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ABSTRACT: In our previous study to identify the RNA internal loops that bind an aminoglycoside derivative,
we determined that 6’-N-5-hexynoate kanamycin A prefers to bind 1x1 nucleotide internal loops containing
C- A mismatches. In this present study, the molecular recognition between a variety of RNAs that are mutated
around the C-A loop and the ligand was investigated. Studies show that both loop nucleotides and loop
closing pairs affect binding affinity. Most interestingly, it was shown that there is a correlation between the
thermodynamic stability of the C-A internal loops and ligand affinity. Specifically, C+-A loops that had
relatively high or low stability bound the ligand most weakly whereas loops with intermediate stability bound
the ligand most tightly. In contrast, there is no correlation between the likelihood that a loop forms a C-A™*
pair at lower pH and ligand affinity. It was also found that a 1x1 nucleotide C- A loop that bound to the ligand
with the highest affinity is identical to the consensus site in RNAs that are edited by adenosine deaminases
acting on RNA type 2 (ADAR?2). These studies provide a detailed investigation of factors affecting small
molecule recognition of internal loops containing C- A mismatches, which are present in a variety of RNAs

that cause disease.

RNA has diverse structures that are important for biological
function (/—7). Unlike DNA, RNA is single stranded and has
secondary and tertiary structures derived from noncanonical
pairing interactions. One example of a noncanonical pairis C- A,
which can form a variety of structures such as a non-Watson—
Crick pair, a wobble C-A™ pair, a reverse Hoogsteen pair, and a
reverse wobble pair (Figure 1D—G). These structures are en-
ergetically different (8). The least stable loops are the non-Watson—
Crick (Figure 1D) and the reverse Hoogsteen (Figure 1F) pairs in
which no hydrogen bonds form at the Watson—Crick face. The
reverse wobble pair (Figure 1G) is found in parallel duplexes (9).
C-A™ pairs form when A is protonated, leading to a wobble
geometry (Figure 1E) (8, 10). The structure is similar to the
geometry of wobble GU pairs in an antiparallel duplex (7).
Thus, C-A™ pairs fit into a helix similarly to wobble GU pairs or
Watson—Crick pairs (9, 11, 12).

The function of RNA is often dictated by the presence of C-A
pairs. For example, a C+A loop is the preferred substrate of
adenosine deaminase acting on RNA type 2 (ADAR2)" (13).
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ADARs modify the A in the C- A loop to an inosine (/3—15). In
hepatitis delta virus (HDV), ADAR is utilized to diversify the
genome, for example, changing a stop codon to a tryptophan
codon (/6). Global ADAR substrate analysis reveals that editing
is context dependent: the A in 1x1 nucleotide C- A loops is edited
more efficiently in 5-WAK-3" (where Wis A or U and K is G or U)
than A’s in other contexts (/7). A variety of inherited diseases are
also due to defects in ADAR editing of RNA transcripts. These
include editing of the 2C subtype of the serotonin receptor, which
has been implicated in contributing to Prader—Willi syn-
drome (I8, 19). A variety of other central nervous system
disorders are also caused by malfunctions in RNA editing (20).
Since CA loops are often the preferred editing site(s) in RNA,
small molecules that target editing sites could provide lead ligands
to treat diseases caused by misediting by ADAR. Additionally,
mutations in mitochondrial tRNAs that cause neuromuscular
disorders are often due to insertion of CA 1x1 nucleotide internal
loops (21—24). Thus, many diseases are due to insertion or altered
processing of RNAs with 1x1 nucleotide CA internal loops.

Information on the RNA secondary structures that bind small
molecules has been previously used to target RNAs that cause
disease. For example, information on the preferred binding sites
of kanamycin and Hoechst 33258 derivatives have been used to
rationally design cell-permeable, modularly assembled ligands
targeting the RNAs that cause myotonic dystrophy types 1 and 2,
spinocerebellar ataxia type 3, and Huntington’s disease (25—28).
It is likely that a similar approach could be used to target diseases
that are caused by CA loops.

