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Abstract

Bacteria must constantly adapt to changing environments, and iron has served as a critical cofactor
in essential biochemical processes since life first evolved. Over the years, it has become apparent that
iron homeostasis is intricately tangled with RNA metabolism. Diverse proteins and RNAs are
sensitive to the levels and redox states of iron, and can trigger various signaling cascades in response
to iron starvation, oxidative stress, and other challenges. While it is widely known that iron-binding
proteins can serve as environmental sensors, those that also bind to RNA may have far-reaching
impacts beyond iron homeostasis. Here, the impact of iron on the metabolism of RNA in bacteria is
reviewed, ranging from single-atom cofactors for RNA folding to the widespread post-transcriptional
regulatory effects of iron-binding proteins. In this review, the term degradation is used specifically to
refer to complete breakdown of an RNA, while the terms processing and maturation refer to an RNA
being converted to a shorter, stable, functional form through endonucleolytic and/or exonucleolytic
cleavage. We use the term stability to refer to the degradation rate of an RNA. Finally, we consider
RNA metabolism an umbrella term encompassing all aspects of RNA synthesis (transcription), post-
transcriptional modifications, and processing and degradation by RNases.

Keywords: iron-sulfer clusters; Fe-S proteins; RNA metabolism; RNA degradation; RNA processing;
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1. In the Beginning: The Prehistoric Chemical Landscape Shaped the Evolution
of Biochemical Pathways

When life first originated about 4 billion years ago, approximately 9.5 billion years after the Big
Bang and 1 billion years after the formation of the Earth, we were born into an anoxic environment
where ferrous iron (Fe?*) was highly abundant [1-3]. As such, the Iron-Sulfur World hypothesis
proposes that our microbial ancestors came to life in a reduced environment that was rich in both
iron and sulfur, particularly around hydrothermal vents in the seabed [4]. While the exact
composition of Earth’s surface and atmosphere over time remains a topic of intense study, the Iron-
Sulfur World hypothesis suggests that the first simple metabolic reactions developed on the surface
of iron-sulfide minerals. Eventually, these early “energy flows” gave rise to the genetic material we
know today, beginning with RNA. The RNA World hypothesis suggests that, for about half a billion
years after life evolved, early organisms used RNA-based chemistries for all metabolic and genetic
processes [5] (Figure 1). It is unclear exactly who these early organisms were or how they functioned,
since the earliest evidence for prokaryotes is dated around 3.7 billion years ago [6-8]. It is also
unknown when or how exactly DNA emerged, either from an organism creating a “mutated” 2’-
deoxygenated ribonucleotide, or spontaneously from the primordial soup.

Approximately 2.4 billion years ago, environmental O: levels increased drastically in a
phenomenon called the Great Oxidation Event (GOE) (Figure 1) [9]. The catalysts of the GOE are
believed to be the cyanobacteria, who emerged either from freshwater environments or on land, and
became the first organisms to produce O: by way of photosynthesis [10-12]. Before the GOE, small

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1901.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 July 2025 d0i:10.20944/preprints202507.1901.v1

2 of 28

amounts of oxygen reacted readily with the strong electron donors in the environment [13,14].
However, with the proliferation of oxygenic bacteria and geological changes such as the composition
of volcanic gases, environmental oxygen sinks became saturated [15-17]. This rapid accumulation of
atmospheric oxygen, which heretofore had largely only been found in water [14,18], fundamentally
altered the landscape of the ancient Earth. Some of the elements and organic compounds that were
previously ubiquitous in the environment, namely Fe*, sulfur, hydrogen sulfide, and methane, were
depleted. The GOE thus gave rise to the substitution of magnesium, manganese, and other metals
largely replacing iron as cofactors for chemical reactions [19-26]. The increase in atmospheric Oz
caused Fe?* to become oxidized to its ferric (Fe*) form on a never-before-seen scale, a shift that
exposed early organisms to iron-mediated redox stress for which they had no defensive or adaptative
strategies, likely devastating the primeval microbial population [27]. It is believed that some of the
surviving Archaea underwent symbiogenesis with some members of the Proteobacteria (also called
Pseudomonodota) phylum, leading to the evolution of the mitochondrion and, eventually, to
multicellular life forms [28-31].
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Figure 1. Timeline approximating biological innovations and the oxidation of the Earth.

While the GOE eliminated much of the first life forms, the ghosts of the ancient Fe?*-mediated
RNA folding, catalysis, and environmental sensing are still found in the descendants of those bacteria
who survived the GOE. For example, iron has been shown to participate in folding the 23S ribosomal
RNA (rRNA) from the thermophilic deep-sea vent-dwelling bacteria, Thermus thermophilus, in
conditions that mimic the ancient Earth in vitro. Strikingly, the 23S rRNA was found to fold in the
presence of Fe? or Mn? to the same extent as in the presence of Mg?, which previously had been
thought to be the primary cofactor for rRNA folding. In fact, a lower concentration of Fe was
required to achieve the same extent of folding compared to Mg2* [32]. Since rRNA folding is a crucial
step in ribosome assembly, this suggests that iron has played a role in mediating translation since
prehistory.

Iron has also been implicated as an ancient cofactor for catalysis by ribozymes. Early ribozymes,
or RNA molecules capable of catalytic activity, were likely an important step in the evolution of
proteins, with Fe?* serving as an early RNA cofactor pre-GOE and subsequently being replaced by
Mg? during and after the GOE. The hammerhead ribozyme, which was first discovered in plant
viroids and is conserved in all kingdoms [33,34], was shown to display 3x higher rate of cleavage in
the presence of Fe?* than the presence of the same concentration of Mg?* [35]. Several other modern
RNAs were shown to be able to catalyze a single-electron transfer in a horseradish peroxidase activity
assay in the presence of Fe?*in an anoxic environment [36]. Since electron transfer is the foundation
of metabolic reactions, this suggests that many RNA catalytic activities were lost or altered upon the
onset of the GOE, as iron became oxidized and early life forms had to transition to utilize other metals.

