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Abstract: Aminoglycosides are clinically relevant antibiotics that participate in a large variety of molecular
recognition processes involving different RNA and protein receptors. The 3-D structures of these policationic
oligosaccharides play a key role in RNA binding and therefore determine their biological activity. Herein,
we show that the particular NH2/NH3;™/OH distribution within the antibiotic scaffold modulates the
oligosaccharide conformation and flexibility. In particular, those polar groups flanking the glycosidic linkages
have a significant influence on the antibiotic structure. A careful NMR/theoretical analysis of different natural
aminoglycosides, their fragments, and synthetic derivatives proves that both hydrogen bonding and charge—
charge repulsive interactions are at the origin of this effect. Current strategies to obtain new aminoglycoside
derivatives are mainly focused on the optimization of the direct ligand/receptor contacts. Our results strongly
suggest that the particular location of the NH,/NH3;"/OH groups within the antibiotics can also modulate
their RNA binding properties by affecting the conformational preferences and inherent flexibility of these
drugs. This fact should also be carefully considered in the design of new antibiotics with improved activity.

Introduction

Aminoglycosides are highly potent, wide-spectrum bacteri-
cidals! These antibiotics participate in a large variety of
biologically relevant molecular recognition processes involving
both RNA and protein receptofs® Thus, aminoglycosides bind
to the decoding region aminoacyl-tRNA site (A-site) inducing
codon misreading and inhibiting translocation, eventually result-
ing in cell deatl~12 In addition, these molecules specifically
interact with several other RNA receptors, including t-RNA,
aptamers, or the viral TAR sequen@e!® Finally, they are
recognized by the enzymes involved in the drug inactivation
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that play a central role in bacterial resistance proce¥stse
3-D structures of several antibiotic/RNA and antibiotic/protein
complexes have been described in recent years by X-ray and
NMR methods]1%18-20 providing valuable information for the
design of new aminoglycoside derivativés.
From a chemical point of view, aminoglycosides are water-

soluble oligosaccharides typically functionalized bthree to
six ammonium groups. Despite their chemical diversity, most
include a modifiedx-glucose unit (ring | in Scheme 1) attached
to position 4 of a 2-deoxystreptamine ring (2-DOS, ring Il in
Scheme 1). In fact, this disaccharide core constitutes the
minimum fragment required for specific binding of the drug to
its main biological target, the ribosomal A-site RNA. For the
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Scheme 1. Schematic Representation of the a-Glucose/2-DOS Scaffold That, with Different Patterns in the NH2/NH3"/OH Substitution, Is
Present in Most Aminoglycosides?
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aThe structures of several antibiotics of the 4,6 2-DOS sub-family and disaccharides including this fragment are shown, as an example. The numbering
employed for the different ring positions is representedif@in gray). Finally, the numbering employed for the different sugar units is indicated (in red) in
all cases.

so-called 4,6 2-DOS sub-family (see Scheme 1), an additional potential adaptability of these drugs to the spatial and electronic
a-glucose derivative is attached to position 6 of the 2-DOS ring. requirements of a given receptor.

It should be noted that all aminoglycosides within this sub- . . .

family share an identical covalent scaffold and that most interact Herein, we analyze.both theoret|+cally arl1d gxpgnmentally the
with the same biological targets. Interestingly, despite these closelNU€nce that the particular NNHs™/OH distribution present
similarities, they may exhibit a wide range of binding strengths I the antibiotic has on its structure and dynamics and how these
to a given recepto® Certainly, the number and distribution of features, indeed, affect RNA binding. With this objective, the
the amino groups in the aminoglycoside is expected to influence Mmodified a-glucose/2-DOS fragment (rings /Il or /Il in

the binding process, as it determines the specific ligand/receptorScheme 1), present in most aminoglycosides and essential for
interactions established in the complexed state. However, it hasthe interaction of the drug with the ribosomal A-site RKA?

to be considered that this particular feature might also display has been subjected to a careful structural analysis. The obtained
a significant effect on the drug conformational preferences or results conclusively show that the location of the J¥H3z"/
inherent flexibility, which would have obvious consequences QOH functions, within the covalent structure of the drug, has a
on its recognition by proteins or RNA. Interestingly, only a few = sjgnificant effect on the conformation and dynamics of these
studies describing the aminoglycoside structural properties, in mojecules and highlights the conformational controlling role
the free or bound state, have been repoftethd little is known ¢ ot charge repulsion and hydrogen-bonding interactions in
about the factors that control their conformation and dynamics. natural amino sugars. Moreover, according to our data, certain

Indeed, this issue is of great interest because it concerns the_ . . . -
aminoglycoside positions have a key role in the control of the
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Figure 1. (a) ®(H1-C1-O1-Cx)¥(C1-0O1-Cx-Hx) potential energy surfaces calculated with the AMBER* force field for kanamycin-A I/1l (up) and I/l
(down) glycosidic linkages. The location of the s\fianti-% minima is indicated. (b) SyM!/anti-¥ energy differences estimated for the model compound
shown in the upper panel, employing DFT calculations. Those distributions not present in natural aminoglycosides are marked with an asteri&k. For th
= OH, B= NH3", C= OH, and D= NH3" case, the anfi’ geometry is not a minimum. In a similar way, for thesANHz*, B = OH, C= OH, and D

= NH3" and A= OH, B = NH3", C = NH3", and D= OH cases, the syl! geometry is not a minimum.
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Results and Discussion configuration was found. For simplicity, a uniqugg
(wns/o6-ce—-cs5-05 = —60°) orientation was considered for the
Cs-Ne/Og side chain®/W values of the minima, together with
the distances between those groups involved in polar contacts,
are shown in the Supporting Information (Table S1).

The obtained results indicate that the preferred orientation
around the glycosidic linkage is sensitive to the distribution of

Theoretical Analysis of the Conformational Preferences
for the Key Aminoglycoside Fragment a-Glucose/2-DOS.
Scheme 1 shows the differemiglucose/2-DOS fragments (rings
I/Il or /1) observed in natural aminoglycosides. As a first
step in deducing their conformational behavior, the steric maps
for two arbitrary NH/NHz*/OH distributions (those correspond- | in th del. | cular. for the=A
ing to kanamycin-A I/Il and Ill/ll regions, see Scheme 1) were pOOHangLOl'J\Ip: Erecse_ntl\lla t+ € meDe—. (;alartg:l'JA\a_r, NCI)—: Er e;
calculated using the AMBER* forcefield as implemented in > 'H_ o H R q E),—arlllH L and A= \Hs Hiit
MACROMODEL?* (Figure 1a). These surfaces just provide a OH, C._ Od', ag = NMs' €ases, a z?lqueﬁl
first estimation of the conformational regions that are energeti- geometry is p,rjl icted (any rglmmlzhatlon;tart.e. rom { _T::,’yn'
cally accessible and show the presence of two minima, hereinStrucmre Trapidly converge o the a |-m|n|mum). 1S
referred to as syM (characterized by’ values around Q) and behavior is Very unusual_ n naturﬁ]—glycoades_,, for which
antiP (with W close to 186). It seems clear that, to some synW populations are typically larger than 95% in solutféi®
I} - + — — — +
extent, the energy difference between both geometries will be Iryter_estl_ngly,_the A= NHS_’ B = OH, C= OH, and D= NHs
sensitive to the particular N¥NH3/OH distribution present dlstrlbuthn is present in the protonated form of natural
in the aminoglycoside. Moreover, those positions flanking the kanamycin-A (compound in Scheme 1). In contrast, for the
T : : A = OH, B= NHz", C= OH, and D= NH3" and A= NH3"
glycosidic linkage are expected to play a particularly important " — L c=0 ' q N h W !
role in controlling its conformational preferences. To test this B =NH,", C= H,_a_m D__ NHs" cases, ant ge(_)metnes
hypothesis, DFT optimization of both syH- and anti¥’ are severely destabilized (|_n _fact, for the former, this geometry
geometries was performed for the simplified model shown in 99€S not represent a minimum). These two polar group
Figure 1b, considering different combinations of MNHs "/ dlstrlbuthns can be fouqd in the _protonated forms of .natural
OH groups at these key locations. In all cases, several inter-tObramyC'n and paromaming énd5in Scheme 1), respectively.

