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Abstract

A-to-1 RNA editing can recode mRNAs, giving organisms the option to express diverse,
functionally distinct protein isoforms. Here, we propose that RNA editing is inherently geared for
temperature adaptation because it tends to recode to smaller, less stabilizing amino acids. Studies
on how editing affects protein function support this idea.

The central dogma to biology states that information is stored in genes and realized in
proteins. Before being translated, it passes through RNA, a transient molecule that is
relatively easy to manipulate. By altering RNA, an organism can regulate the information
that it conveys. Organisms edit RNA by a variety of mechanisms, most notably by splicing.
In recent years, nucleotide deamination by a variety of mechanisms has been shown to be
important as well. In animals, the most common form of editing involves the hydrolytic
deamination of adenosines to inosines, a process catalyzed by the ADAR (Adenosine
Deaminase Acting on RNA) family of enzymes. Because inosines are read as guanosine by
the ribosome (2), editing can result in amino acid recoding. This process is probably
ubiquitous in true metazoans, since they all express ADAR homologs (28). By rewriting
genetic information, organisms create novel protein isoforms that, in many cases, have
modified functions. Furthermore, editing is seldom complete: both edited and unedited
isoforms are expressed, often in different proportions depending on the tissue. Editing, then,
gives an organism options. If we assume that it can be controlled, then the use of these
options provides a plausible mechanism for responding to a variable environment. In this
review, we highlight why A-to-1 RNA editing is intrinsically well positioned to act as a
mechanism for cold temperature adaptation or acclimation. We discuss evidence that it is in
fact a plastic process, a prerequisite for its use in this capacity. Finally, we also highlight the
evidence, both direct and indirect, that it is being used to respond to the cold.
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RNA Editing Tends to Recode for Smaller Amino Acids

In 2002, our laboratory (52) proposed that A-to-1 editing is well suited for cold adaptation
because of the program of the universal genetic code. For those codons that contain an A,
converting it to a G almost always recodes to a smaller side chain, in theory a result that
should enhance protein entropy to compensate for the cold. With the aid of high-throughput
sequencing technology, over the past decade an abundance of new editing sites has been
discovered in RNAs from humans and Drosgphila. With this data in hand, we can now more
thoroughly address our original idea. Solely based on the genetic code, which amino acid
conversions do we expect editing to make most frequently and then, based on datasets of
real editing sites, which conversions are actually observed? It should be pointed out that
cephalopods and Drosophila inhabit a broad range of thermal environments that can change
on a rapid time scale. At great metabolic cost, humans, as all mammals, maintain a constant
body temperature. Drosophila and cephalopods use editing to recode amino acids
extensively (11, 18, 22, 35, 49, 52). Humans do not (34).

Our first question is whether the frequencies of those codons targeted and created by editing
are what we would expect based purely on codon frequencies. According to the genetic
code, there is a certain subset of codons that can be targeted by adenosine deamination and
likewise a subset that can be created. The potential targets, of course, are those codons that
contain an A. We tabulated the usage frequency of these codons in humans, Drosophila, and
cephalopods to compensate for any biases toward or against codons with adenosines. If we
assume that RNA editing randomly targets As within a codon, we expect lysine codons to be
edited ~20% of the time and the remainder, which encode 12 possible amino acids, between
1 and 14% of the time (FIGURE 1). Among known editing sites in cephalopods and
Drosophila, lysine is the most frequent target of editing, as expected. However, certain other
amino acids were edited at frequencies significantly different than what we would expect for
a random selection. In cephalopods, for example, isoleucine and serine were targeted
approximately three times more frequently than expected, whereas glutamate codons were
never edited, despite the fact that they would be predicted to be with a frequency of 13%. On
the other hand, in Drosophila, glutamate codons were edited twice as frequently as expected,
as were serine and aspartate codons. Arginine and asparagine codons were edited far less
frequently than expected. These cases were the exceptions, however. The majority of codons
were edited as expected by chance. The data for humans also suggest that the frequencies of
edited codons followed the pattern predicted by random targeting of adenosines; however,
the data set was too small [38 sites (34)] to make confident statistical comparisons and
accordingly is not shown. A more recent study has confirmed that RNA editing is
responsible for only ~40 amino acid recoding events (50). We should point out that, while
searching for editing sites in cephalopods, experiments focused on ion channels and
transporters. The codon usage patterns for these transmembrane proteins may be slightly
different from those of the general pool of proteins.

