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Abstract

The left-handed Z-conformation of nucleic acids can be adopted by both DNA and RNA

when bound by Za domains found within a variety of innate immune response proteins. Za
domains stabilize this higher-energy conformation by making specific interactions with the unique
geometry of Z-DNA/Z-RNA. However, the mechanism by which a right-handed helix contorts
to become left-handed in the presence of proteins, including the intermediate steps involved, is
poorly understood. Through a combination of Nuclear Magnetic Resonance (NMR) and other
biophysical measurements, we have determined that in the absence of Za., under low salt
conditions at room temperature, d(CpG) and r(CpG) constructs show no observable evidence of
transient Z-conformations greater than 0.5% on either the intermediate or slow NMR timescales.
At higher temperatures, we observe a transient unfolded intermediate. The ease of melting a
nucleic acid duplex correlates to Z-form adoption rates in the presence of Za.. The largest
contributing factor to the activation energies of Z-form adoption as measured by Arrhenius plots
is the ease of flipping the sugar pucker, as required for Z-DNA and Z-RNA. Together, these

data validate the previously proposed “zipper model’ for Z-form adoption in the presence of

Za.. Overall, Z-conformations are more likely to be adopted by double-stranded DNA and RNA
regions flanked by less stable regions, and by RNAs experiencing torsional/mechanical stress.
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Introduction

The most stable double-stranded helical conformations for DNA and RNA under
physiological conditions are the B- and A-form, respectively. Both conformations are
right-handed helices but otherwise differ in shape and geomertry®. Nucleic acid binding
proteins often exploit this fact in order to selectively recognize DNA or RNAZ3,
Interestingly, both DNA and RNA will adopt a higher-energy, left-handed double-stranded
conformation known as the Z-form under certain conditions (Figure 1A), such as when
recognized and stabilized by Z-DNA/Z-RNA-binding Za domains*-8 or through chemical
conditions/modifications (extensively reviewed here®). Other than the inverted helicity, the
Z-conformation is more elongated compared to B-DNA/A-RNA and is composed of a
repeating dinucleotide unit where the sugar puckers alternate between the C2”- and C3’-
endo conformation along with the bases between the anti- and syn-conformations#8-11. This
arrangement leads to a lone pair—m contact only found within Z geometry (involving the
04’ of the C2’-endo sugar and the sy7n basel213). The unique features of Z-form helices
result in a jagged backbone conformation which “zig-zags” along the helical axis. This
brings the phosphates closer together on average than in the B- or A-conformation, causing
electrostatic repulsion and accounting for a significant contribution to the Z-form’s intrinsic
instabillity4-18 (Figure 1A).

Despite these striking conformational changes, the Z-conformation retains Watson-Crick
base-pairing®. Therefore, switching from the B/A-form to the Z-conformation requires
both a 180° rotation of every nucleotide base in the helix about the glycosidic bond and

a complete inversion of every other nucleotide (including the ribose), converting back

to the anti-conformation®®. This process is both topologically and thermodynamically
challenging?C. Over the years, different models have been proposed to theoretically
address how this could occur819:21-31 The zipper model32-33, where an initial high-energy
nucleation event allows a short Z-form segment enclosed between two B-Z junctions to be
adopted, which then propagates through the helix in a cooperative manner, seems to fit the
experimental evidence involving Z-DNA adoption well3#3% and is supported by molecular
dynamics simulations38 (Figure 1B).

Za domains are found within a variety of innate immune response proteins or viral

proteins and have been demonstrated to play pivotal roles in these proteins’ ability to
regulate the innate immune response or evade it, respectively3”. These domains stabilize the
Z-conformation of DNA and RNA by making key contacts with the unusual features present
in Z-form helices®38. Za domains help to alleviate the steric repulsion of the closely placed,
negatively charged phosphates by making charge-charge and water-mediated contacts with
the Z-form backbone8-38, Previous Za:nucleic acid structures have identified a number of
key residues in the recognition and stabilization of the Z-conformation. Lys 16963% and Asn
173%0 make contacts with the phosphate backbone. Pro 192 and Pro 193 position the beta-
hairpin loop in a way which facilitates further interactions with kinked Z-RNA backbone?0.
Trp 195 forms part of the hydrophobic core in addition to making a water-mediated contact
with the phosphate backbone84142, Tyr 177 is one of the most important residues, which
makes a CH-t interaction with a syn base in the Z-form helix and is necessary for Za

to stabilize the Z-conformation344 (Figure S1). The increasing number of discoveries of
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proteins containing functional Za domains suggests that Z-conformations are being adopted
in cells and play an important biological function. However, what sequences and under what
conditions these conformations are being adopted are still mostly unknown3’,

Understanding the steps by which Za domains stabilize Z-conformations in DNA and
RNA is crucial to be able to predict the ability of varying sequence contexts to adopt

the Z-form. Previous Nuclear Magnetic Resonance (NMR) and Single-Molecule Forster
Resonance Energy Transfer (SmFRET) studies on Z-form adoption in the presence of Za
have shown the presence of multiple intermediate states between binding and Z-DNA/RNA
adoption#>-50. However, the identity of these states remains poorly understood (Figure 1B).
One smFRET study showed that Za bound to a pre-sampled Z-conformation in a DNA
duplex containing 5-methyl dCs (which lowers the energy barrier of Z-form adoption®1),
with the authors proposing that Za recognizes a pre-sampled Z-form state>2. This is also
supported by the fact that the Za binding interface is pre-organized to recognize Z-DNA/
Z-RNA53, However, we still do not have a clear picture of how Z-forms are adopted, and
what role(s) Za. plays in the conversion. A better understanding of the Z-form adoption
process via stabilization by Za and the intermediate states involved would significantly
improve our understanding of Z-form biology.

To help answer this question, we measured Off-Resonance R1,, relaxation dispersion
experiments®* on model Z-forming d(CpG) and r(CpG) constructs. This experiment aims to
probe for low population, dynamic states (in the ps-ms timescale) under low salt conditions
and in the absence of Za. The Off-Resonance R1, relaxation dispersion experiment allows
for the characterization of microsecond-to-millisecond chemical exchange processes in
solution®>:56, 3 timescale which usually coincides with adoption of excited states®’. These
motions can lead to formation of “excited states” that correspond to local minima in the

free energy landscape®®. Our experiments revealed evidence of transient duplex melting,
suggesting that helix melting may play a role in Z-form adoption. To study this further,

we then carried out circular dichroism time-courses and other biophysical measurements to
investigate the energy barriers of Z-form adoption in the presence of the Za. domain from
human ADAR1%9, one of the most well-characterized Za domains®:38:39.60, \We find that

the ease of melting a duplex heavily correlates with its Z-form adoption rate and that the
sugar pucker and nucleobase rearrangement is the rate-limiting step for Z-form adoption.
Finally, we find that duplex RNA goes through a single-stranded intermediate before Z-form
conversion and that Za. actively promotes the adoption of this single-stranded state, thereby
having an active role in Z-form adoption. We speculate that while transient duplex melting is
likely relatively frequent, transient Z-conformation likely only becomes populated when Za
is already bound to B/A-DNA/RNA and is therefore present to stabilize it. Consequently, we
would predict that Z-conformations in the cell are quite stable, as they are either already in
Z-form via stabilization by Za domains or due to other mechanisms (such as helical torsion
or chemical modifications).
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Results
Evaluating the Z-Form Stability of Model Z-Adopting d(CpG) and r(CpG) Constructs.

