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The A-site of 16S rRNA, which is a part of the 30S ribosomal subunit involved in prokaryotic translation, is
awell known aminoglycoside binding site. Full characterization of the conformational changes undergone
at the A-site upon aminoglycoside binding is essential for development of future RNA/drug complexes;
however, the massiveness of 16S makes this very difficult. Recently, studies have found that a 27 base
RNA construct (16S,7) that comprises the A-site subdomain of 16S behaves similarly to the whole A-site
Keywords: domaiq. ESI-MS, ion mobility and molecule{r.dynamﬁcs methods were utilized in' this study‘tt') analy;e
lon mobil.ity the A-site of 16S,7 before and after the addition of ribostamycin (R), paromomycin (P) and lividomycin
165 (L). The ESI mass spectrum for 16S,; alone illustrated both single-stranded 16S,; and double-stranded
(16S37), complexes. Upon aminoglycoside addition, the mass spectra showed that only one aminoglyco-
side binds to 16S;,7, while either one or two bind to (16S,7),. lon mobility measurements and molecular
dynamics calculations were utilized in determining the solvent-free structures of the 16S,7 and (16S;7 ),
complexes. These studies found 16S,; in a hairpin conformation while (16S,7); existed as a cruciform.
Only one aminoglycoside binds to the single A-site of the 16S,; hairpin and this attachment compresses
the hairpin. Since two A-sites exist for the (16S,7), cruciform, either one or two aminoglycosides may
bind. The aminoglycosides compress the A-sites causing the cruciform with just one aminoglycoside
bound to be larger than the cruciform with two bound. Non-specific binding was not observed in any of
the aminoglycoside/16S,7 complexes.
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1. Introduction

RNA is an attractive target for drug discovery due to its well-
defined tertiary structure which plays a vital role in cellular
functions [1-5]. For several years, RNA/ligand complexes have been
analyzed to determine how a bound ligand can effect RNA func-
tionality. One RNA/ligand complex of interest occurs when an
aminoglycoside antibiotic binds to prokaryotic 16S rRNA. 16S rRNA
is a part of the 30S ribosomal subunit involved in prokaryotic
translation and is highly conserved among prokaryotes. Amino-
glycosides are known to bind at the A-site domain of 16S (an
adenine/2 adenine mismatch in Watson-Crick base pairing), which
is normally used by RNA to bind charged aminoacyl tRNA that corre-
sponds to the next mRNA codon in the transcript [6-22]. When the
aminoglycoside antibiotics bind to the A-site, they interfere with
translation in the ribosome and consequently lead to prokaryotic
cell death.

While it is important to understand how the aminoglycosides
interact with the whole 16S rRNA region, it is very large and difficult
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to analyze. However, studies have found that small subdomains can
mimic the functional domains of large rRNA strands, and a 27 base
RNA construct rG, CGUCACAC, U, CG3UGA, GUCGC; (Scheme 1) has
been shown to behave similarly to the A-site domain in the entire
16S rRNA (~1500 bases) [9,19]. The aminoglycoside paromomycin
has even been shown to bind to both the A-site domain of 16S and
the subdomain of its 27 base construct with similar affinities [13].
For simplicity the 27 base construct of 16S will be referred to as
16S,7 for the rest of the paper.

16S57 has allowed the 16S rRNA A-site to be studied extensively
by NMR, X-ray crystallography and mass spectrometry [6-22]. NMR
structures of 16S,7 before and after paromomycin binds have shown
interesting structural variations [7,8]. From the bound NMR struc-
tures, it appears that paromomycin binds to two phosphate groups
in the major groove of the A-site and displaces the three unpaired
adenines towards the minor groove. This alteration causes the paro-
momycin bound A-site to be more compact than the unbound A-site
(Scheme 2), resulting in structural changes. Previously, it has been
observed that when aminoglycosides bind to 16S they induce mis-
reading of mRNAs and this conformational change in the A-site may
be the origin of this phenomenon [5].

