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Extra Double-stranded RNA Binding Domain (dsRBD) in a
Squid RNA Editing Enzyme Confers Resistance to High Salt
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Background: Through splicing, squid express a conventional ADAR and a novel form with an extra RNA binding domain.
Results: Chloride inhibits the ability of the conventional, but not the novel, ADAR to bind and edit RNA.

Conclusion: The extra RNA binding domain allows squid, an osmoconformer, to edit in a high salt environment.
Significance: The ability of ADARs to bind RNA is a target for adaptation.

A-to-I RNA editing is particularly common in coding regions
of squid mRNAs. Previously, we isolated a squid editing enzyme
(sqADAR2) that shows a unique structural feature when com-
pared with other ADAR2 family members: an additional double-
stranded RNA (dsRNA) binding domain (dsRBD). Alternative
splicing includes or excludes this motif, generating a novel or a
conventional variant termed sqADAR2a and sqADAR2Db,
respectively. The extra dsRBD of sqADAR?2a increases its edit-
ingactivity in vitro. We hypothesized that the high activity is due
to an increase in the affinity of the enzyme for dsRNA. This may
be important because protein-RNA interactions can be influ-
enced by physical factors. We became particularly interested in
analyzing the effects of salt on interactions between sqADAR?2
and RNA because squid cells have a ~3-fold higher ionic
strength and proportionally more Cl™ than vertebrate cells. To
date, in vitro biochemical analyses of adenosine deamination
have been conducted using vertebrate-like ionic strength buf-
fers containing chloride as the major anion, although the vast
majority of cellular anions are known to be organic. We found
that squid-like salt conditions severely impair the binding affin-
ity of conventional ADAR2s for dsRNA, leading to a decrease in
nonspecific and site-specific editing activity. Inhibition of edit-
ing was mostly due to high Cl™ levels and not to the high con-
centrations of K*, Na*, and organic anions like glutamate.
Interestingly, the extra dsRBD in sqADAR2a conferred resis-
tance to the high Cl™ levels found in squid neurons. It does so by
increasing the affinity of sADAR2 for dsRNA by 30- or 100-fold
in vertebrate-like or squid-like conditions, respectively. Site-di-
rected mutagenesis of squid ADAR2a showed that its increased
affinity and editing activity are directly attributable to the RNA
binding activity of the extra dsRBD.
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Adenosine deamination is the most common form of RNA
editing among eumetazoans, occurring in organisms that differ
dramatically in terms of their complexity and the environments
in which they inhabit. It is catalyzed by an enzyme family known
as adenosine deaminases that act on RNA (ADARs)? (1), which,
by removing a primary amine, convert adenosine to inosine
(A-to-I). Biologically, this conversion serves several roles. First,
nonspecific deamination in largely double-stranded RNA
(dsRNA) is thought to help prevent the invasion of viruses that
express dsRNA during their life cycle (2). Second, promiscuous
deamination of adenosines in non-coding mRNA regions has
been proposed to regulate message stability and gene expres-
sion (3-5). Third, because inosine is recognized as guanosine by
the molecular machinery (6), site-specific deamination of
adenosines can also change codons and protein function (for a
review, see Ref. 7). This last role has received the greatest focus
by the research community, and mounting evidence points out
that it regulates neuronal function in important ways. For
example, postsynaptic calcium permeability, G-protein signal-
ing, and repetitive firing are regulated by editing ionotrophic
glutamate receptor (GluR-B subunit), serotonin receptor
(5-HT,,) and potassium channel (K 1.1A) transcripts, respec-
tively (8 —10). Thus, A-to-I RNA editing expands genetic infor-
mation and fine tunes protein function, enabling greater com-
plexity in physiological responses.

Although A-to-I editing can change protein function, differ-
ent organisms use it to different extents. In vertebrates, for
example, it is not frequently used to modify protein structure.
Numerous bioinformatic screens comparing mammalian tran-
scriptomes and genomes have uncovered only 55 editing sites
in coding regions, meaning that less than 0.3% of transcripts
appear to be edited (11-15). Recoding events are apparently
more abundant in invertebrates. Similar bioinformatic screens
in Drosophila have predicted 831 editing sites within the coding
regions of ~500 targets, representing 3—4% of the whole tran-
scriptome (16-19). Cephalopod coding regions seem to

3 The abbreviations used are: ADAR, adenosine deaminase that acts on RNA;
dsRNA, double-stranded RNA; dsRBD, dsRNA binding domain; sqADAR?2,
squid ADAR2; hADAR2, human ADAR2; nt, nucleotide(s); EAA, KB9E/K90A/
K93A; Glu™, glutamate; sqK, 1.1, squid K,1.1.
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undergo exceptional extensive editing. Direct analysis of a
handful of mRNAs has revealed each to be heavily edited,
including two voltage-dependent K™ channels, a voltage-de-
pendent Na™ channel, a Na* /K" pump, synaptotagmin I, and
two ADARs (20-24).* More than 100 editing sites have already
been found in the open reading frames of less than 10 mRNAs
from cephalopods. Furthermore, some of these sites cause sub-
stantial effects on protein function. For example, the R87G edit
insquid K,1.1A mRNAs regulates subunit tetramerization (22),
and the 1877V edit in squid Na™ /K™ ATPase mRNAs changes
the pump intrinsic voltage dependence, accelerating Na™
release to the extracellular medium (23). At present, neither
genome nor transcriptome data are available for cephalopods.
However, based on available data, it is expected that bioinfor-
matics will reveal exceptionally high levels of editing.