Aside from RNA folding and ribozymes, iron mediates catalysis by a wide range of enzymes,
including some nucleic acid-processing enzymes in vitro. A DNA ligase from an acidophilic ferrous
iron-oxidizing archeaon, Ferroplasma acidiphilum, coordinates two Fe® ions at a pH optimum between
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2.0-3.0. It is neither dependent on nor stimulated by Mg?, which is required by most other known
DNA ligases [37]. While this might represent a highly specialized protein evolved in an organism
according to its specific environment, there is other evidence that Fe?* can be used by other nucleic
acid processing enzymes. One study tested the activity of the Deep Vent® (exo-) DNA polymerase
from New England Biolabs, T7 RNA polymerase, and T4 DNA ligase in the presence of Fe?* instead
of Mg?. They showed that Fe?* could replace Mg?* as a cofactor for the DNA polymerase, and that the
DNA ligase could function with Fe? instead of Mg, albeit with less efficiency [38]. The RNA
polymerase synthesized RNA from a DNA template at lower concentrations of Fe?* than was required
to complete the RNA polymerization using Mg? [38]. The fact that these enzymes, which today are
commonly thought to prefer Mg? or Mn?, can seemingly revert to an ancient activity in pre-GOE
conditions provides further evidence of a conserved biochemical function.

Biological metal-ligand complexes formed by divalent metal ions are ranked in order of the
stability of the interaction between the metal and its binding partner in water in the Irving-Williams
series: Mg? < Mn?* < Fe? < Co? < Ni* < Cu? > Zn? [39]. The physiological “free” (unbound)
concentrations of these metal ions in cells follows the reverse trend, such that the ions bound in
biological complexes most weakly (Mg?*, Mn?, and Fe?") are the most bioavailable [40]. Proteins that
selectively regulate the transport of these metals are generally able to bind a range of other metals.
Consequently, metal homeostasis in cells is thought to depend more on selective preference informed
by environmental conditions (such as bioavailable ion concentrations) to bind the cognate ion than
on binding specificities [40,41]. Interestingly, protein-Fe3* complexes in aqueous biological systems
are typically more stable than protein-Fe?* complexes, because Fe?* has a 3d¢ electron configuration,
while Fe® has a 3d° configuration. This is because the half-filled d-orbital of Fe3* is more energetically
stable than that of Fe?*; furthermore, having fewer electrons than Fe?* makes Fe* a smaller ion and
allows it to form stronger coordinate bonds due to having a greater electrostatic attraction to
negatively charged ligands [41]. This suggests the possibility that while Fe** complexes may be more
stable, the ability to adopt the Fe?* state, or to convert between Fe?* and Fe*, is beneficial for biological
processes where such reactivity drives signaling pathways.

Many of the best-characterized (and most highly conserved) iron-binding proteins are those that
function in iron storage and mobilization or in electron transport reactions. For example, cytochromes
contain complex heme groups that have a ferrous iron atom at the core in its oxygenated state and
can be found in organisms across all domains of life. They function as crucial redox-active proteins
in the electron transport chain. Ferritins, also present in nearly all organisms, are the primary iron
storage proteins that sequester iron inside of cells and release it in a controlled manner according to
the cell’s needs. As we try to better understand how evolution and the changing environment have
shaped the bacteria that exist today, extensive work has gone into the study of the regulation of iron
homeostasis, that is, the expression of transcripts coding for proteins that function in various aspects
of iron metabolism. The relationship between gene expression and iron homeostasis can be thought
of as cyclical, wherein cellular levels and redox states of iron directly influence the expression of
genes that enact important processes to respond to the current iron status [42]. In order to learn as
much as possible about the bacteria that pose health threats today, it is important to also consider the
more oblique angle of the RNA-iron relationship—the impact that iron can have on post-
transcriptional RNA modifications, processing and maturation by ribonucleases (RNases), and
degradation (Figure 2). Below is a synopsis of disseminated reports about the functions of iron in
various aspects of RNA metabolism.
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Figure 2. The various impacts of iron on bacterial RNA metabolism. Examples of each mechanism discussed
in this work are as follows: Base modifications, such as post-transcriptional methylation. Riboswitch folding,
such as czcD in some gut bacteria. rRNA folding, as seen with Thermus thermophilus 23S rRNA in vitro. IRE
binding, such as E. coli aconitase. SRNA synthesis, such as E. coli RyhB. Radical SAM enzymes, such as
methylthiotransferases. RNA degradation/processing, such as B. subtilis RicT and the Y-complex. Enhanced or

repressed translation, as a result of RNA abundance and stability.

2. Direct Roles of Iron in RNA Cleavage
A Brief Overview of the Machinery That Processes and Degrades Bacterial RNA

Degradation of RNA in bacteria is generally thought to be governed by multiprotein complexes
called RNA degradosomes, or more transiently interacting proteins in degradosome-like networks.
RNA degradation proteins function not just in the turnover of mRNA, but also in the maturation of
rRNAs, as discussed in more detail later in this section. When bacteria grow rapidly, mRNA
degradation generally occurs at high rates transcriptome-wide. In contrast, it has been shown that
when bacteria are faced with stressful conditions, global RNA degradation is generally slowed,
stabilizing the transcriptome and allowing the cells to conserve energy (reviewed in [43]).
Furthermore, transcript-specific changes in degradation rates allow for upregulation of certain genes
implicated in the response to that stressor [44,45]. Thus, the ability to regulate transcript abundance,
which is a balance between transcription and degradation, is critical to bacterial survival and
adaptation.

The general model of the degradosome includes a scaffolding endoribonuclease (typically
RNase E or RNase Y), an RNA helicase, and a 3’ to 5" exoribonuclease (typically PolyNucleotide
Phosphorylase [PNPase]) [46-52]. Auxiliary proteins, including additional RNases, helicases, and
glycolytic enzymes such as enolase, have been associated with RNA degradation as well [49,53,54].
While the leading knowledge of degradosome characterization has historically come from Escherichia
coli, species-specific diversity of RNases or other proteins have been described [55-59]. For example,
in mycobacteria, the GC-rich family of bacteria containing deadly pathogens including Mycobacterium
tuberculosis, RNase E plays a crucial role in bulk mRNA degradation, while the dual endo/5-to-3’
exonuclease RNase | has a specialized role in degradation of highly structured transcript fragments
[60-65]. In Bacillus subtilis, a degradosome-like network has been proposed instead of a fixed
multiprotein complex, due to the transitory nature of protein-protein interactions that have only been
captured after crosslinking [62,66-68]. RNase Y is the central endonuclease in Firmicutes, which
canonically encode an RNase ]J1 and RNase J2 [69-71].