Recently, ESI-MS in combination with ion mobility methods
has served to demonstrate that DNA secondary structures such
as helices [23-26] and G-quadruplexes [27-31] are stable when
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Scheme 1. A schematic of the 27 base construct of the 16S rRNA region (16S,7). It
is possible for this sequence to form a single-stranded hairpin or double-stranded
cruciform structure.

sprayed and dehydrated using nano-ESI and they retain most of
their solution phase structural characteristics. Knowing that DNA
complexes remain intact and retain their solution structure in the
gas phase makes ESI-MS in conjunction with ion mobility spec-
trometry an ideal method for studying the conformational changes
that occur in the A-site of 16S,7 upon the binding of the amino-
glycosides ribostamycin (R), paromomycin (P) and lividomycin
(L) (Scheme 3). R, P and L constitute the 4,5-disubstituted 2-
deoxystreptamines class of aminoglycosides and were utilized in
this study to understand if binding and induced conformational
changes were comparable when aminoglycosides of different sizes
were analyzed.

2. Experimental method
2.1. Materials and sample preparation

The 27 base sequence rG,;CGUCACAC,U,CG3UGA,GUCGC,
(16S,7) that contained the essential components of the 16S rRNA
A-site was obtained from Dharmacon (Boulder, CO). 16S;; was
deprotected according to the manufacturer’s directions, ethanol
precipitated twice from 1 M ammonium acetate and suspended at
a concentration of 1 wM in a 10 mM NH40Ac/33% IPA/2.86% DMSO
solution. The sample was then annealed at 95 °C for 10 min, quickly

16S,,

16S,, + P

Scheme 2. The NMR structures of 16S,; alone and 16S,; with paromomycin (P)
bound inits A-site. The binding region is shown in blue, P in green, the two phosphate
groups P binds to are highlighted with orange phosphorous atoms and red oxygens.
The structure of P is shown in Scheme 3. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of the article.)
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Scheme 3. The three different aminoglycoside antibiotics studied: ribostamycin,
paromomycin and lividomycin.

cooled in an ice bath, and stored at 10°C. Ribostamycin (R), paro-
momycin (P) and lividomycin (L) were obtained from Sigma (St.
Louis, MO) and used without further purification. They were pre-
pared to a concentration of 1 WM ina 10 mM NH40Ac/33%IPA/2.86%
DMSO solution, added to 16S,7 in various equivalents and incubated
at room temperature prior to analysis.

2.2. Mass spectrometry and ion mobility experiments

The details concerning the experimental setup for the mass
spectra and ion mobility measurements have been previously pub-
lished, so only a brief description will be given. lons were formed by
nano-ESI and injected into the specially designed ion funnel of the
ESI drift cell instrument [32]. The ions then traveled into a 4.5cm
long drift cell filled with ~5Torr helium gas and were pulled at
a constant drift velocity by a weak, uniform electric field applied
across the drift cell. After exiting the drift cell, the ions were mass
analyzed in a quadrupole mass filter and detected. The quadrupole
mass filter was set to select the mass range of interest for the acqui-
sition of a mass spectrum and in pulsed experiments it was tuned to
detect one specific m/z as a function of time, yielding an arrival time
distribution or ATD. The reduced mobility, K,, of the mass-selected
ion was obtained from a series of ATDs measured at different elec-
tric field strengths (10-23 V/cm) as shown in Eq. (1), where [ is the
length of the cell, p is the pressure of the He gas (in Torr), V is the
electric field voltage, t, is the ions’ arrival time taken from the cen-
ter of the ATD peak and ¢, is the amount of time the ion spends
outside the drift cell before reaching the detector.
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Once K, is found, the ion’s collision cross section, o, was calcu-
lated as shown in Eq. (2)

1/2
_ 3e ( 2w ) 1 )
16N, \ pky T Ko

where T is the temperature in Kelvin, e is the charge of the ion, N,
is the number density of He at STP, k;, is Boltzmann’s constant and
W is the ion-He reduced mass.[33]