The other side of the coin is which codons do we expect to be produced? Based solely on
codon frequencies, over half of the amino acids produced by editing should be glycine and
arginine, and this was in fact observed (FIGURE 1). Almost 50% of the amino acids created
by Drosophila are glycine, a frequency even higher than expected. Cephalopods and humans
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produced about as many glycines as expected. Cephalopods, however, produced more
valines, and slightly more methionines, than predicted, a result stemming from the fact that
they were editing proportionally more isoleucine codons. In summary, A-to-1 RNA editing
appears intrinsically suited to create glycines and arginines. However, cephalopods tend to
use it to create valine from isoleucine, and this cannot be explained purely by codon
frequency. The same can be said for the targeting of glutamates and serines in Drosophila.
Globally, editing tends to eliminate lysines, isoleucines, and glutamates (and to a lesser
extent serines and aspartates) and to enrich glycines, arginines, and valines. Do these
changes make sense for cold-temperature adaptation?

Amino Acid Usage and Temperature Adaptation

According to a well established hypothesis for cold adaptation, organisms lower the cold
sensitivity of their enzymes by decreasing the enthalpy of the rate-limiting step of catalysis.
This can be achieved by increasing flexibility in the vicinity of the active site (57). If we
assume that it is beneficial to destabilize enzyme structure in response to the cold, then the
changes made by editing make sense. Glycine, arginine, and valine are the residues most
often created by editing, and they normally have a destabilizing effect on proteins. Lysing,
isoleucine, and glutamate are selected for conversion most frequently, and they normally
have a stabilizing influence. Glycine, with its small side chain, is thought to lend greater
flexibility or conformational entropy to hinge and helix regions of proteins (15, 29, 41).
Lysine, like arginine, has a large basic side chain; however, it provides for greater entropic
stabilization than arginine (3), and the creation of arginine by editing is usually by the
conversion of lysines. The isoleucine to valine conversion so common in cephalopods likely
has a destabilizing effect within hydrophobic regions. The loss of the methyl group would
tend to disrupt packing by producing a small cavity and reducing hydrophabicity (63). The
large acidic side chain of glutamate is often involved in salt bridges that stabilize proteins
(23, 58, 61). Of course, edited residues only represent a tiny fraction of the total. However,
if they lie at key positions, then their destabilizing effects could have disproportionately
large influences on function.

Moving beyond the general predicted effects, many studies have focused on the specific
DNA-level amino acid changes that various organisms do in fact use for temperature
adaptation. These studies provide a useful reference when we speculate on whether the
amino acid changes caused by RNA editing fit into the same pattern. There are numerous
examples showing that thermal adaptation involves specific changes to enzyme stability (5,
15, 19, 25, 56). In general, cold-adapted enzymes have evolved greater flexibility,
presumably to counteract the conformational rigidity induced by the cold. Warm adapted
enzymes, on the other hand, have evolved stabilizing features, like well packed hydrophobic
cores (10) and surface salt bridges (23, 58, 61) to counteract the melting effects of heat and
to pre-organize the enzyme toward the transition state (5). Interestingly, when critical
residues have been identified, they are often the same amino acids as those most targeted by
editing. For psychrophiles, the relatively small body of data suggests that glycine is an
important amino acid for providing added flexibility to cold-adapted enzymes. Dong and
Somero (15) found that a serine to glycine mutation in a malate dehydrogenase from a cold-
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adapted limpet provides greater flexibility and higher activity. Glycines are also generally
overrepresented in the proteomes of psychrophilic prokaryotes (40).