If editing is indeed high in cephalopods, how are their editing
enzymes capable of recognizing a broader set of targets? To
approach this question, it is useful to consider a typical ADAR
structure. All ADARs have a common domain architecture
consisting of a variable number of dsRBDs and a C-terminal
deaminase domain. The dsRBDs, which are small (65—-70 amino
acids), exclusively bind dsRNA and are present in a broad vari-
ety of proteins (25, 26). The deaminase domain is large (300 —
350 amino acids) and catalyzes the deamination reaction. There
are two catalytically active ADAR families among vertebrates:
ADARI1 and ADAR2. Along with other structural differences,
ADARI has three dsRBDs, whereas ADAR2 has just two. In
fact, every predicted or characterized ADAR?2 from cnidarians
to humans contains only two dsRBDs except for one. The nota-
ble exception is squid ADAR2 (sqADAR2), which contains a
third dsRBD (20). Through alternative splicing, this domain can
be included or excluded, generating squid ADAR2a and
ADAR2b, respectively. We have shown previously that the
additional dsRBD of squid ADAR2a increases its ability to edit
specific adenosines in vitro that are also edited in vivo. Thus, we
concluded that this novel feature explains in part the highly
active editing observed in squid (20).

It is reasonable to speculate that the extra dsRBD of
sqADAR2a would increase the affinity of the enzyme for
dsRNA, leading to higher activity. However, this is only part of
the equation. Binding is also affected by physical factors such as
ionic strength and composition, temperature, and pH. In this
study, we focused on ion concentration and composition for
two main reasons. First, salts can influence the electrostatic
interactions between positively charged dsRBDs and the nega-
tively charged RNA backbone. Second, as osmoconformers,
squid, like all marine invertebrates, have a plasma and cyto-
plasm that is isotonic with seawater. In contrast, the osmolarity
of the plasma and the cytoplasm in osmoregulators like insects
and mammals are about 3-fold lower. Despite this range of
osmolarities, cells from different organisms maintain a similar
overall ionic composition. In each case, the major cation is K™,
and relatively large organic molecules constitute the major
anions. However, the chloride ion is an exception. In vertebrate
cells, it constitutes a small fraction of the total anions (7.5%),

4. P. Palavicini, R. A. Correa-Rojas, and J. J. C. Rosenthal, unpublished data.
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whereas in squid axoplasm, it constitutes a significant fraction
(20-25%) (27-30). To our knowledge, every previous biochem-
ical study of RNA editing by adenosine deamination has been
conducted with buffers that have vertebrate-like ionic strengths
and contain chloride as the major anion (9, 31-34). Because one
of the splice variants of sqADAR has a novel structure and the
other does not, we decided to analyze the effects of ionic con-
centrations and composition on their binding capacities and
deaminase activities. We found that high salt concentrations
approximating those found in marine osmoconformers and the
Cl™ ion severely impair the ability of the canonical isoform to
edit. By contrast, the novel isoform maintains high editing
activity under the same conditions and binds 30-100-fold
more tightly to dsRNA, depending on the conditions.

EXPERIMENTAL PROCEDURES

Molecular Biology and Protein Purification—All molecu-
lar biology was performed using standard techniques. PCR
amplifications used Phusion DNA polymerase (New England
Biolabs), and PCR products were gel-purified and directly
sequenced. sqADAR2a K89E/K90A/K93A was generated by
mutating the conserved KKXXK binding motif of dsRBD1 to
EAXXA using the QuikChange mutagenesis kit (Stratagene).
Production and purification of recombinant ADARs from
Pichia pastoris were carried out as described previously (20).

Editing and Binding Assay Buffers—Editing and binding
assays were performed using the following buffers: human-like
buffer contained 10 mm NaCl, 140 mm potassium glutamate, 10
mMm Tris glutamate, pH 7, and 20% glycerol. The squid-like
buffer contained 250 mM potassium glutamate, 50 mm sodium
glutamate, 100 mm KCI, 10 mwm Tris glutamate, pH 7, and 20%
glycerol. Potassium glutamate buffers contained 10-400 mm
potassium glutamate, 10 mm Tris glutamate, pH 7, and 20%
glycerol, and sodium glutamate buffers contained 10 —400 mm
sodium glutamate, 10 mm Tris glutamate, pH 7, and 20% glyc-
erol. KCl buffers contained 10 — 400 mm KCI, 10 mm Tris-Cl, pH
7, and 20% glycerol. In addition, each functional assay con-
tained 100 ng/ul BSA, 50 ng/ul tRNA, 1 mm DTT, 0.5 mm
PMSEF, 0.7 wg/ml pepstatin A, 0.4 ug/ml leupeptin, and 1
unit/pul RNase inhibitor in a volume of 20 ul.