RNases require metal ions for enzymatic activity, typically divalent manganese or magnesium
(Figure 3). RNase E requires either divalent magnesium or manganese for catalysis, and requires zinc
for structural stabilization [72-74]. RNase Y typically requires magnesium, but it has been suggested
that it can also use manganese or zinc [75]. There is less evidence for metal cofactors bound by RNase

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.1901.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 July 2025 d0i:10.20944/preprints202507.1901.v1

5 of 28

G, but it is believed to require magnesium or manganese [76-78], which RNase ] typically requires
for activity as well [70,79]. The single-stranded 3’ to 5" exoribonucleases RNase II and RNase R, the
latter of which can also cleave some double-stranded RNAs, typically use a two-metal mechanism
involving one monovalent and one divalent cation [80-84]. Lastly, there is evidence of PNPase using
multiple metal ions, which will be addressed in more detail in the next section.
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Figure 3. Venn Diagram of the major RNases in well-characterized bacterial phyla and their relevant metal
ions. Note that this is not an exhaustive list of all RNases, RNA-binding proteins, or RNA degradation-associated
proteins, nor the diversity of functional analogs.

Aside from bulk turnover of mRNA, RNases also process stable RNAs by cleaving and/or
trimming longer precursors RNAs into mature RNAs that perform important functions in the cell. A
major example is rRNA. In bacteria, rRNAs are encoded in a single, highly-structured polycistron
that is processed by RNases to produce the three mature rRNAs: 23S, 16S, and 5S [60,85,86].
Precursors of the mature rRNAs are produced by endoribonucleolytic cleavages in the leader, spacer,
and trailer regions, and further trimmed by exoribonucleases [60,87,88]. The enzymes thought to
participate in rRNA maturation in bacteria are PNPase, RNase E, RNase G, or RNase Y, the double-
stranded endonuclease RNase I1I, RNase J, and the 3’ to 5’ exoribonuclease RNase T [60,89-94]. RNase
III is typically most efficient with magnesium, but has also been shown to use manganese, nickel, or
cobalt, and can also bind calcium but is not functionally active [95,96]. Actinobacteria canonically do
not encode RNase T, but an enzyme with a similar structure has been identified in mycobacteria and
was named RNase AS for its strong specificity for adenylate-rich RNAs [97]. Oligoribonuclease (Orn)
degrades small fragments five nucleotides or shorter, and is broadly conserved among Proteobacteria
and Actinobacteria. While Orn is absent from the Firmicutes, a functional analog, Ytql, has been
identified in B. subtilis. Orn, as well as RNase T, require divalent cations for activity such as
magnesium or manganese [98-100].

Aside from rRNAs, tRNAs—some of which are encoded within rRNA operons or within
mRNAs—are processed by several RNases across species, including RNase D, RNase P, RNase T,
RNase Z, PNPase, and RNase PH [91,93,101-103]. The phosphorolytic RNase PH has been shower to
require magnesium for its enzymatic function, using inorganic phosphate as a substrate for
nucleophilic attack on the phosphodiester backbone [104]. The ribozyme RNase P also requires
magnesium [105,106]. The 3’ to 5" exoribonuclease RNase D, thought to be involved in processing of
tRNAs, 55 rRNA, and other small stable RNAs, has been shown to require divalent magnesium,
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manganese, or cobalt for activity [107]. The endonuclease RNase Z coordinates zinc and participates
in the 3’ maturation of tRNAs [108].

PNPase Is a Multifunctional Metal-Binding Enzyme

Among the proteins that carry out mRNA degradation and stable RNA processing, PNPase is a
unique enzyme with multiple catalytic capabilities. It has phosphorolytic 3’-to-5" exoribonucleolytic
activity, converting the 3" phosphodiesters of RNAs to nucleoside diphosphates (NDPs), and broadly
participates in RNA degradation and processing [109]. PNPase can also polymerize RNA by using
NDPs as substrates to catalyze addition of NMPs to the 3" hydroxyl termini of RNAs, releasing
inorganic phosphate [109-111]. Lastly, PNPase can function as a 3 DNA polymerase, using dADP as
a substrate [112]. PNPase requires the coordination of metal ions for catalysis, using divalent
manganese for DNA substrates [113,114] and divalent magnesium for RNA substrates [112,115,116].
This one of many examples across the tree of life of multifunctional enzymes that can perform
different reactions having vastly different downstream effects depending on the identity of the metal
cofactor. One such enzyme is acireductone dioxygenase, an enzyme first isolated from Klebsiella
pneumoniae that when bound to Fe?  catalyzes the penultimate step in the methionine salvage
pathway, but when oxidized to Fe3* is enzymatically inactive, and when bound to Mn?, Ni%*, and Co?
can catalyze off-pathway reactions that have been linked to carcinogenesis in humans [117-124].
Thus, both the identity and oxidation state of a metal cofactor can profoundly influence enzymatic
activity.

There is some evidence in the literature, albeit scant, that PNPase can use iron as a cofactor. The
PNPase isolated from Micrococcus luteus was able to polymerize DNA in vitro when incubated with
dNDPs and FeCls) [125], but not with MgCl2.Additionally, the PNPase purified from E. coli was able
to polymerize dNDPs in vitro using oligo-A as a primer in the presence of Fe¥, but not Fe?, at
concentrations less than 0.5 mM, which are low enough to occur physiologically in cells [126]. The
widespread conservation of PNPase suggests it originated early in microbial evolution and may
preserve traces of ancient activity from the Iron-Sulfur World to the post-GOE era [58,127,128].

