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Abstract

When thinking of the mitochondrial intermembrane space we envisage a small compartment that is bordered by the mitochondrial outer and
inner membranes. Despite this somewhat simplified perception the intermembrane space has remained a central focus in mitochondrial biology.
This compartment accommodates many proteinaceous factors that play critical roles in mitochondrial and cellular metabolism, including the
regulation of programmed cell death and energy conversion. The mechanism by which intermembrane space proteins are transported into the
organelle and folded remained largely unknown until recently. In pursuit of the answer to this question a novel machinery, the Mitochondrial
Intermembrane Space Assembly machinery, exploiting a unique regulated thiol—disulfide exchange mechanism has been revealed. This exciting
discovery has not only put in place novel concepts for the biogenesis of intermembrane space precursors but also raises important implications on
the mechanisms involved in the generation and transfer of disulfide bonds.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In basic terms a disulfide bond within a protein represents
a covalent linkage between the sulfur atoms of two cysteine
residues. This linkage plays a fundamental role in protein
biochemistry through the regulation of protein structure and
function. The formation of disulfide bonds is favored in the
presence of an oxidative environment and thus disulfide bond
containing proteins are predominately found in extra-cytoplas-
mic compartments. Within these compartments the introduction
of disulfide bonds is required for the proper folding, enhanced
stability or for activity of the protein. Systems developed to
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shuttle disulfide bonds are present in the periplasm of Gram-
negative bacteria and the endoplasmic reticulum (ER) of eukary-
otic cells (Fig. 1). Surprisingly, the mitochondrial intermem-
brane space has recently been revealed as a further eukaryotic
compartment that accommodates thiol—disulfide exchange
reactions.

Regardless of the compartment in which it is undertaken,
reduction and oxidation of disulfide bonds is mediated by a
variety of thiol-redox enzymes, which permit fast and reversible
thiol—disulfide exchange (Fig. 1) [1-3]. As a general principle,
disulfide bonds are not formed spontaneously in living cells but
are rather created by specialized enzymes in order to be donated
to another set of thiols within the same or a different polypeptide
chain. As a consequence of this the formation of mixed disulfide
species or reaction intermediates is a distinctive feature of
systems incorporating disulfide bonds. We will first briefly
summarize the principles of oxidative protein folding estab-
lished for bacterial and ER proteins as a basis to discuss the
components and mechanisms of the mitochondrial machinery.
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Fig. 1. Pathways for disulfide bond formation. The acquisition of disulfide bonds within proteins is mediated by dedicated oxidoreductase systems and a chain reaction
of events permitting the transfer of oxidizing equivalents. In prokaryotic cells disulfide bond formation is catalyzed in the oxidative environment of the periplasm.
Here, the catalyst DsbA donates its disulfide bonds to target periplasmic proteins and as a consequence is released in a reduced form. To start a new oxidation cycle
DsbA must be subsequently reoxidized and its partner protein DsbB accomplishes this reoxidation step. In eukaryotic cells catalysts necessary to promote disulfide
bond formation are found within the ER and mitochondrial intermembrane space. Oxidizing equivalents flow from Erol or Erv2 to PDI to secretory proteins in the ER,
or from Ervl to Mia40 to intermembrane space proteins in the mitochondria. The direction of disulfide bond transfer and electron flow is shown.

The disulfide bond (Dsb) machinery of prokaryotes has been
extensively studied in Escherichia coli (Fig. 1). The regulation
of disulfide bonds in the bacterial periplasm by the Dsb
family of oxidoreductases occurs through two distinct electron
transfer pathways: the oxidation and the isomerization pathways
[2,4—6]. The oxidation pathway encompasses the donation of
disulfide bonds from the catalyst DsbA, which possesses a
thioredoxin-like domain, to the newly translocated protein
(Fig. 1) [2,7,8]. As a consequence of this transfer event two
cysteines in the active site of DsbA acquire a reduced state and
must be restored to an oxidized state [2]. The cytoplasmic
membrane protein DsbB, which uses the oxidizing power of the
electron transport system, executes this oxidation step [1,8]. The
pathway catalyzed by DsbA is rapid and can therefore pose
problems for proteins with multiple thiols resulting in the for-
mation of non-native bonds. However, in E. coli the isomerase
or DsbC—DsbD pathway catalyses the shuffling of incorrectly
arranged disulfide bonds [2,4—6]. A combined effort between
the periplasmic disulfide bond isomerase, DsbC and a mem-
brane bound enzyme, DsbD, that is responsible for maintaining
DsbC in a reduced state, permits the rescue and proper matu-
ration of such proteins.