Nonspecific Editing Assays—Recombinant squid and human
ADAR? purification, radiolabeled dsRNA substrate synthesis,
and nonspecific editing assays were performed and analyzed as
described previously (20). As before, the dsRNA substrate frag-
ment was derived from the squid Na™ channel GFLN1 (Gen-
Bank™ accession number 1.19979.1; nucleotides 2111-2808
plus 12 nucleotides from both T7 promoter regions, generating
a 710-bp fragment RNA duplex). Recombinant proteins (4
pM—17 nMm) were incubated with the dsRNA radiolabeled sub-
strate (0.5 pm) in triplicate and incubated from 2 to 16 h at 35 °C
under the specified buffer conditions.

Site-specific Editing Assays—Recombinant squid ADAR2
purification, sqK,1.1A cRNA synthesis, and site-specific edit-
ing assays were performed and analyzed as described previously
(20). Recombinant proteins (2-20 nm) were incubated with
cRNA (3.33 p™m) for 2 h at 35 °C under the specified buffer con-
ditions. Assays were performed in triplicate.
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TABLE 1

Reverse primers used for three new smaller dsRNA substrates
Primer Sequence (5" — 3’)
sqNC25 AGTAATACGACTCACTATAGGGAGAGCACCAAACGAAGACAGTAACAAGGC
sqNC26 AGTAATACGACTCACTATAGGGAGACCCATCGCGGAACTTGATTGTCTTC
sqNC27 AGTAATACGACTCACTATAGGGAGAAATACGATGATTCCTAGCACAAGGG

Filter Binding Assays— dsRNA substrates of different sizes
were synthesized in the same manner as for the 710-bp sub-
strate except that different reverse primers were used to amplify
the probe template. The 355-bp substrate used primer sgNC25,
the 165-bp substrate used primer sqNC26, and the 79-bp sub-
strate used primer sqNC27 (Table 1). RNA binding assays were
carried out using recombinant ADAR2s (0.5 pM—128 nm) and
four different radiolabeled dsRNA substrates (0.5, 1,2, and 4 pm
710-, 355-, 165-, and 79-bp fragments, respectively) in triplicate
as described previously (35, 36). A Bio-Dot® SF microfiltration
apparatus (Bio-Rad) was used, and the nitrocellulose mem-
brane was scanned using a Typhoon 9200 phosphor/fluores-
cence imager (GE Healthcare). Reactions were incubated from
10 min to 16 h at 35 °C under the specified buffer conditions.
Apparent K, values were estimated by fitting the data to a Hill
equation. Real K, values were estimated by fitting apparent K,
values to Equation 1 (see “Results”) using Origin® software.

Electrophoretic Mobility Shift Assays—Electrophoretic
mobility shift assays were performed as described previously
(37, 38). Recombinant ADAR2s (6 pm—150 nm) were incubated
with a 710-bp perfect dsRNA radiolabeled substrate (0.5 pm) for
2 h at 35 °C using the human-like solution (20). Reactions were
loaded onto a 6% non-denaturing polyacrylamide gel (19:1
acrylamide:bisacrylamide). After electrophoresis, gels were
dried and scanned with the Typhoon 9200 phosphor/fluores-
cence imager.

RESULTS

Osmoregulator Versus Osmoconformer lonic Strengths—To
date, most biochemical analyses of A-to-I RNA editing have
been conducted using conditions that approximate vertebrate
ionic strength and use Cl™ as the major anion. In contrast, the
cellular environment of a marine invertebrate has about 3-fold
more salt, and all cells strictly limit the concentration of the C1™
ion. Because the cellular environment in squid differs from ver-
tebrates and because squid neurons express two splice variants
of sqADAR2 that have different numbers of dsRBDs, we
decided to analyze the effects of ionic composition and concen-
tration on the squid isoforms. For this purpose, we patterned
two buffers on the major intracellular ions found in vertebrate
or squid cells (Table 2; see “Experimental Procedures” for buffer
compositions). In each, glutamate, a representative organic
anion, replaces Cl~ as the major anion. The osmolarity of the
squid-like buffer, however, is ~3 times higher, and it contains
substantially more C1~ (27-30). As a first step, we compared
the promiscuous editing activity of recombinant sqADAR2a,
which contains three dsRBDs, and sqADAR2b and human
ADAR?2, each of which contains two dsRBDs. A range of con-
centrations of each enzyme was incubated with a 710-bp per-
fect RNA duplex that contained **P-labeled adenosine using
both vertebrate and squid buffers. In the vertebrate-like solu-
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TABLE 2

Comparison of ion concentrations inside typical osmoregulator and
osmoconformer cells

Values are from Refs. 27-30. Org., organic.

[Intracellular]
Osmoregulator Osmoconformer
(human) (squid)
mm

Cations

K* 140 310-360

Na™ 5-15 40-80

Org. base 60-100
Anions

Org. anions 140 350-390

Cl™ 5-15 110-170
Total salt 145-155 410-560

tion, the three enzymes converted a similar amount of adeno-
sines into inosines (65—70% maximum) over a wide range of
protein concentrations (Fig. 14, panel i). The protein concen-
tration required for half-maximal editing was also very similar,
ranging from 30 to 45 pm. When assayed under squid-like con-
ditions, however, the editing activities of the conventional
ADAR?2s were severely impaired, whereas the novel squid var-
iant was able to maintain a high activity (Fig. 14, panel ii).
sqADAR2a was able to convert up to ~60% of available adeno-
sines to inosines at concentrations greater than ~1 nm, and its
midpoint value was estimated to be ~7-fold lower than those
for the conventional ADAR2s. By switching from vertebrate-
like to squid-like conditions, the midpoint values for the con-
ventional ADAR2s increased by >18-fold, whereas those for
the novel squid variant rose by only ~4-fold.