Some Iron-Sulfur Proteins Participate in RNA Processing

A wide breadth of proteins participates in the synthesis, cleavage, and modification of RNA in
cells. One remarkable family of proteins whose roles in various RNA metabolic processes continue
to emerge are iron-sulfur (Fe-S) proteins, so named because they coordinate Fe-S clusters. FeS clusters
are highly diverse, varying widely in the number of iron and sulfur atoms that comprise the clusters,
their typical physiological oxidation state(s), and the amino acid residues of the protein that
participate in cluster coordination [129-132]. In rubredoxins, small sulfur-metabolizing proteins
found in bacteria and archaea, one iron atom is bound by four cysteine residues (1Fe-0S) (Figure 4A)
[133]. A Rieske cluster is formed when two iron atoms and two sulfurs (2Fe-2S) are coordinated by a
combination of two cysteine and two histidine residues [134]. Other rhombic 2Fe-2S clusters
coordinated by four cysteines are commonly found in ferredoxins, as well as ferrochelatases (Figure
4B) [135,136]. Ferredoxins, hydrogenases, type I biotin synthetases, and some radical SAM enzymes
possess Fe-S clusters with three iron atoms and four sulfur atoms (3Fe-4S) (Figure 4C) [137-139].
Other radical SAM enzymes, which will be discussed in more detail in a later section, as well as other
ferredoxins and aconitases, have clusters containing four iron atoms and four sulfur atoms (4Fe-4S)
(Figure 4D) [140,141]. These are typically referred to as cubane clusters. Larger, more complex Fe-S
clusters include the P-cluster found in nitrogenases of nitrogen-fixing bacteria, as well as clusters
with other moieties such as molybdenum, homocitrate, or heme groups (Figure 4E) [142-147].
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Figure 4. General schematic of common iron-sulfur clusters with examples of possible redox states and proteins
in which they are typically found. A. 1Fe-0S clusters. B. 2Fe-2S or rhombic clusters. C 3Fe-4S clusters. A charge
of 2.5+ indicates a shared electron valence shell. D 4Fe-4S or cubane clusters. A charge of 2.5+ indicates a shared

valence shell. E. An all-ferric 8Fe-7S P-cluster, which can also adopt partially oxidized or fully reduced forms.

The crux of Fe-S cluster functionality is a property that also makes them difficult to study; Fe-S
clusters are inherently highly prone to oxidation. As such, they are extremely sensitive to the levels
of not just iron and sulfur but also Oz, nitric oxide, and other redox-active molecules in their
environments. This property underlies the utility of iron as a cofactor for electron-shuttling enzymes
as well as a component of environmental sensors. Many Fe-S proteins thus regularly cycle between
different oxidation states and/or atomic stoichiometries in cells, with each having a unique function
or activity [130]. One can imagine how easily the structures and functions of such proteins can be
mischaracterized, overlooked, or otherwise confounded in the lab if great care is not taken to stabilize
them. Such sensitivity to the elemental milieu is thought to be an evolutionary adaptation that
conferred upon our ancestors the ability to detect changing conditions and readily signal for
homeostatic regulation.

While Fe-S clusters can assemble spontaneously in certain conditions, provided the optimal
concentrations of iron, sulfur, O: (or lack thereof), and polypeptides, all domains of life encode a
compendium of proteins dedicated to the biogenesis of Fe-S clusters, underscoring the complexity of
the regulation of these proteins and their downstream effects [130]. Generally speaking, Fe-S cluster
biosynthesis takes place in three steps: donation of a sulfur moiety typically mediated by a cysteine
desulfurase, assembly of a cluster on a scaffold protein, and transfer of the cluster to a target protein
[148,149]. Three distinct Fe-S biogenesis operons have been identified in bacteria: nif (named for
nitrogen fixation), suf (named for sulfur mobilization), and isc (named for iron-sulfur clusters).
Unsurprisingly, there is variation between species in which operons are encoded or used. For
example, the E. coli suf operon is only expressed upon stress, and the isc operon is typically used to
assemble the clusters under normal conditions [150,151]. However, in M. tuberculosis, the suf
machinery is the major Fe-S biogenesis pathway [151].
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Both volatile and versatile, Fe-S proteins participate in an extensive variety of cellular processes
and can trigger diverse signaling cascades [130]. Perhaps the most commonly-reported role for Fe-S
clusters is to serve as electron carriers in redox reactions, including but not limited to aerobic
respiration and photosynthesis [130]. Fe-S clusters can also serve as cofactors for enzyme catalysis;
for example, the nitrogenases in nitrogen-fixing bacteria are Fe-S cluster proteins that convert
nitrogen gas into biologically available ammonia [152]. While their roles in electron carrying and
oxidative sensing have been well-documented, over the past decade or so, more reports have been
published of Fe-S clusters participating in binding to and processing various nucleic acids across the
domains of life [153]. This was originally not expected, as iron (especially ferrous iron), can readily
generate harmful reactive oxygen species (ROS) when reacting with hydrogen peroxide, which can
cause nucleic acid damage. Nonetheless, the RNA polymerase domains of eukaryotic DNA primases
contain an iron-sulfur cluster predicted to be in the 4Fe-4S structure [154]. While conserved in
archaea, it appears that bacterial DNA primases lack this cluster. That being said, there is a growing
body of evidence that Fe-S proteins have roles in RNA metabolism in bacteria.

To the best of our knowledge, there is only one report to date of an Fe-S protein participating
directly in RNA cleavage. The aforementioned degradosome-like network of B. subtilis is comprised
of RNase Y, RNase J1, RNase ]2, PNPase, the DEAD-box helicase CshA, enolase,
phosphofructokinase, and sometimes glyceraldehyde 3-phosphate dehydrogenase A and/or smaller
scaffolding proteins [66,70,75,155-157]. Distinct from the degradosome-like network, the B. subtilis Y-
complex is a 1:1:1 heterotrimer formed by RicA (also called YmcA), RicF (also called YbIF), and RicT
(also called YaaT). RicT contains a cubane 4Fe-4S cluster, and it recently was shown that a second
4Fe-4S cluster forms in the Y-complex [158]. The Y-complex is thought to present RicT to RNase Y,
forming a RicT-RNase Y complex. Both of the Fe-S clusters are required for the formation of a stable
RicT-RNase Y complex [158,159]. While it has been shown that these two clusters are not necessary
for the Y-complex to stay together, they are essential for the maturation of the cggR-gapA operon
[159], which encodes a transcriptional repressor of genes involved in glycolysis (CggR) and
glyceraldehyde-3-phosphate dehydrogenase (GapA). RNase Y cleavage near the 3" end of the cggR
coding sequence results in that portion of the operon being degraded while the downstream gapA
coding sequence remains stable [160]. In strains lacking each component of the Y-complex, there was
a loss of shorter gapA-encoding transcript isoforms processed from longer RNA precursors via RNase
Y. The RicT-RNase Y heterodimer may thus act as the functional entity for maturation of that operon.
The Fe-S clusters may participate in coordinating the interaction between RNase Y and its target
RNA, perhaps by stabilizing a partially-unwound loop region of the transcript. At least 20 other
operons were found to have Y-complex-dependent processing, indicating that it is needed to direct
cleavage by RNase Y at a subset of sites across the transcriptome [160].