unit hydrogen-bonding patterns were checked, until the optimal

(25) (a) Asensio, J. L.; Jimenez-BarberoBilbpolymersl995 35, 55-78. (b)
Asensio, J. L.; Martin-Pastor, M.; Jimenez-Barbero, Idt. J. Biol.

(24) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Caufield, Macromol.1995 17, 137—-148.
C.; Chang, G.; Hendrickson, T.; Still, W. @. Comput. Cheml99Q 11, (26) Dabrowski, J.; Kozar, T.; Grosskurth, H.; NifamtN. E. J. Am. Chem.
440-467. Soc.1995 117, 5534-5539.
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Figure 2. (a) Schematic representation of the minimum energy geometries present for kanamycin-A together with the corresponding exclusive NOEs. (b)
Key region of a NOESY spectrum measured for kanamycin-A at 500 MHz, 313 K, and pH 7.0. In all cases, NOEs representative &F theosyetry
are labeled in red, and those contacts representative of th&amirimum are labeled in green.

Taking into account that the bioactive (ribosome-bound) con- fragment (A= NH2/NH3", B = OH, C= OH, and D= NH,/
formation of natural aminoglycosides is, in all cases, ¥yn-  NH3"), an extreme sensitivity of the conformation to the pH
this peculiar behavior might have a significant effect on the conditions is expected, with a major aMfi-geometry at acid
strength of the antibiotic/RNA interaction. However, given the pH and a major syAF population at basic pH. In contrast, the
highly charged nature of aminoglycosides and the simplifications syn¥ minimum should be dominant for the IlI/1l fragment (A
assumed in this analysis (no counter ions and a continuous= OH, B= OH, C= NH2/NH3", and D= OH), under any pH
model for the treatment of the solvent), these theoretical conditions.
predictions should be considered as merely indicative. The syn®P and anti¥ conformations for both linkages,
Experimental NMR Analysis of the Modified o-Glucose/ together with the expected exclusive NOEs that unequivocally
2-DOS Core.To provide experimental support for the proposed characterize these geometries, are shown in Figure 2a. Our
hypothesis, a detailed NMR-based structural study of different experimental analysis of the antibiotic conformational properties
natural and synthetic antibiotics and aminoglycoside fragments was carried out at 313 K. First, NMR data for kanamycin-A
was performed. (1) were recorded at pH 7.0. TRecouplings for the two glucose
Kanamycin-A (1) Case.Scheme 1 shows the structure of units and the 2-DOS ring unambiguously show that t@e
kanamycin-A {) together with the numbering employed for the ~conformers (with all equatorial substituents) are basically the
different sugar units. Interestingly, the DFT calculations, previ- only detected in solution.
ously described, predict a totally different behavior for the two  Interestingly, despite the apparent symmetry of the molecule,
glycosidic linkages present in this molecule. Thus, for the I/ll clear differences between both glycosidic bonds are evident from

2852 J. AM. CHEM. SOC. = VOL. 129, NO. 10, 2007
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Figure 3. (a) Selective 1-D NOE experiments corresponding to the inversion of H1-1 in kanamycin-A, performed at eight different pH values and 313 K.
In all cases, NOEs representative of the &yrgeometry are labeled in red, and those contacts representative of thE amtiimum are labeled in green.
(b) Representative NOE build-up curves at three different pH values. The increase in the H1-I/H4-I relative to the H1-1/H3-Il cross-relaadidmasit
pHs, is evident. (c) MD-tar distributions obtained for the I/1l (black) and 1l/Il (dotted grayangles at these pH values. The different conformational
populations are indicated. According to these data, the I/ll linkage exhibits a remarkable internal mobility. (d) Ensembles obtained for kan&oycin
the previously mentioned experimental data, employing MD-tar simulations.

the inspection of the 2-D NOESY spectra (Figure 2b). Thus, Il linkage are rather insensitive to this parameter, with a clear
for the I/ll linkage (A= NHy/NH3", B=OH, C= OH, and D predominance X95%) of synW type geometries in all cases

= NH2/NHz"), three interresidue contacts (H1-1/H4-1I, H1-I/  (see Supporting Information). Small H1-11I/H5-1I and H1-1Il/
H5-11, and H1-I/H3-11) were observed. These NOEs are not H1-II contacts, representative of minor%%) anti®' popula-
compatible with any single low-energy geometry of the glyco- tions, were detectable at neutral and basic pHs, suggesting a
sidic linkage and demonstrate the existence of a significant rather small increase in the internal mobility under these
degree of internal mobility for this aminoglycoside region. In conditions. In contrast, the structure of the I/ll fragment exhibits
fact, the observed NOEs can be easily explained in terms of ana clear dependence on the pH (Figure 3a). The NOE-derived
equilibrium between sy® and antit minima previously distances (some representative values are shown in Table 1)
described. The presence in solution of aHtieonformations, were employed to estimate the conformational distributions at
for some particular glycosidic linkages, was first suggested by all the pH values tested. With this objective, 80 ns MD*tar
molecular mechanics calculations and later detected by NMR (molecular dynamics with time-averaged restraints) simulations
method<2>26 Nevertheless, it has to be pointed out that, in all were carried out by including the experimental distances as time-
cases, these particular geometries had populations not higheaverage restraints with the AMBER 5.0 program (Figures@b
than 5%. In kanamycin-Al), the NOE data are indicative of and S2¢8 From the obtained populationdG values corre-

a remarkably large fraction of artit geometries. This conclu-  sponding to the syd/anti-¥ equilibrium were determined. The
sion is warranted by the detection of medium-sized H1-I/H5-II pH dependence of this parameter is represented in Figure 4. It
and H1-I/H3-1l NOE contacts, exclusive of this conformational can be observed that, at pH 4.0 (the fully protonated state of
region. Additional intense NOEs, representative of the #hti-  the antibiotic), the /Il glycosidic linkage exhibits a remarkable
minimum, involving the exchangeable NH groups were flexibility, with syn-W and antitP states equally populated. At
detected in DMSO, providing strong support for the proposed higher pH values, the fraction of arlf-geometries is gradually
conformational preference (see Supporting Information Figure decreased from 50% at pH 4.8Gsynw/aniaw = 0 kcal/mol) to

S1). A totally different behavior was observed for the I/l 15% at pH 9.6 AGsynaw/aniar = 1.0 kcal/mol).

glycosidic bond (A= OH, B = OH, C= NH/NH3*, and D= To check the accuracy of the estimated conformational
OH). In this case, a large H1-11I/H6-II cross-peak was observed, populations and as a final control, the conformational distribu-
which is consistent with a major presence of 8ifrgeometries tion of kanamycin-A at different pH values was also determined
in solution (see Figure 2b). To assess the pH dependence of
the observed behavior, selective 1-D NOE measurements werg27) Pearlman, D. AJ. Biomol. NMR1994 4, 1—16.

performed at eight different pH values (Figure 3a). According (28) Pearlman, D. A;; Case, D. A.; Caldwell, J. W.; Ross, W. S.; Cheatham, T.

