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Abstract: In a previous study, an RNA aptamer for the specific recognition of flavin cofactors was isolated from
a combinatorial RNA-pool. We have now carried out a structural analysis of this RNA by chemical probing and
identified residues protected from modification in the presence of the cofactor and modifications that interfere with
its complexation. An induced fit of the RNA motif occurs upon cofactor binding. Our analysis led to a refined
secondary structure model for the FMIN/RNA complex. Copyright © 1996 Elsevier Science Ltd

Through screening of combinatorial nucleic acid libraries, a considerable number of RNA and DNA sequences
("Aptamers") have been isolated which bind with high specificity and affinity to different target molecules!.
Aptamers can complex both high- and low molecular weight molecules; in the latter case the nucleic acid serves as
the ligand which forms a specific binding pocket complementary to the complexed molecule - analogous to the
"lock and key" principle2. In some cases, secondary structure elements such as pseudoknots3, internal loops4,
hairpin loops?, and G-quartetsS were proposed as functionally important motifs on the basis of covariations
among the selected sequences. These motifs are usually identified by defining helical regions in which base
pairing occurs in the Watson-Crick sense and which differ from residues in which Watson-Crick pairing is not
possible. Such "unpaired” residues are mostly found to be highly conserved and to contain functionally important
structural elements. Secondary structures based on the artificial phylogeny of covarying sequences must be
considered a relatively crude model as details about structural features can only rarely be extracted from sequence
comparisons. Secondary structure refinements can, however, be obtained by chemical modification analyses’;
this technique allows to probe individual atoms in a nucleotide residue and to test whether they are directly or
indirectly involved in the complexation. In a previous study, we reported the isolation of an RNA motif for the
specific complexation of isoalloxazine containing biological cofactors such as flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD)8. The RNA motif contained an internal loop which consisted of six conserved
bases in the upper and five in the lower strand, flanked by Watson-Crick helices. This RNA recognizes
exclusively the isoalloxazine moiety of the cofactor with values of K4 between 300 and 500 nM (Figure 1).

Here we used chemical probing to examine the secondary structure of the FMN binding site of this RNA
aptamer with the specific structure probes dimethylsulfate (DMS), kethoxal (KE), and 1-cyclohexyl-3-[2-
(morpholino ethyl)-carbodiimide] metho-p-toluene sulfonate (CMCT). These probes specifically modify bases at
atom positions involved in Watson-Crick pairing, but can access their site of modification only in the unpaired
state. DMS reacts with positions N1 in adenosine and N3 in cytosine, KE with N1 and the exocyclic NHz-group
in guanosine, and CMCT with N3 in uridine. To identify those base positions which are directly or indirectly
involved into the binding of the cofactor we carried out a modification/selection analysis®. The RNA was
modified so that, on average, each molecule contained one modification. The modified pool was then separated
by affinity chromatography with FMN-agarose into binding and non-binding molecules. Reverse transcription
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with a radiolabelled 3'-primer and separation of the resulting cDNA by polyacrylamide gel electrophoresis

allowed the identification of those base positions at which modification results in a loss or retainment of binding
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Figure 1: Chemical structure of the FMN and FAD cofactors which are complexed by the RNA shown below. The minimal cofactor
binding site of this RNA is shown in the boxed region. The total length of the RNA aptamer was 109 nucleotides. Only the

isoalloxazine moiety of the cofactors are required for the specific binding.

activity. As a control, a modification experiment in the presence of the cofactor was carried out. The same

technique has recently been used to identify bases within the SunY self splicing group I intron which are essential

for splicing!0. The result of this analysis is shown in Figure 211.
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Figure 2: Chemical Modification, damage selection, and
footprinting data of the RNA clone FMN-2 with DMS,
kethoxal, and CMCT. A and G indicate the dideoxy
sequencing lanes, K the primer extension of unmodified
RNA. (-) indicates modification of the free RNA, (s) damage
selected RNA (RNA that bound to the FMN column and
eluted with FMN after modification with the probe shown
above), (+) indicates modification of RNA in the presence of
100 pM FMN in solution.