To gain a better understanding of the Z-form adoption process and the intermediate states
involved, we first looked for the existence of transient states in d(CpG) and r(CpG)
sequences, which are well characterized Z-adopting sequences®19.61-63 under low salt
conditions (25 mM NaCl) where the Z-form would not be expected to form (Figure 2A).
We chose these constructs because they each have a different energy barrier for adopting
the Z-conformation, and, theoretically, should have different populations of transient Z-
conformations. Because the riboses in Z-form helices alternate between the C2”-endo and
C3’-endo conformations, the 2" hydroxyl in RNA represents a significant energy barrier

to Z-form adoption64-66, We quantified Z-form adoption using circular dichroism titrations
which showed that in comparison to Z-DNA, Z-RNA needs more than double the salt
concentration to be stabilized (4 and 5 M NaClOy4 for r(CpG)3 and r(CpG)g constructs,
respectively, compared to 2 M NaClOy4 for both the d(CpG)3 and d(CpG)g, Figure 2B,
Figure S2, Table 1). The 5-methyl cytosine modifications in the d(5mCpG)3 construct
destabilizes the B-conformation relative to the Z-form, thereby significantly decreasing the
energy barrier for Z-DNA adoption3>:67-71_|ts Z-form NaClO, midpoint is 800 mM which
is 2.5x lower than the d(CpG)3 construct (Figure 2B, Table 1). The 8-methyl guanine
modification destabilizes both the B- and A-conformations of DNA and RNA by sterically
clashing with the ribose when the base is in anti, resulting in the methylated purine adopting
the syn conformation and thereby significantly promoting Z-form adoption’2-74, Achieving
Z-form midpoints for the 8mG4 d(CpG)3 and 8mG4 r(CpG)3 (8-methyl guanine at position
4) constructs requires 500x and 250x less NaClO4 compared to the d(CpG)3 and r(CpG)s,
with values of ~4 and ~16 mM, respectively (Figure 2B, Table 1). We also measured the
melting temperatures ( 7,,) of the duplexes to make sure they were in good agreement with
predicted 7, (Figure S3, Table 1). Overall, this data confirms that our selected constructs
have different energy barriers for Z-form adoption and, therefore, are good candidates to
probe for transient Z-conformations.

Off-Resonance R1, Relaxation Dispersion Measurements Reveal an Excited State in Model
Z-adopting d(CpG) and r(CpG) Constructs at 42°C.

We sought to probe for dynamic states during the A/B to Z transition. To this end, we
recorded and assigned Off-Resonance 13C-R1p%* spectra of the d(CpG)s, d(5mCpG)3,
8mG4 d(CpG)3, r(CpG)s, and r(CpG)g constructs. In addition, we also measured ZZ-
exchange experiments (which probe dynamics in the second timescale’®) on the 8mG4
d(CpG)3 and 8mG4 r(CpG)3 constructs which are in slow exchange between the A/B and the
Z-conformation and therefore served as positive controls. The presence of an excited state
can be identified in the R, + R profile of the Off-Resonance R1, experiment by increased
relaxation due to exchange at the excited state’s chemical shift position (relative to the
ground state). As the power of the 13C spin-locking pulse is increased, the contribution of
relaxation due to exchange is quenched, allowing for the exchange rate (kgx) and difference
in chemical shift (Aw) between the ground and excited states, as well as their populations
(oa and pg), to be extracted (a theoretical illustration is shown in Figure S4A, S4C).
ZZ-exchange allows characterization of slow timescale exchange processes by observing the
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transfer of longitudinal relaxation between the ground and excited states during mixing time,
allowing for a direct readout of the exchange rate between the two states’® (Figure S4B).

The 13C-1H HSQC and 1H-1H NOESY assignments and NOESY “walk” strategy for the
assignment of B- and A-form helices are shown for the d(CpG)3 (Figures 3A, 3B, Table
S1). Assignments for the other constructs are shown in Figures S5-S12, and chemical shift
values can be found in Tables S2-S6. We note that due to the palindromic nature of all

the constructs we tested, the two strands are chemically equivalent (Figures 3A, 3B). For
example, the aromatic CH8 peak of G4 is actually two overlapped peaks with identical
chemical shifts, one from G4 of one strand and the other from the second strand. Therefore,
all NMR observables for these constructs represent an average of the residue in question
from both strands.

For the d(CpG)3 construct at 25°C in 25 mM NaCl, we obverse no ps-ms timescale
exchange processes in our Off-Resonance R1,, profiles that can be fit with any reasonable
confidence (Figure 4, dispersion profiles for other residues are shown in Figure S13). This
indicates that at 25°C, either the d(CpG)3 is not in exchange with a transient state on this
timescale or that the excited state’s population and dynamics is beyond detection by our
experimental procedure (< 0.5-1% population).

Because Z-form adoption is an entropically driven process and known to be promoted

as a function of temperature’’, we measured the same experiment at 42°C (a commonly
used incubation temperature with Za.’"). The hypothesis we tested was that the increased
temperature may promote the population of any transient Z-form state. At 42°C, a clear
excited state is populated for all residues of the d(CpG)3 construct except for cytosine 1 and
guanine 6 (Figure 4, Figure S13). Due to the similarity of the extracted exchange parameters
for all residues, we fit them globally, which gave an exchange rate (Agx) of 1630 £ 140

s~1 and an excited state population (gg) of 4.0 + 0.6 % (Table 2). In addition, the excited
state chemical shift differences (Aw) for all residues were downfield (de-shielded) relative
to their ground-state positions (Table 2), suggesting that the entire d(CpG)3 construct was
experiencing the same exchange process and that this excited state resulted in a more open
conformation of the duplex, as would be predicted for the aromatic purine C8 atoms of
Z-conformation (Figure S14).

We observed a similar phenomenon for the d(5mCpG)3 and r(CpG)3 constructs, with no
observable exchange processes at 25°C but a clear excited state at 42°C (Figures 4, S15,
S16, Table 2). Again, we were able to fit the data from both constructs globally, which gave
an exchange rate of 1300 + 280 s~1 with a population of 2.0 + 0.5 % for the d(5mCpG)3
construct and an exchange rate of 977 + 53 s~ with a population of 1.93 + 0.06 % for

the r(CpG)3 construct (Table 2). Similar to the d(CpG)3 case, the excited state chemical
shift differences for the fit residues in the d(5mCpG)3 and r(CpG)3 constructs displayed
downfield chemical shift values. In contrast, the r(CpG)g duplex has no observable exchange
process at 42°C (Figures 4, S17). This suggests that all three of the 6 bp constructs are
sampling a similar state with different dynamics. However, the identity of this state is
unknown without comparing its chemical shift difference (Aw) to what would be expected
between the B/A- and Z-forms.
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Excited State Chemical Shifts from Off-Resonance R1, Correlate with Melted Duplex better
than with stabilized Z-DNA/Z-RNA.

To identify whether the excited states observed at 42°C in the d(CpG)3, d(5mCpG)3, and
r(CpG)s constructs were a transient Z-conformation or other exchanging states, we needed
to determine the chemical shift difference between the aromatic residues in the B-form/
A-form and in the Z-form for the DNA and RNA constructs. To this end, we assigned the
13¢, 1H chemical shifts of the 8mG4 d(CpG)3 and 8mG4 r(CpG)3 constructs, the DNA
version of which had been previously confirmed to be in slow exchange between the B- and
Z-conformations’2. To our knowledge, the Z-forming capability of the singly methylated
8mG4 r(CpG)3 has not been tested until now, although the construct is chemically similar
to the double-methylated m8Gm (8-methyl and 2”-O-methyl guanosine) r(CpG)s construct
which has been studied previously?3.

Assignment and peak analysis of the HSQC spectrum recorded on the 8mG4 d(CpG)3
construct (Figures S6, S7) confirmed that the construct is indeed in a slow exchange between
the B- and Z-conformations (Figure 5A) being mostly Z-form with a B-form population

of 8.3 + 2.3 % at 25°C (as determined from peak volume integration, Table 3). The

extracted excited state chemical shift differences from the Off-Resonance R1, experiments
measured on the d(CpG)3 at 42°C exhibit a high degree of correlation with the chemical
shift difference between the B- and Z-form peaks in 13C, 1H HSQC of the 8mG4 d(CpG)3
construct (Figure 5B, /2 = 0.89). However, in all cases except for Cyt5 C6, they agree much
better with the chemical shift difference between the 13C, 1H HSQC peaks of the d(CpG)3 at
42°C (folded) and 70°C (unfolded, Figure 5B, /2 = 0.99).