. ; X E.; DeBolt, S.; Ferguson, D.; Siebel, G.; Kollman, @omput. Phys.
to the obtained data, the conformation and dynamics of the 111/ Communl1995 91, 1-41.
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Table 1. Experimental Distances Obtained from the NMR Analysis of Natural and Synthetic Aminoglycosides 1—7 Together with Those
Derived from the MD-tar Distributions (in brackets), at Some Representative Values of the pHs Tested?

linkage I/11 linkage 111/11
compound H1/H4 H1/H3 H1/H5 anti-W (%) H1/H6 H1/H5 H1/H1 anti-W (%)

1(pH 4.6) 2.7(2.7) 2.4 (2.4) 2.4 (2.7) 50 2.3(2.3) >3.5(3.9) >3.5(3.7) <5
1(pH 9.6) 2.3(2.5) 2.9(2.9) 2.7 (3.0) 15 2.2(2.4) 3.4 (3.4) 3.1(3.3) <5

2 (pH 4.4) 2.7(2.7) 2.4 (2.4) 2.4 (2.7) 53 <24 ov 3.2 <5
2(pH9.9) 2.3(2.4) 3.0(2.9) 2.9(3.0) 15 <2.4 ov 3.2 <5
3(pH 3.0) 2.4 (2.3) >3.5(4.4) 3.4 (3.6) <5 2.2(2.2) >3.5(4.4) >3.5(3.8) <5
3(pH9.0) 2.4 (2.3) 3.3(3.4) 3.4 (3.6) 5 2.2(2.4) 3.3(3.4) 3.2(3.4) 5
5(pH 4.5) 2.3(2.2) >3.5(4.2) >3.5(3.9) <5

5(pH 9.0) 2.3(2.3) >3.5(4.3) >3.5(3.7) <5

6 (pH 4.0) 2.3(2.5) 2.6(2.4) 2.6 (2.7) 34 2.3(2.3) >3.5(3.8) >3.5(3.7) <5

6 (pH 7.0) 2.2(2.5) 2.9(3.0) 3.0(3.0) 15 2.2(2.3) >3.5(3.9) >3.5(3.7) <5

7 (pH 4.0) ov >3.5 ov <5 2.3(2.4) >3.5(3.8) >3.5(3.6) <5

aFor compound4—5 (shown in Scheme 1), the data correspond to the fully protonated and unprotonated forms of the drugs. Aminoglycoside derivatives
6 and7 are represented in Figure 9. ARH-populations estimated in each case are also indicated. ov stands for overlapping NGEdiBtances H1-I/
H4-Il and H1-I/H5-1I could not be determined due to strong overlapping. However, the weak intensity of the H1-I1/H3-Il cross-peak, corresponding to a
average distance larger than 3.5 A, allows an estimation of thélaptpulation.
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Figure 4. Conformational exchange processes present in kanamycin-A for the I/1l (left) and 11l/Il (right) linkages. The free energy differences between the
anti-¥ and the sy geometries 4G = Gani-w — Gsyn-w), estimated from the NMR analysis, are indicated in both cases.

employing an alternative methodology. Thus, the key NOE
build-up curves were fitted with the program CORCEMA
(Complete Relaxation and Conformational Exchange M&ftix)
that allows computation of NOEs (using a full relaxation matrix

properties previously described for the I/l fragment in kana-
mycin-A (1) are mainly determined by the particular MNHz"/

OH functions flanking the glycosidic bond, and not by long-

range interactions with other aminoglycoside regions, the NMR

approach) for systems in chemical exchange. The obtainedanalysis of amikacin Q) in solution was also performed.
results (see Figure S3) are in complete agreement with thoseFollowing the experimental procedure described previously,

previously described employing MD-tar calculations (popula-
tions obtained employing both methods are within 5% in all
cases, see the Supporting Information).

In conclusion, for kanamycin-ALj, both glycosidic linkages
present rather different conformational properties. The /Il
linkage is extremely flexible (especially at acid pH, Figures 3,
4, S2, and S4). In fact, to the best of our knowledge,
kanamycin-A () represents the first case of a natuf
glycoside exhibiting up to a 50% population of alistructures.

In contrast, the 11l/Il linkage behaves like those present in typical
o-glycosides, with a fraction of syH! type geometries 95%
in all cases.
Amikacin (2) Case.This antibiotic presents an NHNHz"/
OH distribution, in the proximities of the /11 linkage (A NHy/
NH3*, B = OH, C = OH, and D= NHy/NHz"), identical to
that observed in kanamycin-ALl), However, for2, the NHY/
NH3" at position 1 of ring Il has been replaced by an amide

interproton distances were derived from the analysis of selective
1-D NOE measurements at eight different pH values (Figure
5). The experimental distances were included in MD-tar
calculations as restraints to estimate the Yfanti-¥’ popula-
tions, and the correspondinys values were calculated (Figure
5). According to these data, the conformational behavid2 of
is similar to that described fdr. Thus, the 111/Il glycosidic bond
is fairly rigid, presenting a minor fraction of art-~conformers
(<5%) at all the pH values teste@hGsynpjaniow > 1.7 kecal/
mol). In contrast, the I/ll linkage exhibits a remarkable flex-
ibility, which decreases at higher pH values. As shown in Figure
5, the pH dependence of the calculat®@synw/ani-w, for this
fragment, closely resembles that observed in kanamycih)A (

In conclusion, suppression of the positive charge at position
1 of the 2-DOS unit (amikacin vs kanamycin-A) does not affect
the structure and flexibility of the I/1l antibiotic region. Given
the long-range nature of electrostatic interactions, this result

function (see Scheme 1). To show that the unusual structuralcould not have been anticipated. Therefore, the unusual con-

(29) Lee, W.; Rama Krishna, Nl. Magn. Reson1992 98, 36—48.
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formational properties exhibited by kanamycin-A and amikacin
are determined by interactions between units | and Il involving
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W/anti-W populations, estimated from MD-tar calculations, together with the corresponding equilibrium constant are indicated. (b) Conformatiogeal exchan
process present in amikacin for the I/ll linkage. The free energy difference between thié anti-the syn¥ geometries4G = Gani-w — Gsyn-w), as a
function of pH, is indicated. The observed behavior closely resembles that previously described for kanamycin-A.

