amplification of the origi-
nal AC LIN3 signaling event. Intriguingly, the LIN3 gene
encodes two splice variants, with only the longer variant
being dependent on ROM-1 for signaling. The longer
variant introduces 15 residues just upstream of the trans-
membrane domain, but since these were genetic inter-
action experiments, it was not possible to determine
whether the 15-residue insertion directly affects the abil-
ity of the LIN3 ligand to serve as a ROM-1 substrate, or
affects it function by indirect means (such as altering its
subcellular localization).

A necessary caveat of these experiments is that only
two rhomboid-like genes, ROM-1 and ROM-2, were ana-
lyzed; the remaining three worm ROMs, although more
distantly related, contain the elements necessary for ac-
tivity and therefore some level of redundancy might be
expected. Moreover, the full functions of rhomboid-like
genes in worms remain unexplored; ROM-1 is expressed
widely, but a phenotype in vulval development was no-
ticed only in a sensitized vulva mutant background. It
remains possible that other phenotypes would become
evident in other sensitized backgrounds; for example,
during embryogenesis. But the subtle role of rhomboid
proteins in regulating EGFR signaling in the vulva, one
of the most prominently studied EGFR signaling con-
texts, is surprising compared with its central role in Dro-
sophila.

The enigma of rhomboid proteins in vertebrates

Despite considerable interest and effort, the role of
rhomboid-like genes in vertebrates remains unknown.

Figure 3. ROM-1 functions to amplify EGF signaling during C.
elegans vulva development. LIN-3 is the transmembrane EGF
signal that is sent from the anchor cell (AC) to the underlying
Pn.p cells to induce vulval fates. ROM-1 has no function in this
initial signaling event, which is probably mediated by an un-
known protease (question mark in AC cell), but high levels of
signaling induce expression of ROM-1 in the signal-receiving
Pn.p cells. The ROM-1 protein is then thought to catalyze cleav-
age of the longer isoform of LIN-3 (in black), providing a new
source of signal as a positive feedback relay of EGF signaling.
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Vertebrates contain at least six clear rhomboid-
like genes (named RHBDLs for rhomboid-like), but su-
perficially they can be grouped in three major classes.
RHBDL1, RHBDL2, and RHBDL4 (also termed RHBDL3
in some annotations) contain the residues necessary for
catalysis, while RHBDL5 and RHBDL6 are missing the
active site serine and are thus likely to be catalytically
inactive. The final class is PARL, a single rhomboid pro-
tein that localizes to mitochondria where it functions in
membrane dynamics (discussed later). There could be at
least four other rhomboid-like proteins in humans, but
these have unusual topologies and their homology with
rhomboid is limited to smaller regions.

Initially an involvement of vertebrate rhomboid en-
zymes in regulating EGFR signaling seemed probable by
analogy, but none of the presumably active RHBDL pro-
teins can cleave any of the seven human EGF ligands
tested in a cell-based assay (Lohi et al. 2004; Pascall and
Brown 2004; Nakagawa et al. 2005). It should be noted
that a few known EGF ligands escaped this analysis, and
that it remains possible that unidentified factors were
missing in these assays that could be important for the
trafficking and/or cleavage of these EGFR ligands. These
caveats notwithstanding, it is unlikely that active RHBDL
proteases have a major role in regulating EGFR signaling in
vertebrates; compelling genetic and biochemical evidence
indicates that this role is fulfilled by ADAM family me-
talloproteases (see Fig. 1; Peschon et al. 1998; Sahin et al.
2004). A more specialized role for RHBDLs, like that
observed in worms, remains possible. So what might be
the major role of rhomboid enzymes in vertebrates?

The only vertebrate rhomboid whose proteolytic ac-
tivity has been demonstrated directly is RHBDL2, the
human, mouse, and zebrafish orthologs of which have
the same substrate specificity for Spitz-like molecules as
the Drosophila enzymes (Urban and Freeman 2003). This
unexpected observation facilitated a search for proteins
that resemble the Spitz substrate motif in their trans-
membrane domains, and might thus be physiological
RHBDL2 substrates. Two groups used this approach, and
subsequently found two different possible targets.