The identification of Fe-S clusters participating in RNA degradation could represent an
emerging role for Fe-S clusters that has not previously been identified in bacteria. While RNase Y and
the Ric proteins are generally conserved in Firmicutes, more work will be necessary to identify
functional analogs of the Y-complex or other Fe-S proteins involved in RNA degradation in other
species. To date, transient Fe-S clusters that form only when specific proteins are in complex have
been reported mainly in the context of Fe-S biosynthesis or repair [161]. It may be possible that the Y-
complex has an undescribed role in Fe-S biosynthesis or repair. Additionally, the three Ric proteins
were originally identified as participating in B. subtilis sporulation, competence, and biofilm
formation [162-164], underscoring the possibility that these clusters participate in diverse
biochemical processes, some of which may have yet to be discovered.

Iron-Mediated Degradation of Ribosomal RNAs

There are some reports implicating iron in the mediation of rRNA degradation in vitro. Internal
transesterification, also called in-line cleavage or strand scission, refers to a non-enzymatic, non-
oxidative RNA self-cleavage, where the 2'-hydroxyl attacks the adjacent phosphate group, and is
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typically facilitated by Mg?-. However, E. coli rIRNA was recently shown to be cleaved by redox-active
Fe? in an in-line manner, with a rate constant 200x greater than the same experiment using Mg?* [165].

Aside from in vitro work, in the budding yeast Saccharomyces cerevisiae, ribosome-bound iron
has been shown to induce rRNA in-line attacks in oxidative stress, suggesting that some rRNAs may
be primed for degradation as part of a redox-sensing stress-response mechanism [166]. Furthermore,
it was found that Mn?* competes with Fe? for rRNA-binding sites, and that protection of rRNA from
Fe?-mediated in-line cleavage by supplementation of excess Mn?* restores cell viability [167]. This
may represent physiological processes in cells. Additionally, a protective effect of Mn?* being
substituted for Fe?* has been observed in some enzymes in bacteria, with oxidative stress inducing
transcriptional changes causing Mn?* uptake and Fe? sequestration, resulting in improved cell fitness
[25,168,169]. It is possible that a similar stress response mechanism exists in bacteria to protect rRNA,
perhaps another relic from the early struggle to survive in a changing landscape.

3. Iron-Mediated RNA Modifications
A Brief Introduction to Post-Transcriptional RNA Modifications

The function and lifespan of a given RNA is determined not only by its sequence, but also by
post-transcriptional modifications. While prokaryotic RNAs lack the canonical 7-methylgyanosine 5’
cap found in eukaryotes, there is recent evidence showing that 5" chemistry may affect vulnerability
of RNA to degradation by RNases. RNAs are generally synthesized with 5" triphosphates, but these
can be converted to 5 di- or monophosphates by RNA pyrophosphohydolases. The 5
phosphorylation status, as well as other 5" end chemistries originating from the use of non-canonical
initiating nucleotides during transcription, have been implicated in regulation of transcript stability
in E. coli by triggering degradation or stabilization of subpopulations of RNAs [170,171].
Additionally, and in contrast to eukaryotes, 3' polyadenylation of bacterial transcripts typically
promotes degradation [172]. There are several polyadenylate polymerases in bacteria, including
PNPase [173]. The 3’ poly(A) extensions can recruit RNases, among them PNPase, to degrade the
RNA [174].

Aside from modifications to transcript termini, many RNAs are modified by the addition of a
chemical group or moiety to a nitrogenous base, such as methylation, hydroxylation, and acetylation.
Other modifications include deamination, isomerization, and conjugation with other amino acids or
sugars. Such modifications are an important tool for binding with protein partners and regulating
transcript abundance and occur in all kingdoms. In bacteria, these modifications occur in mRNAs,
tRNAs, and rRNAs. Certain base modifications, including methylations, thiouridylation, and
pseudouridylation, are thought to have arisen early in evolution. Indeed, about 50% of the protein
domains that are known to have some role in RNA metabolism—including base modifications,
degradation, and polyadenylation—are highly conserved and can be traced back to our last universal
common ancestor. Additionally, it has been suggested that nucleotide-modified RNAs provided a
key stepping stone in the transition from the RNA World to the present DNA-Protein World; the
earliest (RN As and tRNAs were derived from chemical edits to pre-existing RNAs, giving rise to new
RNA functions that eventually led to translation of proteins [175].

Radical SAM Enzymes Use an Fe-S Cluster to Generate a Radical Intermediate with Widespread Effects

There are myriad mechanisms by which RNA bases can be chemically modified [176,177], many
of which do not involve iron as a cofactor. That said, one of the major players responsible for the
chemical modification of various RNAs, as well as a multitude of other biochemical processes, does
characteristically contain at least one 4Fe-4S cluster. The cluster participates in cleaving S-adenosyl-
L-methionine (SAM), producing a radical intermediate, 5-deoxyadenosyl (5-dAdoe) that is involved
in the catalysis of diverse chemical reactions (Figure 5). Aptly named radical SAM enzymes, this
enzyme superfamily is a diverse group of enzymes present in all domains of life. The 5’-dAdo®
species can be used in many “difficult” chemical reactions, such as forming certain covalent carbon-
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carbon and carbon-sulfur bonds, sulfur transfers, isomerizations, ring insertions, and more [178].
Some biochemical processes that radical SAM enzymes participate in include the production of
antibiotics, metalloprotein cluster biogenesis, post-translational modifications of proteins, and lipid
metabolism, among others [179].

Radical SAM enzymes in bacteria have been reported to chemically modify various RNAs by
addition of different moieties. One subgroup of radical SAM enzymes that act post-transcriptionally
are methyltransferases, which donate methyl groups to specific bases on tRNA or rRNAs [180,181].
Interestingly, the general mechanism of methyltransferase reactions is a nucleophilic attack that does
not involve redox chemistry. Thus, it seems unlikely that the redox reactivity of the Fe-S cluster
participates directly in the catalytic activity of these enzymes, instead functioning primarily in the
formation of the 5-dAdoe® intermediate, which then serves as the catalytic center [182,183]. Similarly,
methylthiotransferases contain two 4Fe-4S clusters and at least one radical SAM catalytic domain
[184-187]. They catalyze the methylthiolation of both RNAs and proteins [177,188].
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Figure 5. Simplified mechanism of action of a radical SAM enzyme 4Fe-4S cluster participating in SAM cleavage,
generating the 5'-dAdoe radical species. The ¢ CH: radical is drawn in addition to the hydrocarbon skeleton for

emphasis. Reactions that 5’-dAdoe can catalyze are indicated by arrows.