53 47 1.13

those polar groups flanking the glycosidic linkage @N6t, S5). Therefore, the I/1l fragment is significantly more rigid in
O5-1, OH 2-I, OH 5-ll, and NH 3-Il). This observation tobramycin than in kanamycin-A. Moreover, the NMR data
highlights the importance of these positions in the conforma- show that, in contrast with the observed behavior for kanamycin-

tional control of the drug. A, full protonation of tobramycin further decreases its internal
Tobramycin (3) Case.The structure of tobramycing) is mobility (in fact, anti*P populations are below the limit of

shown in Scheme 1. The /Il fragment is identical to that detection under these conditions).

present in kanamycin-Alj and amikacin %), and therefore, In conclusion, although kanamycin-A)(and tobramycing)

this description of the antibiotic conformational properties will have similar chemical structures, they exhibit drastically different

be focused on the I/ll linkage. This region ¢ANH,/NH3*, B conformational properties. This observation suggests that posi-

= NH2/NH3", C = OH, and D= NHy/NHz™) exhibits a NH/ tion 2 of ring | plays a key role in controlling the geometry and

NH3™/OH distribution similar to that present in neamid (the dynamics of the I/ll glycosidic linkage. Indeed, the substitution

disaccharide core common to most aminoglycosides of the of a single NH/NHs* group by an OH causes a dramatic
neomycin-B family). Figure 6 shows 1-D NOE experiments at enhancement of the saccharide internal mobility.

two different pH values, together with the corresponding NOE  Paromamine (5) CaseThe structure of paromaming)((A
build-up curves. At pH 3.0, a strong H1-I/H4-Il contact was = OH, B= NHy/NH3", C= OH, and D= NH,/NH3") is shown
detected. The H1-I/H3-1l and H1-I/H5-11 NOEs, representative in Scheme 1. This compound has been obtained by methanolysis
of anti-W geometries, were extremely weak (virtually undetect- of the natural antibiotic paromomycin. Figure 7 shows the NOEs
able for the H1-1/H3-1l case) at every mixing time tested. This measured at different pH values (together with 1-D TOCSY
observation proves the exclusive presence of#ygeometries experiments showing the assignment of the key signals from
in solution and is in agreement with the theoretical analysis ring Il). In all cases, strong H1-I/H4-Il interresidue contacts were
previously described. At neutral and basic pH values, intense apparent, demonstrating the almost exclusive presence dPsyn-
H1-I/H4-1l NOEs, indicative of major sy populations, were geometries in solution. Very minor H1-1/H3-1I NOEs charac-
also measured. In addition, minor H1-1/H3-Il and H1-I/H5-II  teristic of the ant¥ minimum were only detected at neutral
contacts were detected, which indicates the existence of a certairand basic pH values, suggesting a minor increase in the antibiotic
fraction of antitY conformers. However, this population is flexibility under these conditions. However, even in these cases,
always below 10%. For example, the NMR data measured atthe experimental data were consistent with a#tpopulations

pH 9.0 can be quantitatively reproduced by a 95%/5%1g¥yn-  significantly lower than 5%.

anti-y distribution (see Table 1), which is consistent with afree  General Conclusions from the Structural Analysis of
energy difference\Gsyn-w/ani-w around 1.7 kcal/mol (Figure  Natural Aminoglycosides.Both theoretical and experimental
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Figure 6. (a) Selective 1-D NOE experiments corresponding to the inversion of H1-l1 and H1-IIl in tobramycin, performed at two different pH values and
313 K. In all cases, NOEs representative of the 9yigeometry are labeled in red, and those contacts representative of tAE amtiimum are labeled in
green. The absence of the H1-I/H3-1l contact at pH 3.0 is highlighted. (b) Representative NOE build-up curves.

NH;

1D
sl wsar i H3-
1D-TOCSY ”
A A
waa | H24 | g H24
i 341
v . ¥ l v vy . "
1D-NOE —\r \'a sl " I\ —
55 45 35 25 55 45 35 25 55 45 35 25 15
Chemical Shift (ppm) Chemical Shift (ppm) Chemical Shift (ppm)
pH 4.5 pH7.0 pH 9.0

Figure 7. (a) Selective 1-D NOE experiments corresponding to the inversion of H1-l in paromamine, performed at three different pH values and 313 K.
An extremely weak H1-1/H3-1l NOE is detected at pH 7.0. This contact is clearly absent at acid pH. Selective 1-D TOCSY experiments, showing the
assignment of the key signals of the 2-DOS ring, are also shown.

data show that the structure and flexibility of natural aminogly- 1) and the results of the NMR analysis, previously described,
cosides are influenced by the WNH3™/OH distribution present indicates that, in general, the theoretiddt values for the syn-
within the antibiotic scaffold. In particular, those positions W/anti- equilibrium are largely overestimated. This was
flanking the glycosidic linkage play a key role in determining expected, given the simplifications assumed in this analysis.
the conformational behavior of these molecules. Comparison However, the general trends predicted by the DFT calculations
between those predictions based on the DFT calculations (Figureare in agreement with the NMR data. Thus, some particular
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Figure 8. (a) Main chargecharge repulswe interactions presentljr8, and5, between units | and Il, for both the sy#i-and the ant®¥’ geometries. (b)
SynW/anti-W energy differences estimated for the model compound shown in the upper panel, employing DFT calculations. The different inter-unit hydrogen-
bonding patterns determine its conformational preferences.

NH2/NH3™/OH distributions strongly promote the presence of The distance between these two polar groups is significantly
anti-W geometries in solution. This point has been demonstrated larger in the, usually less stable, alfigeometry, which might
for the I/Il linkage in both kanamycin-A and amikacin. explain the surprisingly large fraction of this conformation
Strikingly, a simple OH/NH" substitution, at position 2 of ring  detected by NMR. In contrast, for tobramyci),(the presum-
I, causes a drastic change in the conformational preferences ofably stronger, repulsive Nfi/NH3™ contact, present in the
the /1l fragment, locking the glycosidic linkage in a syn-type anti-% minimum (Figure 8a, middle panel), would drive the
arrangement (A= NHs*, B = OH, C= OH, and D= NH3" conformational equilibrium toward the syH-geometry. Finally,
vs A= NH3", B = NH3", C= OH, and D= NH3"). The DFT for paromamine §), only the anti'f arrangement presents
calculations predict a unique sy#-geometry for the A= NH3™, destabilizing NH/NH3* close contacts, which might explain
B = NH3", C= OH, and D= NH3" and A= OH, B = NH3", the rigidity exhibited by this aminoglycoside in the protonated
C = OH, and D= NHz" cases. This point has been experi- form.
mentally verified for tobramycin I/l fragment and paromamine, However, in addition to charge/charge interactions, hydrogen
under acidic conditions. In these cases, the NOEs representativdbonding must also be taken into account. Indeed, those polar
of the antitP minimum are extremely weak or below the limit  groups flanking the glycosidic linkages might participate in
of detection, at any mixing time tested. For the partially hydrogen bonds, connecting two different units of the antibiotic.
protonated forms of the antibiotics, intermediate behaviors Moreover, the different pattern of hydrogen bonds established
between these extreme situations are predicted by the calculain the synW and anti' geometries might shift the conforma-
tions. Our experimental analysis indicates that, in all cases, tional equilibrium in either direction. To analyze this possibility,
anti-W geometries are minor<(L0%), which prevents their  a theoretical study was performed, employing the simplified
accurate quantification and therefore the estimation of the disaccharide model shown in Figure 8b. Thus, the®yanti-
relative internal mobility of the different aminoglycoside stability difference was evaluated by DFT calculations for
fragments. different combinations of the polar groups flanking the glyco-
Electrostatics versus Hydrogen Bonding as Determinants  sidic bond. The obtained results are represented schematically
of Aminoglycoside Conformation. It seems clear that, for  in Figure 8b. It can be observed that, in the absence of repulsive
polycationic structures like aminoglycosides, the conformational contacts between charged groups, hydrogen bonding between
preferences could be strongly influenced by the electrostatic the two vicinal units determines the conformational preferences
repulsion between the positively charged NHyroups. This of the model. Interestingly, a major anll- geometry is
might be sufficient to explain the structural differences observed predicted, only when the N§i function is at position D (see
for the /1l glycosidic bond in kanamycin-Alj, tobramycin Figure 8b). In fact, this particular configuration closely re-
(3), and paromaminesj. sembles that present in fully protonated kanamycirEAwhich
Thus, forl, the syn®¥ minimum would be destabilized, at  suggests that hydrogen bonding between positions 2 and 3 of
acid pH, by the electrostatic repulsion between positions 6 and units | and I, respectively, might be at the origin of its unusual
3 of units | and I, respectively (see Figure 8a, upper panel). conformational behavior.
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present in natural kanamycin-A.