2.3. Theoretical calculations

Structural information about the ion mobility experiments was
obtained by comparing the experimental cross sections determined
from the ATDs to cross sections of theoretical structures. The NMR
structures 1A3M [7] and 1]J7T [8,34] were utilized in generating the
starting structures for 16S,7 and (16S,7 +P). HyperChem [35] was
then used to convert P to R and L for the (16S,7 +R) and (16S,7 +L)
starting structures. The (16S,7), cruciform structure was fashioned
as an A-helix using the NUCGEN utility within AMBER 7 [36], 300K
molecular dynamics simulations were run on each structure for 2 ns
using AMBER 7 and every 5 ps a structure was saved. Each struc-
ture was then energy minimized and its cross section calculated
using hard-sphere scattering and trajectory models developed by
the Jarrold group [37,38]. In the calculations, the starting structures
eventually converge to give one steady state structure where the
cross section remains relatively constant. The average cross sec-
tions of the final 50-100 structures in each steady state were used
for comparison with the experimental values.

A series of simulated annealing/energy minimization cycles
were also used to obtain low-energy globular structures for each
complex. In this cycle, the initial structures were energy minimized,
annealed at 700K for 30 ps (to allow the structure to overcome
low-lying barriers and change shape), exponentially cooled to 50 K
over a variable time step and energy minimized again. The final
structure was saved and used as the starting structure for the next
annealing/minimization cycle. This process was continued until
300 low-energy structures were generated. The average cross sec-
tion of the structures with the lowest 5-10 kcal/mol energies was
then compared to the experimental values.

3. Results and discussion
3.1. Mass spectra

The nano-ESI mass spectra of 16S,7 alone and with R, P and L are
shown in Fig. 1. For 16S,7 with no aminoglycosides added (Fig. 1a),
peaks for both 16S,7 and (16S,7), with multiple charge states were
observed with NH4* adducts broadening each peak to the high
mass side. When the aminoglycosides were added to 16S,7 ina 1
to 1 ratio, peaks for (16S,7 +X), [(16S27); +X] and [(16S37); +2X],
where X=R, P or L, were present in the spectra. However, due
to the presence of double-stranded complexes in the mass spec-
tra, care was taken in assigning the single-strand peaks of 16S,7°~
and (16537 +X), since they could also correlate with the double-
stranded peaks for (16S,7), 19~ and [(16S,7 ), + 2X]'0~. Thus, to fully
characterize the mass spectra, ion mobility measurements were
utilized.

3.2. Ion mobility

In order to examine the conformational properties of the
16S,7/aminoglycoside complexes and determine whether the
aminoglycosides bind to the A-site of 16S,7, ion mobility experi-
ments were performed.
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Fig. 1. Nano-ESI mass spectra for (a) 16S,7, (b) 16S,7 with R, (¢) 16S,7 with P and
(d) 16S,7 with L. NH4* adducts are observed to the right of each peak. All 16S,; and
(16S,7)2 complexes are labeled in black, (16Sz7 + X) in red, [(16S27). +X] green and
[(16S37)2 +2X] blue, where X =R, P or L. For labeling simplicity, 16S,7 is referred to as
16S in the figure. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of the article.)

3.3. 16Sy7 and (16S37)2

The ATDs for 16S,7°~ and (16S,7), 11~ are shown in Fig. 2. Only
one peak was observed in the ATD for (16S,7), 1~ (Fig. 2b) and this
peak can only correspond to a double-stranded structure with a
measured cross section of 1675 A2 (as the 16S,7 single-strand would
need to have a charge state of —5.5). However, two peaks were
observed in the 16S,7°~ ATD indicating that either 16S,7°>~ has mul-
tiple conformers or the 165,7°~ duplex (i.e. (16537)219) occurs in
the experiment [25]. It is known that for any given integer charge
state, ¢, observed in a mass spectrum, either a single-strand (S9-)
or duplex (D%?-) could exist. Since each of these species has the
same m/z value, they are indistinguishable in this mass spectrum.
However, for all real systems the cross section of a single-strand is
greater than the cross section of a duplex divided by two, result-
ing in the arrival time of the single-strand being greater than the
arrival time of the duplex. This is obvious because the maximum
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Fig. 2. (a) The ATD for (16S,7)2'°~ and 16S,7°~. The longer time peak was assigned
to 16S,7°~, and after theoretical calculations the shorter time peak was determined
to be (16Sy7)2 10~ with a cross section of 1680 A2. (b) Only one peak was observed for
(16527)2 M.