One area where radical SAM enzyme activity is critical is the chemical modification of rRNAs.
Complete assembly of the mature ribosome requires base modifications such as methylation at
important functional sites in the ribosome, including the large subunit-small subunit interface, the
mRNA and tRNA binding sites, the peptidyl transfer center, and the nascent peptide exit channel
[189,190]. Thus, rRNA chemical modifications are critical for translational fidelity and efficiency,
having broader impacts on cell fitness, virulence, and host evasion [191]. There are several reports
implicating Fe-S proteins in bacterial rRNA chemical modifications. Rlha (also called YdcP) is a
radical SAM enzyme responsible for hydroxylating 23S rRNA at the C2501 position, producing 5-
hydroxycytidine 2501 (hoC2501) [192]. The production of ho®C2501 has been implicated in E. coli
survival during oxidative stress [193]. Two other Fe-S proteins that modify rRNA in E. coli are RumA
and RumB. RumA catalyzes transfer of a methyl group from SAM to the 23S U1939, producing a 5-
methyluridine [194,195]. By a similar mechanism, RumB methylates U747 of the 23S [196]. Upon
oxidation, the Fe-S cluster of RumA is disassembled, pointing at a possible regulatory function where
the activity of RumA is regulated based on the oxidative environment or stresses within the cell [197].
Together, these studies reveal that Fe-S proteins play critical roles in rRNA modification, linking
ribosome function to environmental adaptation.
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tRNAs are also subject to iron-mediated chemistry in cells. Modified tRNA nucleotides have
been implicated in translational fidelity [188,198-200]. Thiolated or methylthiolated tRNAs are
required for efficient translation and stress responses in bacteria [201,202]. They are essential for
proper recognition of the codons in mRNA or stabilization of tRNA structure [202]. Diverse reactions
take place to accomplish these modifications [203,204]. For example, in E. coli and Salmonella enterica
serovar typhimurium, the methylthiotransferase MiaB uses one radical SAM domain to synthesize the
5’-dAdoe radical that interacts with the RNA substrate and a second SAM domain to donate a sulfur
atom to the RNA substrate [205,206]. YqeV similarly adds methylthiolate moieties to N6-
threonylcarbamoyladenosines at position 37 of tRNAs, which are first made from adenosines by
other enzymes [186]. Another modified nucleoside, queuosine, exists in the wobble position of tRNAs
that have a 5-GUN-3" anticodon. The base is synthesized in bacteria using guanosine-5'-triphosphate
and a series of eight enzymatic reactions. The last step in this pathway is catalyzed by
epoxyqueuosine reductase, which is not a radical SAM enzyme but has been recently found to contain
two 4Fe-4S clusters coordinated by eight cysteines and require cobalamin (vitamin B12) as a cofactor
[207]. In the anaerobic hyperthermophile Thermotoga maritima, the epoxyqueuosine reductase
homolog QueH has one 4Fe-4S cluster alongside an adjacent coordinated iron ion [208]. Together,
these findings highlight the widespread use of Fe-S clusters in tRNA modification pathways across
bacteria.

The oxidation states of Fe-S clusters and/or the abundance of iron has been shown to regulate
tRNA modifications. For instance, the Fe-S protein MnmA produces 2-thiouridine (s2U) derivatives
in the anticodons (position 34) of RNALlys, tRNACH, and tRNAS™ An experiment with T. thermophilus
MnmA, which has a 4Fe-4S cluster, only produced s?U34 in tRNAlys and tRNAG" in vitro in anaerobic
conditions, suggesting that oxidation of the cluster impairs catalytic activity [209]. In S. typhimurium,
Klebsiella pneumoniae, and Pseudomonas aeruginosa, the methylthiolation of tRNAT», yielding 2-
methylthio-N6-isopentenyladenosine (ms?i®a), does not occur when the bacteria are deprived of iron
[210]. The same modification has been reported to occur in E. coli, where tRNAT", tRNAFhe, and
tRNASer are similarly affected [211]. This is not necessarily ubiquitous across bacteria, however, as
the same modification of tRNAUP in Serratia marcescens was not affected by the presence or absence of
iron [210]. Additionally, as opposed to the methyltransferases RumA and RumB, the E. coli tRNA
m3U54 methyltransferase TrmA employs a nucleophilic attack on the SAM methyl group and does
not have an Fe-S cluster itself [212]. Together, these findings illustrate that Fe-S proteins and iron
availability play central and sometimes condition-dependent roles in regulating critical rRNA and
tRNA modifications, with broad implications for bacterial translation, stress responses, and
adaptation.

4. Iron-Mediated Regulation of Transcription and mRNA Degradation
Transcript Abundance Is Regulated in Response to Changing Conditions

All organisms must regulate gene expression in order to respond to environmental stimuli and
survive, and genes involved in the sensing, storage, and metabolism of iron are essential for bacterial
survival. Many known bacterial transcription factors contain Fe-S clusters, and as such are finely-
tuned for sensing and responding to important signals including nitric oxide, oxygen, and reactive
species to mediate adaptive responses [215]. For example, in E. coli, the transcription factor SoxR has
two 2Fe-2S clusters and is activated by nitric oxide or other superoxides, responding to oxidative
stress by activating genes implicated in the superoxide response [215-217]. When the clusters are
reduced, such as under anaerobic conditions, its activity is lost; it can be reactivated by oxidation.
Cluster oxidation results from a change in the redox balance of electron chain intermediates that
maintain SoxR in its inactive reduced form [216]. In Actinobacteria, the WhiB-like family of
transcription factors contain characteristic 4Fe-4S clusters [218]. Of these, M. tuberculosis WhiB3,
which responds to changes in environmental gases and fluctuation of reducing cofactors such as
NADH and NADPH, is one example of an Fe-S protein exhibiting different functions depending on
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the chemical composition of the cluster. Oxidized apo-WhiB3 binds DNA strongly, while reduced
apo-WhiB3 does not bind DNA at all, and holo-WhiB3 with either (4Fe-4S)'* or (4Fe-4S)?* binds DNA
weakly [219,220].