To estimate experimentally the relative weight of both charge/ 2-DOS ring and even with the OH located at position 6 of the
charge and hydrogen-bonding interactions, as determinants ofsecond glucose unit (ring IlI).
aminoglycoside conformation, two simple aminoglycoside  Finally, even in the absence of any positively chargecsNH
derivatives 6 and 7 in Figure 9) were synthesized and also group flanking the I/Il bond{ at pH 9.6 or6 at pH 7.1), this
subjected to a careful NMR analysis. Thus, kanamycirtA (  Jinkage retains an internal mobility (around 15% aiti-
was selectively acetylated at position 6 of the glucose ring (I) population) somewhat larger than that usually observed in
to give6, following the procedure described by Hanessian and typical a-glycosides, which indicates that hydrogen-bonding

Patil 22 In addition, tobramycin3) was acetylated at position 2
of the same sugar unit to give by employing the enzyme
AAC(2"), from Mycobacterium tuberculosisee Figures 9 and
S6)20 In this way,

of pH conditions, were removed. Selective 1-D NOE experi-
ments performed for kanamycin-A and derivatigeand7 are
shown in Figure 10.

As previously mentioned, intense H1-1/H3-Il and H1-I/H5-
Il NOEs, indicative of a large ant¥ population, are evident
for the natural glycosidé, at pH 4.0 (Figure 10a). Interestingly,
the two contacts are still present, with significant intensity, in
6 (see Figure 10b). In fact, an ca. 34% awtipopulation was

estimated from the experimental data (see the Materials and
Methods, Table 1, and Figure S7). This result is in agreement

with the predictions of the theoretical calculations described in
Figure 8b. Thus, in the absence of repulsive chaderge
interactions, hydrogen bonding between positions 2 of the
glucose ring (1) and 3 of the 2-DOS unit (II) stabilizes the aHti-
geometry. At pH 7.1 (Figure 10c), deprotonation of the amino
function located at position 3 of ring Il shifts the conformational
equilibrium toward the syl minimum (now 85% population).
The weaker hydrogen-bond donor character of the Métsus
NHs™ functions is at the origin of this behavior. Hydrogen-
bonding interactions might also explain the unusual flexibility
exhibited by the kanamycin-A/amikacin I/1l fragments at neutral
pH (with around 30% of anti¥ population). Under these
conditions, the amino function at position 3 of the 2-DOS ring
(ring 1) is mainly non-protonated, and thus, this aminoglycoside
region is free of chargecharge repulsive interactions. Probably,
inter-unit polar contacts established by NHocated at position

6 of the glucose unit (ring 1) stabilize the an¥-arrangement.

In fact, close inspection of minimized models indicates that this
NHs* group might interact with the OH at position 5 of the

(30) Hanessian, S.; Patil, Getrahedron Lett1978 12, 1035-1038.
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interactions, involving neutral NJ#fOH functions, can also
modulate the saccharide conformational properties.

For the second monoacetyl derivativg fFigure 10d), the

the positive charges present in the natural \og gata measured at pH 4.0 are indicative of a major'Byn-
antibiotics at these two particular positions, over a wide range

population ¢&95%). This is in contrast to the behavior exhibited
by kanamycin-A ). Therefore, although bothand7 present
an identical distribution of positive N&¥ groups in the /1l
fragment, they exhibit a rather different conformational behavior.

In conclusion, polar groups flanking the glycosidic linkages
play a significant role in the conformational control of natural
aminoglycosides. Interestingly, although chargbarge repul-
sive interactions might be dominant for certain MkHs™/OH
distributions, the striking conformational properties observed
for kanamycin-A () and amikacin Z) mainly result from the
presence of inter-unit hydrogen-bonding interactions. In fact,
the NOE data measured for kanamycin-A, under high ionic
strength conditions (upt3 M NacCl), reveal a conformational
behavior basically identical to that previously described in the
absence of salt (see the Supporting Information Figure S8).

Other Conformational Effects: Influence of the Ami-
noglycoside NH*t/OH Substitution Pattern on the Fine
Details of the Conformational Distributions. The previous
discussion has been focused on the study of thedtanti-W
equilibrium in natural and modified aminoglycosides and the
way it is influenced by polar contacts between the different
antibiotic units. In principle, these interactions might also have
a more subtle influence on the precise geometries adopted by a
given linkage within both the syl! or the anti? low-energy
regions. With respect to the an#- minimum, the potential
energy maps previously calculated (Figure 1) show that this
geometry is located in a very narrow valley of the surface, and
therefore, the distribution of conformers within this area is
expected to be rather insensitive to the precise chemical nature
of the antibiotic. In contrast, the sy#- geometry (which is
dominant for most aminoglycosides) is located on a much wider
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low-energy valley of the potential energy maps, and hence, the 3‘1__.—-"“‘\
conformational preferences of the drug, within this region, might D @ -10/110
be slightly affected by its particular NHNH3™/OH distribution. A \s‘\\

In fact, for some aminoglycoside fragments, the existence of d° o
deviations in thep angle from those regions favored by the ’

exo-anomeric effect (from—30°/—70° to 0° or even positive uy C

values) is even possible. Such unusual conformational behavior Y. 314

has been detected in the past, by our group, for aminoglycosides .Y optimal ;;‘];r contacts

of the neomycin-B family32bUnfortunately, in this case, this 124 X 37/

assumption cannot be experimentally verified employing NMR o 7 N aias

since syn¥ type geometries are, in all cases, characterized by
short H1-I/H4-Il or H1-llI/H6-Il distances, for I/l and IlI/1I

fragments, respectively, that is, no NOEs can be used to 0 i
unequivocally detect and quantify non-exo-anomeric deviations 124
in the glycosidic @) torsion angle. However, a theoretical L HCh _ )
approach to this problem is certainly feasible. ®(deg) StericaBy favoursd