Previously, it was identified that RNAs with C- A loops were
one of the preferred targets of 6'-N-5-hexynoate kanamycin A
(KanHex) by using a selection-based approach (Figure 2) (29, 30).

©2011 American Chemical Society
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FIGURE 1: Canonical base pairs (A—C) and four possible CA pairs (D—G) in RNA. Plus and minus signs represent the direction of strands

(+/— represent antiparallel strands, and +/+ represent parallel strands).
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FIGURE 2: The 3x3 nucleotide internal loop library (ILL) selection with 6'-N-5-hexynoate kanamycin A (KanHex) using a microarray
platform (30). Prev. Sel. indicates the consensus sequence and the corresponding dissociation constant from a previous selection. CA ILX
indicates an internal loop containing a C across from an A; the associated value is the measured Ky from this study.

Selected RNA—KanHex interactions occurred with dissocia-
tion constants ranging from 5 to 12 nM at pH 7.0. No loops
were selected that were closed by two GC pairs, indicating
that the thermodynamic stability of the loop could be an
important determinant in high-affinity binding. Various
studies have shown that the identity and orientation of loop
closing pairs affect loop stability (3/—34). We are unaware of
any other studies that investigate how ligand affinity is
correlated to loop stability.

Herein, the molecular recognition of KanHex by 1x1 nucleo-
tide C+ A loops is reported. Specifically, the features in the C+ A
loops that provide the optimal KanHex binding site were
investigated by mutating and deleting loop nucleotides and
mutating loop closing pairs. The stabilities of some loops at pH
7.0 and 5.5 were also determined using optical melting. Impor-
tantly, there is a correlation between loop stability at pH 7.0 and
ligand affinity. That is, loops with intermediate stabilities bind
the ligand with the highest affinity. Loops that are relatively more
or less stable bind more weakly. In contrast, there is no correla-
tion between the formation of C-A" pairs at lower pH and
affinity. It was also found that the consensus RNA loop binder
for this ligand is similar to the consensus ADAR2 editing site (13).
Thus, there could be similarities in molecular recognition of CA

loops by KanHex and the RNA-binding domain of the ADAR2
protein. These studies could enable the design of compounds
that bind specifically to RNAs edited by ADAR2 and modu-
late editing. Such compounds have not been reported in the
literature.

MATERIALS AND METHODS

Aminoglycoside Derivatives. KanHex and the fluorescein-
labeled derivatives of all aminoglycosides were synthesized from
the parent aminoglycoside as previously described (29, 30).

DNA Templates and PCR Amplification of DNA Tem-
plates Encoding Selected RNAs. All DNA templates were
purchased from Integrated DNA Technologies, Inc. (IDT) and
used without further purification unless noted otherwise. The
DNA templates encoding the mutated RNAs were PCR-ampli-
fied in 50 uL of 1x PCR buffer (10 mM Tris-HCI, pH 9.0, 50 mM
KCI, 0.1% Triton X), 4.25 mM MgCl,, 0.33 mM dNTPs, 2 uM
each primer (5-CCTTGCGGATCCAAT and 5-GGCCGGA-
TCCTAATACGACTCACTATAGGGAGAGGGTTTAAT),
and 0.2 uL of Tag DNA polymerase. The DNA was amplified by
25 cycles of 95 °C for 30's, 50 °C for 30's, and 72 °C for 1 min. All
PCR reactions were analyzed by gel electrophoresis on a 5%
agarose gel stained with ethidium bromide.



964  Biochemistry, Vol. 50, No. 6, 2011

RNA Transcription and Purification. RNA oligonucleotides
were transcribed using an RNAMaxx transcription kit (Stratagene)
according to the manufacturer’s protocol with 12.5 uL of the
amplified DNA from the PCR reaction described above. After
transcription, 1 unit of DNase I (Invitrogen) was added, and the
sample was incubated for an additional 30 min at 37 °C. The
transcribed RNAs were then purified by gel electrophoresis on a
denaturing 15% polyacrylamide gel. The RNAs were visualized
by UV shadowing and extracted into 300 mM NaCl by tumbling
overnight at 4 °C. The resulting solution was concentrated with
2-butanol and ethanol precipitated. The RNAs were dissolved in
150 uL of nanopure water, and the concentrations were deter-
mined by their absorbances at 260 nm and the corresponding
extinction coefficients. Extinction coefficients were determined
using HyTher version 1.0 (35, 36). The parameters used by
HyTher are based on information about the extinction coeffi-
cients of nearest neighbors in RNA (37).