RNases have been shown to play roles in regulation of transcripts that respond to iron levels in
the cell. In E. coli, PNPase forms a complex with the global small RNA (sRNA) chaperone Hfq, which
has been well-characterized in Gram-negative bacteria but is absent from others. The PNPase-Hfq
complex stabilizes some sRNAs that in turn impact mRNA levels [221]. Deletion of the pnp gene
resulted in faster degradation of several sSRNAs, including RyhB and CyaR, which are involved in
regulation of iron-storage proteins and response to nutrient sensing, respectively [222]. Furthermore,
in Staphylococcus aureus, the gene encoding ferritin is regulated by RNase III and PNPase acting at the
3’ UTR to degrade the ftnA transcript [223]. Deletion of the ftnA 3" UTR therefore allowed ferritin to
be expressed more highly. Notably, S. aureus expressing ftnA with its 3’ UTR deleted had a growth
defect in iron-starved conditions. This may suggest that high levels of ferritin in iron-starved
conditions result in excess iron sequestration, at a cost to the essential functions that require iron as a
cofactor [223]. Thus, while more experimental work is needed to clarify any iron-binding capacities,
the regulation of iron-sensing genes by PNPase points at its broader role in transcript stabilization
and iron metabolism.

Aconitase and Iron-Response Elements

Aconitases are ancient, ubiquitous Fe-S enzymes [224,225]. Eukaryotes have one aconitase
isozyme in the mitochondria (m-Acn) that was probably evolved from bacterial aconitase, and a
second is in the cytosol (c-Acn) [226]. Aconitase catalyzes the reversible isomerization of citrate to
isocitrate via a cis-aconitate intermediate in the citric acid cycle, and also plays a regulatory role by
binding RNA. This bifunctionality is regulated by the assembly and disassembly of its Fe-S cluster,
making the two functions mutually exclusive [224,227,228]. In eukaryotes, only c-Acn, also called iron
regulatory protein 1 (IRP1) exhibits this bifunctionality. The RNA binding of aconitase occurs via the
iron-response or iron-regulatory element (IRE). The IRE is a regulatory motif present in the
untranslated regions of mRNAs involved in various aspects of iron homeostasis. The IRE is typically
an ~30-nt long stem loop region that is bound by iron-response element-binding proteins (IRE-BP,
also called IRBP or IRP). Canonical IREs are extensively characterized in eukaryotes [229]. Apo-IRP1
undergoes structural rearrangements upon Fe-S cluster disassembly that allow it to recognize and
bind to IREs that regulate the abundance and/or translation of the mRNAs for such genes as ferritins
and transferritin receptors. The impact of Apo-IRP1 binding to IREs depends on the location of the
IRE. If the IRE is located in the 5" UTR, binding of IRP1 will inhibit translation; if the IRE is located in
the 3" UTR, binding of IRP1 will increase transcript stability and result in enhanced translation [230-
234].

Evidence for the function and structures of prokaryotic aconitases is more recent than that of the
eukaryotic homologs. The bifunctionality of aconitase has been shown in several species, including
Streptomyces [235], E. coli [236], and mycobacteria [237]. Generally, aconitase with a 4Fe-4S cluster is
enzymatically active, transporting electrons during the conversion of citrate to isocitrate. However,
in the enzymatically inactive form that does not have the 4Fe-4S cluster, aconitase can act as an IRE-
BP and modulate transcript stability or translation similar to the eukaryotic aconitase [140,238,239].
IRE-like sequences found in some bacteria are considered a departure from the traditional eukaryotic
IRE model, as the loop sequence or position can vary [230]. In M. tuberculosis, IREs are also present in
the UTRs of the aconitase (Acn) transcript as well as that of succinate dehydrogenase, another citric
acid cycle enzyme, possibly suggesting that that iron-binding proteins may contribute to regulation
of energy metabolism in response to iron [240]. Under iron-depleted conditions, M. tuberculosis Acn
was reported to bind to IRE-like sequences present at the 3' UTR of the thioredoxin (trxC) transcript
and the 5" UTR of the iron-dependent regulator ideR transcript [238]. However, inspection of the IRE
locations together with data on transcription start site (TSS) locations reveals that they may not be
co-transcribed with the reported genes [241] (Figure 6) . The IRE reported to be in the ideR 5" UTR is
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upstream of the TSS closest to ideR, and may instead be in the 3" UTR of sigB (Figure 6). The IRE
reported to be in the 3" UTR of trxC is located far downstream in the coding sequence of the following
gene, cwlR, which has its own TSS (Figure 6). Many open questions therefore remain regarding the
regulation of gene expression by Acn in M. tuberculosis. Additionally, it is not known if the form of
Acn that binds RNA is fully Apo-Acn or a form with an altered Fe-S cluster. For example, an 3Fe-45
intermediate may form due to loss of the fourth labile iron in some organisms [242-245].

The two aconitases encoded by E. coli are AcnA and AcnB. Apo-AcnA enhances translation of
superoxide dismutase (SodA), which converts superoxide into oxygen and hydrogen peroxide,
protecting the cell from harmful ROS [246]. Apo-AcnA also binds and stabilizes its own transcript,
enhancing AcnA translation [247]. E. coli AcnB, which is highly unstable and readily loses the fourth
labile iron in its cluster, is thought to sense and respond to low levels of iron in the environment [248].
Apo-AcnB binds mRNA and represses translation of the sodA transcript. [246]. Curiously,
mycobacterial Acn has higher sequence identity to E. coli AcnA than AcnB. Since the E. coli AcnA is
induced during oxidative stress and stationary phase [236], and M. tuberculosis Acn is downregulated
under nutrient starvation conditions and upregulated in iron toxicity [249,250], it is possible that the
bacterial aconitase regulates additional transcripts with roles in energy metabolism aside from those
involved in iron-associated regulation.

A.

‘ mmm)  Converts citrate to isocitrate in the citric acid cycle

Figure 6. Examples of M. tuberculosis iron-dependent Aconitase (Acn) functionality. A. With an intact 4Fe-4S
cluster, Acn participates in the citric acid cycle. Upon iron depletion, Acn binds (B) an IRE that was reported to
be in the 5" UTR of the ideR transcript but may in fact be in the 3" UTR of the sigB transcript, and (C) an IRE that
was reported to be in the 3" UTR of the trxC transcript but is in fact in the cwIR coding sequence and may be

encoded on a separate transcript. In both cases, the impacts on stability and translation are unknown.