cross section for a duplex occurs when two single-strand subunits
are fully separated and only in this limit does o(S) =o(D)/2. As they
come closer together, o(D)/2 becomes smaller as the two monomers
accommodate each other until the final duplex structure transpires.
Thus, the peak at shortest time could be due to the double-stranded
(165,7),19- instead of 16S,7°~. The cross section of each 16S,7°~
ATD peak was measured, but since cross section is dependent on
charge and mass the longest time peak was calculated as 988 A2 for
16S,7°~, but the shorter time peak could either be 840 A2 for the
single-stranded conformation of 165,7%~ or 1680 A2 for (16S,7),10~.
Cross sections for both possibilities are given in Fig. 2a.

Theoretical modeling was utilized to determine the identity and
conformation of each peak observed in the 165,7°~ ATD. The NMR
hairpin conformation of 16S,7 was used as the starting structure for
300K molecular dynamics simulations [7] and its dynamics plot of
cross section versus time is shown in Fig. 3a. Only one steady state
at 1000 A2 was observed in the dynamics plot and a representative
structure is shown in Fig. 3b. Since the cross section for the hairpin
only correlates with the longest time ATD peak, globular structures
were also calculated (by performing simulated annealing at 700 K
on the 16S,; sequence) to see if they matched the shorter time
peak. However, the resulting globular structures had an average
cross section of 804 A2, which was too small to match the smaller
experimental cross section within 2% error.

An A-form (16S57 ), 19~ cruciform was used as the starting struc-
ture for 300 K dynamics to determine if a double-stranded complex
correlated with the shortest time ATD peak. An A-helix was the
only form used because it is known that double-stranded RNA is
almost always in an A-helix conformation. Only one steady state
was observed in the dynamics plot at 1668 A2 and a representative
structure is shown in Fig. 3c. A globular structure for (165,7),10~
with a cross section of 1513 A2 was also calculated using simulated
annealing. When the experimental cross section for the shortest
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Fig. 3. (a) The plot of cross section versus dynamics time for the 16S,7°~ hairpin.
Dynamics simulations were run at 300K for 2ns and every 5ps a structure was
saved and its cross section calculated. Only one steady state was observed in the
dynamics plot for each of the RNA complexes studied. Theoretical structures of (b)
16S,7 and (c) (16S,7), obtained from dynamics calculations. The adenines in the A-
sites are shown in dark blue and the tetraloop in 16S,7 and the cruciform mismatch
in (16Sy7 )2 are shown in light blue (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.).

time peak in the ATD in Fig. 2a was compared to these double-
stranded theoretical values, the cruciform matched but the globular
structure was too small. This allowed full assignment of the ATD,
with the shorter time peak corresponding to the cruciform struc-
ture of (165,7)2'°~ and the longer time peak matching the hairpin
structure of 16S,7°~. The experimental and theoretical cross section
values are collected in Table 1.

To understand what happens as the charge states of 16S,; and
(16S,7); become more negative, the cross sections of the other
mass spectra peaks were evaluated. Only one peak was observed
in the ATD for (16S37),1~ (Fig. 2b) and its cross section is very
similar to the cross section for the (16S,7), 1%~ cruciform (Table 1).

Table 1
Experimental and theoretical cross sections (A2) for 16S,7 and (16S;7 ).
Complex Expt? Theory®

Hairpin Cruciform Globular
16S27°~ 988 1000 - 804
165,75~ 1008 1016 - 806
(16S37) 10~ 1680 - 1668 1513
(16S57)2 11~ 1675 - 1674 1512
(16S27), 12~ 1694 - 1683 1515

2 1% reproducibility error.
b <2% standard deviation.
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The ATD for the 165,75~ /(16S,7), 12~ had two peaks similar to the
16S,7°~/(16S27)219~ ATD and when theoretical modeling was per-
formed, the shorter time peak correlated with the cruciform of
(16S37)2'2~ and the longer time peak matched the 165,75~ hair-
pin (Table 1). In all cases, the calculated cross sections were within
1% of the experimental values allowing the unambiguous assign-
ment of the conformation of 16S,; to a hairpin and (16S,7), to a
cruciform. Strand fraying and elongation with charge state which
has previously been observed in the gas phase with smaller hair-
pin structures, was not observed with the 16S,7 hairpin due to its
increased number of stabilizing hydrogen bonds [26].