Fluorescence Binding Assays. Dissociation constants were
determined using an in solution, fluorescence-based assay. RNA
was folded in HBI (8§ mM Na,PO,, pH 7.0, 185 mM NacCl, 0.1
mM EDTA) and 40 ug/mL BSA at 60 °C for 5 min. The solution
was allowed to cool slowly to room temperature. Then, fluores-
cently labeled KanHex was added to a final concentration of 50
nM. Serial dilutions (1:2) were completed in 1x HBII (HBI
supplemented with 40 ug/mL BSA and 50 nM fluorescently
labeled KanHex). The solutions were incubated for 30 min at
room temperature and then transferred to wells of a black 96-well
plate. Fluorescence intensity was measured on a Bio-Tek FLX-
800 plate reader. The change in fluorescence intensity as a
function of RNA concentration was fit to eq 1 (38):

I = I +0.5A¢{([FLo| + [RNA], + K)
- (([FL]o+[RNA]0+Kl)2 - 4[FL]0[RNA}0)O'5} (1)

where [ is the observed fluorescence intensity, I, is the fluores-
cence intensity in the absence of RNA, Ae is the difference
between the fluorescence intensity in the absence of RNA and
the fluorescence intensity in the presence of infinite RNA
concentration, [FL] is the concentration of the fluorescently
labeled KanHex, [RNA], is the concentration of the selected
internal loop or control RNA, and K, is the dissociation
constant.

Optical Melting Experiments and Determination of
Thermodynamic Parameters. Single-stranded oligonucleotides
were purchased from IDT and purified by preparative thin-
layer chromatography using 55:35:10 (v/v/v) 1-propanol:
ammonium hydroxide:water as the mobile phase. The pro-
duct was identified by UV shadowing and was extracted
from the silica by tumbling in NANOpure water for 3 h. All
nonself-complementary duplexes were formed by mixing the
corresponding oligonucleotides in an equimolar ratio.

Melting experiments were completed in 8 mM Na,HPO,
(pH 5.5 or 7.0), 180 mM NaCl, and 0.1 mM Na,EDTA using
a Beckman Coulter DU800 UV—vis spectrometer with an
attached Peltier heater. Melting curves of absorbance versus
temperature were acquired at 260 nm with a heating rate of 1 °C/min
from 12 to 89 °C. Melting curves were fit to a two-state model
using the MeltWin program (http://www.meltwin.com) (39). The
program fits the shape of each curve with sloping base lines and
temperature independent AH° and AS° using a nonlinear least-
squares algorithm (39—41). Thermodynamic parameters for the
nonself-complementary duplexes were also obtained by plotting
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the inverse of the melting temperature of the oligonucleotides
duplex (Ty ") versus In(Cy/4). The curves were then fit to

eq 2 (42):
_ R C AS°
T = g (TT> NS 2)

where R is the gas constant, 1.987 cal K™' mol™".

In order to determine if a loop of interest likely forms a C-A™
pair at lower pH’s, the stabilities of the duplexes were compared
atpH 7.0 and 5.5. The difference in free energies, AAG®37 ,py, Was
calculated according to eq 3 (based on the AG°3; values calcu-
lated from eq 2):

AAG®37, 1 = AG®37,pH 5.5 = AG®37,pH 7.0 (3)

Determination of Loop Stability. The stabilities of the CA
internal loops, AG°37140p, Were calculated using to eq 4 (43):

AGO37 loop = AGo37 duplex withloop — AGO37 duplex withoutloop

+ AGo37 interrupted base stack (4)

where AG®37 duplexwithloop 18 the free energy for formation of a
duplex containing a CA internal loop as calculated from eq 2,
AG®37 quplex withoutloop 15 the free energy for formation of the
duplex without the CA internal loop as calculated from eq 2, and
AG°37interrupted base stack 18 the free energy for the nearest neighbor
that was disrupted by insertion of the internal loops (40, 44).

