in the tentacles and peduncle, respec-
tively, and by position likely represent
the CB circuit (likely innervated by
Ec2 and Ec4 sensory neurons in tenta-
cles and hypostome). The ec3 gan-
glion cell clusters uniquely span the
basal disk ectoderm and therefore
likely represent the RP1 cluster active
in the basal disk. Finally, they have
proposed that the endodermal en1
ganglion cell neurons make up the
RP2 circuit, likely innervated by en2
sensory cells [2].

Figure 1D shows the distinct transcrip-
tion factor signatures of neuronal cell
types. Some important lessons can be
learned. First, all neurons (and related
gland cells) specifically express tran-
scription factors of the class A basic
helix-loop-helix  family  (E12/E47,
AscA, Delilah, Ptf1b, and Neurogenin),
supporting  the  ancestral  and
conserved role of this family in
neuronal specification. Second, neuron
types representing the three subnet-
works CB, RP1, and RP2, also differ
by transcription factor signature, ex-
pressing Zic (ec1,2, and 4), GATA
(ec3), otp (en2 and 3), or Lmx (en1),
(red, violet, and gray in Figure 1D).
Three of these factors have also been
identified to specifically demarcate
neuronal subgroups in sea anemone
[5], opening up the exciting possibility
that some subnetworks already existed
in cnidarian ancestors. More compara-
tive work in these and other cnidarian
species will be needed to trace the
evolution of nerve nets in molecular
and cellular detail across the cnidarian

phylum.
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Based on DNA
Conformation
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Flipons are sequences capable of form-
ing either right- or left-handed DNA un-
der physiological conditions, forming a

class of dissipative structures that trade
metabolic energy for information by
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cycling DNA between different chro-
matin states. Flipons enhance the di-
versity of transcriptomes, increasing
entropy while enabling the evolution
of features both new and unexpected.

The Unexpected Answer to a
Question Nobody Was Asking

DNA comes in many different forms
[1]. The Watson and Crick B-DNA
conformer is a right-handed helix, while,
in Z-DNA, the bases are flipped over,
causing the phosphate backbone to zag
left [2] (Figure 1A). Z-DNA was an acci-
dental discovery found in the first-ever
synthetic DNA crystal. Z-DNA forms
dynamically under physiological condi-
tions when certain enzymes untwist
right-handed DNA while working to
make RNA. The in vivo relevance of
Z-DNA was an unresolved question until
recently [3]. One early clue to its function
was the nonrandom distribution, within
the human genome, of sequences
capable of adopting either right- or left-
handed DNA conformations, referred to
here as ‘flipons’. Flipons are enriched in
the promoters and 5 untranslated re-
gions of genes [4] and are associated
with active histone marks [5]. By setting
chromatin state, they provide instructions
for compiling genetic information into
RNA, a process dependent upon the con-
sumption of free energy. As such, flipons
are a class of dissipative structures,
nonequilibrium states initially described
by Prigogine [6] that, in the case of nucleic
acids, convert the thermodynamic en-
tropy of DNA structures (AE) into the in-
formation entropy of transcripts (Al) (Fig-
ure 1). Here, | describe how flipons work,
how they are encoded, and how they
accelerate evolution through the dissipa-
tive structures they form.

Experimental Approaches to the
Z-DNA Question

One approach to understanding the
biological role of Z-DNA has been to
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Figure 1. Flipons Integrate Many Environmental Inputs.

(A) Alternative DNA conformations. Negative DNA supercoiling (NSC) and nucleotide modifications (NM) create conditions where the alternative right-
and left-handed flipon conformers are energetically accessible (the bistable region). NSC relaxation is slower than generation, releasing free energy for
epigenetically modifying the chromatin state. The thermodynamic (E) and Shannon information (I, base e) entropies quantify possible microstates (k =
the Boltzmann constant, 4 = change). The cycle (upper left) is intransitive, maximizing entropy by making all outcomes possible. RNA polymerase (Pol)
disrupts B-DNA ('B’), Topoisomerase (Top) disrupts Z-DNA ('Z’), ‘B’ deactivates Top, and 'Z’ pauses Pol (blunt-ended arrows indicate inhibition).
[Protein Data Bank (PDB): 40OCB ('Z’) and 355D (‘B’)]. (B) Adenosine deaminase RNA-specific (ADAR) model. (i) Za. bound to Z-DNA. The abrupt transition
at the ‘B-Z' junction everts a base pair. (ii) Za engages Z-RNA while the deaminase operates on the double-stranded (ds)RNA strand colored green.
[PDB: 5ZU1 (Za) and 5ED2 (ADARB1 deaminase domain)]. (C) Conformation and chromatin states: Z-RNA (green) and dsRNA (purple) formation is
affected by chromatin state, involving a single RNA strand with base-pairing either between close-by or distant sequences, or two different RNAs,
coding or noncoding. RNA backbones are in black. (D) Nucleotide modifications. Adducts (boxed in red) to bases favor Z-DNA formation, including
5-methylcytosine (5mC), 5-formylcytosine (5fC), 5-carboxylcytosine (5¢C), 8-oxo-, 8-nitro-, and 7-methyl-guanine. Deoxyribose adducts such as 2’-O-
methylated ribosides (2’0OmR), adopt the C3’-endo conformation needed to kink the Z-DNA backbone [11]. 5-hydroxymethylcytosine, an intermediate
between 5mC and 5fC, does not stabilize Z-formation, making this adduct a key regulator of flipon conformation [12].

