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Use of 2-aminopurine as a fluorescent tool for characterizing
antibiotic recognition of the bacterial rRNA A-site
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Abstract—Spectroscopic and calorimetric techniques have been employed to characterize the impact on an Escherichia coli rRNA A-site
model oligonucleotide of incorporating the fluorescent base analog 2-aminopurine into the 1492- or the 1493-position, as well as the ener-
getics and dynamics associated with recognition of this A-site model oligomer by aminoglycoside antibiotics. The results of these studies
indicate that incorporation of 2AP into either the 1492- or the 1493-position does not perturb the structure or stability of the host RNA or
its aminoglycoside binding affinity. In addition, the results also highlight drug-induced reduction in the mobilities of the bases at both the
1492- and 1493-positions as a potentially key determinant of bactericidal potency.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The five natural nucleic acid bases (adenine, thymine, gua-
nine, cytosine, and uracil) do not exhibit any significant
degree of fluorescence. This property precludes the use of
conventional fluorescence techniques to study RNA and
DNA molecules that contain only natural bases. 2-Amino-
purine (2AP) is a purine analog, which, unlike guanine and
adenine, possesses significant fluorescent properties.1–3 Se-
lective incorporation of 2AP residues allows one to render
nucleic acid molecules fluorescent. By so doing, one is
then in a position to use fluorescence-based approaches to
characterize the structure, energetics, and dynamics of
nucleic acids and their complexes with other biologically
relevant molecules.3–10

Here, we site specifically introduce 2AP into either of two
different positions (1492 or 1493) of an RNA oligonucleo-
tide (Ec) that models the Escherichia coli 16S rRNA A-
site (see Fig. 1). We determine the impact of each
2AP substitution on the structure and stability of the RNA,
and use the intrinsic fluorescence properties of 2AP to char-
acterize the energetics and dynamics associated with the
interactions between the rRNA A-site model oligomer and
the aminoglycoside antibiotics, paromomycin, geneticin
(G418), neomycin, and ribostamycin (see drug structures
in Fig. 2).
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e-mail: pilchds@umdnj.edu
0040–4020/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.107
2. Results and discussion

2.1. Substitution of either A1492 or A1493 with 2AP
does not perturb the structure or stability of Ec

An important criterion that must be met when introducing
a fluorescent label into any biomolecule is that the structure
and stability of the biomolecule should be minimally per-
turbed as a result of the modification. We have previously
used temperature-dependent absorption spectroscopy to show
that substituting A1492 with 2AP does not alter the thermal
stability of Ec.9 We sought to determine whether the same
is true for the substitution of A1493 with 2AP. Figure 3
shows the UV melting profiles of Ec and Ec2AP1493 at
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Figure 1. Secondary structure of the Escherichia coli 16S rRNA A-site
model oligonucleotide (Ec). Bases present in E. coli 16S rRNA are depicted
in bold face and are numbered as they are in 16S rRNA. 2AP denotes 2-
aminopurine. The aminoglycoside binding site (as revealed by footprinting,
NMR, and crystallographic studies11–15) is indicated.
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pH 7.5 and a Na+ concentration of 100 mM. Note that the Ec
and Ec2AP1493 duplexes exhibit nearly identical thermal
stabilities, with melting temperatures (Tm) of 69.7 and
69.6 �C, respectively. Thus, like the substitution of A1492
with 2AP, the corresponding substitution of A1493 with
2AP does not perturb the thermal stability of the host RNA
duplex.
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Figure 3. UV melting profiles acquired at 274 nm for the Ec and
Ec2AP1493 duplexes. For clarity of presentation, the melting curves were
normalized by subtraction of the upper and lower baselines to yield plots
of fraction single strand (a) versus temperature.16 Buffer conditions were
10 mM EPPS (pH 7.5), 0.1 mM EDTA, and sufficient NaCl to bring the total
Na+ concentration to 100 mM.
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Figure 2. Structures of the four aminoglycosides studied here in their fully
protonated cationic states, with the atomic and ring numbering systems de-
noted in Arabic and Roman numerals, respectively. Unlike neomycin and
paromomycin, ribostamycin lacks ring IV (as indicated by the dashed line).
We also sought to explore the impact, if any, of substituting
A1492 or A1493 with 2AP on the structure of Ec. To
this end, we used circular dichroism (CD) spectroscopy to
characterize the conformations of Ec, Ec2AP1492, and
Ec2AP1493 at pH 7.5 and a Na+ concentration of
100 mM. Figure 4 shows the resulting CD spectra acquired
at 25 �C.