The 8mG4 r(CpG)3 construct is also in slow exchange between the A- and Z-conformations
(Figure 6A), albeit with an A-form population of 50.5 + 5.3 % (Table 4). This significant
decrease in the population of Z-form compared to the 8mG4 d(CpG)3 construct is likely

a reflection of the differences in C2”-endo sugar pucker stability in DNA vs. RNASS. The
addition of 100 mM NaClOy, stabilizes the Z-RNA state, decreasing the A-form population
to0 26.6 + 4.0 % (Figure 6A, Table 4). Similar to the d(CpG)3 construct, the extracted excited
state chemical shift differences from the Off-Resonance R1, experiments measured on the
r(CpG); duplex at 42°C agree much better with a melted duplex (Figure 6B, /2 = 0.97) than
with the stabilized Z-conformation (Figure 6B, A2 = 0.63). They also poorly correlate with
the chemical shift differences between the r(CpG)s construct in low- (25 mM NaCl, A-form)
and high-salt (Z-form, 6 M NaClO,), showing that this poor correlation is not due to the
chemical shift deviations due to the 8-methyl guanine modification (Figure S18, /2 = 0.87).

Overall, we conclude that the excited states observed in the Off-Resonance R1, experiments
measured on the d(CpG)3 and r(CpG)3 duplexes at 42°C most likely represent transiently
unfolded states and not Z-form adoption. This is supported by the observation that the
excited state chemical shift values for the purine C8 and pyrimidine C6 atoms of the
d(CpG)3, d(5mCpG)3, and r(CpG)3 constructs are all downfield by similar magnitudes
(Table 2), which occurs for duplex melting (Figure 5A, 6A). This contrasts with the
Z-conformation, where the aromatic C8 atoms of purines in the syn conformation are
significantly more de-shielded compared to the C6 atoms of the cytosines (Figure 5A, 6B,
Figure S14).
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In addition, the 5-methyl cytosine modification has a well-known stabilizing effect on the
temperature-dependent melting of DNA78-80. The excited state measured by Off-Resonance
R1, for the d(5mCpG)z duplex has a population of 2% compared to the 4% observed for its
non-methylated counterpart (Table 2), again supporting that the identity of the minor state

is indeed duplex melting. We also measured Off-Resonance R1, on a r(CpG)s duplex at
42°C, which is double the length of the r(CpG)3 and, therefore has a significantly higher
melting temperature (Figure 4, Figure S17). If the excited state observed for the r(CpG)3 was
truly a Z-conformation, it would be plausible to anticipate an excited state for the r(CpG)s.
This arises from the fact that the Z-form activation energy was previously determined to be
independent of chain length81, whereas transient melting should no longer be observable.
However, we observe no evidence of an excited state in the r(CpG)g duplex at 42°C. Finally,
the population and Agx of the excited state in the r(CpG)3 construct grows/decreases from
1.+0.1% and 977 + 53 s~ at 3.6 mM to 6.5 + 0.6% and 513 + 59 s~1 at 300 uM (Figure

4, Table 5), which is also in line with the known concentration dependence of the melting
temperature in nucleic acid duplexes®2,

Transient Melting Promotes Z-Conformation Adoption in the Presence of Za.

Most Z-conformation adoption models assume a high-energy nucleation event before helical
handedness reversal and Z-form stabilization3® (Figure 1B). In addition, we previously
observed that Z-RNA adoption within the context of A-Z junctions occurred more readily
when the Z-RNA stretch was flanked by internal loops or wobble base pairs*3. Therefore,
we wondered whether the transient melted state observed by NMR in the d(CpG)s,
d(5mCpG)3, and r(CpG)3 constructs could play a significant role in Z-form adoption in

the presence of Za domains. Particularly, we hypothesized that increasing the probability of
transient duplex melting would promote the rate of Z-form adoption by Za.. To investigate
this question, we employed circular dichroism (CD) spectroscopy, a technique which has
been used extensively to study both Z-DNA and Z-RNA conversion43:77:83.84 The B-form,
A-form, and Z-form of nucleic acids have unique CD absorbance patterns85:8 in the 220
320 nm range with minimal interference from protein signal, making it ideal to track Z-form
adoption in the presence of Za (Figure S19).

We designed and tested a series of DNA and RNA duplexes which have different levels of
duplex stability (depicted in Figure S20) and confirmed their ability or inability to adopt the
Z-conformation in high-salt and in 1:2n (RNA:protein, where n is the number of binding
sites) complex with Za (Figure S21, salt mid-points can be found in Figure S2, Table 1). We
next followed the conversion of these duplexes to the Z-form as a function of time and at
different temperatures after adding saturating amounts of Za (as is depicted in Figure S19,
results in Figure 7, Figure S22 and Table 6).

Our NMR results showed that the r(CpG)3 construct displayed transient duplex unfolding
while the r(CpG)g construct did not. Therefore, we decided to test how duplex length (6, 12,
and 24 bp CpG DNA and RNA duplexes, depicted in Figure S20) plays a role in Z-DNA

and Z-RNA adoption rates in the presence of Za.. It has been previously shown that Z-form
adoption is promoted as chain-length is increased in poly d(CpG),, constructs, with the
rationale being that longer chains have more potential sites for high-energy nucleation events

JAm Chem Soc. Author manuscript; available in PMC 2024 June 06.
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to occur thereby promoting Z-form adoption?4. However, the duplex length was only able to
be crudely estimated and only two lengths were tested (a 24 and 580 bp duplex), meaning
that the potential effects of duplex melting due to temperature may have been missed.

We observe that the shorter 6 bp d(CpG)3 and r(CpG)3 constructs convert to the Z-form
significantly faster compared to the 12 bp ones (Figure 7). The d(CpG)3 construct is already
completely in the Z-conformation before we could begin the CD measurement (~5 s delay
before measurement), while the d(CpG)g converted to the Z-form with a rate constant (4)

of 16.55 + 0.18 h™1 at 25°C (Table 6). For the RNA case, a similar phenomenon was
observed with the r(CpG)3 flipping to the Z-conformation 100x faster compared to the
r(CpG)g with rate constants of 3.480 + 0.025 and 0.035 + 0.000 h~1 at 25°C, respectively
(Table 6). The slower kinetics observed for RNA is due to the higher energy barrier for
flipping the sugar pucker into the C2”-endo conformation for RNA compared to DNAS6.77,
Interestingly, doubling the number of bps again from 12 to 24 appears to have the opposite
effect, although more subtle, increasing the rates from 16.55 + 0.18 and 0.035 + 0.000 h~1 to
20.02 + 0.38 and 0.129 + 0.000 h~1, corresponding to an increase of 1.2x and 3.7x in the rate
constants for DNA and RNA CpG repeats, respectively (Table 6). This increase is likely due
to an increased likelihood of nucleation events occurring within the chain as it gets longer,
as measured previously?4. Indeed, using a sub-stoichiometric concentration of Za for the
r(CpG)12 construct (2:1 Za:RNA where a total of 8 Za can bind to the r(CpG);5) results

in a similar rate constant to the fully saturated experiment at 25°C, but results in an overall
lower final population of Z-form adoption, suggesting a high-level of cooperativity (Figure
7, Table 6). Interestingly, the rate constant becomes increasingly slower (relative to the fully
saturated experiment) as the temperature increases, indicating that the lower stoichiometric
amount of Za cannot fully recapitulate the rates observed in the fully saturated experiment
(Table 6). We also measured time-courses for the d(5SmCpG)3 construct, but as with the
d(CpG)3 duplex, it was already in the Z-conformation before measurement could begin.
Therefore, Z-form adoption occurs quickly on shorter duplexes because they more easily
melt compared to longer duplexes.