Aconitases in other bacteria have been implicated in the regulation of genes that are important
for other cellular functions. The B. subtilis aconitase, CitB, binds the 3" UTR of gerE, a transcriptional
activator and repressor involved in sporulation [251], and this activity appears to be important for
sporulation [252]. Similar to Acn in M. tuberculosis, while CitB has aconitase activity in the presence
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of iron, its RNA binding capacity is abolished by iron [252]. There is also evidence of regulatory
activity for the aconitase of Xanthomonas campestris [253]. The aconitase of H. pylori, AcnB, regulates
abundance of cell wall-modifying enzyme peptidoglycan deacetylase, PgdA. Apo-AcnB binds to the
3'-untranslated region of the pgdA transcript, an activity that is abolished upon the addition of iron,
enhancing its stability and increasing abundance of the pgdA RNA [254]. Lastly, the aconitase of
Caulobacter crescentus has been shown to bind the C-terminal domain of RNase E, suggesting some
participation in RNA degradation [50].

Iron-Regulated sSRNAs

sRNAs are important post-transcriptional regulators that affect a variety of cellular functions.
Iron-regulated sRNAs have been reported to mediate the degradation or translation of diverse
transcripts related to iron homeostasis as well as other aspects of bacterial physiology including
responses to acid and oxidative stress, amino acid biosynthesis, carbon storage, virulence factors, and
photosynthesis [255]. In E. coli, Fe-S biogenesis is itself mediated by sRNAs. Suf Fe-S cluster
biosynthesis machinery is regulated by the iron-sensing protein Fur. Under iron-rich conditions, Fur-
Fe? represses transcription of the suf operon. Fur-Fe? also represses transcription of the sSRNA RyhB
[256]. When iron becomes limited, repression by Fur is lifted, leading to rapid synthesis of RyhB.
RyhB, with the help of the sSRNA chaperone protein Hfq, represses transcripts encoding non-essential
iron-binding proteins by promoting their degradation by RNase E [257,258]. RyhB also promotes
siderophore production through both direct and indirect mechanisms (reviewed in [259]). RyhB also
targets the isc operon, leading to the degradation of the 3" end of the mRNA, inhibiting translation of
most ISC proteins but allowing translation of IscR, which activates the suf operon [260]. This shift
prioritizes Suf-dependent Fe-S cluster assembly when iron is scarce. A similar process has been
observed for two sRNAs, PrrF1 and PrrF2 in P. aeruginosa [261], and for IsrR in S. aureus [262], which
represses translation of MiaB under iron-deficient conditions. In mycobacteria, the sSRNA MrslI is
induced in iron-deprived conditions and targets the mRNA for bacterioferritin A [263-266].

Iron-Regulated Riboswitches

Riboswitches are short, non-coding regions of RNA that form secondary structures and undergo
conformational changes in response to ligand binding. These ligands can include metal ions.
Riboswitches are typically located in the 5° UTR of an mRNA, and their changes in secondary
structure can in some cases regulate whether that transcript is degraded or translated into protein, or
in other cases regulate whether transcription is terminated within the 5 UTR or continued through
the coding sequence. Metal-responsive riboswitches have been recently proposed to regulate storage
and transport of those metals that bind relatively weakly in biological complexes [41]. To date, the
only known class of bacterial iron-binding riboswitches, found in numerous human gut microbiota
and pathogenic bacteria, is the czcD riboswitch. Also called NiCo, this riboswitch was originally
believed to respond to specifically nickel and cobalt [267]. The genes regulated by the czcD riboswitch
in various bacteria include a magnesium importer, a likely Fe>* exporter, and some cation diffusion
facilitators thought to function in export of divalent metal ions including Fe?* [268]. Over the course
of studying czcD, first using an fluorescent aptamer [268] and then isothermal titration calorimetry
[269], it was confirmed that czcD of Listeria monocytogenes, Erysipelotrichaceae bacterium, and
Clostridium cellulolyticum responds preferentially to iron, which likely was overlooked because the
initial work had been performed in aerobic conditions. A report of another alleged iron-responsive
riboswitch in the sexually-transmitted pathogen Haemophilus ducreyi was later retracted [270].

Some riboswitches are influenced indirectly by Fe-S proteins [41]. For example, since radical
SAM enzymes influence the availability of SAM, this can in turn influence SAM riboswitches. Some
Gram-positive bacteria encode SAM riboswitches in a number of genes that code for methionine or
cysteine synthesis [271-273]. I B. subtilis, the Y-complex, which contains two Fe-S clusters, has been
shown to have a global effect on the abundance of riboswitch-containing transcripts [160].
Additionally, while RNase Y by itself does not contain an Fe-S cluster, it has been implicated in
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turnover of SAM riboswitches by cleaving upstream of the SAM-binding domain, producing
fragments that are further cleaved by PNPase, RNase R, and RNase J1 [274]. These findings may
suggest that Fe-S proteins have a broader role in regulating riboswitches, either directly or indirectly.

5. From Past to Future

It is well-documented that iron is one of the most important metals for biological processes, and
has been since life first evolved. With respect to RNA metabolism, it is apparent that some iron-
binding proteins may have roles regulating specific transcripts or participating in RNA degradation
or processing, and ongoing work continues to elucidate these roles (Figure 2). The major challenge
to studying iron-binding proteins, especially those containing Fe-S clusters, is the fact that iron is
readily oxidized, often necessitating experiments to be performed in anaerobic conditions. Another
challenge will be parsing through existing literature that may have drawn inaccurate conclusions due
to such constraints.

From packaging the earliest nucleic acids to serving as a cofactor for the SARS-CoV-2 RNA
polymerase [275], iron, sulfur, and sometimes oxygen have been critical to RNA chemistry for billions
of years. It is no wonder why Fe-S clusters may have played a crucial role in the evolution of
important biomolecules and metabolic reactions, as they have the remarkable capacity to integrate
with peptides and serve as a center of catalytic activity as well as a structural element [153]. While
Fe-S proteins have diverse functions not limited to the metabolism of RNA, the fact that most of these
proteins seem to participate in essential functions may suggest that any Fe-S proteins performing
auxiliary functions were selected against as the world became less accommodating to these fragile
structures.
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