Note that all three duplexes exhibit similar CD spectra, with
these spectra being characteristic of A-like conforma-
tions.17,18 The similarity of the CD spectra suggests that sub-
stitution of neither A1493 nor A1492 with 2AP perturbs the
structure of Ec to a significant degree. Taken together, our
UV melting and CD results indicate that substitution of ei-
ther A1492 or A1493 with 2AP preserves both the structure
and stability of Ec.

2.2. Characterizing aminoglycoside-rRNA A-site
binding affinities by analyzing drug-induced changes
in 2AP fluorescence

The incorporation of 2AP into Ec offers the possibility of de-
tecting and characterizing Ec–drug binding interactions by
monitoring drug-induced changes in the fluorescence of the
incorporated 2AP residue. As illustrative examples, Figure 5
shows the fluorescence titrations of Ec2AP1492 and
Ec2AP1493 with paromomycin (a) and G418 (b) at pH 7.5
and a Na+ concentration of 100 mM. Note that the addition
of each drug increases the fluorescence intensity of the
2AP residue when located at 1492-position, while decreasing
the fluorescence intensity of the 2AP residue when located at
1493-position. These drug-induced changes in 2AP fluores-
cence are indicative of drug binding to the host RNA.9,19,20

We determined drug–RNA association constants (Ka) for the
binding reactions by analyzing the drug-induced changes of
2AP fluorescence with the following formalism:
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Figure 4. CD spectra of Ec (black), Ec2AP1492 (red), and Ec2AP1493
(green) acquired at 25 �C. Molar ellipticity [q] is expressed in units of
deg/M cm, where M refers to the moles of RNA duplex per liter. Buffer
conditions were identical to those described in the legend of Figure 3.
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Figure 5. (a) Fluorescence profiles for the titration of paromomycin (Par) into a solution of either Ec2AP1492 or Ec2AP1493 at 25 �C. (b) Fluorescence profiles
for the titration of G418 into a solution of either Ec2AP1492 or Ec2AP1493 at 25 �C. In (a) and (b), the solid lines represent fits of the experimental data with
Eq. 1. For clarity of presentation, the fluorescence intensity at 370 nm (I370) was normalized by dividing the observed change in I370 (I370�I0) by the total cal-
culated change in I370 (IN�I0). (c) ITC profile at 25 �C for the titration of paromomycin into a solution of Ec. (d) ITC profile at 25 �C for the titration of G418
into a solution of Ec. In (c) and (d), the experimental data points reflected the dilution-corrected injection heats, while the solid lines reflect the calculated fits
of the data with a model for two independent sets of binding sites. The binding parameters derived from these fits are summarized in Table S1 of Supplementary
data. The buffer conditions in all experiments were identical to those described in the legend of Figure 3.
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In this relationship, I0 and I are the fluorescence emission
intensities of the RNA in the absence and presence of
drug, respectively; IN is the fluorescence emission intensity
of the RNA in the presence of an infinite drug concentration;
[D]tot and [R]tot are the total concentrations of the drug
and RNA, respectively. The drug–RNA Ka values derived
from fits of the fluorescence titrations shown in Figure 5(a)
and (b) with Eq. 1 are listed in Table 1. Inspection of these
data reveals similar Ka values for paromomycin binding to
Ec2AP1492 {Ka¼(2.1�0.3)�106 M�1} and Ec2AP1493

Table 1. Association constants (Ka) for the binding of paromomycin (Par)
and G418 to Ec, Ec2AP1492, and Ec2AP1493 at 25 �C

Drug RNA Method Ka (M�1)a

Par Ec ITC (2.3�0.2)�106

Par Ec2AP1492 Fluorescence (2.1�0.3)�106

Par Ec2AP1493 Fluorescence (3.7�0.2)�106

G418 Ec ITC (5.3�0.6)�104

G418 Ec2AP1492 Fluorescence (5.4�0.4)�104

G418 Ec2AP1493 Fluorescence (6.7�0.3)�104

a Ka values were derived from fits of the fluorescence or ITC titration data
shown in Figure 5. The indicated uncertainties represent the 95% confi-
dence intervals.
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{Ka¼(3.7�0.2)�106 M�1}, with the difference between
the Ka values being close to the experimental uncertainty.
The same is also true for the binding of G418 to
Ec2AP1492 {Ka¼(5.4�0.4)�104 M�1} and Ec2AP1493
{Ka¼(6.7�0.3)�104 M�1}. These observations indicate
that the affinity of each drug for the host RNA is essentially
the same, regardless of whether the 2AP residue is located at
the 1492- or 1493-position.