Pascall and Brown (2004) found that B-type ephrins are
very efficient substrates for RHBDL2. Ephrin receptors
are the most abundant receptor tyrosine kinases in ver-
tebrates, and have been implicated in various aspects of
brain development, including restricting neuronal mi-
gration (Wilkinson 2001). Interestingly, B-type ephrins
are thought to require membrane attachment to signal,
implying that RHBDL2 cleavage might terminate signal-
ing, perhaps to allow the migrating cell to turn away
from the repulsive signal. A second protein identified in
these searches was thrombomodulin, a type I glycopro-
tein whose precise function is unknown but has been
implicated in blood clotting (Lohi et al. 2004). While a
circulating form of thrombomodulin is known to exist, it
is not clear if it is released by proteolysis, and whether
this form has physiological significance. A possible role
for RHBDL2 in nervous system development via ephrin
signaling, or blood clotting via thrombomodulin, re-
mains unknown.

A developmental function for at least one vertebrate
rhomboid is suggested by its dynamic expression pat-
tern during mouse embryogenesis. This gene, termed
RHBDL4 or Ventrhoid, is expressed primarily in ventral
neuronal tissues, with the highest expression being in
the spinal nerve cord (Jaszai and Brand 2002). However,
neither a knockout phenotype nor putative substrates
have been identified to reveal a potential developmental
function for Ventrhoid.

Many protease families contain recognizable members
that do not have proteolytic activity, and progress has
recently been made in characterizing the noncatalytic
class of rhomboid proteins. RHBDL5 was found to asso-
ciate physically with the EGF ligands TGF� and HB-EGF
in human cells, and could activate EGFR signaling when
misexpressed in developing Drosophila wings (Naka-
gawa et al. 2005), like other Drosophila rhomboid pro-
teins. Whether this was indeed direct activation of the
EGFR pathway or other pathways remains unclear, but it
does raise the possibility that noncatalytic rhomboids
have functions in regulating signaling beyond acting as
intramembrane proteases, perhaps by modulating the ac-
tivity of catalytic rhomboid proteins. A prediction of
these observations is that a noncatalytic RHBDL mouse
knockout would have TGF�-like epidermal hair pattern-
ing defects, although this knockout is not yet available
(Luetteke et al. 1993; Mann et al. 1993).

Rhomboid proteins in other kingdoms: ancient cell
communication pathways?

rhomboid-like genes are also conserved in all of the
other kingdoms of life, including in plants, fungi, bacte-
ria, and archaea (Wasserman et al. 2000; Koonin et al.
2003), and although their functions remain largely un-
known, early observations also suggest at least some in-
volvement in cell signaling. Plants are not thought to
have evolved EGFR-type signaling (although receptor ki-
nases have been identified), but Arabidopsis thaliana
contains over a dozen rhomboid-like genes. An activity
analysis revealed that at least one Arabidopsis rhomboid
was active against Spitz and was localized to the Golgi
apparatus in plant cells (Kanaoka et al. 2005), suggesting
that some of the features of rhomboid-mediated intra-
membrane proteolysis are present in plants. Several
rhomboid-like genes appear to be ubiquitously expressed
during development and available mutant plants have
not yet displayed recognizable phenotypes, suggesting
that redundancy between different rhomboid genes
could complicate a genetic analysis aimed at studying
this gene family.

A particularly enigmatic early observation was the
presence of rhomboid genes in almost all sequenced pro-
karyotic genomes. It was presumed that their function
represented an ancestral, nonsignaling role such as mem-
brane transport (Mesak et al. 2004). But an early analysis
in Providencia stuartii, a Gram-negative human patho-
gen of the urinary tract, indicated the opposite. Studies
aimed at understanding antibiotic resistance led to the
discovery that Providencia monitors its population size
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through intercellular communication, like many bacte-
rial species (Rather et al. 1997; Waters and Bassler 2005).
As the population grows, signals are secreted and accu-
mulate, regulating a subset of genes once a threshold has
been reached. This process, termed quorum sensing, al-
lows different genes to be expressed at low versus high
population densities by querying the cell population.
Two separate genetic screens for factors regulating the
expression of quorum sensing target genes identified a
gene, called aarA, that was required for production or
transport of an unknown Providencia signal in the send-
ing cell (Fig. 4; Rather and Orosz 1994; Rather et al.
1999). It was noticed some years later that AarA is ho-
mologous to Drosophila rhomboid (Gallio and Kylsten
2000).