However, helix length is not the only factor which impacts duplex destabilization. Next,

we wanted to test whether promoting base pair opening in the d(CpG)g and r(CpG)g
constructs, which converted to the Z-form quite slowly, might increase their Z-adoption

rate in the presence of Za.. It is well known that TG and UG wobble base pairs within

the context of B- and A-form helices result in local helical distortions, which promote

base pair dynamics®7-90. Therefore, we replaced the fourth G in the d(CpG)g and r(CpG)g
constructs with either a T or U nucleotide to create TG and UG wobble base pairs, which
minimally perturb Z-form structure91. This resulted in a DNA construct with a tandem TG
wobble (d(CpG)3TG(CpG),) and an RNA one with two UG wobbles spaced apart by 4

bps (r(CpG)3UG(CpG),) due to a register shift of the duplex (as depicted in Figure S20),

as confirmed by NMR and melting temperature measurements (Figure S23, Table 1). We
confirmed that Za is still able to convert these non CpG sequences to the Z-conformation by
circular dichroism (Figure S21), as anticipated from prior X-ray crystal structures of Z-DNA
with non CpG sequences®2.
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The introduction of these TG and UG wobble base pairs into the d(CpG)g and r(CpG)g
constructs increased their rate constants significantly (Figure 7. S22, Table 6). The Z-
adoption rate of the d(CpG)3TG(CpG), duplex could no longer be measured as it was
already in the Z-form before measurement could begin. The r(CpG)3UG(CpG), construct
had a rate constant of 0.191 + 0.000 h~1 at 25°C, corresponding to a 5.5x increase compared
to the r(CpG)g construct (Table 6).

Since A-to-I editing of AU base pairs by ADAR1 is well-known to destabilize dsSRNA
structures®3-95, we also tested to see if a tandem inosine-uracil base pair insertion into
the r(CpG)g would also promote Z-form adoption rates by Za. The r(CpG),CUIG(CpG),
construct (depicted in Figure S20) has a very low melting temperature of 38.39°C (Figure
S3, Table 1), confirming the destabilizing effect of the tandem inosine insertion. The
r(CpG),CUIG(CpG), construct converted to the Z-conformation with a rate constant (4)
of 2.48 £ 0.10 h™1 at 25°C (Figure 7, Figure S22, Table 6), which is 71x faster than the
r(CpG)g and only 0.7x slower than the r(CpG)3 constructs at the same temperature.

Finally, we wanted to investigate what the effects of capping a Z-forming sequence with
loops of diverse stabilities has on its Z-form adoption rate. Therefore, we capped the
r(CpG)s, which adopts the Z-form relatively quickly, to make two stem-loop constructs, one
with a tetraloop having the cUUCGg sequence, and another with a 5Smer loop containing
uracils (Figure S20). Both constructs required a high concentration of salt to adopt the Z-
conformation compared to the duplex constructs (adopting the Z-form around 8M NaClOyg,
Figure S2). Za binding appears to promote only a partial growth in ellipticity at 285 nm,
suggesting possible A-Z junction formation (Figure S21). Following the two stem-loop’s
partial Z-form adoption by CD time courses showed that they have rates comparable to,
albeit faster than, the r(CpG)g, with the S5mer uracil loop being slightly faster than the
tetraloop construct (Figure 7, S22). Therefore, capping the r(CpG)3 construct is highly
inhibitive to its Z-conformation adoption rate. We speculate that this is likely due to either
sterically preventing reorganization of the stem into the correct Z-form geometry, or by
making spontaneous melting events rarer.

Overall, these results suggest that the intrinsic ability of a duplex to melt has a significant
effect on its Z-DNA/Z-RNA adoption rate. This is supported by several observations. First,
doubling the base pairs from 6 to 12 (which depleted the population of transient duplex
melting as seen by NMR) causes the Z-adoption rate to proceed significantly slower for both
DNA and RNA. Second, converting Z-form duplexes to stem-loops has an inhibitory effect
on their ability to adopt the Z-conformation. Third, promoting base pair opening dynamics
by the introduction of TG, UG, and IU wohble base pairs into the B-form and A-form
helices of the CpG constructs promoted an increase of the Z-form adoption rate, with the
inosine insertion having a very pronounced effect. This posits the possibility that the A-to-I
editing of an RNA by ADAR1 may promote Za. binding resulting in a positive feedback
loop promoting further RNA editing, which we expand on in the discussion. These results
are in line with one of our previous studies, which showed that Za preferred to bind and
convert dsSRNA segments flanked by internal loops and wobble base pairs3.
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Interestingly, we also note that the 8-methyl d(CpG)3 and r(CpG)3 constructs, which exist in
slow exchange between the B-/A- and Z-conformations, had very low melting temperatures
(Table 1). While the observation is only correlational, this supports that B-/A-form helices
must be destabilized for the Z-conformation to become populated.

Z-DNA and Z-RNA formation is a complex process involving duplex melting and sugar
pucker rearrangement.

Since the ease of melting an RNA or DNA duplex correlated with Z-form adoption rates

in the presence of Za, we wondered whether these constructs might have lower activation
energies. The activation energy of Z-DNA and Z-RNA formation by Za in a d(CpG)g and
r(CpG)g construct was previously calculated using Arrhenius fits to be 24 and 38 kcal
mol~1, respectively’”. We carried out a similar analysis for all the constructs for which we
could accurately measure the Z-adoption rate at different temperatures ranging from 5°C

to 55°C (Figure S22, S24, Table 6; note that the trends observed at 25°C still hold for

the other temperatures). We measured the activation energy of the d(CpG)g and d(CpG)12

to be 26.562 + 0.003 and 27.387 + 0.045 kcalmol ™2, respectively (Table 6). For the RNA
constructs, activation energies were found to be 40.58 + 0.34 (r(CpG)s3; in agreement with
the published value’”), 42.87 + 0.72 (r(CpG)g), 41.37 + 0.34 (r(CpG)12), 44.79 + 1.84
(r(CpG)3UG(CpG),), 40.74 £ 1.90 (r(CpG),CUIG(CpG),), 41.15 + 0.51 (r(CpG)3 cUUCGg
tetraloop), and 40.05 = 0.28 kcal mol~1 (r(CpG)3 5mer Ura loop) (Figure S24, Table 6).
Therefore, despite the significant differences in the observed rate constants, the activation
energies only differ significantly depending on whether the construct is DNA or RNA. These
results are in agreement with an earlier study, which showed no difference in activation
energy for different (CpG) chain lengths®! and suggest that there is a higher-energy process
other than duplex melting that must occur before full Z-form adoption.

We reasoned this high-energy barrier is likely the rearrangement of the sugar puckers

and bases as seen in the Z-conformation, which would explain the large activation energy
difference between the DNA and RNA constructs, as has been previously hypothesized””.
If this is true, we would expect that a DNA-RNA hybrid construct should have a lower
activation energy barrier, with cytosines being deoxyribo (allowing them to more easily
adopt the C2”-endo conformation), and guanines being ribo (which would favor the C3’-
endo conformation). As predicted, we measured the activation energy of the (dCprG)g
construct to be ~10 kcal mol=2 lower than the r(CpG)g construct at 33.99 + 0.91 kcal mol1
(Table 6). Interestingly, the (dCprG)g construct also flips to the Z-conformation 2.7x faster
than the d(CpG)g at 25°C, which is likely due to its decreased stability as judged by its
lowered Ty, of 55°C compared to the 78°C for the d(CpG)g, Table 1). In further support

of the role of the sugar pucker conformation in the activation energy barrier of Z-form
adoption, locking the guanosines into the C3”-endo by a methylene bridge between the 2’
oxygen and the 4" carbon of the pentose ring (otherwise known as “locked” nucleic acid

or LNA%) prevented the duplex (dCpLG)g (depicted in Figure S20) from flipping to the
Z-form (Figure S2, S21). This suggests that even though the guanines start and end in the
C3’-endo conformation, some conformational flexibility is required during the switch from
the A- to the Z-conformation, or that the locked bases prevent the duplex from melting in a
way that allows for a Z-like state to be adopted.
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Taken together, these data show that the major energetic barrier for Z-form adoption is the
conformational rearrangement of the sugar puckers and bases and is length-independent
over a 24 bp span. The large differences observed for the Z-form adoption rates can be
rationalized by assuming that duplex melting represents a relatively low energy barrier
process that is required prior to the high-energy conformational switch.