The majority of studies on temperature adaptation have focused on thermophilic organisms.
In these organisms, glycine is underrepresented. In fact, heat-tolerant enzymes produced by
directed evolution have lost multiple glycines (8, 46). Furthermore, a multi-gene comparison
between a thermophilic deep-sea vent worm and a mesophilic relative revealed that glycines
were lost in the thermophile (26). The same study showed a preference for lysines in the
thermopbhile, a bias previously noted in thermophilic microorganisms (3, 17, 62). Residues
with long charged side chains, particularly lysines and glutamates, allow for stabilizing salt
bridges on the surface and intersubunit interfaces of warm-adapted enzymes (23, 58, 61).
These amino acids become more frequent when going from mesophilic to thermophilic to
hyper-thermophilic bacteria (17). A third striking observation from the vent worm study was
the high frequency of isoleucine to valine substitutions when going from the “hot” worm to
its “cooler” cousin (26), and a preference for isoleucine over valine has been noted in
thermopbhilic prokaryotes (7, 61). Although the structural underpinnings of temperature
adaptation are complex, some general strategies and key amino acid players emerge.
Glycines decrease stability and are favored in the cold, as are valines over isoleucines. The
charged side chains of lysine and glutamate make them advantageous in warm conditions.
Since RNA editing disproportionately eliminates lysines, isoleucines, and glutamates and
creates glycines and valines, it would appear well suited for cold adaptation.

For a relatively small group of editing sites, the effects of amino acid recoding on protein
function have been assessed. A general trend among these studies is that editing sites
destabilize key conformations and interactions (Table 1). For example, in the human
voltage-gated potassium channel K,1.1, an isoleucine to valine edit in the channel’s pore
dramatically speeds the rate at which the channel recovers from the inactivated state (4).
Normally, the inactivation particle binds inside the pore through a hydrophobic interactions
(42). Editing partially disrupts this interaction, leading to a faster disassociation of the
occluding inactivation particle (4, 21). Potassium channels are also targeted in cephalopods.
In squid K,1.1, there are multiple editing sites in the tetramerization domain, a region that
drives the oligomerization of the individual a-subunits into tetramers. One edit that involves
an arginine to glycine conversion (R87G) on the interdomain interface strongly disrupts this
interaction (52).

There are additional examples from proteins other than K, 1 channels where editing
destabilizes a specific interaction or state. In the squid Na*/K* pump, an isoleucine to valine
change (1877V) increases the turnover rate at negative voltages by destabilizing the deeply
occluded, three Na ions bound state (11). For the human 5-HT ¢ serotonin receptor, a
classic G-protein coupled receptor, there are five closely spaced editing sites in sequence
that encode the intracellular loop that couples the receptor with its G protein (9). The fully
edited form reduces the stability of the interaction between the receptor and G protein (45).
In vertebrate GABA, receptors, one of the primary mediators of inhibition in the brain, an
isoleucine to methionine editing event in the a3-subunit decreases activity, presumably by
decreasing the stability of the open, ion conducting state (44, 53). Editing in the mouse
voltage-gated calcium channel Cay/1.3 also appears to destabilize a specific binding
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interaction between the channel and calmodulin (24). As expected for a large-scale
generalization of functional effects, based solely on the identity of amino acid substitutions,
there are exceptions to the rule of destabilization. However, the majority of sites appear to
conform. Accordingly, we hypothesize that editing provides a means for targeted
destabilization of active states. These studies show that editing can change the properties of
target proteins, suggesting that there would be functional roles for edited isoforms.
However, there is relatively little direct evidence to show that edited mRNAs are actually
translated. In their recent paper, Huang et al. (22) use mass spectrometry to show that edited
protein isoforms of Ca,1.3 channels are indeed found in mouse brain, along with the
unedited isoform, and that these edited isoforms are expressed on the surface and can change
physiology. This supports the hypothesis that cells do translate and make use of edited
isoforms.