In addition to protein modification and quality control the
ER accommodates successful protein folding through the
acquisition of disulfide bonds for many eukaryotic proteins.
There are a number of oxidoreductases with thioredoxin-like
domains in the ER, but the most prominent and most well
characterized of this group is protein disulfide isomerase (PDI)
(Fig. 1). PDI is an essential enzyme that has the ability to

catalyze both the oxidation of free thiols and the isomerization
of existing disulfides [9—11]. Oxidation reactions involve the
transfer of an active site disulfide from PDI to substrate pro-
teins, while isomerization requires that the active site cysteines
of PDI be in a reduced state. The redox state of PDI in vivo is
determined by its interaction with Erol, an essential ER
membrane-associated protein that generates disulfides in a
flavin-dependent reaction that consumes molecular oxygen
[3,12,13]. Erol does not transfer oxidizing equivalents to
substrate proteins but rather specifically oxidizes PDI, which in
turn passes the oxidizing equivalent to folding substrates. Erv2,
a small FAD-binding protein was shown to participate in a
bypass pathway for disulfide bond formation within the ER
[14]. A combination of genetic and biochemical techniques
revealed that Erv2 could consume molecular oxygen as a source
of oxidizing equivalents for PDI, independently of Erol. Erv2
belongs to the family of Ervlp/ALR proteins that are found in
both higher and lower eukaryotes. Members of this family are
present in different cellular compartments including mitochon-
dria [15—17]. Furthermore, a complete pathway for disulfide
bond formation and transfer encoded by the vaccinia virus has
been shown to oxidize structural virion protein in the eukaryotic
cytoplasm during the life cycle of poxviruses [18]. The diverse
distribution of these proteins had raised the possibility that the
formation of disulfide bonds and the mechanisms governing
this process may not be restricted to the environment provided
by the ER in eukaryotes.

Mitochondria had not been presumed to harbor processes
involved in the formation and exchange of disulfide bonds.
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The regulated transfer of disulfides within the mitochondrial
intermembrane space was indeed an unexpected finding given
that it was believed that the intermembrane space was
continuous with the reducing environment of the cytosol via
outer membrane porins. Mia40 together with Ervl, a sulfhydryl
oxidase homologous to the above mentioned Erv2 from the
ER, form a novel MIA (Mitochondrial Intermembrane Space
Assembly) pathway. This pathway plays a pivotal role in post-
translational events of intermembrane space-directed proteins
from their translocation across the mitochondrial outer mem-
brane through to their subsequent folding and maturation (Fig. 1)
[19-22].

2. MIA machinery in the intermembrane space
of mitochondria

Many mitochondrial intermembrane space proteins are small
(<20 kDa) and contain conserved cysteine residues that are
involved in binding of cofactors, metals and the formation of
disulfide bonds [19,23]. Typical examples of proteins that have
served as model substrates in analyzing protein biogenesis in
the mitochondrial intermembrane space include the family of
small Tim proteins, which act as chaperone complexes within
the intermembrane space for the transport of hydrophobic
precursors [21,23,24]. There is now ample data that demon-
strates that essential cysteine residues of the mature small Tim
proteins are engaged in intramolecular disulfide bonds [25-27].
In spite of these observations it remained a mystery for many
years where and how the acquisition of disulfide bonds in
mitochondrial proteins was taking place. The discovery of the
MIA pathway has given a novel perspective on how the
biogenesis of essential small Tim proteins and other compo-
nents of the intermembrane space is accomplished.

2.1. Components of the MIA machinery

Upon availability of the yeast mitochondrial protecome a
subset of previously uncharacterized and essential mitochondrial
proteins were revealed [28]. Amongst these was the product
encoded by the YKL 195w open reading frame, now referred to as
Mia40, which was shown to be located within the mitochondrial
intermembrane space [29]. Mia40 is ubiquitously expressed in
fungi, plants and animals and contains 6 essential cysteine
residues, four of which are arranged in two Cys—Xo—Cys motifs
[29-32]. Although conserved through evolution, differences
between higher and lower eukaryotes exist with respect to the
size of Mia40 and its membrane anchoring [29—32]. Depletion
of Mia40 or disruption of its function through mutation
specifically inhibited the accumulation of small cysteine rich
intermembrane space members, while other protein import
pathways into mitochondria remained unaffected [29,30,32].
Mia40 was shown to directly interact with newly imported
intermembrane space proteins, and this interaction involves the
formation of transient intermolecular disulfide bonds (Fig. 2)
[29,33].