RESULTS AND DISCUSSION

We previously reported a two-dimensional combinatorial screen-
ing (2DCS) selection in which the RNAs from a 3x3 nucleotide
internal loop library that bind 6'-N-5-hexynoate kanamycin A
(KanHex) were identified (Figure 2) (30). It was determined that
the RNA-binding ligand prefers symmetric internal loops that
display a cytosine across from an adenine (C- A) closed by UA or
UG base pairs (Figure 2) and binds with a stoichiometry of
1:1 (30). Furthermore, 62.5% of selected loops contain C across
from A whereas only 33% of the 4096-membered library contains
this motif (30). This represents a significant bias in the selection
(p-value = 0.0124, or there is less than a 1.24% chance the loops
were selected randomly). The consensus loop that has the highest
affinity was a 1x1 nucleotide loop containing a CA mismatch
closed by two UA base pairs (5 nM) (30). In addition, no selected
internal loop was closed by two CG/GC base pairs. These results
suggest that both CA loops and their closing pairs are important
for high affinity binding to KanHex. Thus, we studied these
factors by determining the affinities of loops with mutated or
deleted nucleotides and mutated closing pairs.

The Identity and Position of Loop Nucleotides Are Im-
portant for Binding KanHex. The various internal loops and
their closing base pairs (Figures 2—4) were inserted into the same
RNA cassette used in the 2DCS selection experiment (Figure 2).
The starting construct contains a CA mismatch closed by two
UA base pairs (CA IL1, Figure 2). CA IL1 binds KanHex with a
dissociation constant of 65 nM. The loop was then systematically
mutated in order to determine the effect of loop nucleotides and
loop closing base pairs on molecular recognition (Figure 3). The
first set of mutations generated fully paired RNAs, CA IL2, IL3,
and IL4 (Figure 3). There was no change in fluorescence intensity
when up to 1 uM CA IL2, IL3, or IL4 was added to 50 nM
KanHex, indicating that the fully paired RNAs do not bind the
ligand or bind very weakly.
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In order to determine if the C and/or the A in the loop are
important for the molecular recognition of KanHex, one of the
nucleotides or the other was deleted. Deletion of As generates
a C, bulge (CA IL5, Figure 3), and binding was abolished
(Kq > 1 uM). Interestingly, deletion of the C, residue, which
creates an As bulge (CA IL6, Figure 3), resulted in a dissociation
constant of 83 nM. Mutating C, to A, results in a one nucleotide
bulge in which the A is on the other side of the helix, or CA IL7
(Figure 3). CA IL7 binds weakly to KanHex with a K4 > 1 uM.
Switching the orientation of both closing base pairs in CA IL7 to
5'-AU-3 (generating CA IL8) does not rescue binding affinity.

U-A U-A U-A
U-A U-A U-A
C- -A -G
U-A U-A U-A
U-A U-A U-A
CAIL2 CAIL3 CAIL4
>1000 >1000 >1000
U-A U-A U-A U-A
U-A U-A U-A A-U
C A A A
U-A U-A U-A A-U
U-A U-A U-A U-A
CAILS CAIL6 CAIL7 CAILS
>1000 8312 >1000 >1000
U-A U-A U-A
U-A U-A U-A
U-A U-A U-A
U-A U-A U-A
CAIL9 CAIL10 CAIL11
317495 4704147 6561110

F1GURE 3: The RNA constructs used to determine how the identity
and position of loop nucleotides affect binding to KanHex. Nucleo-
tides are derived from the boxed region in Figure 2. Dissociation
constants are reported in nanomolar.