Having shown that squid-like conditions affect the ability of
ADAR? to edit nonspecific substrates and that this effect is
particularly acute for conventional isoforms, we proceeded to
test whether this effect was also observed in site-selective edit-
ing of specific substrates. For this purpose, both sqQADAR2 iso-
forms were incubated with full-length squid K,1.1 mRNA, an
mRNA that is naturally edited at 20 sites in the squid nervous
system (22).” Editing was then estimated by RT-PCR followed
by direct DNA sequencing. hADAR?2 was not included in this
assay because it does not naturally edit this substrate.
sqADAR2a was able to edit five naturally occurring sites under
vertebrate-like conditions (nt 139, 190, 394, 395, and 418). For
sqADAR2a under squid-like conditions or sqQADAR2b under
both conditions, only two sites were edited (nt 139 and 190).
Fig. 1B shows the editing frequencies at nt 190, the most highly
edited position for both enzymes in both conditions. This posi-
tion is edited extensively by each enzyme in vertebrate-like con-
ditions; a maximum editing of ~90% was observed for
sqADAR2a, and a maximum editing of ~80% was observed for
sqADAR2bD (Fig. 1B, panel i). Squid-like conditions impaired

° C. Colina-Prisco, J. P. Palavicini, and J. J. C. Rosenthal, unpublished data.
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FIGURE 1. Effects of vertebrate and squid ionic compositions on promiscuous and site-selective editing activities of ADAR2s. A, promiscuous editing of
a 710-bp radiolabeled perfect dsRNA duplex by recombinant ADAR2s was estimated using vertebrate-like (panel i) and squid-like (panel ii) solutions. Overall
A-to-l conversion percentages were estimated for a wide range of protein concentrations (1-2000 pm) using a fixed amount of dsRNA (0.5 pm). The midpoint
values for sqADAR2a (H), sqADAR2b (O), and hADAR2 (A) were 29 =+ 1,45 + 2,and 36 = 1 pmusing vertebrate-like solutionand 129 = 5.5,793 * 65,and 1044 =
88 pm using squid-like solution, respectively. B, site-selective editing of adenosine 190 in sgK, 1.1 mRNA (GenBank accession number U50543.1) by recombinant
sqADAR2s using vertebrate-like (panel i) and squid-like (panel ii) solutions. Editing percentages for nt 190 were quantified for a wide range of protein
concentrations (4-17,000 pm). Maximum editing percentages for sqADA2a and sqADAR2b were 92 = 1 and 80 = 1, respectively, using vertebrate-like solution.
Maximum editing percentages for sqADA2a, sqADAR2b, and sqADAR2a EAA () were 64 *+ 4,29 =+ 5,and 39 = 3, respectively, using squid-like solution. Data
points were fitted to a Hill equation of the form E = E,,.-(IADAR]"/(K" + [ADAR]")) where E refers to editing percentage, ., refers to the maximum editing

percentage, and K refers to the midpoint value. n is the Hill coefficient. R? = 0.98. Error bars, S.D.;n = 3.

overall site-specific editing activity although far less so for
sqADAR2a than for sqADAR2b. For sqADAR2a, maximum
editing was reduced from ~90 to ~65%, and for sqQADAR2D, it
was reduced from ~80 to ~30% (Fig. 1B, panel ii). The same
trends were seen for editing at other sites (supplemental Fig. 1).
The additional exon that distinguishes sqADAR2a from
sqADAR2b encodes an additional dsRBD but also 16 additional
amino acids. It is reasonable to speculate that the enhanced
activity of sqQADAR?2a is due to the added binding capacity of
the extra dsRBD; however, there are other possibilities. For
example, dsRBDs are known to serve other roles besides RNA
binding (for a review, see Ref. 25), or the extra 16 amino acids
could serve an unknown function. To exclude these possibili-
ties, we specifically mutated the RNA binding activity of the
extra dsRBD. All dsRBDs are known to contain a highly con-
served KKXXK motif at their interface with RNA. Mutating the
lysines to EAXXA completely abolishes binding without alter-
ing protein folding (39, 40). We made the same mutations in the
first dsRBD of sqADAR2a (KS9E/K90A/K93A (EAA)). In
squid-like conditions, sqQADAR2a EAA edited nt 190 almost
identically to sqQADAR?2b (Fig. 1B, panel ii), supporting the idea
that the enhanced activity of sqQADAR2a is due to the binding
activity of the extra dsRBD.