For humans and many other endothermic vertebrates, body temperature does not vary. They
maintain their core temperature between 35 and 40°C, depending on the species, which puts
them 10-15°C above the “average” ectothermic vertebrate and on the warm end of the
mesophilic spectrum. Consistent with the overall trend observed for mesophiles,
thermophiles, and hyperthermophiles, mammals and birds exhibit amino acid usage
frequencies that are more like thermophiles than those found in their ectothermic relatives,
reptiles, amphibians, and fish (60). If RNA editing is used for thermal plasticity, particularly
in response to the cold, then endotherms would have inherited a tool for which they had little
use. It may be telling, then, that although there are many editing sites in humans, they are
rarely used to change codons, most being in repetitive elements, untranslated regions, and
introns (1, 6, 30, 34, 50). Drosophila or cephalopods, bonafide ectotherms, use it extensively
to change codons. For humans, even in the absence of fluctuating temperatures,
destabilization by editing may have proven useful in specific circumstances. As more data is
made available, it will be interesting to see whether ectothermic vertebrates use editing more
extensively than their endothermic relatives.

Regulating RNA Editing: A Mechanism for Temperature Dependence?

If RNA editing is indeed used to respond to cold temperatures, what mechanism might
underlie this response? The distinct spatial and temporal patterns of editing make it clear
that it is a closely regulated process, although the details of its regulation are still emerging.
Thus far there are two major components of the RNA editing process that are known to
modulate the final output: ADAR, the editing enzyme, and the RNA substrates that it
recognizes. Temperature sensitivity would probably involve both components. If the process
is used as a slow, adaptive mechanism, then new editing sites could arise from the evolution
of either element. For example, if a particular site were cold adaptive, then there would be
selective pressure to edit it at higher levels in organisms inhabiting colder environments.
Higher editing could be achieved by evolving a new version of ADAR with greater catalytic
activity or one that better recognizes the specific site. Lo/igo, which edits extensively,
evolved a unique splice variant of ADAR, which adds an extra RNA binding domain that
allows it to edit more sites at higher levels (47). Other cold-adapted organisms might use a
similar strategy. An alternative would be to evolve more editable RNA structures. Normally
ADAR requires complex tertiary structures within an mRNA to properly recognize and edit
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a target adenosine (12, 33, 37). It has been shown that these structures do indeed evolve to
produce new editing sites. For example, Robert Reenan tracked the evolution of specific
RNA structures that drive editing of the synaptotagmin mRNA across the order diptera (51).
Clearly, this is an important mechanism for evolving editing sites in general.

An intriguing possibility is that RNA editing can respond rapidly to acute temperature
changes, thus acting as a system for acclimation. For this to occur, the regulatory
components that modulate the response of editing would also need to change rapidly. There
is a growing body of work showing that ADAR’s activity can be regulated on a short time
scale through alternative splicing, cellular compartmentalization, and posttranslational
modifications (13, 14, 39, 48, 54). It is conceivable, then, that changing ADAR’s activity by
these mechanisms could allow editing to respond to diurnal, meteorological, or seasonal
cooling. How then is ADAR activity regulated?

Available evidence from several species suggests that the expression level of ADAR is not
the primary mechanism for regulating its activity. In mice, overall ADAR expression,
measured at both the mRNA and protein levels, is stable over development. In contrast, the
degree of editing at most sites increases with development (59). In Drosophila, ADAR
expression is high in embryos and pupae, low in larva, and intermediate in adults (22, 48).
Editing levels at most sites, on the other hand, generally increase over development (22).
ADAR, however, can be modified in other ways to change its activity. In flies, mammals,
and squid, alternative splicing produces multiple ADAR isoforms, many of which enhance,
reduce, or abolish activity (20, 27, 31, 47, 48). For Drosophila, there are two ADAR splice
variants, the 3/4 form being more active than the 3a form (27). Unlike with 3a, 3/4
expression turns on late, starting with pupae and is greatest in adults, when editing levels are
at their highest (48). This suggests that alternative splicing of ADAR plays a role in
regulating editing. In addition, ADAR can recode its own message in Drosophilaand Loligo
(47, 48). In the case of Drosophila, a single edit in the enzyme’s catalytic domain produces a
novel form that edits at lower efficiencies than the genomically encoded protein (27). In
Loligo, there are multiple editing sites; however, their effects on function have not yet been
described. Autoediting, then, provides another means of regulation. Thus a possible
mechanism for temperature-sensitive editing would involve temperature-sensitive regulation
of splicing or autoediting. In Drosophila, we would hypothesize that cold might favor the
production of the unedited or the 3/4 splice variants.