U-A U-A
A U-A U-A

U. .
U-A U-A
CAIL12 CAIL13
2313 48+11
U-A U-A U-A
U-A U. .

C A C A C A
U-A U. .
U-A U-A U-A
CAILL CAIL14 CAIL1S
65421 55128 261+15

U-A U-A
C A C A
uU- -
U-A U-A
CAIL16 CAIL17
42117 >1000

Biochemistry, Vol. 50, No. 6, 2011 965

CC(CATIL10)and AA (CA IL11) mismatches were also studied.
They bind KanHex about 8- and 10-fold more weakly, respec-
tively, than CA IL1. Interestingly, a previous study showed
that kanamycin A bound to 1x1 nucleotide CC loops present in
the 5 untranslated region (UTR) of thymidylate synthase
mRNA with weak dissociation constants (>2 uM) (49). In
summary, the identity of the loop nucleotides, particularly As,
is important for high-affinity binding to KanHex.

Loop Closing Pairs Affect KanHex Binding Affinity. To
investigate the importance of C+A loop closing base pairs, they
were systematically altered. Of the 36 possible CA mismatches
with different closing base pairs, 16 were studied (Figure 4). Series
A contains RNAs in which the closing base pairs are mutated to
afford U-G or G- U wobble base pairs, series B contains RNAs
in which the stability of closing base pair is increased by
incorporating one CG or GC base pair, and series C RNAs have
two CG or GC closing base pairs.

In series A, the most deleterious mutation switches the orienta-
tion of both 5'-UA-3’ closing base pairs to 5'-AU-3' (CAIL17) as
no binding of KanHex is observed (K4 > 1000 nM). Similarly,
when both closing base pairs were mutated to 5-GU-3' (CA
IL15),a K4 of 261 nM was obtained. Interestingly, if one of the 5'-
AU-3' pairs in CA IL17 is replaced with a 5-UG-3' pair,
affording CA IL16, binding is rescued (Ky = 42 nM). Likewise,
if one of the 5'-GU-3' closing pairs in CA IL15 is replaced with 5'-
UA-3, then binding affinity is restored (CA IL13). Replacement
of one or both 5'-UA-3 pairs with 5-UG-3' pairs does not
significantly affect affinity (CA IL12 and IL14). This suggests
that the identity and orientation of closing base pairs are
important for binding to KanHex. This may be due to the ligand
forming direct contacts to the closing pair or other factors such as
electrostatic interactions.

Next, the loop closing pairs were systematically altered to
contain one or two CG/GC closing base pairs (series B and C,
Figure 4). In series B, only one GC or CG base pair was introduced
to the RNA construct, and the highest affinity C- A internal loop
was CA IL19 (15 nM). Other mutations were also well tolerated,
either not affecting affinity or increasing affinity slightly as
compared to the starting construct RNA. The exception is CA

UA  UA UA  UA
UA  UA U. U.

Cc AC Ac AC A
UA  UA  UA UA
CAIL18 CAIL19 CAIL20 CAIL21

2813 156 37+19 12374
U-A  U-A
C A C A
U-A  U-A
U-A U-A
CAIL22 CAIL23
248 42 +19
U-A  UA  UA U-A
C AC AC AC A
U-A U-A U-A U-A
CAIL24 CAIL25 CAIL26 CAIL27
102 £49 15517 357 +10 154 £59

FiGURE 4: The RNA constructs used to determine how loop closing pairs affect binding affinity to KanHex. Nucleotides are derived from the
boxed region in Figure 2. Dissociation constants are reported in nanomolar.
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IL21, which contains a 5GC and a 3'UG closing pair and binds
with a dissociation constant of ~125 nM. In contrast, when both
closing pairs are mutated to GC pairs, a 2—5-fold decrease in
affinity as compared to the starting construct RNA is observed
(series C, Figure 4).

Table 1: Selectivity of CA IL19 for Binding to Fluorescently Labeled
Aminoglycosides

Aminoglycoside Kg (nM) Selectivity

15+6 --

747 £ 23 50

‘%% 793 +116 53

>5000 >333

.&\Q T 181+ 21 12

A 300
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200 -

150 CcAIL27
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K, (nM)

CAIL14

] a7 S
50
A
i A
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CAIL20
CAIL12

CAIL19
T

0 1 2 3 4 5 6

AG,; o (kcal/mol) of Loop Formation
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In summary, the important features in the RNA for binding to
KanHex are (1) a purine at position 4, (2) the presence of at least
one 5'-UA-3, 5-UG-3, or 5-CG-3 closing base pair, and (3) the
absence of two 5-AU-3, 5-GU-3', or 5-GC-3' closing base
pairs. Evidently, the orientation and identity of the loop closing
pairs are important for tight binding of KanHex to internal loops
containing CA mismatches.