This intriguing observation was confounded by the
fact that Gram-negative bacteria like Providencia typi-
cally use a variety of autoinducers for quorum sensing,
especially N-acyl modified homoserine lactones and fu-
ranosyl borate diesters, but at the time were not thought
to use proteins or peptides (Waters and Bassler 2005).
Peptides were thought to be limited to quorum sensing
by Gram-positive bacteria. Thus, in the absence of
knowing the identity of the Providencia signal or the
molecular function of AarA in signal production, the
possible significance of this signaling system to that in
Drosophila remained unclear.

Strikingly, it was shown that AarA could partially res-
cue defects associated with both rhomboid-1 and rhom-
boid-3 mutants during wing and eye development, re-
spectively, in Drosophila, while the Drosophila protein
could partly restore the production of the quorum-sens-
ing signal in aarA-mutant Providencia (Gallio et al.
2002). Consistent with these findings, a mechanistic
analysis revealed that AarA functions as a protease and
relies on the “substrate motif” residues in Spitz for
cleavage (Urban et al. 2002b; Urban and Freeman 2003;
Urban and Wolfe 2005). These unexpected observations
suggested that this signal-generating mechanism might
be the same as in Drosophila, and the first known to be
conserved between bacteria and animals.

However, whether Providencia represents a new para-
digm in bacterial signaling, or a rare exception remains
unknown. The AarA-dependent signal in Providencia
still has not been identified. Although genetic knockouts
of bacterial rhomboid-like genes have recently been
made in Escherichia coli and Bacillus subtilis, resulting
in no obvious phenotype (Maegawa et al. 2005) and a
filamentous phenotype (Mesak et al. 2004), respectively,
they have not yet revealed a precise molecular function
for these bacterial rhomboid enzymes. Given the diver-
sity of microbial life and the precedent of rhomboid en-
zymes regulating several unrelated processes in animals,
it seems possible that they will also have functions be-
yond quorum sensing in bacteria.

Rhomboid proteins in human disease

The mitochondrial connection

A phylogenetic analysis indicates that eukaryotic rhom-
boid-genes fall into two major categories: the large RHO
family and the smaller PARL family, which typically is
represented by one member in each eukaryotic species
(Koonin et al. 2003). Recent progress has clarified the
role of PARL, as well as implicated this rhomboid pro-
tease in human disease.

PARL, presenilin-associated rhomboid-like, derives its
name from being identified in a yeast two-hybrid screen
for proteins that could interact with Alzheimer’s prese-
nilin protein (Pellegrini et al. 2001), although this asso-
ciation does not occur physiologically. The first func-
tions of a PARL protease were discovered in the budding
yeast: early genome-wide screens revealed that its homo-
log of PARL, Pcp1 (also called Rbd1 and Ygr101w), is
localized to mitochondria (Steinmetz et al. 2002), and its
deletion results in mitochondrial fragmentation (Dim-
mer et al. 2002), but the basis was unclear. Pcp1 was
subsequently discovered to be responsible for cleaving
the targeting sequence of cytochrome c peroxidase
(Ccp1), a nuclear-encoded mitochondrial protein present
in the intermembrane space (Esser et al. 2002). This de-
fined a fourth and previously unknown targeting peptide
processing pathway in mitochondria. However, pcp1-de-
leted cells had a slow growth phenotype while the ccp1
deletion did not, suggesting that the basis of the pcp1
phenotype results from failure to process another sub-
strate.

In a search for Pcp1 substrates, deletions of single-pass
membrane protein candidates were tested for a pcp1-
like slow growth phenotype (McQuibban et al. 2003).
This identified Mgm1, a transmembrane dynamic-like
GTPase, as a possible substrate, and revealed mitochon-
drial fragmentation as the basis for the slow growth de-
fect of both mgm1- and pcp1-deleted cells. Mitochondria
in many organisms exist as a tubular network that re-
sults from regulated mitochondrial fusion and fission
events, and Mgm1 is essential for fusion of both mito-
chondrial membranes (Sesaki et al. 2003b; Wong et al.
2003). Mgm1 exists in two isoforms, a long form that
crosses the inner membrane, and a short form that is

Figure 4. Rhomboid function in bacterial quorum sensing.
Many bacterial species monitor their population density by re-
leasing signals that, when they reach a threshold concentra-
tion, regulate the expression of genes appropriate for higher
population size (shown at right). The pathogen Providencia
uses the rhomboid-like protein AarA for sending the unidenti-
fied signal (designated by a asterisk) for quorum sensing. This
signal is known to represses certain genes, while activating
others.