High Chloride Concentrations Severely Impair ADAR Activity—
Data thus far clearly show that squid-like conditions inhibit

MAY 18,2012+VOLUME 287 +NUMBER 21

editing. Why? Besides having a 3-fold higher total ionic
strength, cells of marine osmoconformers also contain about 6-
and 10-fold more Na™* and Cl~, respectively (Table 2). There-
fore, we decided to test which of these factors had the greatest
effect on editing by using reaction buffers that varied in the
identity and concentration of the major cation and anion spe-
cies. Increasing concentrations of K and glutamate had virtu-
ally no effect on the promiscuous editing activity of any of the
ADAR?2s (Fig. 24, panel i). Similarly, high Na™ and glutamate
concentrations had only slightly negative effects on ADAR2
activities, reducing their maximum editing frequencies from
~60 to ~50% (Fig. 24, panel ii). By contrast, high K™ and C1~
concentrations caused a strongly negative effect on A-to-I con-
version, particularly at concentrations above ~150-200 mm
(Fig. 2A, panel iii). From this, we conclude that Cl ™ causes the
greatest disruption. Note that the additional dsRBD of
sqADAR2a decreased its sensitivity to Cl~. Although the
activities of sqQADAR2b and human ADAR2 were almost
abolished by 400 mm chloride, sADAR2a was still able to
edit up to ~40% of adenosines. In addition, both squid
ADAR2b and human ADAR2 were also highly sensitive to
low ionic strengths for all ions tested (<50 mm), whereas
sqADAR2a was not. Next, we decided to extend our analysis
to site-selective editing at nt 190 of squid K,1.1. As before,
increasing K™ and glutamate ion concentrations from 200 to

JOURNAL OF BIOLOGICAL CHEMISTRY 17757


http://www.jbc.org/cgi/content/full/M112.366005/DC1

Extra dsRBD in Squid ADAR2 Confers Salt Resistance

Al 80 -

70 /é"é\
e
7AN
50{"
X
247
5 30
8
20
104
O T T T T
0 100 200 300 400
K-Glutamate (mM)
iii 80
70 i
ol A ;i -
. & .
# S
50 -
a\e
2 404
=
i A
E 304 6
20
10
0 ; : : ;
0 100 200 300 400
KCI (mM)
80
4 | |
2 60 —
(=]
£ R
= 404
o \ .
20 A
g=——70 0
0 T T T T
0 100 200 300 400

Na-Glutamate (mM)

70+
60- ﬁ/ -;éfi‘?;\

50 ‘ o 2\

S0 =

40

30

Editing %

20

10

200 300 400

Na-Glutamate (mM)

0 100

804 /+\l
2 60 | %
o %/
£ \
=
5 401 0
; ;
20 /
/®
0 D T T T T
0 100 200 300 400
K-Glutamate (mM)
1 100+
80 -
2 60 -
=)
s
=
£ 40
w |
20+ _/ \
. L]
/@/ e, P
042 . . T T
0 100 200 300 400
KCI (mM)

FIGURE 2. Effects of K*, Na*, Cl~, and glutamate ions on promiscuous and site-selective editing activity of ADAR2s. A, promiscuous editing of a 710-bp
radiolabeled perfect dsRNA duplex by recombinant ADAR2s was estimated using potassium glutamate (panel i), sodium glutamate (panel ii), or KCl (panel iii)
solutions. Overall A-to-I conversion percentages were estimated for a wide range of salt concentrations (10—400 mwm). B, site-selective editing of adenosine 190
in sqK, 1.1 mRNA by recombinant sqADAR2s was estimated in buffers containing potassium glutamate (panel i), sodium glutamate (panel ii), or KCl (panel iii) as
the major ions. Editing percentages were quantified over a wide range of salt concentrations (10-400 mm). Each assay contained 1 nm ADAR2 and 0.5 pm

dsRNA. W, sqADAR2a; O, sqADAR2b; A, hADAR2. Error bars, S.D.; n = 3.

400 mMm had little effect on any ADAR2 (Fig. 2B, panel i).
Unlike in the nonspecific assay, however, 400 mm Na™
impaired sADAR2a maximal activity by ~1.5-fold and basi-
cally abolished that of sADAR2b (Fig. 2B, panel ii). C1~ was
even more detrimental as only 300 mm was enough to
decrease maximal A-to-I conversion rates for sqQADAR2a by
~2-fold and virtually eliminate those of sADAR2b (Fig. 2B,
panel iii). Finally, sQADAR2 activities were highly sensitive
to low ionic strengths, but sqQADAR2a was more resistant
than sqADAR2b. In summary, a higher CI™ concentration
explains most of the negative effects that squid-like condi-
tions have on editing. Na™ also plays a role. K" and gluta-
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mate have little effect. Both CI~ and Na™ have more severe
effects on specific substrates than on perfect duplexes.
Reduction in RNA Binding Is Consistent with Reduction in
Editing Activity—The only difference between sqADAR2a and
sqADAR2D is an additional dsRBD. This feature, which confers
resistance to squid-like conditions, strongly suggests that high
concentrations of CI~ and Na™ disrupt the affinity of ADAR for
RNA. Accordingly, we measured ADAR2-RNA binding inter-
actions under vertebrate-like and squid-like conditions using
filter binding assays. The RNA was a 710-bp **P-labeled duplex.
Because binding affinities must be measured at equilibrium, we
first estimated the amount of time required for the reaction to
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become saturated under vertebrate-like and squid-like condi-
tions (Fig. 3). Each ADAR?2 reached equilibrium after just 15
min in the vertebrate-like solution (Fig. 3A). Although
sqADAR2a reached equilibrium after a few minutes in the
squid-like solution as well, the conventional ADAR2s required
several hours to do so (Fig. 3B).