isolate proteins that bind specifically to
the left-handed Z-DNA conformation,
and then study their function. This
work led to the discovery of the Za
domain family [2], which binds tightly
to both Z-DNA and Z-RNA. X-ray
studies revealed that the binding was
specific for the Z-conformation without
any sequence preference. The co-crys-
tals of Za. with Z-DNA and with Z-RNA al-
lowed identification of key protein resi-
dues essential to these interactions [7].

The Zo. domain is present in an editing
enzyme called adenosine deaminase
RNA specific (ADAR). ADAR edits dou-
ble-stranded RNAs (dsRNA) that usually
form when an RNA transcript base-pairs
with itself [8].
adenosine to inosine, which is then

The enzyme changes

read out as guanosine, altering both
the information content of the RNA
and its downstream processing, allow-
ing the production of many different
RNAs from a single gene. Early studies
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suggested that ADAR was involved in
antiviral interferon responses [8]. How-
ever, most edited dsRNAs in a cell orig-
inate from repetitive, noncoding in-
verted (IRE)
palindromic copies of Alu elements

repeats formed by
that arose early during the evolution
of the human genome through a pro-
cess of copy and paste. IREs fold back
on themselves to form dsRNA editing
(dRES).
contain sequences capable of forming

substrates They frequently



Feature Codon
Encoding Linear sequence
Type

Sequence complexity

Advantages

Size

Readout

Epigenetic

Evolution

Machinery

Thermodynamics

Limitations

Static, codes words, encodes
message

High

Precise, tunes protein
properties

Four bases (adenine,
thymine, cytosine,
guanosine)

Depends on base
composition (different
combinations)

Expand size [e.g., 5-methyl-
cytidine (5-mC), 5-
hydroxymethylcytosine (5-
hO)]

Base mutation and DNA
editing sequence deletion/
duplication (replication,
repair, recombination)

Sequence-specific
(transcription factors, etc.)

Equilibrium

Multiple sequence motifs in
large genomes impact
targeting accuracy

Flipon
3D Structure

Dynamic, instructive,
compiles different messages
by altering editing splicing
and the engagement of
other regulators (e.g.,
miRNA)

Low

Flexible, adjusts chromatin
state

Multiple conformations and
chromatin states (B-DNA,
Z-DNA, Z-RNA, DNA:RNA
hybrids, etc.)

Depends on local
chromosomal energetics
(transcription, competing
conformations, base
modifications, oxidative
stress and/or mutagens)

Alter energetics of state
transitions (5mC, 5fC, 5cC,
8-oxo, 8-nitro, 7-methyl
purines, 2’OmR) (Figure 1D)

Base variations altering flip
energetics; flipon insertion in
new locations (transposon,
recombination, repair)

Conformation-specific
(ADAR, ZBP1,
topoisomerases, etc.)

Non-Equilibrium

Genomic instability
associated with replication,
transposition, flipon
boundaries (B-Z junctions)

Table 1. Ways in Which Codons and Flipons Differ in Their Encoding of Genetic Information

double-stranded Z-RNA (Figure 1B) [2].
Much of this biology remains untapped.
It is routine to exclude Alu sequences
from analyses [e.g., protocols for anal-
ysis of d(CpG) islands routinely exclude
Alu sequences and RNA-seq pipelines
discard edited Alu as unmatched
reads]. Experimental manipulations
can inadvertently induce Z-DNA, for
example, by extracting proteins, such
as histones, that reduce negative super-
coiling and produce misleading results.
Additional tools for studying Z-DNA
in vivo based on two photon infrared
and Raman spectroscopy of living cells
[5], in situ Z-specific chemical modifica-

tion [9], and variants of Za. family mem-
bers[2] engineered for super-resolution
imaging would help overcome current
limitations.