The conversion of r(CpG) RNA to the Z-form by Za occurs on a slow timescale and
proceeds through a single-stranded intermediate.

Our data so far suggests that Z-form adoption is a multi-step process involving duplex
melting followed by sugar pucker rearrangement and stabilization. We wondered at what
point Za. plays a role in this proposed model. Theoretically, Za could only stabilize a Z-like
state once it is adopted, or it could also promote duplex melting, thereby promoting the
overall Z-adoption rate. We first attempted to gain insight into this question by measuring
Off-Resonance R1, experiments on the r(CpG)3 where guanine 4 was isotopically labeled
with 15N and 13C at increasing concentrations of Za.. We measured these experiments at
25°C to avoid convolution with transient duplex melting seen at 42°C. At all RNA:Za tested
ratios, we observed no evidence of dynamics on a ps-ms timescale (Figure 8A). Instead,
Za-dependent stabilization of Z-RNA occurs on a slow timescale, which was confirmed by
the disappearance of guanine C8H8 from the A-form peak position and its reappearance

at the Z-form position (without any observed chemical shift perturbations, Figure 8B).

This finding is in agreement with earlier NMR titration studies which looked at the imino
protons of d(CpG)3 and r(CpG)3 constructs upon titration of Za., which also showed slow
exchange®®. For the 8mG4 d(CpG); construct, which is in slow exchange between the B-
and Z-conformation, we were able to measure ZZ-exchange on the C8 atoms of guanine 2
and 6 (Figure S25, Table 7). From the fits of this measurement, we extracted an exchange
rate from the B- to the Z-form of 24.7 + 10.0 and 31.9 + 11.6 s~1 and a backward rate (from
the Z- to the B-form) of 5.4 + 1.3 and 7.8 + 1.5 s, for Gua2 and Guas, respectively (Figure
S25, Table 7). We carried out a similar analysis for the 8mG4 r(CpG)3 construct, which
revealed an exchange rate from the A- to the Z-formof 5.4 +1.1, 46 £0.7, 48 +0.5s71
and a backward rate (from the Z- to the A-form) of 5.1 £ 0.7, 4.3 £ 1.0,5.6 + 0.4 571 for
Gua2, Cyt3, and Guab, respectively (Figure S26, Table 8). Therefore, conversion between
the B-/A-form and the Z-conformation appears to occur on a slow timescale, independently
of the stabilization due to chemical modification of the duplex or Za binding.

Serendipitously, we discovered while carrying out electrophoretic mobility shift assays
(EMSA) that the binding of Za to a r(CpG)g construct causes the RNA to go through

a single-stranded intermediate prior to Z-form adoption (Figure 8C, S27A). Under our
experimental conditions, the r(CpG)g in the free form exists in equilibrium as a single-
stranded and double stranded species (Figure S27A). The two bands were assigned by
titrating in excess amounts of unlabeled r(CpG)g, which increased the melting temperature
7w and caused the upper band to increase in intensity (Figure S27E). In addition, running
the same samples under denaturing conditions resulted in the upper and lower band merging,
showing that they are not products of degradation (Figure S27F). This suggests that at

the RNA concentration used for the EMSA (~24 pM), the r(CpG)g is below the Kp
needed to form stable duplexes. As the concentration of Za is increased up to 1 uM, the
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dsRNA species becomes further depopulated while the ssSRNA species increases, without
any measurable complex formation. After 1 uM, the ssRNA species disappears, and a much
higher molecular weight band appears indicating complex formation (Figure 8C, S27A).
We do not observe this phenomenon with an LNA version of (CpG)g (which cannot adopt
the Z-form as showed earlier, Figure S21), with little change in the relative populations of
single- and double-stranded species (Figure 8D, S27D). These results further support that
the DNA and RNA must go through an unfolded intermediate prior to Z-form adoption, but
also that Za. is able to help promote this melting event at low concentrations. It is possible
that we only observed this activity of Za because the instability of the duplex species meant
that melted duplexes could not immediately reform, allowing us to capture it on a gel.

Interestingly, duplex melting by the addition of Za occurs relatively quickly as judged by
an EMSA time-course, which showed no difference in the relative populations of dsSRNA
and ssRNA for the r(CpG)g after the addition of 1 pM Za from 5 to 35 minutes (Figure
S27G). Quickly spiking in 5 and 25 UM Za after the 30-minute mark does not lead to

the productive formation of complex, as we observed for the full 30-minute incubation

with Za (compare Figure S27G to S27A). This supports our circular dichroism time-course
results which suggested that a second, high-energy Z-like state must be adopted after duplex
melting before productive Z-form adoption can occur.

Unexpectedly, we observe a similar behavior for Zp (structurally conserved with Za -
isoelectric point is 8.1 compared to 9.8 - and incapable of promoting Z-form) and a Za.
mutant (Za'Y177A, which cannot stabilize Z-DNA/Z-RNA) but without noticeable complex
formation at higher protein concentrations (Figures 8C, S27B). Za Y177A shows melting
activity, but it is not observable until about 5 UM of protein (Figures 8C, S27C). Therefore,
this suggests that the observed melting activity of Za is not specific to its Z-form adoption
activity, as it could be a general feature of positively charged helix-turn-helix domains.

Proposed Model for Z-Form Adoption by Za..

Synthesizing all the results from this study, we have constructed a model for Z-DNA and
Z-RNA adoption in the presence of Za Figure 9). First, Za binds non-specifically to a
B-form or A-form helix using a similar binding interface used for Z-form stabilization
(Figure 9, step 1). From here, the B-/A-form helix must experience a transient duplex
melting event, which is more likely to occur in proximity to helix ends and internal loops
and which Za binding may help to promote (Figure 9, step 2). Both of these steps occur

on a relatively fast timescale, with duplex melting being in the intermediate time regime
(as measured by Off-Resonance R1,). After this, the strands must rearrange into a Z-like
state with alternating sugar pucker and nucleobase conformations, which occurs slowly
and is rate-limiting (Figure 9, step 3). This state is high-energy and is thus a rare state
which is easier to adopt in DNA compared to RNA due to the difficulty in adopting the
C2’-endo conformation in RNA. At this point, Za will bind to the Z-like state with an
order of magnitude higher affinity, stabilizing it into the Z-conformation and promoting the
binding of additional Za domains in a cooperative manner (Figure 9, step 4). This model has
implications for the role of Za domains in biology, which we discuss below.
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DISCUSSION

The conversion of right-handed helices to the left-handed Z-conformation is a
thermodynamically challenging process2? involving complete helical reversal and
alternation of the nucleobases and (deoxy)riboses between the syn/antiand C2’/C3’-endo
conformations*8-11, Za domains, found within a variety of innate immune response
proteins3’, are able to promote this conversion in double-stranded DNA and RNA simply
through binding to and stabilizing the unique Z-form geometry6:38, This process is known
to involve intermediate steps*>-50, but the identity of these steps has remained poorly
characterized.

Our Off-Resonance R1, experiments, which probe low population dynamic states>4-56:%8,
showed no evidence of transiently sampled Z-conformations but did reveal that short d/
r(CpG)3 duplexes sampled a transiently unfolded state at 42°C whereas a r(CpG)g construct
did not (Figures 4-6). The transient melting observed in the shorter duplexes correlated with
significantly faster Z-form adoption rates in the presence of Za as measured by circular
dichroism studies (Figure 7). We further investigated this phenomenon and showed that
duplex stability generally played a major role in Z-form adoption rates, as was supported

by our EMSA experiments (Figure 8). This was illustrated by the significantly faster Z-form
adoption rates in the longer d/r(CpG)g constructs with inserted non-canonical base pairs and
inosine nucleobases (Figure 7).

Interestingly, despite the different nucleic acid constructs having significantly different rate
constants, the only differences in measured activation energies were between DNA and
RNA, with RNA having a significantly higher energy barrier (Figure S24). This suggests
that there is another, rate-limiting, step after duplex melting that likely involves adopting
the proper Z-form geometry (which requires more energy for RNA due to the difficulty in
adopting the C2”-endo conformation’?).