3.4. 16S,7 and (16S,7), with R, Pand L

A typical ATD for the (16S,7 +X)*>~ complexes, where X=R, P or
L, is shown in Fig. 4a. Two peaks were present in the ATDs for all
three aminoglycosides and similar to 16S,7°~ without any amino-
glycosides bound, the longer time peak corresponds to (1657 + X)°~
and the shorter time peak probably correlates to [(16S,7), +2X]10-.
To further analyze the shorter time peak and eliminate any con-
tributions from the (16S,7 +X) complexes, the —9 charge state of
[(16S37), +2X] was evaluated. For all three aminoglycosides, the
[(16S57); +2X]°~ complex only had one conformation (Fig. 4b) and
its experimental cross section agreed within 1% of the cross sec-
tion values for the shorter time peak in Fig. 4a indicating that
[(16S57) +2X]10- probably correlates with this peak. When the
[(16S27), +X]°~ complexes with only one aminoglycoside bound
were analyzed, again only one peak was observed in the ATDs for all

(16S,; + X)>
(a) (168, + X)> x

[(16S,), + 2X]"

(b) [(16Sz), + 2X]*

©) [(16Sy),+ X]*

Arrival Time

Fig. 4. (a) A typical ATD for (16Sy; +X)>~, where X=R, P or L. The two peaks
are assigned to [(16S7), +2X]'~ and (16Sy7 +X)*~. (b) [(16S27) +2X]°~ and (c)
[(16S27)2 + X]°~ only had one peak in their ATDs. All of the ATDs shown are for 16S;7
with P, but similar peak ratios were observed for the (16S,7 + X)*>~ complexes with R
and L.

Table 2
Experimental and theoretical cross sections (A2) of the 16S,; and (16S,7), amino-
glycoside antibiotic complexes.

Complex Expt? Theory®
Antibiotic Antibiotic bound
bound to A-site non-specifically

(16537 +R)3~ 910 919 999

(16Sy7 +P)5~ 909 918 1007

(16S7 +L)>~ 907 915 1004

[(16S27)2 + R~ 1595 1600 1675

[(16S37), +P]°~ 1606 1604 1678

[(16S27), + L2~ 1603 1609 1669

[(16S27) +2R]®- 1541 1550 1683

[(16S27)2 +2P]%~ 1550 1548 1690

[(16S27), +2L]%~ 1552 1543 1686

2 1% reproducibility error.
b <2% standard deviation.

three aminoglycosides (Fig. 4c). All the cross sectional values corre-
sponding to (1657 + X)>~, [(16527)2 + X]°~ and [(16S,7), +2X]°~ are
listed in Table 2. The values for [(16S,7 ), + 2X]19~ were within 1% of
[(16S27), +2X]°~, so they are not illustrated in the table.

The experimental cross sections for the (16S,7 + X)°~ complexes
are all very similar suggesting that R, P and L bind to the same area
of 16S,7. In order to determine possible structures for (16S,7 +X)°~,
300K molecular dynamics calculations were performed on com-
plexes with the aminoglycosides bound in the A-site of the hairpin
as shown in Fig. 5a. Non-specific binding was also evaluated with
the aminoglycosides bound at random sites on 16S,7. One steady
state was observed in all of the dynamics plots similar to Fig. 33,
however, different cross sections were observed for the aminogly-
cosides bound in the A-site versus non-specifically bound. Only
the theoretical cross sections for the A-site bound aminoglycosides
agreed with the experimental data (Table 2), while all of the non-
specifically bound complexes were too large, indicating that the
aminoglycosides R, P and L only bind in the A-site. Representative
solvent-free structures of (16S,7 + X)*~ are shown in Fig. 5b. When
the starting NMR structure is compared with its corresponding
solvent-free structure, it appears that the solvent-free structures
are more compact that the solution structures. It was also observed
that the solvent-free aminoglycoside complexes retain the helical
turn of 16S,7, while 16S,7; without any aminoglycosides starts to
unfold (Fig. 5b).