The identification of Mia40 represented a breakthrough in
understanding the biogenesis pathway undertaken by intermem-

brane space precursors. The formation of transient mixed
disulfides between Mia40 and the translocating protein raised
the view that Mia40 was behaving as an oxidizing component
that donated disulfides to incoming precursors. Given that
disulfide bond formation is a process dependent on a dedicated
oxidoreductase system the search for additional players involved
in the intermembrane space pathway commenced. This work
revealed the FAD-dependent sulthydryl oxidase Ervl as an
additional contributor to the disulfide exchange pathway within
the intermembrane space in cooperation with Mia40 [21,22].
Lisowsky [34] disclosed Ervl as a factor that was essential for
respiration and indispensable for vegetative growth and Ervl
was later shown to function as a FAD-linked sulfhydryl oxidase
in the intermembrane space [35], however, its physiological
substrates were unknown. Ervl was also implicated in the
biogenesis of the iron—sulfur clusters [36]. Recent efforts have
revealed that Ervl transiently interacts with Mia40 via disulfide
bonds and moreover is also required for precursors to produc-
tively reach their final destination in the intermembrane space
(Fig. 2) [33,37,38].

2.2. Transfer of disulfide bonds driven by the MIA machinery

The detection of transient disulfide conjugates between
Mia40 and substrates, as well as between Mia40 and Erv1 raised
a possibility that the MIA machinery resembles other systems
that serve in the transfer of disulfide bonds. Analogous to the
more well-characterized systems detailed above (DsbB—DsbA;
PDI-Erol1/Erv2), Ervl would represent a primary redox centre
involved in disulfide bond formation similar to its homolog Erv2
and the functionally related Erol from the ER or DsbB from the
bacterial periplasm. Mia40 would then function in the transfer of
oxidizing equivalents from the primary oxidoreductase to
substrate proteins initiating their oxidative folding (Figs. 1 and 2).

Although not yet demonstrated, it is conceivable to suggest
that intermembrane space proteins such as small Tim proteins
acquire their disulfide bonds while bound to Mia40 and this
permits their release in an oxidized state. This turn of events
would result in the release of Mia40 in a reduced state. In support
of such a scenario only the oxidized form of Mia40 is capable of
forming disulfide intermediates with incoming precursors and
Ervl maintains the oxidative state of Mia40 [33,38]. Accord-
ingly, post precursor release it is believed that Mia40 is re-
oxidized by Ervl favoring successive rounds of interaction with
newly incoming precursors via mixed disulfide intermediates
(Fig. 2) [33]. However, the function of Ervl may not be limited
to the oxidation of Mia40 but, in the case of small Tim substrates,
Ervl1 appears also to be required in subsequent steps involving
their maturation into oligomeric complexes [38]. The reality of
such an additional function was realized through the analysis of a
conditional ervI mutant where intermembrane space substrates
were arrested at the Mia40-bound stage and blocked in sub-
sequent assembly [38]. The capacity for Mia40—substrate conju-
gates to form in this mutant infers that Mia40 is in an oxidized
state and that the assembly defects observed are due to an addi-
tional and post-Mia function of Ervl. It remains open as to how
the interplay between Mia40 and Erv1 is achieved and regulated.
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Fig. 2. Disulfide bond formation in the intermembrane space — The MIA pathway. The reactions that mediate redox-regulated protein import into the mitochondrial
intermembrane space commence with an association of incoming precursors with the receptor Mia40 via a transient disulfide intermediate. The donation of disulfides
by Mia40 to substrates permits their folding and retention within the intermembrane space and results in the release of Mia40 in a reduced form. The sulfhydryl oxidase
Ervl maintains Mia40 in an oxidized state and thus competent for subsequent rounds of precursor import through the donation of electrons to cytochrome c. Electron
flow from cytochrome c is coupled to respiratory chain complexes within the inner membrane to ultimately reduce molecular oxygen to water.

