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ABSTRACT. RNA molecules are the functional targets for aminoglycosides. In order to approach an
understanding of the rules which underlie aminoglycosi@®&A recognition, high-affinity RNA aptamers

have been prepared which discriminate among various aminoglycosides [Wang et al Riti@d@mistry

35, 12338-12346]. One of these aptamers, J6, which is 109 nts in length, binds the aminoglycoside
tobramycin stoichiometrically with a dissociation constant of Gt7/0.03 nM. Aminoglycosides, similar

in structure to tobramycin, bind with affinities diminished by313AQ0* compared to tobramycin.
Experiments are reported here which are designed to reveal the nature of the tobramycin binding domain
of J6. A small (40 nts) stemloop derivative of J6, containgna 3 nt and a 1 nbulge, stoichiometrically

binds tobramycin with a dissociation constant of approximately 5 nM. This construct can strongly
discriminate between similar aminoglycosides with respect to binding. Elimination of either the three or
the single nucleotide bulge eliminates specific aminoglycoside binding. The structure of the loop region
is also critical. These studies demonstrate that simplified RNA molecules can be generated which bind
aminoglycosides specifically and with high affinities.

Aminoglycoside antibiotics are thought to function inlarge ~ An understanding of the rules underlying RNAamino-
part by binding to the decoding region of bacterial 16S rRNA glycoside recognition would be extremely useful as a basis
(Noller, 1991; DeStasio & Dahlberg, 1990). The binding for the design of potent and selective antagonists of RNA
of aminoglycosides to this region can cause prematurefunction. One approach to this problem involves the
termination and mistranslation of proteins and, consequently, selection and characterization of high-affinity RNA mol-
bacterial death (Chambers & Sande, 1996; Purohit & Stern, ecules able to specifically recognize a particular amino-
1994; Noller, 1991). The binding of aminoglycosides to the glycoside (Wang & Rando, 1995; Lato et al., 1995; Wallis
decoding region is not a highly specific affair. First, binding et al., 1995). If the specific aminoglycoside-binding RNA
affinities are relatively modest, being in the micromolar range molecules (aptamers) are simple (small) enough, their
(Noller, 1991; Wang et al., 1997). Moreover, there is not a structures can be determined spectroscopically.
great deal of selectivity evident with respect to the structures  Previously, we reported on the selection of RNA aptamers
of the aminoglycosides that bind (Noller, 1991; Purohit & which were directed against the aminoglycoside tobramycin
Stern, 1994; Wang et al., 1997). Indeed, high-field NMR (Scheme 1) (Wang & Rando, 1995; Wang et al., 1996). By
studies on the structure of a complex formed between selecting under stringent conditions, tobramycin aptamers
aminoglycosides and a truncated, low-affinity, decoding were found that bound tobramycin with subnanomolar
region construct show that a substantial portion of the dissociation constants, and discriminated among similar
aminoglycoside structure is not even involved in interactions aminoglycosides with respect to binding (Wang & Rando,
with the RNA molecule (Fourmy et al., 1996). Amino- 1995; Wang et al., 1996). One of these aptamers, J6
glycoside antibiotics have also been found to inhibit group (Scheme 2), bound stoichiometrically to tobramycin with a
| intron splicing by binding at specific RNA sites (von Ahsen Kp = 0.77 + 0.03 nM, while binding to similar amino-
et al., 1991, 1993). Like the 16S decoding region, little glycosides withKp values 18—10* times higher (Wang &
specificity is evident with respect to aminoglycoside struc- Rando, 1995; Wang et al., 1996). Affinity cleavage studies
ture. also demonstrated that the aminoglycoside binding site of

J6 involves the stemloop consensus region, identified in
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Scheme 1: Aminoglycosides Used in the Binding Assays
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simplified to 39 nt length aptamers without substantial loss gen. Plasmid DNA was purified using the Wizard Miniprep
of affinity and specificity with respect to tobramycin binding. DNA purification system from Promega. RNase T1 and