Rhomboid proteins in development and disease

GENES & DEVELOPMENT 3061

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


released by Pcp1 proteolysis into the intermembrane
space. Failure of Mgm1 to be processed in a pcp1 deletion
verified it to be the Pcp1 substrate most likely to be
responsible for the pcp1 deletion phenotype. Recipro-
cally, Pcp1 was identified in a specific search for the
Mgm1 processing protease (Herlan et al. 2003), and was
also isolated independently in a screen as ugo2, a gene
required for mitochondrial membrane fusion (Sesaki et
al. 2003a).

Both cleaved and uncleaved forms of Mgm1 are re-
quired for membrane fusion, and one intriguing model
suggests that the ratio is dictated by ATP levels in the
mitochondrial matrix through a process termed alterna-
tive topogenesis (Fig. 5; Herlan et al. 2004). Mgm1 has an
N-terminal targeting sequence that mediates its import
into mitochondria, followed by two hydrophobic se-
quences. The first acts as a transfer stop signal and gen-
erates the long form of Mgm1, and this transmembrane
sequence is thought not to be a substrate for Pcp1. Under
high ATP conditions, an ATP-dependent import motor
pulls Mgm1 further in, resulting in a stop at a second
hydrophobic sequence, which is a substrate for Pcp1.
Cleavage of this second hydrophobic stretch generates
the short form. Herlan et al. (2004) hypothesize that in
low ATP levels, as might occur in damaged mitochon-
dria, the short form is not generated, excluding damaged
mitochondria from fusing with healthy mitochondria.

Interestingly, the human homolog of mgm1 is OPA1,
a gene mutated in autosomal-dominant optical atrophy,
the most common early onset form of blindness (Alex-
ander et al. 2000; Delettre et al. 2000). OPA1 is widely
expressed in the body, but highest levels are present in
the retina, a high-energy requiring tissue. Haplo insuffi-
ciency is thought to cause mitochondrial dysfunction,
leading to retinal ganglion cell and optic nerve degenera-
tion, resulting in blindness within the first two decades
of life. Consistent with this model, reducing OPA1 ex-
pression using siRNAs results in fragmented mitochon-
dria as well as increased cell apoptosis (Olichon et al.
2003; Griparic et al. 2004; Lee et al. 2004). A detailed
examination subsequently revealed that in addition to
its role in mitochondrial membrane fusion, OPA1 also
has a completely independent function as an antiapop-
totic factor (Frezza et al. 2006). In this role, OPA1 is
thought to oligomerize in order to hold cristae together
at different membrane anchor points (Fig. 6). Disruption
of these oligomers, as occurs during apoptosis, or by ab-
lating OPA1, releases cytochrome c from cristae and ac-
tivates apoptosis independent of mitochondrial fragmen-
tation.

Surprisingly, a PARL knockout mouse revealed that
PARL is not involved in mitochondrial fusion, but solely
participates in OPA1’s function as an antiapoptotic fac-
tor (Cipolat et al. 2006). The cleaved form of OPA1 is
only required for its function in tethering cristae, not for
mitochondrial membrane fusion (Cipolat et al. 2006;
Frezza et al. 2006). In a PARL knockout mouse, mito-
chondria suffer no fragmentation, but the cristae are
more open, and release cytochrome c more readily (Fig.
6). This sensitizes many different cell types to apoptosis
triggered by intrinsic, but not extrinsic, cues. As a result,

Figure 5. Model of rhomboid function in regulating mitochon-
drial membrane dynamics. Mitochondrial membrane fusion
requires both the full-length and cleaved form of the Mgm1
GTPase. (Left) Under lower ATP concentrations, the first hy-
drophobic segment is preferentially used as the Mgm1 trans-
membrane anchor, which cannot be cleaved by Pcp1. In this
way, unhealthy mitochondria (lower mitochondrion) are pre-
vented from fusing with healthy mitochondria. Stationary
phase conditions also result in no Pcp1 expression, and thus no
Mgm1 cleavage. (Right) Under conditions of Pcp1 expression
and high ATP levels, the second hydrophobic segment is used as
the Mgm1 transmembrane domain to a higher degree, facilitat-
ing cleavage by Pcp1. This cleaved form of Mgm1 acts in concert
with the uncleaved form to promote mitochondrial membrane
fusion (upper mitochondria). It should be noted that the exact
topology of Pcp1 in the inner membrane, including whether
Pcp1 has six or seven transmembrane domains, has not been
resolved.