2.3. Substitution of either A1492 or A1493 with 2AP
does not alter aminoglycoside affinity for Ec

We sought to determine whether 2AP substitution at the
1492- or the 1493-position of Ec impacts aminoglycoside af-
finity for the host RNA. This assessment requires a compar-
ison of the fluorescence-derived aminoglycoside binding
affinities for the 2AP-substituted RNA molecules
(Ec2AP1492 and Ec2AP1493) with the corresponding bind-
ing affinities for the unsubstituted RNA molecule (Ec). We
used isothermal titration calorimetry (ITC) to derive the req-
uisite drug–Ec Ka values. Figure 5 shows the ITC profiles for
the titration of paromomycin (c) and G418 (d) into a solution
of Ec at 25 �C, pH 7.5, and a Na+ concentration of 100 mM.
Each experimental data point in Figure 5(c) and (d) reflects
the dilution-corrected heat associated with a single drug
injection into the RNA. These injection heat data were ana-
lyzed as described in Section 3.5 to yield Ka values of
(2.3�0.2)�106 M�1 and (5.3�0.6)�104 M�1 for the Ec
binding of paromomycin and G418, respectively. Note the
similarity between these ITC-derived drug–Ec Ka values
and the corresponding fluorescence-derived drug–
Ec2AP1492 and drug–Ec2AP1493 Ka values (see Table 1).
This gratifying concordance indicates that substitution of
neither A1493 nor A1492 with 2AP alters aminoglycoside
affinity for the host RNA duplex. In more general terms,
this observation implies that drug binding information de-
rived from studies conducted on rRNA A-site model oligo-
mers substituted at either the 1492- or the 1493-position
with 2AP is reflective of the behavior associated with drug
binding to the unmodified A-site sequence.

2.4. Characterizing the impact of aminoglycosides on
rRNA A-site nucleotide mobility by analyzing
drug-induced changes in the time dependence
of 2AP fluorescence anisotropy

The incorporation of 2AP into Ec allows one to characterize
not only Ec–aminoglycoside binding affinities, but also Ec
dynamics in the absence and presence of drug. We used
time-resolved fluorescence anisotropy to characterize the
dynamics of Ec2AP1493 in the absence and presence of
the aminoglycosides paromomycin, G418, neomycin, and ri-
bostamycin. Figure 6 shows a representative set of polarized
fluorescence intensity decays for the four drug complexes of
Ec2AP1493, with the emission polarizer oriented either par-
allel (IVV) or perpendicular (IVH) to the excitation polariza-
tion. A similar set of polarized fluorescence intensity decays
was obtained for drug-free Ec2AP1493 (not shown). All the
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Figure 6. Polarized fluorescence intensity decay profiles at 25 �C for the complexes of Ec2AP1493 with (a) neomycin (Neo), (b) G418, (c) paromomycin (Par),
and (d) ribostamycin (Rib). The decay profile with the emission polarizer oriented parallel to the excitation polarization (IVV) is depicted in red, while the decay
profile with the emission polarizer oriented perpendicular to the excitation polarization (IVH) is depicted in blue. In each panel, the open circles represent the
experimental data points, while the solid lines reflect the nonlinear least squares fits of the data with Eq. 2. The inset in each panel shows the autocorrelation
functions of the weighted residuals for the fits of the corresponding decay profiles. Buffer conditions were identical to those described in the legend to Figure 3.
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Table 2. Fluorescence anisotropy decay parameters for Ec2AP1493 and its complexes with neomycin (Neo), G418, paromomycin (Par), and ribostamycin (Rib)
at 25 �Ca

Sample b1 f1 (ns) b2 f2 (ns) r(0)b

Ec2AP1493 0.223�0.043 5.82�1.74 0.152�0.064 0.47�0.09 0.375�0.108
Ec2AP1493-Neo 0.120�0.026 7.12�2.12 0.189�0.021 1.93�0.01 0.308�0.047
Ec2AP1493-G418 0.160�0.076 12.77�3.69 0.174�0.026 2.00�0.10 0.334�0.102
Ec2AP1493-Par 0.150�0.052 4.53�0.22 0.141�0.065 1.84�0.19 0.290�0.118
Ec2AP1493-Rib 0.274�0.002 3.92�0.39 0.041�0.010 0.69�0.08 0.315�0.013

a For each sample, the values of bi and fi represent averages of at least two independent experiments, with the indicated uncertainties reflecting the standard
deviations from the mean.