Aminoglycoside Selectivity for Binding CA IL19. A
variety of aminoglycosides are known to interact with RNA,
and most often the RNA binds with highest affinity to the
aminoglycoside with the greatest number of amino groups
(typically neomycin B) (46, 47). Thus, there is often little amino-
glycoside specificity in binding RNA targets when the aminoglyco-
sides have a similar number of amino groups. In order to determine
if the consensus C+ A most specifically binds KanHex over other
aminoglycosides, a series of binding assays were completed for CA
IL19. The results of these studies are summarized in Table 1.

KanHex is the highest affinity ligand that binds CAIL19;
specificities for other aminoglycosides range from 12- to > 330-
fold. Not surprisingly, the next highest affinity binder is the
neomycin B derivative (with the largest number of amino groups
(six)). The largest difference in affinity is observed between
KanHex and the neamine derivative which has the smallest
number of amino groups. Interestingly, KanHex and the neamine
derivative have the same number of amino groups. Thus, the
interaction of the KanHex to CA IL19 is due to specific
interactions with the structure of the aminoglycosides and is
not due to simple charge—charge interactions. Similar specifi-
cities have been observed with aminoglycosides binding to RNA
internal and hairpin loops when the RNAs have been selected to
bind to aminoglycosides via 2DCS (30, 48—51). Other studies
have suggested that aminoglycoside recognition is shape-depen-
dent (47). The results presented here suggest that high-affinity
binding is also sequence dependent.

Thermodynamic Stability of the C+ A Loop Is Correlated
with Binding Affinity. The fact that C- A internal loops contain-
ing two CG/GC closing base pairs bind more weakly to KanHex
suggested that loop stability might play a role in binding affinity.
Previous studies have shown that closing pairs affect the stability
of RNA 1x1 nucleotide internal loops, with loops closed by two
GC pairs being the most stable (32). Additional reports have
elucidated other factors that affect stability (33, 34). It is also
possible that some C-A loops form wobble C-A™ pairs, which

B 300
250 1 CAIL15 é
200 -
s 150 -
£ CAIL27
v 100 4 CAIL21
CAIL1A
50 -
CAIL2 caAt PY
0 cAILT2 1120 119
-50 . ' : ;
-1 0 1 2 3 4

-AAG ;o 4 (kcal/mol)

FiGure 5: (A) Correlation of affinity of C- A internal loops for KanHex and the thermodynamic stabilities of the loops. The sequences for the
loops are shown in Table 2. (B) The affinity of C- A internal loops with KanHex as a function of thermodynamic stability at different pHs. AAG®37,
pH is calculated by taking the difference between AG°37, oy 5.5 and AG®37, ,y 7.0. There is no correlation between affinity and the likelihood that a

loop forms a C-A™ pair at lower pH.
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would also contribute to loop stability. To address thermodynamic
stability and structural differences of internal loops containing
CA mismatches and their effects on binding affinity, optical
melting experiments were completed. All 9-mer oligonucleotides
duplexes (nonself-complementary) are composed of 5'- and 3'-
constant flanking regions, 5-CCG-3'/3'-GGC-5, and the C-A
internal loops with different closing base pairs were inserted
between them. The stabilities of the duplexes with internal loops
were then compared to the corresponding fully paired duplex to
calculate the free energy of loop formation (thermodynamic
stability of the loop, eq 3).