Figure 6. Role of PARL in maintaining tight mitochondrial
cristae in vertebrates. PARL cleaves OPA1 (gray shape with hex-
agonal end), which associates with transmembrane OPA1 mol-
ecules to form oligomers that maintain tight mitochondrial
cristae and prevent cytochrome c (black ovals) release into the
cytosol. In a PARL knockout mouse, OPA1 cleavage is reduced,
which reduces OPA1 oligomers that maintain tight cristae. The
mitochondrial cristae are more open, which facilitates cyto-
chrome c release and sensitizes cells to intrinsic apoptotic
stimuli. Note that PARL and OPA1 were also found to associate
physically and may thus be in a complex (not shown in dia-
gram), presumably prior to cleavage.
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the mice are born normally but at ∼4 wk of age suffer
severe growth retardation, and progress through multi-
systemic atrophy, resulting in gross muscle, thymus, and
spleen loss, leading to death.

Although it is striking that the function of PARL is
different in yeast and mice, being mitochondrial mem-
brane fusion and antiapoptosis through cristae remodel-
ing, respectively, the actual biochemical role of PARL is
similar in both contexts, while the outcome appears dif-
ferent. In both cases, PARL cleaves a transmembrane
GTPase to release it into the intermembrane space. In
the case of Mgm1, the cleaved form is essential for mi-
tochondrial membrane fusion, while in the case of
OPA1, the cleaved form modulates cristae folding and
thus protects from cytochrome c release. In support of
this commonality, expressing human PARL in a pcp1-
deleted yeast partially rescued the mitochondrial frag-
mentation defect. In fact, in addition to mitochondrial
fragmentation, there may be a cristae defect in pcp1 mu-
tant yeast (Amutha et al. 2004), but a prominent anti-
apoptotic role may be a more recent evolutionary devel-
opment, since removing Drosophila PARL (Rhomboid-7)
or OPA1-like with mutations or RNA interference
(RNAi) resulted in fragmented mitochondria but no in-
crease in apoptosis (McQuibban et al. 2006).

While OPA1 oligomerization is the regulation point by
which BH3 proteins disrupt OPA1 association and thus
open cristae to release cytochrome c, it is not clear
whether OPA1 cleavage by PARL is regulated. Impor-
tantly, regulation of OPA1 cleavage could also be exerted
on a different protease, since OPA1 cleavage is reduced
by only twofold in a PARL knockout mouse, implying
the existence of other OPA1-processing (or compensat-
ing) proteases. A biochemical study has also indicated
that PARL may have a function beyond its proteolytic
activity; the N-terminal domain of PARL was found to
be cleaved, and the released P� peptide entered nuclei in
a potentially regulated manner (Sik et al. 2004). The im-
plications of this observation are currently under inves-
tigation.

The possible linkage of PARL as a candidate disease
gene has recently been explored, with a surprising out-
come unrelated to optical atrophy. Mitochondrial dys-
function in skeletal muscle is thought to be an impor-
tant factor in obesity and type II diabetes. A search for
genes differentially expressed in skeletal muscle mito-
chondria of diabetic versus normal rats identified 54
genes, but only one was located in a chromosomal region
linked to diabetes in humans (Walder et al. 2005). This
gene was PARL, and it showed decreased expression in
obese and diabetic rats, but an exercise regimen that im-
proved their pathology also resulted in an increase of
PARL expression. Subsequent analyses in human sub-
jects revealed a correlation between PARL expression
and insulin sensitivity, and in a second analysis, one
PARL variant and insulin levels, a surrogate marker of
type II diabetes. Intriguingly, Pcp1 was also found to be
down-regulated in yeast that have become metabolically
less active as they entered stationary phase (McQuibban
et al. 2003). It is presently unclear how PARL deficiency

might result in diabetes, and whether this function in-
volves OPA1. The newly generated PARL mouse knock-
out model should be valuable in deciphering the mecha-
nism, and indeed in evaluating whether PARL is the dis-
ease susceptibility gene at 3q27 implicated in obesity
and diabetes.