An Experimentally Validated Model for the Conversion of A/B to the Z-Conformation.

From these results, we propose a model whereby Za binds to an A-/B-form helix non-
specifically, the helix transiently melts and adopts a Z-like state, which is then followed

by stabilization of the Z-form structure in a Za.-dependent manner (Figure 9). This model

is very similar to the previously proposed zipper model32 but also takes into account the
role of Za domains and provides experimental evidence that the high-energy nucleation
event described in the zipper model is likely duplex unfolding. We believe that this makes
sense from a biochemical and structural perspective, as the intuitively most straight-forward
path to convert from a right-handed to a left-handed helix would be to locally dissociate

the two right-handed and base-paired strands from each other and reanneal them together

in the left-handed conformation. This would also explain why B-Z junction adoption was
previously shown to occur much more quickly than Z-DNA by itself9’, as the favorable
entropic energy gain from the creation of the junctions between B-DNA/A-RNA and Z-form
sequences likely allows for the strands to dissociate and reform into the Z-conformation
more easily.
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Does Za Stabilize Z-Conformations via an Active or Passive Mechanism?

One open question in the field is determining whether Za. domains play an “active” or
“passive” role in Z-form adoption. That is, whether Za. domains recognize pre-sampled
Z-conformations and subsequently stabilize them (the passive mechanism®2) or whether
binding of Za to DNA/RNA pushes the helix into the Z-form (the active mechanism#°-
47.49) There is evidence for both models of Z-DNA/RNA adoption#>-51.53_ Our data suggest
that two of the intermediate states in the pathway to Z-form adoption are duplex melting and
conformational rearrangement into a Z-like state (Figure 9). In addition, we showed that Za.
likely stabilizes a Z-like state which is adopted prior to full Z-conformation stabilization,
which occurs on a slow timescale. Our data do not allow us to conclude definitively whether
this state is adopted independently or if Za is required to push the nucleic acid into this
state once the duplex is melted. Through our Off Resonance R1, data, we only detected the
presence of transient melting of our duplex constructs in the absence of Za.. This suggests
that a possible transient Z-like state is either outside of the timescale measurable by Off
Resonance R1,, or that the state is exceedingly rare and Za is required for its adoption.
However, by comparing the A-form peak intensities of the isotopically labeled r(CpG)3
construct to the noise level where the Z-form peak would be expected to be (under the

slow exchange limit) at 25°C, the Z-conformation population cannot be more than 0.08%. If
transient Z-form adoption occurs on a slow timescale, this would mean that it is a rare state
under low salt conditions and without divalent metal ions.

Therefore, for nucleic acids that are not pre-stabilized into the Z-conformation by

chemical modifications, buffer conditions, torsional/mechanical stress?8:9, or other potential
unknown factors, the presence of Za is likely required for Z-DNA and Z-RNA to become
populated at a significant level. In this way, Z-conformation adoption due to the presence
of Za can be thought of as an active mechanism, especially considering that Za binds

to A-form helices prior to Z-form adoption (as evidence by the binding of Za to the
(CpG)g LNA, Figure S27D). However, that is not to say that Za-dependent stabilization

of Z-conformations always proceeds by an active mechanism. For pre-stabilized Z-form
duplexes, Za would likely immediately recognize and bind to the Z-form state, indicating a
passive mechanism. For duplexes not already in the Z-form however, the active mechanism
is more appropriate to describe how the helix transitions from the B/A-form to the Z-form.

Does A-to-l Editing by ADARL1 Induce Z-RNA?

Adenosine deaminase acting on RNA 1 (ADAR1) is an A-to-I editase which regulates the
innate immune response by preventing activation of dsRNA sensors37:5%. The longer isoform
of ADAR1 contains an N-terminal Za domain, which has been shown to play an important
role in ADAR1’s function#2100.101 Oy finding that inosylation of the r(CpG)g construct
increased its Z-form adoption rate to a comparable level as the r(CpG)3 was striking. Based
on this result, we speculate that the A-to-I editing activity of ADARL could promote Z-RNA
adoption in ADARZ1’s substrates which could in turn facilitate Za binding and further A-to-1
editing, helping to alleviate the loss of A-to-1 editing activity observed on shorter dSRNA
segments192, This model could partially explain ADAR1p150’s higher overall A-to-1 editing
activity103-105 and its significantly enhanced editing of substrates containing (CpG) repeat
sequencesl06,
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Another mechanism which would lead to the same result is that the increased Z-RNA
adoption due to A-to-I editing activity does not promote further editing, but instead helps
further shield the RNA from dsRNA sensors107 by converting potential substrates into a
conformation that is not readily recognizable by their typical A-form binding domains. Since
the Za domain would act in cis with the deaminase domain within ADARL, it would likely
also be able to outcompete ZBP1108-110 for hinding to the Z-form targets it helps to create.

Under What Cellular Contexts Would Z-Conformations be Predicted to Form?

Extrapolating from our findings, we predict that Z-conformations would be more likely

to form in dsRNAs containing many non-canonical base pairs, internal loops, or editing
events that help to partially destabilize the double-stranded character of the RNA segment.
This would allow for the Z-conformation to be adopted more easily and thus promote

Za binding. However, too many destabilizing base pairs would eventually cause the
adopted Z-conformation to also become destabilized®. This would also be impacted by

the number of pyrimidine-purine repeats, which determine the final stability of the adopted
Z-conformation®. Therefore, there is likely a balance between the ease of helix melting and
the stability of the adopted Z-conformation which determines the adoption rate and overall
longevity of Z-conformations in the cell. In addition to the RNA sequence itself, many
potential trans-acting factors would also be predicted to promote Z-form adoption, including
helicase activityl1! and torsional/mechanical stress®, which would facilitate duplex melting
and therefore promote Z-form adoption as previously hypothesized®®.

Should we revisit our outlook on Z-formation in cells?

A lot of focus has been put on identifying the RNA targets of Za domains which have
mostly revealed long dsRNA formed from repetitive elements109.110.112 'gch as Alu
elements in humans, and viral RNAs113-115 We wonder whether the identity of the RNA
targets is not as important as the result of converting those targets to the Z-conformation.
Alu elements could be targeted because they represent one of the largest sources of

dsRNA in the human transcriptome, not because they possess better Z-form adopting
sequences. This could explain why Za. has been shown to target a variety of double-stranded
fragments*344, The question is if Alu elements are targeted for editing over proportionally
compared to their relative abundance. The existence of evolutionarily conserved domains
which facilitate Z-DNA and Z-RNA adoption suggests that there is a major advantage

in converting double-stranded nucleic acids to the Z-conformation. For example, forcing
long dsRNAs into the Z-form may be a potent mechanism to avoid triggering certain
dsRNA sensors, which would have otherwise recognized the long tracts of A-form helices.
Alternatively, perhaps converting dsRNA into the Z-form could act as a mechanism to evict
A-form binding proteins, thereby promoting even further Za binding and amplifying the
signal of whichever Za-containing protein is coating a particular RNA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characteristics of Z-DNA/RNA and Z-conformation adoption. (a) Both dsDNA (top) and

dsRNA (bottom), normally in the B- and A-conformations, can adopt the higher-energy
left-handed Z-form (right). Z-DNA and Z-RNA are structurally equivalent and will revert
to the B/A-form in the absence of stabilizing factors. Pyrimidine (blue) — purine (green)
repeats alternate between the C2”-endo and C3’-endo sugar pucker conformations along
with the nucleobases between antiand the syn conformations. This leads to a zig-zagged
backbone. B-DNA, A-RNA, Z-DNA, and Z-RNA models were made using PDBs 1IN1KZ,
1PBMZ2, 1QBJ3, and 2GXB*, respectively. (b) Zipper model for the conversion from B-DNA
to Z-DNAS. First, a high-energy nucleation event allows for helical handedness conversion
and a short Z-DNA stretch to be adopted. This can then propagate down the helix in a
cooperative manner if the sequence allows it. At what points Za plays a role in the zipper
model is mostly unknown.
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A d(CpG), d(5mCpG), 8mG4d(CpG),

1 2 3 4 5 6 7 8

[NaCIO,] (M)

Figure 2.
DNA and RNA constructs selected for NMR measurements. (a) 2D representations of the

different d(CpG) and r(CpG) constructs used for NMR measurements in this study. DNA
bases are more lightly shaded than RNA ones. Methyl groups for the modified constructs are
depicted as small grey circles and indicate their relative position within the duplex. (b) Fits
of circular dichroism titrations of NaClO4 into the DNA and RNA constructors shown in (),
with the fraction of the duplex in the Z-conformation on the y-axis and the concentration of
NaClO,4 (M) on the x-axis. The fraction of Z-DNA and Z-RNA was tracked by following the
ellipticity at 266 and 285 nm, respectively, as described in the Methods sections.
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Figure 3.