In the free RNA every base within the two conserved consensus sequences A12-G13-G14-A15-U16-A17-
U18 and A25-G26-A27-A28-G29-G30 is accessible for chemical modification. In accordance with the secondary
structure model shown in Figure 3, the bases upstream of the binding site are not modified, due to Watson-Crick
pairing and helix formation. Based on the covariations of the selected sequences we previously suggested that
U18/A25 and the non-conserved nucleotides G19/C24 form a short helix. However, this is not observed in the
free RNA. In contrast, modification in the presence of 100 pM FMN clearly results in a reduced intensity of the
corresponding bands, indicating that the formation of the short helix U18-G19/A25-C24 is induced and stabilized
by the bound cofactor!4. This result indicates a conformational change ("induced fit") of the RNA aptamer upon
ligand binding. Additional support for this proposal is obtained from the modification at A15. This nucleotide is
the only position within the conserved loop region at which an increased intensity of the band is observed after
FMN binding. Hence, N1 in A15 is more accessible to DMS-modification in the presence of FMN than in its
absence. Interestingly, A15 is the only position within the invariant consensus sequence which is not conserved
among different isolates and can be substituted by the three other bases without altering the strength of binding3.
Taken together, these observations suggest that the contribution of residue 15 to the recognition of the flavine

through the formation of a direct contact or by tertiary interactions must be considered highly unlikely. The
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increased intensity of the modification signal upon complexation to the cofactor indicates that residue 15 is bulged
out of the overall structure forming the recognition motif and is directed towards the solvent.

At residues G13, G14, U16, G26, G29, and G30 within the conserved loop region a clear reduction of
modification in the presence of the cofactor can be detected. The intensity of modification at A17, A27, and A28
remains unchanged. This result is in accordance with the modification/selection analysis: modification at the
former residues results in loss of binding activity whereas binding of the RNA to FMN is retained despite
modification at the latter bases. The only exception is residue A12; the N1-atom of A12 is protected from
modification when the probing reaction is carried out in the presence of 100 uM FMN but modification at N1
performed with the free RNA does not significantly interfere with FMN binding in the damage selection. Taken
together, these results confirm the formation of the internal loop consisting of the conserved A12-G13-G14,
U16-A17, and G26-A27-A28-G29-G30. Furthermore, they indicate that extensive tertiary interactions among the
residues and possibly direct interactions with the bound cofactor take place within the conserved internal bulge
region. The damage selection data are consistent with the notion that these interactions do not involve the Watson-
Crick side of A17, A27, and A28, but do involve the Watson-Crick side of G13, G14, U16, G26, G29, G30
and possibly that of A12. The summary of the chemical probing data of the free RNA clone FMN-2 is shown in
Figure 3; the damage selection and footprinting data are summarized in Table 1.
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In conclusion, we showed that binding of the cofactor to the RNA not only induces conformational changes
as corroborated by the hypersensitivity of residue 15 in the complex, but might also stabilize extensive tertiary
interactions and non canonical base pairing within the unpaired loop regions. To get further insight into the
structural details of the complex detailed NMR structural analyses will have to be carried out. In the context of an
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NMR study, the structural refinement described here will prove to be helpful to obtain a higher resolved picture of
the solution structure of the RNA/FMN complex.

Table 1: Summary of the chemical modification and damage selection data

Base position  Tolerated in damage selection Maodified in presence of cofactor

Al2
G13
Gl14
AlS
uU16
Al7
U20
U21
U22
U23
G26
A27
A28
G29
G30

IR R I
A Tk

(+) indicates that modification is tolerated in the damage selection or that the residue is modified in the
presence of 100 UM cofactor, (-) indicates that modification is not tolerated in the damage selection or
that the residue is protected from modification in the presence of 100 UM cofactor.
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MgCl; for 10 min at room temperature. For probing with CMCT 50 mM potassium borate pH 8.0 instead
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(32 mg/ml in H70) to a final reaction volume of SO pl, followed by incubation at 25 °C for 20 min. After
precipitation in the presence of 10 pug tRNA, samples were dissolved in HyO (DMS and CMCT modified
samples) or 25 mM potassium borate pH 7.0 (kethoxal modified samples). For damage selection
experiments, modified RNA was renatured in selection buffer (250 mM NaCl, 50 mM Tris pH 7.6, 5 mM
MgCly; for kethoxal modified RNAs 25 mM K-borate was added) and applied on FMN-derivatized agarose
(0.5 mM FMN). After washing with five column volumes of buffer, the remaining bound molecules were
eluted with a 1.0 mM solution of the cofactor in binding buffer. The eluted RNA was precipitated and
dissolved in water. Detection of modified positions by primer extension and polyacrylamide gel
electrophoresis was performed as described previously (9, 12, 13) using 5'-32P end-labeled primer
M20.106 (5'-GTGGATCCGACCGTGGTGCC-3").
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When the free RNA was probed in the absence of the bivalent cation Mg2+ the modification at positions
U18, G19, C24, and A25 was even stronger than in the presence of 5 mM Mg2+ (data not shown). In the
absence of Mg2+ FMN binding is significantly reduced. These data show that the short helix is required for
complexation of the cofactor but requires Mg2+ for stabilization in addition to FMN.
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