RNase U2 were obtained from U.S. Biochemicals, Inc.
MATERIALS AND METHODS

Materials Methods

Kanamycin B was from Sigma. Neomycin, tobramycin,  RNase Cleaage of J6 RNA.5'-**P-labeled J6 RNA (20
and gentamycin were purchased from Fluka. 5-Carboxy- kcpm) was refolded in 4aL of 150 mM NacCl, 5 mM KCl,
tetramethylrhodamine succinimidyl ester was purchased from1 mM CaCp, 1 mM MgCk, and 20 mM HEPES (pH 7.4).
Molecular Probes, Inc. or IDT. 5-Carboxytetramethyl- The appropriate dilution of either RNase T1 or RNase U2
rhodamine-labeled tobramycin (CRT) was prepared as previ-was added, and the mixture was incubated for 4 min at 25
ously reported (Wang et al., 1996). The restriction enzymes °C. The reaction was stopped by additidrad3 M sodium
Mbol, Avall, and Ndd were purchased from Promega, Inc. acetate solution containing 25 mM EDTA, and then pre-
Oligonucleotides were obtained from Oligo’s, Etc., Inc. PCR cipitated with ethanol. Electrophoresis was carried out for
reactions were carried out using the Gene Amp PCR kit with 2 h on an 8% polyacrylamide gel.

AmpliTag DNA polymerase from Perkin Elmer. RT/PCR Preparation of J6 RNA AnalogsThe template DNAs for
was carried out using the Gene Amp Thermostafltnhr  J6a, J6b, and J6c were generated by restriction enzyme
reverse transcriptase RNA PCR kit from Perkin EImer. RNA digestion based on the original template DNA for Bigld,
transcripts were generated using the T7 MEGAshortscript Avel, and Mboal for J6a, J6b, and J6c, respectively). The
kit from Ambion or the RiboMAX large-scale RNA produc- restriction enzyme digests were carried out using the corre-
tion kit with T7 RNA polymerase from PromegaN- sponding buffer provided with the enzyme. The digests were
Hydroxysuccinimide-derivatized Affi-Gel 10 was from Bio- carried out at 37C for 2 h. The digestion reactions were
Rad. Sephadex G-50 was from Pharmacia. Cloning wasfollowed by gel analysis using 13% polyacrylamide gel
carried out using the Original TA Cloning kit from Invitro-  electrophoresis. The crude digestion mixtures were used as
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Scheme 2: Secondary Structure Plot of J6 RNA Scheme 3: Enzymatic Cleavages Pattern in J6 RNA
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a2 The cleavage sites by RNase T1 and RNase U2 are indicated.

nation of the dissociation constant for the interactions
between RNA and CRT (¥

A= A,+ AA{([RNA], + [CRT], + Ky — [([RNA], +
[CRT], + Ky)? — 4[RNA],[CRT]]"3/2 (1)

2 The outlined area contains the structure of the putative aminogly-
coside binding domain. The arrows indicate the restriction sites, and whereA and Ay are the fluorescence anisotropy of CRT in
.thellength.s of the RNA transcription runoffs. The consensus region is the presence and in the absence of RNA, respectiviely,
indicated in boldface type. ; . .

is the difference between the fluorescence anisotropy of 1

nM CRT in the presence of an infinite concentration of RNA
minus the fluorescence anisotropy in the absence of RNA.
[RNA], and [CRT} are the initial concentrations of RNA
and CRT, respectively.

In the competitive binding assay, eq 2 (Wang et al., 1996)
is used for the calculation of th€p values:

templates. The template DNAs for J6e’s and J6f's were
purchased from Oligo’s, Etc., Inc. and used without further
purification. Each template DNA has an additional G residue
on the 5terminal or G-C base pair for the sake of increasing
enzymatic transcription efficiency (Aziz & Soreq, 1990) and/
or whole RNA structural stability. Double-stranded DNA

templates were successfully prepared by PCR. Each RNA[aminoegcosidq] = {Kp(A, — A[KLA - A) + 1]} x
was generated by T7 RNA polymerase, and then purified

using a NICK Sephadex G-50 column to remove unincor- {[RNAJo = Ky(A = AJI(A, — A) =

porated mononucleotides. [CRTo(A = A)/(A. — A} (2)