The thermodynamic stabilities of eight C+A internal loops
were determined. As shown in Table 2, the range of free energy
values for loop formation is in good agreement with previous
reports (8, 31). C- A internal loops containing CG/GC closing
pairs are the most stable (CA IL27, AG®3; = 12.83 +0.12 kcal/
mol). In contrast, C- A internal loops containing two 5'-GU-3
closing base pairs are the least stable (CA IL15, AG®;; =
6.79 £ 0.02 kcal/mol). Interestingly, CA IL19 is less stable
than CA IL23 by 1.46 kcal/mol; the two RNAs have the same
closing pairs but in different orientations. Similarly, CA IL20
and CA IL21 have the same closing pairs but in different
orientations, and their stabilities differ by about 1.4 kcal/mol.
Hence, the stability of C-A internal loops depends on both the
orientation and the identity of the loop closing base pairs, in good
agreement with previous reports (3/—34).

In general, the internal loops with intermediate affinity bind to
KanHex with the highest affinity (Figure 5A). Less stable and
more stable loops bind more weakly. The two most stable loops
are CA IL21 and CA IL27. These loops bind weakly to KanHex
with dissociation constants of 123 and 154 nM, respectively. CA
IL15 is the least stable loop studied (destabilizing by 4.35 kcal/
mol) and binds to the ligand with a Ky of 261 nM. The stabilities
of the other loops studied (CA IL12, IL14, IL19, I1.20, and 1L.23)
are intermediate, ranging from 1.57 to 2.80 kcal/mol (Table 2).
These loops bind with the highest affinity, having dissociation
constants ranging from 15 to 55 nM (Figure 4).

One of the structures that a CA mismatch can form is a wobble
C-A™ pair (Figure 1E). The pK, for adenine N1 is 3.5; thus it is
usually deprotonated at physiological pH. However, large pK,
shifts have been observed for adenine residues in the leadzyme (52),
the hairpin ribozyme (53), the hepatitis delta virus ribozyme (54),
and the Varkud satellite ribozyme (55). Previous studies have also
shown that the protonation state of adenine in an C+ A mismatch
is context- and sequence-dependent (8, 10). Since the affinity of
the RNA internal loop—ligand complex is correlated to loop
stability, we also determined if affinity was correlated with
formation of C-A™ pairs at lower pHs.

The thermodynamic parameters for the eight CA internal
loops that were studied at pH 7.0 were determined at pH 5.5
(Table 2, red). Based on these data, CA IL19 has the largest
change in stability, AAG®3; i, while CA IL15 has the smallest
AAG®37 . This suggests that C- A mismatch in CA IL19 but not
in CA IL15 is likely a C-A* wobble pair at pH 5.5. However,
there is no correlation between the affinity of C+ A internal loops
for KanHex and AAG°3;pn (Figure 5B) and therefore the
likelihood that the loop forms a C-A™ pair at lower pHs. For
example, CA IL27 (K4 = 154 nM) has a similar AAG®37 4 as
CAIL19 (K4 = 15 nM) but binds weakly to KanHex. CA IL14
and CA IL23 have similar AAG®3;,4’s as CA IL1S (Ky =
261 nM) but bind to KanHex with Ky's of 55 £+ 28 and
42 + 19 nM, respectively.

Tran and Disney

Without high resolution structures, it is difficult to determine
if the presence of KanHex affects the protonation state of the CA
mismatches or vice versa (56). Binding assays completed at lower
pHs cannot give insight into this matter since lowering the pH
also changes the protonation state of the ligand; both affect
binding affinity. Likewise, optical melting experiments completed
in the presence of the ligand cannot deconvolute thermodynamic
contributions due to binding of ligand and a change in proton-
ation state of the C-A™ mismatch if one occurs. Since the highest
affinity CA mismatches are those with intermediate stability, it is
likely that formation of a C-A™ pair would decrease affinity.

SUMMARY

The molecular recognition of KanHex by C- A internal loops
was investigated by systematically mutating the loop nucleotides
and closing base pairs and studying their affinities. Results
revealed that the identity and orientation of the closing pairs
affect binding of KanHex as do the identity and position of loop
nucleotides. Interestingly, loops with intermediate thermody-
namic stability bind most tightly to KanHex while those that
are relatively more or less stable bind more weakly. Affinity is not
correlated with the likelihood that a loop forms a C-A™ wobble
pair at lower pHs.
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