Figure 11 shows, as contour levels, thogéy values Figure 11. Contour levels showing thoggy values characterized by the
characterized by a distance of 3.3 A (favorable for hydrogen- hydrogen-bonding distance (3.3 A) between polar atom®@in red) and

DO B—C (in green), superimposed on the steric map calculated for the
bonding interactions) between polar pairs at positio n kanamycin-A /1l fragment. Both polar interactions can be simultaneously

red, and B-C, in green, for an-glucose/2-DOS disaccharide,  established fo/¥ values close to-10°7/10°. The sterically favored region
superimposed on the steric map calculated for kanamycin-A /Il is centered around/¥ = —40°/—30°. A geometry representative of both

fragment. It can be observed that optimal polar contacts between'€910ns is shown on the right.

these positions can be simultaneously establishefijatalues

close to—10°/10°. In contrast, the sterically favored regions synW low-energy region, exhibited by a particular antibiotic,
are slightly displaced toware-40°/—30°. According to this might be dependent on the relative weight of polar and steric
observation, the distribution of conformers within the central effects.
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Figure 12. Upper panel: representative ensembles of conformations obtained for the four different disaccharide fragments present in natural amioglycoside
of the 4,6 2-DOS sub-family, from unrestrained solvated 5 ns MD simulations. Middle panel: detailed representation of the distributions otitaéned fo

@ andW torsion angles (in black and cyan, respectively). Botton panel: conformational distributions, around the low-en&Fgsegion, derived from

the MD calculations. The fraction of structures along the trajectory, characterized by hydrogen-bonding inteieti8® &) between polar groups pairs

A—D, O-D, and B-C (see Figure 11) are shown in black, red, and green, respectively.

The geometrical features, calculated at the PCM/B3LYP/6- that the distribution of conformers around the s¥/rregion is
31G(d) level, for the sy”F and antiP minima of the model sensitive to the Nki"/OH substitution pattern of the glycoside.
compounds (represented in Figure 1) are shown in table S1.Thus, for the neamine core (& NH3™, B = NH3™, C = OH,

For the syn# geometry, most of the minima exhibit low and D= OH), the major population is centered ¢hy —40°/—

(in the —3°/—25° range) and largéV (in the ¢/30° range) 30°, which indicates a minor presence of hydrogen bonds
values. The observed deviations @ toward the eclipsed  between glucose and DOS units. In fact, O5-1 and N3-II
orientation (¢ = 0°) allow for optimal polar interactions  (position D, see Figure 11) are within hydrogen-bonding distance
between those groups flanking the glycosidic linkage (the (<3.3 A), only 11% of the trajectory. In a similar way, a
corresponding distances have also been included in table S1)hydrogen bond involving N2-1/O5-11 (positions B and C,

Considering that, foo-glycosides@® is usually in the—30°/— respectively, in Figure 11) is present in only 20% of the
60° range, this observation might suggest a certain tendency tostructures. No hydrogen-bonding contacts were detected between
adopt non-exoanomeric conformation® (> 0°) for some positions A and D. A different behavior was observed for the
particular aminoglycoside fragments. However, this preliminary 11l/ll fragment present in kanamycin-A and tobramycin €A
conclusion should be taken cautiously as, given the simplifica- OH, B = OH, C = NHs", and D= OH). In this case, the
tions assumed in this analysis (no counterions and explicit conformational distribution is slightly displaced toward larger
solvent) and the highly charged natured of aminoglycosides, y values (in fact,y is positive for most of the structures).
polar interactions are largely overestimated. Morover, in our Moreover, thep angle distribution is clearly extended toward
opinion, a description of the fine details of the conformational larger values, adopting, for a minor fraction of structures,
distributions, around the syt low-energy region, for the  orientations not favored by the exo-anomeric effett>( 0).
different antibiotic fragments requires explicit consideration of Significant deviations from the exo-anomeric regions have been
both solvent and counterions. In fact, for neomycin-B, polar detected, by our group, for the ribose unit present in aminogly-
interactions between the different sugar units, modulated by cosides of the neomycin-B famiff2PThe obtained data suggest
subtle solvation effects, were found to be at the origin of its that the 1lI/Il fragment present in kanamycin-A and tobramycin
unusual conformational behaviéi? Interestingly, this could might exhibit a slight tendency to adopt non-exoanomeric
be adequately reproduced by careful solvated unrestrained MDorientations. This conformational behavior has its origin in the
simulations. Taking this into account, we have performed presence of polar interactions between both units of the
unrestrained MD simulations for different aminoglycoside disaccharide. Thus, the O5-111/O5-II (interactior-O in Figure
fragments, employing explicit solvent, counterions, periodic 11) and O2-11I/N1-II (positions B and C in Figure 11) hydrogen
boundary conditions, and Ewald sums for the treatment of bonds are present in 48 and 38% of the structures along the
electrostatic interactions. Given that polar interactions involving MD trajectory, respectively.

NH3* groups are especially strong, according to the previously  As previously mentioned, the conformational behavior pre-
described results, this study has been restricted to the fully dicted for neamine and fragment 11l/Il of kanamycin-A by the
protonated form of the drugs. simulations cannot be unambiguously distinguished by NMR

Figure 12 shows the MD trajectories collected for the four since, in both cases, the only strong interresidue NOE expected
different disaccharide fragments found in natural aminoglyco- is that involving those protons flanking the glycosidic linkage
sides of the 4,6 2-DOS sub-family. These data strongly suggest(H1-I/H4-11 for neamine and H1-IlI/H6-1 for disaccharide I1I/
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Figure 13. ®/¥ values observed for some aminoglycosides of the 4,6 2-DOS sub-family and disaccharides (neamine) in complex with both RNA and
protein receptors, according to X-ray studies, superimposed on the steric maps calculated for the different glycosidic linkages. The natupelaf thos
groups flanking the glycosidic linkages {A) is indicated above. The PDB codes of the complexes are shown at the bottom of thé#igufeX’

II). However, there are slight differences in the average mational adaptatiof®3! However, it should be kept in mind
interproton distances derived from the MD trajectories. Thus, that any deviation from the inherent conformational preferences
for neamine, the average H1-I/H4-l distancer(%>-9) is of the glycoside would represent an energy penalty that should
2.4 A, and therefore, a NOE similar to the reference intraresidue be compensated by additional stabilizing ligand/receptor interac-
H1-I/H2-1 cross-peak would be expected. In contrast, for tions to maintain the binding strength. Therefore, a previous
fragment I11/11 of kanamycin-A or tobramycin, the average H1- knowledge of these conformational preferences might help to
lI/H6-11 distance is shorter (2.2 A), and therefore, the corre- Understand the energy balance of the binding process.
sponding NOE should be significantly more intense than the ~Figure 13 shows the conformation adopted by the I/l and
reference intraresidue H1-1Il/H2-11I contact. This prediction is !II/ll linkages, present in several aminoglycosides of the 4,6
in agreement with the NMR measurements previously described,2"POS sub-family and disaccharide fragments (neamine), in
Indeed, for the fully protonated form of tobramycin, the 111 COMPIex with different protein and RNA receptors, according
fragment exhibits @w1—yn4—n/ou1-yH2— ratio equal to 1.0. In to fX-ray :I?rtwa, srl]Jper_lmpfc_)sedt do_n the_ cqrrespon(?mg _sterlc
contrast, the rati0H1_|||/H6_||/0H1_|||/H2_||| measured for the I/ surtaces. . ough a signi |can_ |sperS|c_)n n We) values I1s