A Hill equation was used to fit ADAR2-RNA binding data
and to estimate apparent dissociation constants (Fig. 4). With
vertebrate-like conditions, all ADAR2s showed comparable
binding. The apparent K, of sADAR2a was ~38 pMm, which is
about 2—-3-fold lower than for the other two ADAR2s (Fig. 4A).
Squid-like conditions increased the apparent K, for all
ADAR2s but to a much greater extent for sqQADAR2b and
human ADAR2 than for sqADAR?2a (Fig. 4B). For example, the
apparent K, increased by ~16-fold for sADAR2b and human
ADAR? but only by 3.5-fold for sqADAR2a. Significantly, the
sqADAR2a EAA mutant showed an apparent K, 0f 1191 *+ 257
pM in squid-like conditions; this value is almost identical to that
of sqQADAR2b (1266 * 316 pm). Thus, the high affinity of
sqADAR2a can be directly attributable to the binding activity of
the extra dsRBD. In summary, the conditions faced by marine
osmoconformers severely decrease the affinity of a typical
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FIGURE 4. Effects of vertebrate and squid ionic compositions on apparent
affinities of ADAR2s for dsRNA. Apparent affinities of recombinant ADAR2s
for the 710-bp radiolabeled perfect dsRNA duplex were estimated using ver-
tebrate-like (A) and squid-like solutions (B). Fractions of bound RNA were
quantified for a wide range of protein concentrations (0.5-8000 pm) using a
fixed amount of dsRNA (0.5 pm). The apparent K, values for sqADAR2a,
sqADAR2b, and hADAR2 were 38 *+ 2,93 = 8,and 78 = 10 pm, respectively,
using the vertebrate-like solution. The apparent K, values for sqADA2a,
sqADAR2b, hADAR2, and sqADAR2a EAA were 160 * 31,1266 *+ 316, 1402 *
104, and 1191 = 257 pwm, respectively, using the squid-like solution. I,
sqADAR2a; O, sqADAR2b; A, hADAR?2. Error bars, S.D.; n = 3. Data were fit
using a Hill equation of the form F = 1-([ADAR]"/((K,)" + [ADAR]")) where F
refers to the fraction of bound RNA. R? = 0.97. Average Hill coefficient values
forsqADAR2a, sqADAR2b, hADAR2, and sqADAR2a AEE using vertebrate-and
squid-like solutions were 1.8 = 0.6, 1.1 = 0.1, 2.1 £ 0.4, and 1.0 = 0.1,
respectively.

ADAR?2, and this is apparent in the drastic change in binding
kinetics. The extra dsRBD of sqADAR2a partially offsets this
effect.

As with the editing activity assays, we also analyzed the
effects that specific ions exert on RNA binding (Fig. 5). Increas-
ing K* and glutamate levels caused little effect on ADAR bind-
ing to RNA as it was still able to bind a substantial fraction
(~0.7-0.8) of RNA at the highest salt concentration (Fig. 54).
On the other hand, high Na™* and glutamate levels (>300 mm)
inhibited the fraction of bound RNA (~0.2), and although
sqADAR2a was less sensitive, just a third of the total bound
RNA fraction remained at 500 mm (Fig. 5B). As before, K* and
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FIGURE 5. Effects of K*, Na*, CI~, and glutamate ions on binding of
ADAR2s to dsRNA. Fractional binding of the 710-bp radiolabeled perfect
dsRNA duplex to recombinant ADAR2s using potassium glutamate (A),
sodium glutamate (B), and KCl (C) solutions. Fractions of bound RNA were
quantified for a wide range of salt concentrations (10-500 mwm). Each assay
contained 1 nm ADAR2 and 0.5 pm dsRNA. B, sqADAR2a; O, sqADAR2b; A,
hADAR2. Error bars,S.D.; n = 3.

Cl™ caused the most dramatic effect, leading to a sharp
decrease of the bound RNA fraction (~0.3) at just 200 mm for
sqADAR2b and hADAR2. For sqADAR2a, a similar decrease
was not observed until ~400 mm KClI (Fig. 5C). Thus, the bind-
ing results parallel those observed for the editing activity assays,
suggesting that Cl~ (and Na™ to a lesser degree) inhibit editing
by reducing the affinity of ADAR for RNA.
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Estimates of True Binding Affinities for Different ADAR2s—
For dsRBD-containing proteins, multiple molecules have been
shown to bind to a single long dsSRNA molecule (37). In addi-
tion, several groups have reported that two protein-RNA com-
plexes are formed when ADAR2 is incubated with a highly dou-
ble-stranded stem-loop RNA substrate that is 80 nt long (38,
40-43). We expect that numerous ADAR2 molecules are able
to bind to the 710-bp perfect duplex used for our studies thus
far. Accordingly, our previous estimates of apparent affinities
(Fig. 4) were artificially high. By decreasing the size of the
dsRNA substrate, the binding stoichiometry should approach
unity, and the apparent K, should approach the real K,. Appar-
ent binding constants were estimated for sqADAR2a,
sqADAR2b, and hADAR? (Fig. 6, A-C) using progressively
smaller dsRNA substrates (355, 165, and 79 bp) under human-
like conditions. As expected, the apparent K, values for each
ADAR? tested increased with smaller substrates. Remarkably,
the apparent affinities for sQADAR2b and human ADAR2
decreased by 40—45-fold by moving from the largest to the
smallest substrate, whereas that of sqQADAR2a decreased by
only 3-fold.