b Values of r(0) were calculated from the sum of b1 and b2, with the indicated uncertainties reflecting the maximum possible errors as propagated through this
summation.
polarized fluorescence intensity decays were deconvolved as
described in Section 3.6 to yield the anisotropy decay param-
eters listed in Table 2. The anisotropy decays were best de-
scribed by the sum of two exponential terms (Eq. 4). The r(0)
values for the biexponential fits range from 0.290 to 0.375, in
good agreement with previously reported r(0) values for
2AP in both DNA and RNA, which range from 0.266 to
0.377.4,5,8,10

The longer of the two rotational correlation times (f1) re-
flects the overall tumbling of the RNA duplex.10 The shorter
rotational correlation time (f2) reflects the internal motion
of the 2AP base in the RNA, with the subnanosecond value
of f2 (0.47�0.09 ns) obtained in the absence of bound drug
being characteristic of previously reported values for 2AP
residues in short DNA and RNA duplex constructs at temper-
atures�20 �C.4,5,8,10 Note that drug binding increases f2, an
observation indicative of a drug-induced decrease in the mo-
bility of the 2AP base at 1493-position. We have previously
observed a similar trend with regard to the mobility of the
base at the 1492-position.10

2.5. Greater extents of aminoglycoside-induced
reduction in the mobilities of the nucleotides at
1492- and 1493-position correlate with enhanced
bactericidal potency

The bactericidal activities of 2-DOS aminoglycosides are
ascribed to their deleterious effects on bacterial translation,
which include inhibition of initiation, mistranslation, and
premature termination.21,22 Recent structural and bio-
chemical studies have suggested a potential mechanism by
which aminoglycosides achieve their antitranslational
effects.12–15,19,23–30 According to this mechanism, A1492
and A1493 are in conformational equilibria between intra-
helical and extrahelical states. When in their extrahelical
states, both bases engage in interactions with the minihelix
formed by the mRNA codon and the tRNA anticodon. These
interactions are favored in the presence of the cognate tRNA
anticodon and disfavored in the presence of a noncognate
tRNA anticodon. Upon binding to the rRNA A-site, 2-
DOS aminoglycosides shift the conformational equilibria
of A1492 and A1493 toward the extrahelical states. As a con-
sequence of this conformational switch, the interactions
between A1492 and A1493 of the rRNA and the codon–
anticodon minihelix are enhanced, even when the anticodon
is noncognate.

From an entropic viewpoint, the mobilities of A1492 and
A1493 should modulate the interactions of the two bases
with the codon–anticodon minihelix. High degrees of base
mobility should disfavor the interactions by conferring
a high energetic barrier to complex formation. By contrast,
low degrees of base mobility should favor the interactions
by lowering the energetic barrier. In support of this notion,
we have previously observed a correlation between the
extent to which neomycin, paromomycin, ribostamycin,
and G418 reduced the mobility of the 2AP1492 base (Df2)
in Ec2AP1492 and the bactericidal potencies of the drugs
{defined as the minimum inhibitory concentration (MIC)
at which no bacterial growth is observed}.10 The relevant
MIC values of the four drugs and the Df2 values for
Ec2AP1492 are summarized in Table 3. In addition, Table
3 also lists the corresponding Df2 values for Ec2AP1493.
Note that the general correlation between larger values of
Df2 for Ec2AP1492 and smaller values of MIC (i.e., in-
creased bactericidal potency) also extends to the Df2 values
for Ec2AP1493. In other words, larger extents of drug-
induced reduction in the mobilities of the bases at both the
1492- and 1493-positions appear to correlate with enhanced
bactericidal potency. This observation suggests that drug-
induced alteration in the dynamics of nucleotide mobility
at the rRNA A-site is a potentially key determinant of the an-
tibacterial activities of aminoglycosides. An important next
step toward assessing the veracity of this hypothesis will be
to examine how drug-induced changes in rRNA nucleotide
mobility correlate with the antitranslational activities of
the drugs in vitro.