Other vertebrate rhomboid proteins in human disease

Past the precedent of PARL, little is known about the
involvement of RHBDLs in human disease. If RHBDLs
function in regulating EGFR signaling, it would be ex-
pected that they might be proto-oncogenes; increased
EGFR signaling has been implicated in the formation of
various epithelial tumors, including lung and breast
cancer (Harari 2004). It also remains possible that other
RHBDLs that are expressed during development will be
implicated in congenital defects.

Rhomboid enzymes in parasitic diseases: co-opting
signaling mechanisms?

An exciting new direction of research has been the im-
plication of parasite-encoded rhomboid enzymes in dev-
astating human diseases such as malaria and toxoplas-
mosis. Malaria affects 10%–40% of the world’s popula-
tion, causing >1 million deaths every year (Greenwood
and Mutabingwa 2002), and has become the most com-
mon cause of death in children under the age of 5 yr in
several developing countries. Toxoplasmosis is caused
by Toxoplasma gondii infection of immunocompro-
mised individuals or during pregnancy, and is the most
common cause of neurologic birth defects in several
Western countries (Carruthers 2002).

These protozoan pathogens are obligate intracellular
parasites that must invade host cells not only to estab-
lish an infection, but to survive. This exquisite sensitiv-
ity has made understanding the parasite invasion ma-
chinery an important therapeutic goal. Invasion of host
cells is an active process mediated by the parasite’s
transmembrane adhesin molecules (Fig. 7), which are se-
creted from internal organelles called micronemes onto
the apical surface (Carruthers et al. 1999; Huynh et al.
2003; Soldati et al. 2004). The adhesins then establish
junctions with the host cell surface receptors on the out-
side, and link to the underlying parasite actin-based cy-
toskeleton on the inside of the parasite (Kappe et al.
1999; Jewett and Sibley 2003). Motors push these moving
junctions to the posterior of the parasite, forcing entry of
the parasite into an invaginating vacuole made from the
host cell plasma membrane (Dvorak et al. 1975; Aikawa
et al. 1978). Once the adhesin–receptor complexes reach
the posterior of the parasite, they are released by prote-
olysis, allowing the host cell membrane to seal and re-
sulting in the internalization of the parasite enclosed
within the parasitophorous vacuole. Parasite replication
and development ensues, protected within the parasi-
tophorous vacuole, forming progeny that are ultimately
released by destruction of the host cell by lysis (Glusha-
kova et al. 2005).
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Although adhesin cleavage at the end of invasion is
thought to be essential, the proteases responsible had not
been identified. Among the best studied adhesins is
MIC2 of Toxoplasma, and the protease responsible for its
release from cells was termed MPP1, microneme protein
protease 1 (Carruthers et al. 2000). The properties of
MPP1 were unusual; it was not inhibited by most com-
mon protease inhibitors except dichloroisocoumarin
(DCI) (Carruthers et al. 2000), and cleavage of one adhe-
sin, MIC6, was initially mapped to its transmembrane
segment (Opitz et al. 2002). A search for rhomboid sub-
strates beyond Drosophila identified the Spitz substrate
motif within MIC adhesins in Toxoplasma, including
MIC2 and MIC6, and this observation led to the proposal
that a parasite rhomboid protease might be the MPP1
activity during invasion (Urban and Freeman 2003). Sub-
sequently, MIC2 was also found to be cleaved within its
transmembrane anchor (Zhou et al. 2004).

A biochemical analysis revealed that one Toxoplasma
rhomboid protease in particular most likely fulfills the
role of MPP1 (Brossier et al. 2005). Toxoplasma encodes
six rhomboid-like genes, one of which is homologous to
PARL, and thus not involved in cell surface proteolysis
(Dowse and Soldati 2005). Activity analysis of the re-
maining five revealed that four are active proteases that
share substrate specificity with Drosophila rhomboid
enzymes (Brossier et al. 2005). However, only one,
ROM5, was able to cleave full-length MIC adhesins ef-
ficiently in a heterologous cell-based assay, and cleavage
was inhibited by DCI, which is known to inhibit MPP1
and block invasion (Conseil et al. 1999; Carruthers et al.
2000). This enzyme localizes to the posterior surface of
the parasite, the expected site of MPP1 activity (Fig. 7;
Brossier et al. 2005; Dowse et al. 2005). Thus, TgROM5
is most likely the enzyme responsible for adhesin cleav-
age at the final stages of invasion, although genetic
analysis is required to verify whether ROM5 is indeed
MPP1 in Toxoplasma.