Finally, we used a simple exponential model to estimate the
real affinity constant for the interaction between ADAR2 and
dsRNA. As a first step, it was necessary to estimate the footprint
of ADAR2 on an RNA molecule. Using the smallest dsRNA
substrate (79 nt), we performed electrophoretic mobility shift
assays. Three protein-RNA complexes for human and squid
ADAR2s were apparent (Fig. 6D). Thus, we concluded that each
ADAR?2 molecule binds a dsRNA fragment of ~26 bp. For
larger dsRNA substrates, if each ADAR molecule binds inde-
pendently, then the apparent affinity could be modeled as a
binomial probability function. However, others have suggested
that ADARs dimerize, leading to possibly cooperative interac-
tions (40, 41, 43—45). In addition, our data show that fits for the
apparent affinities of sqQADAR2a and hADAR2 have Hill coef-
ficient values of ~2, suggesting the possibility of cooperative
interactions in these cases. For these reasons, we modeled our
data using an exponential decay function that makes no
assumptions on cooperativity. Equation 1 defines the exponen-
tial relationship between apparent (y) and real affinity con-
stants (K,) for a given substrate size in bp (x), which depends on
the number of binding sites (x/26) and a generic decay constant
(D).

y=KD-e*D<7Xs*‘) (Eq.1)
Fig. 7A shows the apparent K, for four different dsRNA sub-
strates fit with this equation using vertebrate-like conditions.
Estimates of the real K, suggest that the extra dsRBD increases
binding affinity by ~30-fold from 4065 to 132 pm. Next, we
estimated the real K, using squid-like conditions. For
sqADAR2b and human ADAR2, we were only able to estimate
the apparent K, using the largest substrate (710 bp) because
our recombinant protein purification system, which is limited
by sqADAR? self-editing activity as described previously (20),
does not produce enough protein. For sADAR2a, however,
because of its higher affinity, we were able to measure the
apparent affinity for two substrates (710 and 355 bp). These
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FIGURE 6. Apparent binding affinities of ADAR2s for different sized dsRNAs. Apparent binding affinities of sqADAR2a (A), sqADAR2b (B), and hADAR2 (C)
were estimated for perfect dsRNA duplexes of decreasing sizes (355, 165, and 79 bp) using the vertebrate-like solution. Fractions of bound RNA were quantified
forawide range of protein concentrations (1-160,000 pm) using a fixed amount of each dsRNA substrate (1, 2, and 4 pm, respectively). The data points obtained
for the 710-bp dsRNA substrate in Fig. 4 were included as a reference (filled squares and dashed lines). ll, sqADAR2a; @, sqADAR2b; A, hADAR2. Error bars, S.D.;
n = 3. Data were fit using the same Hill equation as in Fig. 4. R? = 0.97. Average Hill coefficient values for sqADAR2a, sqADAR2b, and hADAR?2 for the four
substrates using the vertebrate-like solution were 2.1 = 0.2, 0.9 = 0.1, and 1.2 £ 0.4, respectively. D, electrophoretic mobility shift assay for recombinant
sqADAR2a and a 79-bp dsRNA substrate using vertebrate-like solution. In similar assays using recombinant sqADAR2b and hADAR2, three shifts were also

observed (data not shown).

data showed that the slope factor for sgQADAR2a was the same
for vertebrate-like and squid-like conditions (~0.05 pm/bp; Fig.
7B).If we assume the same to be true for sgADAR2b and human
ADAR?2, then we can estimate their true affinity constants as
well based on the data using the 710-bp substrate. Using this
assumption, our model estimates that the real K, for squid
ADAR?2a is ~100-fold lower than that of sgQADAR2b or human
ADAR?2 under squid-like conditions. Thus, the additional
dsRBD of sqADAR2a increases binding affinity to an even
larger extent in the conditions encountered within a marine
osmoconformer.

DISCUSSION

Novel Squid ADAR2 Variant Has High Affinity for dsRNA—
Previously, we reported that squid ADAR2a, a novel splice var-
iant, has a higher site-specific editing activity than sqQADAR2b
(20). The fact that sgADAR2a has an additional dsRBD suggests
that the increased deaminase activity is due to a higher affinity
for dsRNA. In support of this idea, in this study, we estimated
the real binding dissociation constant (K},) for both variants on
dsRNA so that we could verify whether the extra dsRBD
imparts a higher affinity and if so to what extent. Our measure-
ments were complicated by the fact that multiple ADARSs can
bind to long dsRNA molecules. To overcome this impediment,
we measured the apparent K, values of ADARs with progres-
sively smaller dsRNA substrates and extrapolated these results
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to the presumable minimal substrate. This strategy revealed
that the addition of an extra dsRBD to sqADAR2a confers a
disproportionally large increase in affinity. For example, if all
the dsRBDs were equal, we would predict that by going from
two to three dsRBDs the apparent affinity would increase by
~50%. In contrast, our results showed that the affinity
increased by 30-100-fold, depending on the ionic conditions.
By mutating the known binding interface of the extra dsRBD
(sqADAR2a EAA), we confirmed that its binding activity
directly leads to the enhanced binding of sqADAR?2a.