Other mechanisms of regulation affect ADAR posttranslationally. First, its localization
within the cell is important since most of A-to-I editing is thought to occur co-
transcriptionally within the nucleus (32). Accordingly, ADAR needs to be imported into the
nucleoplasm and maintained at sufficient levels to edit its substrates. Both ADAR2 and
ADARL have nuclear import signals; ADAR1 also has a nuclear export signal, so it is able
to move between the nucleus and cytoplasm (14, 16). Within the nucleus, ADARs
concentrate in the nucleolus (14, 54). Chemically inducing the release of ADAR from the
nucleolus increases editing, and transcription of ADAR target mMRNAS appears to stimulate
the migration of ADAR from the nucleolus to the nucleoplasm (14, 54). Second, covalent
modifications to ADAR change its activity. ADAR1, for example, can be sumoylated,
wherein the small ubiquitin-like modifier molecule, SUMO, is covalently attached to a
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lysine. This modification suppresses editing activity (13). Marcucci et al. described a two-
part regulatory system targeting ADAR2 (39). They found that the enzyme Pinl (peptidyl-
prolyl isomerase NIMA interacting protein 1), which isomerizes the peptide bond of prolines
between the c/sand #rans configurations, acts on ADARZ2, enhancing its activity, stability,
and nuclear localization. On the other hand, they found that ADAR?2 is also a target for
WWP2 (WW domain-containing protein 2) ubiquitin ligase, which promotes its degradation.
So sumoylation, WWP2 ubiquitination, and Pinl isomerization give an organism options for
ADAR regulation.

Cold acclimation through RNA editing could also work through rapid structural
rearrangements in the target mMRNAs if the key secondary structures that promote editing are
themselves temperature sensitive. For a cold-adaptive editing site, the necessary secondary
structure would be stabilized at lower temperatures allowing ADAR to edit it more
efficiently. Thus the RNA itself would both sense temperature and then respond in a way
that modulates editing. The concept of an RNA “thermometer” has been described before in
bacteria, where the mechanism controls translation efficiency. In various bacteria, heat
shock protein mRNAs have specialized hairpin structures in their 5" untranslated regions. At
low temperatures, these hairpins obstruct the Shine-Delgarno sequence, blocking assembly
of the ribosomal complex and inhibiting translation. At higher temperatures, the structure
destabilizes and translation proceeds. A similar mechanism, albeit less well studied,
regulates translation of some cold shock proteins in bacteria (43). In addition, alternative
splicing can drive temperature acclimation. In Drosophila melanogaster, the period gene,
which is part of the circadian clock, has a weak splice site. At cold temperatures, splicing is
enhanced, and the optimal splice variant is more abundant, speeding the clock so that the
flies are more active in the middle of the day. When it is warmer, fewer optimally spliced
mRNAs are made, shifting the clock so that there is a longer “siesta” during midday and
more evening activity (36, 38). Since RNA editing is coupled to splicing in some cases (32),
it may be possible for temperature-dependent splicing to make editing temperature
dependent as well.