Fluorescence Measurement3etramethylrhodamine la- ) ) o

spectroscopically at 550 nm using a molar extinction the aminoglycosides and [aminoglycosigéd the initial
coefficient of 6.00x 10* M~tcm. Fluorescence anisotropy ~ concentration of the aminoglycosides. BéthandKp were
measurements were performed on a Perkin Elmer LS-50B deterr_nlned by non linear curve-fitting using the equations
luminescence spectrometer equipped with a thermostatdescribed above (Wang et al., 1996).
accurate to+ 0.1 °C. The tracer solution was excited at RESULTS
550 nm, and monitored at 580 nm. The integration time
was 5 s. For every single point, six measurements were Enzymatic Probing of the Secondary Structure of J6.
made, and their average values were used for calculation.Before initiating experiments to probe the minimal amino-
Measurements were performed in buffer solution containing glycoside binding unit of J6, further evidence was sought
140 mM NaCl, 5 mM KCI, 1 mM MgCJ, 1 mM CaC}, and for the proposed secondary structure of J6 (Scheme 2).
20 mM HEPES (pH 7.5). Previously it had been shown that tobramycin-based affinity
Determination of Dissociation Constant3.he following cleaving agents specifically cleave J6 in the stdaop
equation (Wang & Rando, 1995) was used for the determi- region, a region thought to contain the tobramycin binding
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Scheme 4: Secondary Structure Plots of J6c, J6d, and J6e
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Table 1: Dissociation Constants between J6 Derivatives and CRT

or Tobramycin

CRTKg4 (nM) tobramycinKp (nM)
J6 (109-mer) 12211 0.77+0.03
J6a (87-mer) 383 67 14.4+ 1.5
J6b (71-mer) 708 80 31.8+7.1
Jéc (57-mer) 73291 25.0+ 1.2
J6d (47-mer) nb -
J6e (39-mer) 546- 76 58.2+ 13.1
Jéel (40-mer) 291.4 19.4 15.6+ 1.5
Jée2 (37-mer) ris -
J6f1 (40-mer) 192.6-11.1 5.15+ 1.52

J6f2 (37-mer) ns -
J6f3 (39-mer) ns -
J6f4 (40-mer) ns -
J6f5 (40-mer) ns -

anb: no binding® ns: nonstoichiometric binding.

-

: o — 20 fragments to generate truncated versions of J6. Quantitative
& & 19 binding measurements on the truncated J6 molecules were
& _ A18 then performed to determine their specificities and affinities
el -_217 of aminoglycoside binding. Restriction cleavage sites for

J6 are shown in Scheme 2. The consensus region is indicated
Ficure 1: RNase T1 and U2 cleavage of J6 RNA. Autoradiogram in this scheme, as are the expected cleavage sites for the
2|fe ;i\?a 8;? o?%%ag“nAg (Eggfgclr)yﬁggte\] g’i'z NS'A*\‘.OE/IV;:% ze)nglyk“;ﬁ:lig various restriction enzymes. Three restriction enzyiiNes,
hydrol;?sis; (lane 3) RNase U2: (lane 4) RNase T1. All reactions (which generates an 87-mer-JGAjall (which generates a
contain 20 kcpm of J6 RNA, 150 mM NaCl, 5 mM KCI, 1 mm  /1-mer-J6b), an¥bal (which generates a 57-mer-J6c), were
CaCh, 1 mM MgCh and 20 mM HEPES (pH 7.4). chosen for study (Schemes 2 and 4). None of these

restriction enzymes cut from the T7 promoter site through
site (Wang et al., 1996). Further studies on J6 were carriedthe consensus region. After digestion, RNA run offs were
out using RNase T1 and RNase U2 digests to probe theprepared, purified, and studied with respect to aminoglyco-
secondary structure of J6 RNA. RNase T1 is known to side binding. Binding was determined by fluorescence
cleave RNA at unpaired G residues, and RNase U2 to cleaveanisotropy measurements using the 5-carboxytetramethyl-
RNA at unpaired A residues. On the basis of the putative rhodamine-labeled tobramycin (CRT) (Scheme 1), as previ-
structure of J6 RNA, RNase T1 and RNase U2 are expectedously reported (Wang et al., 1996). In the presence of an
to cut the RNA in the bulge and loop regions. As shown in RNA construct that specifically binds to CRT, an increase
Scheme 3 and Figure 1, RNase T1 readily cleaves the J6in fluorescence anisotropy is observed, which yields the
RNA at G58, G40, G30, G20, and G17. In contrast, while stoichiometry of binding as well as the dissociation constant
RNase U2 strongly cuts the RNA at A55, A39, and A19, for the binding reaction (Wang & Rando, 1995; Wang et
weak cleavages by RNase U2 are observed at A29, A27,al., 1996). The same quantitative information can be
and A18. No cleavage at the single bulged A45 is observed. obtained for other aminoglycosides that bind to a particular
These results are consistent with the Mfold predicted RNA construct simply by performing competition experi-
secondary structure of J6. ments with CRT (Wang et al., 1996).