Mendelian genetics has proven the
most robust approach so far for studies
demonstrating an in vivo role for Z-DNA
[3], especially those involving studies
of families with Aicardi-Goutiéres syn-
drome (AGS) (OMIM: 615010) and Bilat-
eral Striatal Necrosis/Dystonia (BSD) [3],
both type | interferonopathies. Nonsy-
nonymous, non-Z binding Za variants
have exaggerated dsRNA-induced
interferon responses due to impaired
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dsRNA editing, unambiguously con-
firming a biological role for the left-
handed nucleic acid conformation.
Recent studies extended these findings
by demonstrating that ~40% of tumors
depend on their editing by ADAR for
survival, with inhibition of interferon
production preventing antitumor im-
mune responses [10]. In these scenarios,
Z-DNA targets ADAR to actively tran-
scribed genes. The Z-DNA forming se-
quences also form Z-RNA. Whether it
is Z-DNA, Z-RNA, or a Z-DNA:RNA
hybrid that targets the enzyme is still
an open question because the Za
domain binds all things ‘Z’. Binding to
the hybrid potentially facilitates the
handoff of ADAR from Z-DNA to Z-
RNA while pausing RNA polymerases
long enough for the dRES to finish
folding. It could also allow time to com-
plete RNA modifications that alter the
efficiency of editing, including those
that favor Z-RNA formation. Z-RNA has
the potential to latch ADAR to dRES
and increase editing efficiency [2]. The
biology of ADAR in the type | interferon
response provides a model for how fli-
pons alter the readout of genetic
information.

Coding with Flipons

Flipping DNA to the left-handed
conformation can alter ADAR localiza-
tion, histone placement, transcription
factor binding, splice site selection,
and processing of noncoding RNAs
[4]. These outcomes all involve a switch
from one chromatin state to another.
In the case of ADAR, the use of chro-
matin-dependent RNA-folding path-
ways provides a flexible mechanism
for changing the readout from genes
through the creation of different dRES
from a single transcript (Figure 1C).
The localization of ADAR to Z-DNA by
interferon augments this process by
enhanced editing of substrates such as
signal recognition protein 9 (SRP9)
and cathepsin S (CTSS) [2].
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ADAR has roles independent of editing,
during which it partners with proteins
such as DROSHA and DICER1, target-
ing them to miRNAs and other noncod-
ing RNAs, often in a tissue-specific
manner [8]. Localization of different
classes of catalytic machinery to active
genes is also possible through their
binding to flipons, usually by capturing
them in the 'B’-conformation. Many of
the resulting epigenetic nucleotide
modifications (NMs) are known to
impact flip energetics (Figure 1D and
Table 1). By pushing flipons either left
orright, NMs are able to lockin a partic-
ular chromatin state. Flip energetics
also change when oxidative stresses
and mutagens produce DNA and RNA
adducts, especially on the C5 position
of cytidine and the C8 position of gua-
nosine. Here, flipons act as damage
sensors, enabling a direct and rapid
transcriptional response to cellular
stress through changes in chromatin
state. In all these cases, flipon confor-
mation instructs on how to compile
response-specific transcripts.

Generation of Diversity

The ease with which flipons form, along
with their location, is subject to selec-
tion just like any other genetic variation.
Flipons create phenotypic diversity by
increasing transcriptome entropy. The
genomes that emerge encode informa-
tion by sequence and instructions by
conformation (Table 1). Regions where
flipon and codon sequences overlap
have lower entropy (i.e., they have a
fixed information content) and likely
become hotspots for spawning spe-
cies-specific phenotypic variability.
Germline retrotransposition, recombi-
nation, and repair enhance transcrip-
tome diversity by spreading flipon se-
quences to other parts of the genome.
The noncoding IREs targeted by ADAR
exemplify how this process works. Dur-
ing insertion into active genes, they
bring flipons along for the ride [2]. While

active transposons threaten genomic
stability, the instruction sets they carry
enhance the creation and capture of
novel genetic programs.

Concluding Remarks: Entropy,
Flipons, and Evolution

Codons enable the mapping of nucle-
otide sequence to protein sequence.
Altering their usage is only one way
to diversify phenotypes. Nature has
discovered other strategies to create
novelty through editing and splicing
of RNA, resulting in multiple tran-
scripts from the same reading frame.
Flipons provide a novel innovation for
changing the transcriptome by dynam-
ically switching chromatin states to
change how messages are compiled.
The sequences encoding flipons often
overlap those of codons and other reg-
ulatory elements. Each encodes a
different set of information, is subject
to natural selection, and causes Men-
delian diseases in its own way. Flipons
trade free energy for the extra possibil-
ities that novel transcripts provide. The
increased entropy enhances the re-
working of existing adaptations and
speeds the evolution of traits both
new and unexpected.
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Compensatory
Evolution of Gene
Expression
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and Sergey V. Nuzhdin?

Determining the contribution of cis and
trans components to differences in
gene expression is a powerful approach
for understanding gene regulatory evo-
lution. Specifically, differences in gene
expression that are due to linked poly-
morphisms (cis, allele-specific and local
to the affected gene), or differences
due to diffusible products that do not
need to be linked with the affected
gene (trans, affecting both alleles
equally in diploids). Decomposing the
evolution of gene expression into its
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