Another interesting problem is what serves as a final electron
acceptor for Ervl in the intermembrane space. Biochemical
studies with purified components by Farrell and Thorpe [39] have
demonstrated that cytochrome c¢ is an efficient electron acceptor
for Ervl (Fig. 2). It seems plausible to pass electrons to respi-
ratory chain complexes via cytochrome ¢ to ultimately reduce
molecular oxygen to water. Indeed, genetic studies support such a
scenario [37]. However, it should be noted that cytochrome ¢
could not be the sole electron acceptor for Ervl, since both cyto-
chrome ¢ and cytochrome ¢ oxidase are dispensable for life under
fermentative conditions, whereas the MIA machinery and the
biogenesis of intermembrane space proteins are strictly essential.

3. Protein import into mitochondria

The MIA pathway couples thiol-disulfide exchange to
protein translocation into the mitochondrial intermembrane
space. To emphasize the novel features of this import pathway
we will first describe the principles of protein translocation into
mitochondria.

Protein sorting and translocation across biological mem-
branes is characterized by a number of common features.
Receptor-like proteins that are capable of recognizing targeting
elements within precursor proteins serve as a first point of
contact. Precursor proteins pass the membrane via water-filled

channels formed by membrane-embedded protein complexes.
Increasing binding affinities towards consecutive components
and/ or force generated by nucleotide hydrolysis drives such
translocation events. These general considerations hold true for
protein import into mitochondria [40].

The prokaryotic ancestry of mitochondria has rendered the
organelle one of the more structurally complex organelles within
the eukaryotic cell defined by the presence of four sub-compart-
ments, the mitochondrial outer and inner membranes that serve
as barriers for the two aqueous compartments, the mitochondrial
intermembrane space and matrix. Given that the majority of
mitochondrial proteins are nuclear encoded the task of precursor
import and sorting into one of the mitochondrial sub-compart-
ments is essential for maintaining organelle function and ulti-
mately cellular survival. These complex structural features of the
organelle have led to the evolution of alternative import path-
ways and mechanisms for the successful delivery and integration
of different precursors into mitochondria (Fig. 3) [21,41-46].

3.1. Protein import across and into mitochondrial membranes

The Translocase of the Outer mitochondrial Membrane
(TOM complex) represents the first point of contact for nuclear
encoded precursors with the organelle, providing not only a
recognition site but also an entry gate through which precursors
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Fig. 3. Biogenesis of mitochondrial proteins. The greater part of mitochondrial precursors are synthesized on cytosolic ribosomes and are subsequently imported into the
organelle in a post-translational manner. Common to all precursors is their delivery to the translocase of the outer membrane (TOM complex), which serves as a recognition
point and entry gate through which precursors can enter the organelle. Following translocation across the outer membrane import pathways diverge depending on
individual or multiple targeting elements contained within precursors. Precursors possessing an N-terminal presequence are sorted to the presequence translocase of the
inner membrane (TIM23 complex) in a membrane potential (As)-dependent manner. Complete translocation of precursors into the mitochondrial matrix is an ATP-driven
process and upon entry into the matrix proteolytic removal of the presequence permits folding of matrix residents into their functional state. Hydrophobic inner membrane
proteins (carriers) possessing non-cleavable targeting elements are delivered to and inserted into the inner membrane by the Ays-driven carrier translocase (TIM22
complex). Small cysteine rich intermembrane space precursors are translocated through the TOM complex and their import is facilitated by the intermembrane space
specific and redox regulated import machinery, consisting of Mia40 and Erv1. Precursors of outer membrane (3-barrel proteins are translocated through the TOM complex
into the intermembrane space and directed to the sorting and assembly machinery (SAM complex) for their integration into the outer membrane.