NMR assignment of the d(CpG)3 construct. (a) Full 13C-1H HSQC spectra assignments for
the d(CpG)3 construct are shown (depicted on the right with assignment numbering). The
CH2’/2” and CH5’/5” peak positions are folded in from their normal positions around 40
and 66 ppm, respectively. Their proper chemical shift values are indicated in Table S1. CH3’
resonances were not assignable due to water suppression. Inset shows a zoom in of the
aromatic assignments. Note that the two strands of the duplex are chemically equivalent and,
therefore, have identical chemical shifts. (b) 1H-1H NOESY experiment with a mixing time
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of 320 ms showing the aromatic H8/H6 to ribose H1” connectivites. The NOESY “walk”
through the B-form helix is indicated with red lines, an example of which is shown on the
structure of a B-form helix (PDB: 1N1K?1) to the right.
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10x lower
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Off-Resonance R1,, relaxation dispersion profiles of the different DNA and RNA constructs
at 25°C and 42°C. 2D representations of the d(CpG) and r(CpG) constructs and
corresponding Off-Resonance R1, relaxation dispersion profiles for the C8 atom of Gua4
carried out at five different spin-lock powers (150, 250, 500, 1000, and 2000 Hz, colored
coded according to the legend within each plot) at 25°C and 42°C are shown to the right.
The dispersion profile at 10x lower concentration of duplex for the r(CpG)3 construct is
also shown. R, + Ry (= (R, — R1c0s%6)/sin%6, where 6 = tan~1(lock power/offset))
values are given as a function of the resonance offset from the major state (Qq¢/27t). Error
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bars represent experimental uncertainty from a bootstrapping method, as described in the
Methods section. The fits (solid lines) were carried out as described in the materials and
methods, and fitted parameters are found in Tables 2 and 3.
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Cexcited state at 42°C
E8mG4 d(CpG), at 25°C
W 70°c

e

o\"s

Identification of excited state chemical shift differences extracted from Off-Resonance R1,
experiments measured on the d(CpG)s. (a) Aromatic 13C-H HSQC (CHS8 of purines and
CHB6 of pyrimidines) assignments are shown for 8mG4 d(CpG)3 (purple peaks, B-form and
Z-form peaks are denoted by subscripts B or Z, respectively) compared to the d(CpG)3
construct at 42°C (folded, blue peaks) and 70°C (melted, red peaks). (b) Chemical shift
differences (13C Aw) extracted from Off-Resonance R1, experiments measured on the
d(CpG)3 construct at 42°C, the difference between the B-form and Z-form peaks in the
13¢, IH HSQC of the 8mG4 d(CpG)3 construct, and the difference between the folded

and melted peaks in the 13C, IH HSQC of the d(CpG)3 construct at 42°C and 70°C. The
Z-form chemical shift position for Guanine 4 for the 8mG4 d(CpG)3 construct could not be

compared due to the methyl modification.
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Figure 6.
Identification of excited state chemical shift difference extracted from Off-Resonance Rlp

experiments measured on the r(CpG); construct. (a) Aromatic 3C-1H HSQC (CHS8 of
purines and CH6 of pyrimidines) assignments are shown for 8mG4 r(CpG)3 (purple peaks,
A-form and Z-form peaks are denoted by subscript A and Z, respectively) compared to
the r(CpG)3 construct at 42°C (folded, blue peaks) and 70°C (melted, red peaks). For

the 8mG4 r(CpG)3 duplex, the addition of 100 mM NaClO,4 promotes the population of
Z-RNA while decreasing the population of A-RNA (dark purple peaks). (b) Chemical
shift differences (1:3C Aw) extracted from Off-Resonance R1, experiments measured on
the r(CpG)3 construct at 42°C, the difference between the A-form and Z-form peaks in

the 13C, IH HSQC of the 8mG4 r(CpG); construct, and the difference between the folded
and melted peaks in the 13C, IH HSQC of the r(CpG)3 construct at 42°C and 70°C. The
Z-form chemical shift position for Guanine 4 for the 8mG4 r(CpG)3 construct could not be
compared due to the methyl modification.
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Figure 7.
Z-form adoption rates in DNA and RNA constructs. (a) Circular dichroism time-course

experiments showing the rate of Z-DNA (tracked at 266 nm) and Z-RNA (tracked at

285 nm) adoption after the addition of saturating concentrations of Za at 25°C. The
different constructs are color-coded according to the legend on the right-handed side. (b) 2D
depictions of DNA and RNA constructs (above) are shown in descending order according to
their Z-form adoption rates at 25°C (below), with their half-times indicated in minutes.
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Figure 8.

Characterization of exchange in the r(CpG)s construct at increasing concentrations of Za..
(a) Off-Resonance R1,, relaxation dispersion profiles for the C8 atom of isotopically labeled
Gua4 in the r(CpG)3 construct measured with increasing concentrations of Za.. The molar
ratio of RNA:Za can be found at the top of the graphs. Off-resonance R1, experiments were
carried out at five different spin-lock powers (150, 250, 500, 1000, and 2000 Hz, colored
coded according to the legend on the right). R, + Rex (= Ryp) values are given as a function
of the resonance offset from the major state (Qqs/27t). Error bars represent experimental
uncertainty. (b) 1H,13C HSQC spectra showing the C8 atom of isotopically labeled Gua4 in
the r(CpG)3 construct is shown at increasing concentrations of Za, color coded according to
the legend on the right. (c) The fraction of sSRNA r(CpG)g, dSRNA r(CpG)g, and r(CpG)g
in complex with Za, ZB, and Za'Y177A extracted from electrophoretic mobility shift assays
(shown in Figure S25). The values shown are an average of two replicates plotted on a

log scale. (d) Same as in (c), but with a (CpG)g LNA construct which cannot adopt the

Z-conformation.
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Figure 9.
Model for Z-form adoption by Za.. First, Za binds to a right-handed B- or A-form helix

non-specifically (step 1). Next, the duplex transiently melts, which may be promoted
through Za binding (step 2). The dynamics of these steps occur on a relatively faster time
scale (on the micro- to millisecond time regime). From here, the ribose sugar pucker and
nucleosides have to rearrange into a high-energy, Z-like state (which occurs slowly taking
seconds to hours, step 3). Then, Za cooperatively binds to and stabilizes the Z-conformation
(which occurs fast once a Z-like state is adopted, step 4)).
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Duplex constructs” melting temperatures and NaClO,4 Z-form midpoints measured from circular dichroism.

Table 1.