Restriction Enzyme Digests of J6 DNAn order to Binding of Aminoglycosides to J6 and Analogs Ded
uncover the minimal tobramycin binding domain of J6 RNA, from Restriction Digests.Scheme 4 shows the Mfold-
restriction digests were carried out on the corresponding predicted (Jaeger et al., 1989) secondary structures of some
DNA construct, followed by runoff transcription of the DNA  of the J6 RNA derivatives generated by the use of the
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Table 2: Binding Specificity of J6 RNA and Its Derivatives

Ko (M)
aminoglycosides J6 (109-mer) J6c (57-mer) J6e (39-mer) J6f1 (40-mer)
tobramycin 0.0007% 0.00003 0.025: 0.0012 0.0582t 0. 0131 0.0051% 0.00042
kanamycin B 0.76@: 0.016 0.872t 0.222 nd 0.0224+ 0.0047
neomycin 1.03t 0.03 20.6+ 3.5 35.1+ 5.2 5.59+ 1.39
gentamycin 7.8%0.54 157+ 19 nig 43.7+11.7
ans: nonstoichiometric binding.nb: no binding.
Scheme 5: Secondary Structure Plots of J6el and J6e2 0.090
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restriction enzymes described above. These constructs <
(Scheme 4) were then tested for binding to CRT as well as § 0.060 E e
tobramycin. As shown in Table 1, in general there wasa &
decrease in binding affinity as the constructs were simplified @ ¢ N
with respect to the binding of both CRT and tobramycin. S o050
Restriction cleavage from theé 8nd of the molecule did not L
practically allow for the preparation of molecules shorter than I . . . . . .
57 nts long. Two further deletions from thé &nd of the 0.040 o100 200 300 400 500 800
57-mer (J6¢) led to a 47-mer (J6d) and a 39-mer (J6e) _
(Scheme 4). When tested for antibiotic binding, J6d proved [tobramycin] / nM

to lack aminoglycoside binding capacity, while J6c showed Ficure 2: (A) Fluorescence anisotropy of CRT (10 nM) solution
substantial affinities for CRT and tobramycin (Table 1). It as a function of J6el RNA concentration. (B) Fluorescence
is interesting to note that J6d was predicted to have aanisotropy of CRT (10 nM) solution containing J6el RNA (500
secondary structure quite unlike the other stéaop struc- M) as a function of tobramycin concentration.
tures hitherto investigated. or the loop with respect to their abilities to bind aminogly-
Some of the analogs were tested with respect to how cosides. Figures-26 show the binding curves for the five
specifically they were able to discriminate between various RNA constructs, and Table 1 summarizes the binding data
aminoglycosides (Table 2). It is remarkable that J6 itself for CRT and tobramycin. Interestingly, the additional GC
discriminates so well among similar aminoglycosides. For base pair at the termini of the RNA constructs (J6el vs J6e)
example, kanamycin B only differs from tobramycin by the increases the affinity for tobramycin as shown in Table 1.
addition of a single hydroxyl group to ring 1 (Scheme 1). Elimination of the trinucleotide bulge of J6el to produce
The 39-mer J6e showed substantial affinity for CRT and also J6e2 shows that the trinucleotide bulge is essential for high-
was able to markedly discriminate between very similar affinity and specific aminoglycoside binding (Figure 3). The
aminoglycosides, as shown in Table 2. J6e was consequentlyC for U point mutation in J6el generates J6f1 which shows
investigated further in order to identify those structural high affinity and specific aminoglycoside binding. J6f1 binds
elements essential for high-affinity and specific aminogly- tobramycin with &p = 5.15+ 1.52 nM, which is only less
coside binding. than 7-fold lower in affinity than the full 36 construct. The
Binding of Aminoglycosides to Analogs of J6Eurther specificities of aminoglycoside binding to J6c¢, J6e, and J6f1
studies in the J6e series were performed in order to maximizewere compared to that of J6 itself (Table 2), which can
aminoglycoside binding affinities and specificity of binding. differentiate by approximately 1000-fold between tobramycin
J6el and J6e2 (Scheme 5) were prepared to study the effecand kanamycin B. Further studies in the J6f series (J6f2
of terminal G-C pairing, and to determine whether the AUA and J6f3) show that both the three base bulge and the single
trinucleotide bulge is important for binding. J6f's (Scheme A bulge moieties in the sterrloops are essential for specific
6) were prepared to determine the importance of the bulgesaminoglycoside binding, because J6f2 and J6f3 show only
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Scheme 6: Secondary Structure Plots of J6f1, J6f2, J6f3, J6f4, and J6f5
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The major reason for carrying out the kinds of experiments
described here is to determine what the minimal RNA
recognition units are which underlay specific, high-affinity,
aminoglycoside binding. When tobramycin was used to
select for RNA aptamers which could bind this aminogly-
coside, it was noted that there were a vast number of