Evidence for Temperature-Dependent RNA Editing

Thus far, we have argued that editing would be expected to make proteins more cold
tolerant. In addition, we show that it could, in principle, be used to respond to temperature
simply because it can be regulated. The first direct evidence that RNA editing does serve in
this capacity comes from a recent study from our laboratory on octopuses (18). Octopuses
inhabit a wide range of thermal environments from shallow tropical reefs to deep polar
waters. We compared K, 1.1 channels isolated from two species that inhabit these
temperature extremes. Pareledone sp. were collected near McMurdo Station in Antarctica,
where water temperatures are below 0°C. Octopus vulgaris were collected from a shallow
reef on the north coast of Puerto Rico, where temperatures are ~30°C. The sequences of the
two genes were nearly identical, as were the electrophysiological properties and temperature
sensitivities of the channels they encoded. However, a comparison of the channels” mRNAs
revealed multiple editing sites, some of which were differentially edited between the two
species. The level of editing at one site in particular (1321V) was much higher in the
Antarctic octopus than in the tropical octopus. This isoleucine to valine change was found to
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destabilize the channel’s open state, effectively speeding up closing kinetics, a highly
temperature-sensitive process. This made sense. Potassium channels must close before the
membrane potential can return to rest, allowing the axon to initiate the next action potential.
We expected that by speeding up the closing rate the 1321V edit would help the Antarctic
octopus maintain rapid firing rates in the cold. If this were true, then other cold-water
species might make the same change. We went on to collect six more species and found that
the editing levels at 1321V correlated closely with the water temperatures where the
octopuses were collected. 1321V was highly edited in arctic and Antarctic species,
moderately edited in temperate species, and minimally edited in tropical species. Thus RNA
editing appears to play a role in cold adaptation.

Our findings on octopuses raise many questions. Is this phenomena unique to octopus
channels or is temperature-sensitive RNA editing widespread? Were the editing differences
among the species generated by long-term adaptation, or can editing respond to acute
temperature changes, allowing for acclimation? A recent publication has begun to provide
answers. Savva et al. (55) found that self-editing levels in the Drosophila ADAR mRNA
differed when flies were held at 15, 25, or 35°C for 3 days, with the highest level observed
at 15°C and the lowest at 35°C. This demonstrates that temperature-dependent editing does
occur outside of cephalopods, and, in Drosophila at least, it can allow for rapid acclimation
on the time scale of days. We expect that many new examples of temperature-dependent
RNA editing will be forthcoming. How these events tune excitability will lead to exciting
new avenues of investigation. It will also be very interesting to see whether other
environmental factors can influence this process as well.
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All codons that could be edited to produce a different amino acid were identified. The

relative frequencies of these codons in gene coding regions were then determined with the

codon usage tables available at http://www.kazusa.or.jp (compiled using sequence data from
GenBank, NCBI). Predicted editing percentages were calculated assuming that any
adenosine within a codon would be randomly targeted for editing. Observed editing
frequencies for Drosophila were based on the 611 sites identified in the developmental

transcriptome project (22). For Cephalopods, a list of 79 sites was compiled using published

data for Lol/igo and octopus (11, 18, 35, 49, 52) and also unpublished data from the
Rosenthal laboratory. To determine whether the differences between predicted and observed
editing frequencies were significant, we calculated the expected standard deviation for

sample sizes of 611 and 79. If the observed difference was >2 SD (95% confidence interval)
from the expected value, we considered the deviation significant. *Confidence interval of

>95%. **Confidence interval of =99.7%.
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Table 1

RNA editing destabilizes target conformations and interactions

Target protein Editing Event Phenotype Reference(s)
Human K, 1.1 1400V Destabilized fast inactivated state 4,21
Squid K, 1.1 R87G Destabilized tetramerization 52
Octopus K, 1.1 1321V Destabilized open state 18
Shab (K, 2.1) 1681V Destabilized open state ™ 53a
Squid Na*/K* ATPase al 1877V Destabilization of Na*-bound state 11
Vertebrate 5-HT,cR 1156V+N158S/G+1160V  Reduced agonist affinity 45
Vertebrate GABA, receptor  1289M Destabilized open state-reduced GABA affinity ™ 44,53
Vertebrate Ca, 1.3 11608M-+Q1609R Destabilized Ca?* inactivated state ™ 24

*
For these examples, precise mechanisms for changes in activity are not available.
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