Construct Tm (°C) Z-form midpoint (M [NaClO4])
d(CpG); 50.24 + 0.00 1.923+0.121
d(5mCpG); 54.04 + 0.24 0.824 +0.093
8mG4 d(CpG)3 26.01+0.22 0.0044 + 0.0005
8mG4 d(CpG); (4:1 Za:RNA) 59.80 + 0.27
d(CpG)s 77.77+0.74 1.867 +0.111
d(CpG);TG(CpG), 80.78 + 2.59 1.683 + 0.052
(dCprG)g 55.41 + 0.14 1.064 + 0.157
d(CpG)12 >100 1.770 + 0.066
1(CpG); 4922 +2.13 4.105 +0.162
8mG4 r(CpG)s A-form: 49.49 + 5.38 0.0164 + 0.0066
Z-form: 22.76 = 0.60
8MG4 r(CpG); (4:1 Za:RNA) 64.32 +0.32

r(CpG)g 86.36 + 0.86 5.218 +0.185
1(CpG);UG(CpG), 54.02 + 4.09 6.299 + 0.207
r(CpG),CIUG(CpG), 38.39 + 0.46 5.013+0.222
r(CpG)y, >100 5513 +0.119

(dCpLG)g N/A N/A

r(CpG); cUUCGg tetraloop N/A >6

r(CpG); 6mer Ura loop 77.72+1.82 >6

N/A means that the melting temperature could not be measured over the range measured.
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Table 2.

Conformational exchange parameters from Off-Resonance R1,, relaxation dispersion experiments for tested

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

constructs using a global fitting routine.

Construct | Residue/Atom identity | Temperature (°C) Key (571 Pe (%0) A, (ppm)
d(CpG), Gua2/C8 42 1630 +140 | 4.0+06 | 1.35+0.12
Cyt3/C6 42 1630 + 140 40+0.6 0.87 +0.07

Gua4/C8 42 1630 + 140 40+0.6 1.11+0.09

Cyt5/C6 42 1630 + 140 40+0.6 0.91+0.08

d(5mCpG)3 Cyt3/C6 42 1300 + 280 20+05 1.32+0.25
Guad/C8 42 1300 + 280 20+05 1.69+0.22

Cyt5/C6 42 1300+280 | 1.93+0.06 | 1.18+0.21

r(CpG)s Gua2/C8 42 977+53 | 1.93+0.06 | 2.17+0.08
Cyt3/C6 42 977 £53 1.93+0.06 | 2.20 +£0.07

Gua4/C8 42 977+53 | 1.93+0.06 | 3.76 +£0.07

Cyt5/C6 42 977 £53 1.93+0.06 | 2.45+0.06

Gua6/C8 42 977 +53 1.93+0.06 | 2.47 £0.06

Only exchange parameters for profiles that could be fit reliably are shown.
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Page 36

B- and Z-form populations in the 8mG4 d(CpG)3 constructs at different temperatures determined from peak

volume integration.

Residue/ B-form B-form B-form B-form B-form B-form
Atom identity | population (%) population (%) population (%) population (%) population (%) population (%)
at5°C at 15°C at 20°C at 25°C at 30°C at 35°C
Cytl/C1’ 125 14.0 13.3 9.3 3.9 2.9
Gua2/C1’ 17.3 14.8 16.5 10.3 9.4 2.7
Gua2/C8 16.9 10.7 7.9 49 13 0.51
Guab/C8 11.1 9.6 8.8 8.8 0.82 0.36
average 144+31 123+25 116+£40 83+23 3.9+39 16+x14
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Page 37

A- and Z-form populations in the 8mG4 r(CpG)3 constructs at different temperatures determined from peak

volume integration.

Residue/Atom B-form B-form B-form B-form B-form B-form

identity population (%) population (%) population (%) population (%) population population (%)

at5°C at 15°C at 25°C at 35°C (%) at 45°C at 25°C (100
mM NaClOy)

Cyt1/C5 41.3 49.6 43.7 18.4 17.1 23.3

Cyt1/C6 44.1 55.8 54.9 24.5 14.9 26.4

Gua2/C8 40.6 40.3 50.8 39.0 26.3

Cyt3/C5 40.9 50.1 41.3 18.5 20.2

Cyt3/C6 48.1 55.8 47.7 424 28.3

Cyt5/C1’ 67.7 56.72 49.7 45.9 34.2

Cyt5/C5’ 48.2 51.4 50.0 15.9 27.4

Cyt5/C5” 49.2 54.2 51.2 29.7 26.4

Cyt5/C5 51.6 51.2 56.2

Cyt5/C6 44.5 54.7 60.0 49.5

Gua6/C8 41.0 495 49.7 29.5

average 47.0+7.84 51.8+4.6 50.5+5.3 31.3+12.2 16.0+15 26.6 +4.0
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Conformational exchange parameters from Off-Resonance R1, relaxation dispersion experiments for the

r(CpG)s construct at 3 mM and 300 uM.

Table 5.

Construct Residue/Atom identity | Temperature (°C) | ke, (s7) Pe (%0) A, (ppm)
3.6 mM r(CpG)3 Gua4/C8 42 977+53 | 1.9+0.1 | 3.76 £0.07
300 uM 5N, 13C G4 r(CpG); Guad/C8 42 513+59 | 65+0.6 | 4.14+0.07
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Table 6.

Rate constants and activation energies extracted from circular dichroism time course experiments.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Construct k(™ | k™ k() | k(™Hat | k(hHat | k(hHat | k(™ | k(hhat | Ea(keal
at5°C | at15°C | at20°C 25°C 32°C 42°C at50°C 55°C mol-Y)
d(CpG)s * * *
d(5mCpG); * * *
d(CpG)s 0.655 | 2768+ 16.545 + 26.562 +
+ 0.06 0.23 0.003
0.009
d(CpG)sTG(CpG), * * *
(dCprG)s 0.732 | 8012+ 4527 % 33.990 +
+£0.08 0.11 0.04 0.909
d(CpG)y, 0.716 | 2979+ 20.015 + 27.387 +
+£0.08 0.39 2.30 0.045
r(CpG)s 0464+ | 0994+ | 3480+ 27.06 + 1506 + 811.85+ | 40.584 +
0.12 0.002 0.36 0.845 22,91 179.96 0.343
r(CpG)s 0.035 + 0.283 + 1814+ | 17.685+ | 25145+ | 42.870+
0.000 0.002 0.35 2.072 2,072 0.719
r(CpG)3UG(CpG), 0.191 + 40.625 + 1678+ | 44787+
0.007 1.761 57.70 1.838
r(CpG),CIUG(CpG), 0.2038 = | 0.5982 2479 £ 17.865+ | 73.065+ 40.735 +
0.000 | +0.006 0.103 0.375 22.154 1.902
r(CpG)1y 0.129 + 0.724 + 703+ 293+ 7375+ | 41.371%
0.011 0.003 0.017 0.024 8.966 0.340
r(CpG)y; (2:1 Za:RNA) 0.117 + 0.432 + 3351+ | 8278+ | 26465+ | 33705+
0.024 0.045 1.617 0.002 0.332 1.021
r(CpG); cUUCGg 0.058 + 0.664 + 3099+ | 18075+ | 4295+ | 41153+
tetraloop 0.004 0.021 0.204 1.181 2.234 0.507
r(CpG)s Smer Ura loop 0.077 £ 0.654 + 2777+ | 1774 | 4672 | 40.050%
0.026 0.008 0.026 0.453 0.084 0.278

*

= construct already completely in the Z-conformation before wavelength monitoring began
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Conformation exchange parameters for exchange between the B- and Z-form of the 8mG4 d(CpG)3 construct
measured from ZZ-exchange.

Residue | pg (%) at 25°C (from ratio of peak intensities) | pg (%6) at 25°C (from ratio of kex) | kgz (s72) at 25°C | kg (s7%) at 25°C
Gua2 C8 4.9 18.0+11.3 24.7 £10.0 54+13
Guab C8 8.8 196 +11.1 31.9+116 78+15
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Conformation exchange parameters for exchange between the A- and Z-form of the 8mG4 r(CpG)3 construct
measured from ZZ-exchange.

Residue | pa (%) at 25°C (from ratio of peak intensities) | pa (%) at 25°C (from ratio of Kex) | kaz (s at 25°C | kza (s72) at 25°C
Gua2 C8 42.0 48.6 54+1.1 51+0.7
Cyt3 C6 40.2 48.4 4607 43%10
Guab C8 55.1 53.7 48+05 56104
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