Surprisingly, the Plasmodium genome encodes eight
distinct rhomboid-like genes, but not a ROM5 homolog,
and several families of Plasmodium adhesins contain

aromatic transmembrane residues that are not condu-
cive for rhomboid cleavage. A recent analysis discovered
that at least one adhesin is shed from invading blood-
stage parasites by intramembrane cleavage, while an en-
zymatic analysis implicated two Plasmodium rhomboid
enzymes with different substrate specificities that to-
gether fulfill the role of TgROM5 (Baker et al. 2006;
O’Donnell et al. 2006). Moreover, all known families of
Plasmodium adhesins can be cleaved by either or both
Plasmodium rhomboid enzymes (Baker et al. 2006), rais-
ing the exciting possibility that rhomboid intramem-
brane cleavage may be the convergence point of several
distinct invasion pathways at all stages of the malaria
life cycle. Importantly, whether inhibiting rhomboid ac-
tivity would block parasite invasion has not yet been
explored, and to date no specific inhibitors of rhomboid
function have been reported.

Concluding perspectives: evolution of a signaling
mechanism

The presence of rhomboid proteins in all branches of life
implies that they are unusually useful factors that origi-
nated early in the evolution of life and have been con-
served. However, neither the reason for their implied
significance nor the path of their evolution are under-
stood. The key to answering these questions is rooted in
understanding not only the sequence distribution of
these genes, but more importantly, their functions
across evolution.

From an evolutionary point of view, it is intriguing to
note that the predominant function of rhomboid pro-
teins is in regulating cell-to-cell communication in
organisms as diverse as bacteria and animals. During
parasite invasion of host cells rhomboid enzymes are
cleaving type I membrane proteins with signaling and
adhesion modules present on their extracellular side to
dissolve adhesin–receptor junctions at the end of the in-
vasion program. This is, at least in superficial terms, a
similarity to their function in signaling, where cleavage
of transmembrane precursors releases active signaling

Figure 7. Parasite-encoded rhomboid enzyme func-
tions in host cell invasion. Protozoan parasites of the
phylum Apicomplexa store adhesins essential for host
cell invasion in internal microneme organelles. During
invasion, these adhesins are translocated onto the api-
cal surface, and engage cellular receptors on the outside,
while linking to the actomyosin cytoskeleton on the
inside of the parasite (dashed line). The resulting junc-
tions are motored toward the posterior end of the para-
site, pushing the parasite into the invaginating vacuole.
Colocalization of the adhesin complexes with Toxo-
plamsa ROM5 at the posterior of the parasite leads to
cleavage of MIC adhesins in their transmembrane do-
mains, resulting in junction dissolution and parasite in-
ternalization.
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molecules. Whether signaling regulators have indeed
been co-opted to fulfill this nonsignaling role, or whether
this is a coincidence, remains open to debate. It should
be noted that both Toxoplasma and Plasmodium encode
numerous rhomboid enzymes, some of which could also
be involved in parasite signaling and development.

The function of PARL/Pcp1 represents a case where a
rhomboid’s role clearly lies outside cell–cell communi-
cation. Sequence analysis indicates that PARL is more
similar to prokaryotic than to eukaryotic rhomboid pro-
teins, and could have been acquired from the invading
bacterium that became the mitochondrial endosymbi-
ont. Thus, the bacterial rhomboid protein, now encoded
in the nucleus, could also have acquired a new role in
mitochondrial membrane dynamics within a cell.

Currently there are hundreds of known rhomboid pro-
teins, but we only know their functions in a small and
biased sampling of about a dozen cases. Thus, it is not
yet possible to ascertain whether their roles are predomi-
nantly as key regulators of cell signaling, or whether
they fulfill a very broad spectrum of cellular functions.
Sequence analysis indicates that rhomboid protein evo-
lution is complex, as expected for such a widespread
family of membrane proteins. Indeed, it is also possible
that, contrary to the traditional view, rhomboid proteins
originated in bacteria and spread by horizontal gene
transfer (Koonin et al. 2003). Despite our limited knowl-
edge, it is tempting to speculate that there is something
versatile about this intramembraneous mode of regula-
tion and the enzymes that catalyze it, and learning more
about their functions could reveal insights into the evo-
lution of regulatory mechanisms.
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