[tobramycin] / nM

Ficure 4: (A) Fluorescence anisotropy of CRT (10 nM) solution
as a function of J6f1 RNA concentration. (B) Fluorescence
anisotropy of CRT (10 nM) solution containing J6f1 RNA (500
nM) as a function of tobramycin concentration.

affinities would not likely provide discrete and interesting

nonconsensus, primary sequence solutions which were ablesolutions with respect to RNAaminoglycoside recognition.

to bind tobramycin with low micromolar affinities (Wang
& Rando, 1995). Starting with approximately*@andom-
ized RNA sequences, approximately” Kequences bound
tobramycin with micromolar affinities (Wang & Rando,
1995). This shows that RNA molecules with micromolar
affinities for aminoglycosides are readily obtained, and that
particular, specific RNA structures are not required to achieve
this relatively low level of affinity. Hence, studying RNA
molecules which bind aminoglycosides with micromolar

Therefore, high-affinity aptamers which bind amino-
glycosides were sought to uncover more unique binding
solutions.

Higher stringency selections led to the discovery of low
nanomolar affinity binders of tobramycin in which clear
consensus sequences were observed, suggesting that there
were no further solutions for tight binding aptamers in the
original pool (Wang & Rando, 1995). It is these tight
binding aptamers which we find most interesting with respect
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4 H issue can be addressed quantitatively, because J6 binds

Ficure 5: Fluorescence anisotropy of CRT (10 nM) solution tobramycin with a&p = 0.774 0.03 nM, and differentiates
Egg?&“'g%‘lg%mﬁ d(?]%%gMgi asd fé‘gr?ggr:‘tgti%ﬁmamyc'” (A} petween structurally similar aminoglycosides by factors of
Y ®). yein (€) ' 10°—10* Note the substantial differences in the binding of