Our data suggest that the extra dsRBD of sqADAR2a may
have novel features that lead to disproportionately tighter bind-
ing. In addition, because the additional dsRBD makes squid
ADAR?2a less sensitive to high ionic strength, it would seem
conceivable that ADARs from other marine osmoconformers
may have evolved novel features to compensate for their envi-
ronment. However, available genome databases show no evi-
dence that the additional dsRBD found in squid is present in
other marine invertebrates (sea urchin, limpet, and sea anem-
one among others). It is interesting to note that vertebrate
ADARISs also contain three dsRBDs. Whether they too exhibit
disproportionally high binding is unknown.

Why Does Chloride Impair ADAR Binding?—In this study,
we show that increasing Cl~ dramatically impaired the affinity
of ADAR2 for dsRNA, which by consequence leads to
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decreased overall activity. In contrast, increasing the organic
anion Glu~ had virtually no effect on binding or deaminase
activity. Similarly, K*, the major cellular cation, had little effect
on binding and editing. Finally, although Na™ decreased the
binding of ADAR2 to some extent, it had minor effects on the
editing activity of the enzymes. Why does Cl, but not Glu~,
K™, and Na™, have such a strong negative effect on editing?
Previous studies have shown that besides the overall salt con-
centration cation valences and the specific composition of
anions are key determinants of the stability of protein-nucleic
acid interactions (46-48). The interaction surface between
nucleic acid-binding proteins like ADARs and their target
nucleic acids are typically large. The binding itself is mediated
by long range, coulombic interactions between charged side
chains in the protein and the phosphate backbone of the RNA
and short range, non-coulombic interactions between the
hydrocarbon surfaces. Ions tend to affect coulombic interac-
tions generically, depending only on the valence of the ion (49).
Non-coulombic interactions, however, are greatly influ-
enced by the specific ion species. Over 100 years ago,
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Hofmeister (50) classified ions according to how they affect
protein solubility and showed that anions have a greater
influence than cations. In general, ions can be classified as
chaotropes or kosmotropes. The kosmotropes are strongly
hydrated, tend to increase the solvent surface tension, and
have stabilizing effects on proteins that decreases their sol-
ubility. Chaotropes, on the other hand, have the opposite
effects (51-53). Thus, ions can affect long range and short
range interactions but in different ways.

Our data can be explained by taking both long range and
short range ionic effects on binding into account. In general, we
saw a gradual decrease in binding and editing as ionic strength
increases. This is consistent with a disruption of long range,
coulombic interactions. The negative influence of CI™ when
compared with Glu™, however, may be considered a Hofmeis-
ter effect acting on short range, non-coulombic interactions.
Others have shown that Glu™ behaves like F~, a well known
kosmotrope that is highly excluded from the hydrocarbon sur-
faces of proteins (52, 54, 55). In contrast, Cl™ can be considered
amild chaotrope, having better access to hydrocarbon surfaces.
Interestingly, in a cell, both Glu™ and Cl ™ are highly regulated.
It is worth noting that although Na™ did not affect the editing
activity of ADAR?2 it exerted a substantial negative effect on
binding. This might be due to the fact that Na™ is slightly more
chaotropic than K™ (51). Finally, we should also note that both
ion composition and strength may affect the deamination reac-
tion as well as the binding reaction.

Although we used Glu™ as a representative organic anion for
our studies, cells contain a more diverse array of these mole-
cules, including phosphate, bicarbonate, and aspartate among
others. Squid cytoplasm, for example, has a high amount of the
isethionate ion (29). Do these anions behave as kosmotropes
like Glu ', or do some of them behave as chaotropes like CI™?
Either way, the answer has interesting implications. If they act
as kosmotropes, then protein-nucleic acids binding would be
scarcely affected by the relatively high ionic strengths encoun-
tered within the cells of marine osmoconformers. On the other
hand, if the kosmotropic effect is unique for Glu™ and a few
other ions, then, in the absence of compensatory mechanisms,
protein-nucleic acid interactions would be severely affected in
marine invertebrates. It is worth remembering that besides its
function as an amino acid, Glu™ also serves as a neurotransmit-
ter. Perhaps its stabilizing effects on protein-nucleic acid bind-
ing is another reason that animals go to great lengths to regulate
its concentration.

High Level Editing in Squid—This work supports our previ-
ous study suggesting that the extra dsRBD of sqQADAR2 allows
the enzyme to edit more sites more efficiently despite the
marine environment. However, we are still only able to repro-
duce a subset of the naturally occurring editing sites in vivo. For
example, in the mRNA that encodes sqK,1.1A, there are 20
naturally occurring sites. Based on direct sequences of RT-
PCR products, only five of these could be recapitulated in
vitro using recombinant sqQADAR2a. An inability to edit the
other sites may be because we have not yet identified all
the relevant secondary structures in the mRNA that drive the
editing reaction. On the other hand, some of them may only
be edited by edited isoforms of sqADAR?2 (20) or by different
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ADAR paralogs. Interestingly, we recently reported an
ADARI ortholog in squid (56) that may be responsible for
expanding the repertoire of editing sites even further.
Accordingly, we believe that multiple factors underlie high
level editing in squid.
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