can traverse the outer membrane (Fig. 3) [41-46]. After trans-
location through the TOM complex there is a specific segrega-
tion of precursor import pathways, and successive involvement
of further machineries permitting precursor translocation across
or integration into the mitochondrial membranes. The “classical”
import pathway into mitochondria is defined by the presence of
an N-terminal positively-charged extension termed a prese-
quence, which is typically found in precursors destined for the
mitochondrial matrix or inner membrane. Such precursors are
directed to the presequence Translocase of the Inner Membrane
(TIM23 complex) for their subsequent translocation across the
inner mitochondrial membrane upon which proteolytic removal
of the presequence by the matrix processing peptidase results in
release of the mature protein [21,42,47,48]. Some proteins of the
inner membrane and intermembrane space are also synthesized
with N-terminal presequences. These proteins contain a hydro-

phobic sorting signal behind the positively charged signal and
are arrested in the inner membrane. In case of intermembrane
space proteins, a second proteolytic cleavage leads to release of
the mature protein into the intermembrane space [21,47,48].
All other classes of mitochondrial precursors do not
possess any cleavable signal including proteins localized to
the outer membrane and the majority of intermembrane space
and inner membrane proteins. Precursors of P-barrel outer
membrane proteins, utilize the TOM complex for their
translocation into mitochondria, upon which they require the
further action of the Sorting and Assembly Machinery (SAM
complex) of the outer membrane for their successful
integration and assembly into functional complexes [45,49].
Polytopic inner membrane proteins employ an alternative
translocase of the inner membrane, the TIM22 or Carrier
Translocase [21,42,45,47]. Upon translocation through the
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TOM complex these largely hydrophobic precursors are guided
through the intermembrane space by chaperone complexes of
the small Tim proteins, permitting their delivery to the TIM22
translocon for insertion into the inner membrane [23].

Integration into and import across the mitochondrial inner
membrane relies on the membrane potential across the inner
membrane both for cleavable and non-cleavable precursor
proteins. Complete translocation of cleavable preproteins into
the mitochondrial matrix requires an additional driving force
gained through ATP hydrolysis by the mitochondrial chaperone,
Hsp70 (Fig. 3) [41-45,50].

3.2. Exchange of disulfide bonds as a basis for protein import
into the mitochondrial intermembrane space

Like essentially all mitochondrial proteins intermembrane
space residents are also nuclear encoded and are synthesized as
mature sized proteins within the cytosol. Initial studies indicated
that protein import into the intermembrane space requires the
TOM complex for translocation across the outer membrane.
However, these studies revealed no dependence on an inner
membrane potential, ATP or translocation machinery within the
inner membrane [51,52]. Referring to the general principles of
protein translocation, a striking feature of the intermembrane
space pathway was the absence of any known component that
would serve as a specific receptor and thus stimulate trans-
location across the outer membrane. Additionally, cysteine
residues within precursors seemed to play an essential role in
the accumulation of the proteins in the intermembrane space
[26,52]. These observations led to the proposals of the “folding
trap” model favoring the passive diffusion of proteins through
the TOM complex and the retention of precursors via their rapid
and spontaneous folding involving cysteine residues and thus
inability to slide back through the TOM complex [24,52].
However, this model lacked the potential existence of a specific
import machinery for intermembrane space proteins. The iden-
tification of the MIA pathway has put into perspective this
biogenesis pathway and it can now be defined as a chain reac-
tion of events that permits translocation and oxidative folding of
precursors resulting in their retention within the intermembrane
space.

A major question surrounding this topic of study was if the
intermembrane space system encompasses general redundancy
permitting random cysteine-rich substrates to interact with
Mia40. Detailed in vivo and in vitro analysis revealed that
Mia40 is able to specifically recognize its native substrates
among a number of other cysteine rich-proteins including those
located in other cellular compartments [53]. Moreover, in the
case of the model substrates from the small Tim protein family,
Mia40 is able to distinguish between single cysteine residues
within precursors in a site-specific manner [53,54]. Thus, Mia40
functions as a receptor-like protein dictating the entry of precur-
sors into the intermembrane space-specific biogenesis pathway.
In this respect Mia4(0 possesses some unique features as a
receptor as it is capable of tightly coupling the processes of
precursor recognition and translocation to the transfer of disulfide
bonds [53]. To the best of our knowledge such a mechanism for

the translocation of proteins across biological membranes has
not been reported so far in any other system, including those of
the ER and bacterial periplasm. Enzymes transferring disulfide
bonds may begin their mode of action as soon as cysteine
residues of substrates emerge from the protein translocating
channels. However, in contrast to the MIA machinery, neither
their activity nor cysteine residues affect ongoing translocation
of precursor proteins in the lumen of the ER or periplasm.