When the cross sections of the three [(16S,7), + X]°~ complexes
with R, Pand L were compared, they all had very similar values. This
was also true for the three [(16S,7), + 2X]°~ complexes, indicating
that all three aminoglycosides must effect (16S,7), in very similar
ways. However, when the (16S;7 ), complexes with one aminoglyco-
side were compared to the complexes with two, the cross sections
for the [(16S,7), +X]°~ complexes were larger implying that the
addition of one extra aminoglycoside increases the compactness of
(16S37),. The structures of the (16S,7 ), cruciform with one and two
aminoglycosides were evaluated to determine the binding site(s).
Since (16S57), has two A-sites, it seems reasonable that the amino-
glycosides might bind to one or both. (16S,7 ), complexes with more
than 2 aminoglycosides bound were not observed, suggesting that
non-specific binding does not take place. 300 K molecular dynam-
ics were performed on the cruciforms with the aminoglycosides
both in the A-site and non-specifically bound. Only one steady state
was observed for each structure and the cross sections are given in
Table 2. The only theoretical cross sections that correlated with the
experimental values had the aminoglycosides bound in the A-site,
similar to the single-stranded structures. Representative theoreti-
cal structures for [(16S27) +X]?~ and [(16S,7), +2X]°~ are shown
in Fig. 6.

Conformational changes were observed in the theoretical struc-
tures when the aminoglycosides bind to (16S;7),. The theoretical
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(b)

168, 16S,, + R 16S,, + P 16S,; + L

Fig. 5. (a) The starting structures for each hairpin complex derived from the NMR structures for 16S,7; and (16S,7 +P). (b) The resulting solvent-free theoretical structures
for each 16S,; complex obtained from MD simulations. The adenines in the A-site are shown in dark blue, the tetraloop is light blue and each aminoglycoside is green. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

(16Sz7)2 +R (18Sz7)2 + L

(16S27)2

(16327)2 +2R (16527)2 +2P (15527)2 + 2L

Fig. 6. The theoretical structures for (16S,7), and the (16S7), complexes with 1 and 2 antibiotics. The adenines in the A-site are shown in dark blue, the four base mismatch
is light blue, each antibiotic is green and the bases are shown as slabs for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of the article.)
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structure of (16S,7), is larger than (16S,7), with one aminoglyco-
side bound in the A-site (Fig. 6). And when two aminoglycosides
bind to (16S,7),, a further compaction of the cruciform is observed.
This trend indicates that, similar to the NMR structures shown in
Scheme 2, the aminoglycosides compress the A-site. The compres-
sion of the A-site affects the structure of 16S,; and this structural
alteration possibly interferes with the ability of 16S to perform
translation in the ribosome.

4. Summary

The mass spectrometry, ion mobility, and molecular dynamics
results presented provide insight into the binding of aminoglyco-
side antibiotics to 16S,5. In particular, we conclude:

(1) Both 16S,7 and (16S,7 ), are present in the mass spectrum of the
16S,7 solution. Ion mobility calculations indicate that 16S,7 is
in a hairpin conformation, while (16S,7), is a double-stranded
cruciform.

(2) Ribostamycin, paromomycin and lividomycin all bind to 16S;7
and (16S,7),, but only one aminoglycoside binds to 16S,7, while
either one or two aminoglycosides binds to (1657 ).

(3) Ion mobility measurements and molecular dynamics calcula-
tions indicate that the aminoglycosides bind in the single A-site
of 16S,7 and the two A-sites of (16S,7),. Non-specific binding
does not occur in any of the complexes.

(4) The cross sections for 16S,; and (16S,7), decrease upon
aminoglycoside binding indicating that the aminoglycosides
compress the A-site and in turn alter the structure of each RNA
complex.
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