to understanding the underlying recognition rules for RNA  the very similar kanamycin B to that of tobramycin (Table
aminoglycoside binding. As stated above, micromolar 2).
binding affinities are routine for aminoglycosid®&NA Initial experiments designed to simplify J6 centered on
binding, and may not involve any highly specific interactions. using restriction enzymes to cleave the J6 DNA from the 3
For example, we have found that various commercially end. Runoff transcripts generated J6a (87-mer), J6b (71-
available tRNA molecules all bind aminoglycosides with mer), and J6c (57-mer). These truncated versions of J6
micromolar affinities (Wang and Rando, unpublished experi- showed lower affinities for tobramycin by factors of-280
ments). when compared to J6 itself. While the truncated J6s could
The J6 tobramycin binding aptamer has been studied with still differentiate between the various aminoglycosides, their
respect to the minimal structural unit capable of high-affinity specificities were less impressive than that found with J6.
and specific aminoglycoside binding. Previously performed J6c was further simplified by deleting 11 and 19 nts from
affinity cleavage studies, using tobramyeiinon/EDTA the B end to generate J6d and J6e, respectively. J6d, the
analogs, showed that J6 and other tight binding aptamers47-mer, was unable to bind aminoglycosides. However, a
were all cleaved at their consensus sequence regions (Wangecondary structure prediction using Mfold (Jaeger et al.,
etal., 1996). Secondary structure predictions suggested thal991) suggested that the structure of this construct was
the consensus regions are located in stéoops (Wang & radically different from the usual J6 steftoop structures.
Rando, 1995; Wang et al., 1996). Experiments reported herelnterestingly, J6e (39-mer) was again able to specifically bind
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aminoglycosides, but with a diminishég, = 58.2+ 13.1 trinucleotide bulge, the single A bulge, and six-base loop
nM for tobramycin, by comparison with the other stem  are important for high-affinity tobramycin binding. Further
loop aminoglycoside binding constructs. Because of the probing of the small high affinity constructs will reveal the
floppy ends of J6e, an additional terminal GC base pair was essential structural elements required for specific and high-
added to produce J6el, which bound tobramycin wikpa  affinity tobramycin binding.
=15.6+ 1.5 nM. Finally, substitutionfoa U for a G near
the 8 end generated :_:mother GC base pair in J6f1, which RpEEFERENCES
now bound tobramycin with &p = 5.15 + 1.52 nM.
Whethe_r. the crude notion pf tightening up t_he structure py Aziz, R. B., & Soreq, H. (1990Nucleic Acids Res. 18418.
the addition of GC base pairs has any meaning at all remainSchambers, H. F., & Sande, M. A. (1996podman & Gilman's
to be seen; nevertheless, the aminoglycoside binding speci- The Pharmacological Basis of Therapeutips1103, McGraw
ficity and affinity of J6f1 are impressive given its size Hill Companies, New York.
compared to J6. J6f1 is, of course, an ideal candidate for Chernoff, Y. O., Vincent, A., & Liebman, S. W. (1998MBO J.
structural stuQies becaqse it_shpws high affinity and stoichi- Delg’t:gg,_é_li:’ & Dahlberg, A. E. (1990) Mol. Biol. 212 127—
ometry of aminoglycoside binding. 133,

Another interesting aspect of the work on the truncated Fourmy, D., Recht, M. I., Blanchard, S. C., & Puglisi, J. D. (1996)
structures relates to the studies on J6e2, J6f2, and J6f3 in Science 2741367-1371.
which the putative bulges of J6el or J6f1 were deleted. Jaeger, J. A, Turner, D. H., & Zuker, M. (198¥ethods Enzymol.
Quantitative binding studies on J6e2, J6f2, and J6f3 showed 183 281-306. _ .
that they only weakly and nonspecifically bound aminogly- La;o,zslgh/lébgoles, A.R., & Eliington, A. D. (1995Fhem. Biol.
cosides. Therefore, these two bulges are essential for specifiq\lou’er’ H E. (.lggl)Annu. Re. Biochem. 60191—227.
aminoglycoside binding. Elimination of the trinucleotide purohit, P., & Stern, S. (1994ature 370 659-662.
bulge and the single A bulge decreases binding affinities von Ahsen, U., & Noller, H. F. (1993%cience 2601500-1503.
markedly, and the 1:1 stoichiometry of binding is lost. The von Ahsen, U., Davis, J., & Schroeder, R., (198Hure 353368~
trinucleotide bulge and the single A bulge could be important 370

. : Wallis, M. G., von Asen, U., Schroeder, R., & Famulok, M. (1995)
with respect to governing the overall structure of the construct Chem. Biol. 2543-552.

and/or they could be part of the tObramyCin blndlng site. Wang Y. & Rando. R. R. (lgga;hem Biol. 2 281—290.
Moreover, the studies on J6f4 and J6f5, which have four- \wang, Y., Kilian, J., Hamasaki, K., & Rando, R. R. (1996)

base loops instead of the original six-base loop, show that Biochemistry 3512338-12346.

the consensus stentoop is essential for tight and stoichio- Wang, Y., Hamasaki, K., & Rando, R. R. (199Bipchemistry 36
metric aminoglycoside binding. Structural studies on J6f1 768779

and similar constructs should reveal in what ways the BI971095T