It should be emphasized that the bactericidal activities of
aminoglycosides are also likely to be influenced by factors
that are not manifested in vitro, such as cellular uptake and
efflux. Thus, a complete understanding of the properties
that govern the antibacterial activities of aminoglycosides

Table 3. Antibacterial activities and rRNA A-site nucleotide mobility ef-
fects of neomycin (Neo), G418, paromomycin (Par), and ribostamycin (Rib)

Drug MICa

(mM)
Ec2AP1492,
Df2

b,c (ns)
Ec2AP1493,
Df2

b (ns)

Neo 3.1 1.75 1.46
G418 6.3 1.46 1.53
Par 12.5 1.14 1.37
Rib 25 0.50 0.22

a Antibacterial activities versus Escherichia coli DH5a cells were deter-
mined as previously described.10 MIC values reflect the minimum inhib-
itory concentrations of drug at which no bacterial growth was observed.

b Df2 corresponds to the drug-induced change in the rotational correlation
time of the 2AP base in either Ec2AP1492 or Ec2AP1493, as defined by
the following relationship: Df2¼f2-complex�f2-RNA.

c The Df2 values for Ec2AP1492 were calculated using f2 data taken from
Ref. 10.
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will require not only in vitro characterizations like those
discussed above, but also studies of cellular transport and
permeation.

3. Experimental

3.1. RNA and drug molecules

Ec, Ec2AP1492, and Ec2AP1493 were obtained in their
PAGE-purified sodium salt forms from Dharmacon Re-
search, Inc. (Lafayette, CO). The concentrations of all RNA
solutions were determined spectrophotometrically using the
following extinction coefficients at 260 nm and 85 �C (in
units of M�1 cm�1): 253,390�3170 for Ec, 248,370�940
for Ec2AP1492, and 235,140�2840 for Ec2AP1493. These
extinction coefficients were determined by enzymatic diges-
tion and subsequent colorimetric phosphate assay using
previously established protocols.31 All experimental RNA
solutions were preheated at 85 �C for 5 min and slowly
cooled to room temperature prior to their use. Paromomy-
cin$H2SO4, neomycin$3H2SO4$3H2O, and G418$2H2SO4

were obtained from Fluka, while ribostamycin$2.5H2SO4

was obtained from Sigma. All drugs were used without
further purification.

3.2. Temperature-dependent absorption spectroscopy

Temperature-dependent absorption experiments were con-
ducted on an AVIV Model 14DS Spectrophotometer (Aviv
Biomedical; Lakewood, NJ) equipped with a thermoelec-
trically controlled cell holder. Quartz cells with a 1 cm
pathlength were used for all the absorbance studies. Temper-
ature-dependent absorption profiles were acquired at 274 nm
with a 5 s averaging time. The temperature was raised in
0.5 �C increments, and the samples were allowed to equili-
brate for 1.5 min at each temperature setting. In these UV
melting studies, the RNA solutions were 2 mM in strand.
Buffer solutions contained 10 mM EPPS (pH 7.5), 0.1 mM
EDTA, and sufficient NaCl to bring the total sodium ion
concentration to 100 mM.

3.3. Circular dichroism (CD) spectroscopy

CD experiments were conducted at 25 �C on an AVIV Model
202 spectropolarimeter (Aviv Biomedical; Lakewood, NJ)
equipped with a thermoelectrically controlled cell holder.
A quartz cell with a 1 cm pathlength was used for all the
CD studies. CD spectra were recorded from 220 to 340 nm
in 1 nm increments with an averaging time of 2 s. In these
CD studies, the RNA solutions were 5 mM in strand and
the buffer conditions were identical to those described above
for the UV melting experiments.

3.4. Steady-state fluorescence spectroscopy

Steady-state fluorescence experiments were conducted at
25 �C on an AVIV model ATF105 spectrofluorometer
(AVIV Biomedical; Lakewood, NJ) equipped with a thermo-
electrically controlled cell holder. The excitation and emis-
sion wavelengths were set at 310 and 370 nm, respectively.
The excitation and emission slit widths were set at 3 and
4 nm, respectively. A quartz cell with a 1 cm pathlength in
both the excitation and emission directions was used for
all measurements. For the drug titrations, 1.2–20 mL aliquots
of drug (at concentrations ranging from 250 mM to 10 mM)
were sequentially added to RNA solutions (2 mL) that were
1 mM in strand. After each addition, the sample was left to
equilibrate for 3 min, whereupon the average emission in-
tensity at 370 nm (I370) over a period of 30 s was recorded.
The I370 values of all samples were corrected by subtraction
of the corresponding values of buffer alone. Buffer condi-
tions were identical to those described for the UV melting
experiments.