Assigning a specificity and selectivity function to the MIA
machinery is a step forward in the understanding of mechanisms
that govern biogenesis of intermembrane space proteins.
However, the full complement of determinants within the MIA
machinery leading to productive import and protein biogenesis
in the intermembrane space remains to be determined. A further
candidate that likely participates in this pathway is Hot13, which
has been identified by its interaction with intermembrane space
precursors. It is not yet clear at which stage Hot13 participates in
intermembrane space precursor biogenesis, but the available
data favour the scenario that Hotl3 is involved in late steps of
assembly or recycling of small Tim complexes [55].

4. Substrates and substrate specificity of the MIA pathway

The initial characterization of Mia40 and Ervl employed a
subset of substrate proteins including the before mentioned
members of the small Tim family, the copper chaperone Cox17
and the related protein Cox19 [29]. These substrates differ in
their characteristic cysteine motif with the small Tim proteins
belonging to the Cys—X;—Cys family, while Cox17 and Cox19
belong to the Cys—Xo—Cys family [20,23,29,33]. Recently, the
number of substrates exploiting the MIA pathway was
increased, with a further three members belonging to the
Cys—Xo—Cys family, Mdm35, Micl7 and Micl4, shown to
have a dependence on functional Mia40 and Ervl for import
into mitochondria [56]. Additionally, Ervl itself was also shown
to import into the intermembrane space in a MIA-dependent
manner [56,57]. These findings not only increased the number
of Cys—Xo—Clys substrates exploiting the MIA pathway but also
increased the substrate size limit of the MIA pathway. The two
largest proteins that had been previously shown to require MIA
were Tim13 (11 kDa) and Cox19 (11 kDa) and this additional
analysis revealed that precursors up to 22 kDa, such as Ervl,
could also exploit this pathway [56,57]. Furthermore, the import
of Ervl in a MIA-dependent manner reveals the capacity of this
pathway to import precursors with alternative signature motifs
than those belonging to the Cys—X;—Cys and Cys—Xo—Cys
families.

The role of individual cysteine residues in diverse MIA
substrates remains an open question. Do intermembrane space
proteins require an isomerization or reduction activity for their
biogenesis? These and many more questions will undoubtedly
be the source for future investigation.

5. Concluding remarks and future perspectives

Although some parallels may be drawn between the inter-
membrane space oxidative folding pathway to that of the
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bacterial periplasm or ER systems, based on several observa-
tions the mitochondrial intermembrane space likely utilizes
unique mechanisms for the generation of disulfide bonds.
Firstly, the formation of mixed disulfide intermediates within
the intermembrane space is tightly coupled to precursor
translocation across the outer membrane. This represents a
novel concept where thiol—disulfide exchange reactions dictate
vectorial translocation events, which has not been shown for
any other system. Secondly, Mia40 does not share any obvious
homology to DsbA or PDI that are its functional equivalents
within the periplasm and ER, respectively. Furthermore, Mia40
does not possess any detectable thioredoxin-like motif that is a
characteristic feature for PDI and DsbA, and thus its true mode
of action remains unknown. Mixed disulfide intermediates
between PDI or DsbA with substrates are difficult to detect,
likely due to the short-lived nature of these intermediates.
However, the mitochondrial system permits the efficient
detection of Mia40-bound substrate conjugates. Could this
simply be due the different features of the Mia40 protein or
alternatively could the coupling of intermediate formation to
translocation enhance their stability, lifetime and ultimately
detection? Third, the function of Ervl in mitochondria appears
to include a higher level of complexity than its functional
equivalents Erv2 and Erol from the ER due to its dual role in the
biogenesis of small Tim precursors. At which stage of the MIA
pathway does Ervl come into action? How is its more active
role in the import of small Tim proteins facilitated? Are there
alternative substrates for which Ervl behaves as a direct donor
of oxidizing equivalents?

The novel features defined above for the MIA system are
not disheartening by any means as they strongly imply unique
mechanisms governing oxidative folding within the mitochon-
drial intermembrane space. The identification of additional
players and the capacity to reconstitute the mitochondrial system
in vitro will provide a powerful means to address the true
mechanisms that permit the acquisition of disulfide bonds in a
range of mitochondrial intermembrane space precursors. In the
short time since its discovery this field has made significant
strides and as further discoveries are brought to light many
parallels to more established systems, or conversely unique
features and mechanisms may be realized.
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