. . . ... observed in all cases, reflecting the diverse features of the
Il fragment is 1.9 (see Figure 6b). This observation is in binding sites and the large adaptability of these ligands, these
agreement with the MD trajectories collected and suggests a g g P y g '

lahtly diff t distributi f ¢ ithin th data are also in qualitative agreement with the conformational
S'g. y different cistri 9!0"_0 conformers, within the SyH- preferences previously described for each linkage. Thus, for the
region, for both glycosidic linkages.

kanamycin-A and amikacin I/Il fragments (& NHs*, B =

For the kanamycin-A I/l (A= NHz", B = OH, C= OH, OH, C = OH, and D= NHs"), most of the structures are
and D= NH3") linkage and paromamine (A OH, B= NH3", clustered around the central s§hlow-energy region. However,
C = OH, and D= NHj3"), intermediate situations between those anti-¥ geometries are also found in the complexed state. In
previously described were found, with conformational distribu- fact, this orientation has not been detected, in the bound state,
tions progressively more extended toward positjveegions. for any other aminoglycoside within this sub-family. This

In conclusion, our theoretical analysis strongly suggests that observation_is in_ agreer_nent with the Iarg(_a flexibility exhibited
the fine details of the conformational distribution, within the by kanamycm-A n SO“.Jt.'on' In fact, according to the NMR data,

. . the synW/anti-W transition represents, for the protonated form

synW¥ low-energy region, present for a giverglucose/2-DOS

. . of the drug, aAG cost close to 0. For the tobramycin I/Il region
fragment are also affected by its pattern of ;NHDH substitu- : P o~ - ;
tion. Polar contacts between the two units, modulated by the and neamine (A= NHs", B =NHs", C= OH, and D= NHs"),

diff tial solvati fth ivolved 0 be at th the distribution is scattered around the s¥mminimum, and a
herential solvation of the groups involved, seem 1o be atthe qiniiar pehavior is exhibited by the kanamycin-A/tobramycin

origin of this effect. I/l fragments (A= OH, B = OH, C= NHg*, and D= OH).

Receptor Bound Conformation of AminoglycosidesThe However, in the latter case, the distribution seems to be slightly
structures of several aminoglycosides between those representeghifted toward largeg/y values. Moreover, a non-exo-anomeric
in Scheme 1, complexed to different protein and RNA receptors, orientation of the glycosidic torsion angle ¢ 0) is detected
have been described in recent years employing X-ray crystal-in one of the aminoglycoside/receptor complexes. In fact, the
lography. Herein, we have shown that their conformational experimental distribution observed for this linkage closely
preferences, in the free state, are modulated by the distributionrfeésembles that previously deduced for the free state, employing
of NH2/NH3"/OH groups present within the aminoglycoside MD simulations (see Figure 12). In conclusion, all these
scaffold. Obviously, in the complexed state, the geometries Observations are in agreement with the conformational prefer-
adopted by these molecules will also be strongly determined -

. . (31) (a) Tor, Y.; Hermann, T.; Westhof, Ehem. Biol.1998 5, 277-283. (b)

by the topological features of the receptor binding pocket. In Shandrick, S.: Zhao, Q.. Han, Q. Ayida, B. K.: Takahashi, M.; Winters,
fact, according to several studies, both aminoglycosides and G. C.; Simonsen, K. B.; Vourloumis, D.; Hermann,Ahgew. Chem., Int.

. . . Ed.2004 43, 3177-3182. (c) Hermann, T.; Westhof, E. Mol. Biol. 1998
RNA binding regions are capable of a high degree of confor- 276,903-912.
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Figure 14. (a) Schematic representation of kanamyciniAgnd derivative8. Both compounds differ exclusively in the location of a single amino group.
(b) Left: schematic representation of the modified RNA fragment employed in our binding studies and the structural change induced by aminoglycoside
binding. Right: some representative binding curves obtained for kanamycln+d) and derivativé (black) under identical conditions.

ences previously described (both theoretically and experimen-important for both aminoglycoside affinity and specifictz*
tally) for the free state and suggest that aminoglycoside receptorsin fact, a 16-50-fold decrease in biological activity has been
tend to recognize geometries within the main low-energy region reported for a kanamycin-B derivative bearing an OH group at
of the ligand, which, according to our results, can be different this particular positiod# In contrast, the Nb{NH3z™ present at
even for two antibiotics of the same family, depending on their position 2 of ring | (for3, 4, or also for derivativeB) is not
particular pattern of NWINH3"/OH substitution. involved in any direct aminoglycoside/RNA contact according
Aminoglycoside Flexibility and RNA Binding. It is well- to X-ray datal? Thus, taking this fact into accour, should
established that the number and particular distribution of positive present a significantly lower affinity for the A-site RNA than
charges within the aminoglycoside scaffold play a key role in that exhibited by kanamycin-Alj. However, as a second point,
its molecular recognition by RNAL32Thus, ammonium groups  we have shown previously that this particular function locks
may compete with Mg for binding sites located on the RNA  the key /Il fragment in the bioactive (according to X-ray data)
ternary fold, as proposed for the hammerhead riboz$#he. synW orientation. This fact was also experimentally verified
Moreover, they participate in a number of specific polar for 8 by using NMR (see Figure S9). Therefore, this antibiotic
interactions involving both phosphates and neutral gréups. region is already preorganized for RNA binding. In contrast,
Herein, we have shown that the WNH3™ groups play an for 1, the I/ll linkage is characterized by a significant fraction
additional role in modulating the antibiotic conformation or of the antitf population (around 50% in the fully protonated
inherent flexibility. This fact might have an influence on the form) and an unusually large internal mobility. According to
aminoglycoside/RNA recognition properties, especially in those this second point, a larger entropic barrier (and lower affinity)
cases in which the antibiotic internal mobility is severely would be expected for the molecular recognitionloby the
restricted upon binding or when conformations different from RNA receptor.
the global minimum are selected by the receptor. To find  The relative importance of both enthalpy- and entropy-favored
experimental support for this hypothesis, the aminoglycoside issues was deduced by performing binding studies, employing
derivative 8 (shown in Figure 14a) was synthesized, and its the fluorescence-based approach developed independently by
affinity for the A-site RNA was compared to that exhibited by Pilch®®> and Hermani® This methodology makes use of a
natural kanamycin-AJ, see Figure 14). Both and8 present modified 27-mer RNA fragment (A-site-(2AP)), which includes
the same number of amino groups (the total charge of the the A-site sequence, with the fluorescent base analogue 2-ami-
antibiotic is not altered) and exclusively differ in the location nopurine (2AP) replacing A1492 (Figure 14b). It is well-
of a single NH/NHs* function; the amino group located at established that, for this system, aminoglycoside binding causes
position 3 of ring Ill (in 1) has been moved to position 2 of a marked increase in the fluorescence intensity at 369 nm. Thus,
ring | (in 8). This modification is expected to display two T ] - o
opposite effects on the binding affinity &to RNA. First, it 33) -y r '(:Jh'ahlg,J t’:_CThf”n%ie?j’c%@?ﬂ‘?éél’gafgfs”{figs{” H s cayves
has to be considered that the amino group at unit llli(and (34) (Iilh ;h?g}"’gn%oial‘f_?{?’zcgé‘fééiég{‘_afgé S Orsak, T. W.; Evanson, R.;
3) is involved in a direct hydrogen bond with G1405 within (35) Kaul, M.; Barbieri, C. M.; Pilch, D. SI. Am. Chem. S02004 126, 3447
the antibiotic/A-site comple2 This interaction is known to be 3453