3.5. Isothermal titration calorimetry (ITC)

ITC measurements were performed at 25 �C on a MicroCal
VP-ITC (MicroCal, Inc.; Northampton, MA). In a typical
experiment, aliquots of drug were sequentially injected
from a 250 mL rotating syringe (300 rpm) into an isothermal
sample chamber containing 1.42 mL of an Ec solution. In the
paromomycin experiment, 5 mL aliquots of 250 mM drug
were injected into an Ec solution that was 10 mM in strand.
In the G418 experiment, 10 mL aliquots of 2.5 mM drug
were injected into an Ec solution that was 100 mM in strand.
Each drug–RNA experiment was accompanied by the corre-
sponding control experiment in which aliquots of the drug
were injected into a solution of buffer alone. The duration
of each injection was 5 s in the paromomycin experiment
and 10 s in the G418 experiment. In all experiments, the ini-
tial delay prior to the first injection was 60 s, and the delay
between injections was 300 s. Buffer conditions in all the
ITC studies were identical to those described for the UV
melting experiments.

Each injection generated a heat burst curve (mcal/s vs s). The
area under each curve was determined by integration [using
the Origin version 5.0 software (MicroCal, Inc.; Northamp-
ton, MA)] to obtain a measure of the heat associated with
that injection. The heat associated with each drug–buffer
injection was subtracted from the corresponding heat associ-
ated with each drug–RNA injection to yield the heat of drug
binding for that injection. The resulting dilution-corrected
injection heats were plotted as a function of the [drug]/
[Ec] ratio {see Fig. 5(c) and (d)} and fit with a model for
two independent sets of binding sites, which we have previ-
ously determined to reflect primary (specific) and secondary
(nonspecific) binding interactions.32,33 The ITC-derived
values of Ka listed in Table 1 correspond to the specific bind-
ing interaction.

3.6. Time-resolved fluorescence anisotropy

Time-resolved fluorescence anisotropy experiments were
conducted at 25 �C on a PTI LaserStrobe fluorescence life-
time spectrometer equipped with a thermoelectrically con-
trolled cell holder. A sheet polarizer was placed in the
emission direction and a Glan-Thompson type polarizer
was placed in the excitation direction. A PTI Model GL-
3300 nitrogen laser (at a 10 Hz frequency) was used to excite
the samples at 337 nm and fluorescence decay curves were
acquired logarithmically at an emission wavelength of
410 nm (24 nm slit width) in 400 channels (with 5 laser shots
per time point). The start and end delays of the acquisitions
were 37 and 75 ns, respectively. The instrument response
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function was detected at 337 nm using light scattered by a di-
lute suspension of non-dairy creamer. Each final decay pro-
file reflected an average of 10 independent scans and was
deconvolved in the Felix32 program (PTI, Inc.). These de-
cays were best fit by the following sum of three exponentials:

IðtÞ ¼
X3

i¼1

aie
�t=ti ð2Þ

Goodness of fit was judged based on a reduction in c2 and
inspection of the autocorrelation function of the weighted
residuals. The RNA concentration was 5 mM in strand and,
when present, RNA-saturating concentrations of drug were
employed. These drug concentrations were as follows:
[neomycin]¼20 mM, [paromomycin]¼40 mM, [ribostamy-
cin]¼500 mM, and [G418]¼1.8 mM. Buffer conditions for
these experiments were identical to those described for the
UV melting experiments.

Fluorescence intensity decays measured with the emission
polarizer oriented either parallel {IVV(t)} or perpendicular
{IVH(t)} to the excitation polarization were deconvolved
simultaneously with a magic angle decay {D(t)} using the
following relationships:

IVVðtÞ ¼
DðtÞ½1þ 2rðtÞ�

3
ð3aÞ

IVHðtÞ ¼
DðtÞ½1� rðtÞ�

3G
ð3bÞ

In these relationships, G is the instrumental correction factor
and r(t) is the anisotropy decay, which was best fit by the
following sum of two exponentials:

r
�
t
�
¼ b1e�t=f1 þ b2e�t=f2 ð4Þ

The limiting anisotropy at time zero {r(0)} was derived from
the sum of b1 and b2. Values of G ranged from 1.07 to 1.11,
and were determined using the following relationship:

G¼
R

IHVðtÞdtR
IHHðtÞdt

ð5Þ
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