(36) Shar{drick, S.; Zhao, Q.; Han, Q.; Ayida, B. K.; Takahashi, M.; Winters,
G. C,; Simonsen, K. B.; Vourloumis, D.; Hermann,Ahgew. Chem., Int.
(32) Wang, H.; Tor, YJ. Am. Chem. S0d.997, 119, 8734-8735. Ed. 2004 43, 3177-3182.
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anti-\V

No interaction

Figure 15. Left: structure of the tobramycin/A-site complex according to X-ray datateractions between positions 2 and 3 of ring Ill with G1405 are
highlighted. Right: according to our theoretical and experimental analysis,sd ifdup located at position 2 of this unit would shift the conformational
equilibrium toward the not bioactive an#- arrangement.

the observed changes were monitored as a function of the [drug]/the drug, presumably required for tight binding. In addition,
[RNA] ratio in titration experiments, anidy values were derived.  according to X-ray dat&l°the constrained derivatives presented
Typical binding curves are shown in Figure 11b. TKg a different orientation of one of the sugar units, within the RNA
values measured for kanamycin-&) @nd derivative8 were of binding pocket, establishing a different pattern of interactions
5.5 and 3.8(M, respectively, reflecting similar binding affinities ~ with the receptor. In our opinion, an enthatpgntropy com-
for both the natural and the synthetic aminoglycosides. Given pensation phenomenon is probably cancelling out any potential
that the amino function present at position 3 of ring Il is known benefit derived from the decrease in the ligand conformational
to play a significant role in the A-site recognitiéhthis result entropy, rendering the approach less useful than expected.
strongly suggests the existence of a compensating contribution The relationship between the MNIH3"/OH distribution and
for derivative8. In our opinion, the higher degree of preorga- aminoglycoside conformation has not been appreciated in the
nization exhibited by this aminoglycoside is the most likely past and might help to rationalize some observations recently
explanation for the observed behavior. Thus, although it is not described in the literatur®.For example, according to X-ray
involved in direct interaction with the RNA receptor, the amino datal? the OH group located at the position 2 of ring Ill also
function at position 2 of ring | contributes to binding, by locking donates a hydrogen bond to G1405 within the tobramycin/A-
the key /11 antibiotic region in its bioactive conformation. The site complex (Figure 15). In fact, this location seems adequate
relevance of this particular position in the conformational control for a NHs™ group, if we exclusively aim to optimize the ligand/

of the drug might explain why it is occupied by an BINH3™ receptor interactions. According to this hypothesis, the displace-
function in most aminoglycosides (despite the fact that it does ment of the amino function from position 3 to 2 should have a
not participate in direct ligand/receptor contacts). minor effect on the complex stability or even produce a further

Attempts have been made in the past to exploit the decreasestabilization. A kanamycin-B derivative including this modifica-
in conformational entropy of aminoglycosides by either locking tion has been recently synthesized by Chang ét at a part
or biasing conformations toward the bioactive éh&trikingly, of a library of aminoglycoside analogues. The measured MIC
according to the reported results, this does not seem to be avalues suggest a significant decrease in activity of this molecule
particularly effective strategy for the design of new aminogly- (8—16-fold decrease) with respect to that exhibited by the natural
coside antibiotics with a larger affinity for the RNA receptors, compound. Our data provide a simple explanation for this
which might suggest a minor contribution of the ligand behavior. Thus, this particular distribution of polar groups (A
conformational entropy to the globalG. However, it should = OH/B = NH3"/C = NH3"/D = OH, see Figure 1b) produces
be mentioned that, in all cases, the conformational restriction a significant alteration of the conformational preferences of the
of the aminoglycoside was achieved by means of a covalentlll/Il fragment, driving the equilibrium far from the bioactive
modification that implied the removal of key polar groups of arrangement toward the anHl-geometry (Figure 15). In fact,
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this is the only minimum found by the DFT calculations, as
described previously (Figure 1b). Obviously, the $ifrgeom-
etry might still bind to the RNA receptor, but, in any case, the
recognition of a high energy conformation implies a certa®

Materials and Methods

Kanamycin-A (), amikacin @), and tobramycin3) were purchased
from Sigma-Aldrich. Paromamineb( was obtained by methanolysis
of the natural antibiotic paromomycin following the procedure described

penalty that, in this case, does not seem to be compensated byy gartz et af?

additional ligand/receptor contacts. Not surprisingly, this par-
ticular distribution of amino groups is not found in any natural
antibiotic. According to the results reported by Chang e#al.,
position 3 of unit lll represents the optimal location for a MH
NHs* group. Certainly, this position allows for optimal drug/
RNA contacts without inducing significant alterations in the
structure of the aminoglycoside. In conclusion, our results
strongly suggest that the influence of the NHNH,/OH
distribution on the structure of aminoglycosides should be taken
into account in the design of new drug derivatives.

Conclusion

We have proved both theoretically and experimentally that
the particular distribution of amino functions, within the
aminoglycoside scaffold, has a significant influence on the
conformational preferences and inherent flexibility of these
antibiotics. Indeed, for the modified-glucose/2-DOS core (I/

Il or /1l fragments), present in most aminoglycosides, a range
of internal mobilities is detected, depending on the location of
the NH/NH3"/OH functions.

Our results highlight the key role of the polar groups flanking
the glycosidic linkages for the conformational control of these
drugs. In fact, a single OH/N§t replacement at these key
positions can have a dramatic effect on the antibiotic conforma-
tion in solution (i.e., kanamycin-A vs tobramycin conformation).
The NMR analysis of simple aminoglycoside derivatives
demonstrates that, although chargharge repulsive interactions
might be dominant for certain N#NH3;*/OH distributions,
hydrogen bonding also plays a significant role in modulating
the conformational preferences of these molecules.

Finally, our data suggest that the BINH3*/OH distribution
could indirectly modulate the antibiotic RNA binding properties,
by affecting their conformational preferences. This fact should
be taken into account for the design of new aminoglycoside-
based antibiotics. Thus, those particular patterns of substitution
that promote a significant destabilization of the antibiotic
bioactive conformation are expected to have, for this reason,
an unfavorable contribution to the energy balance of the binding

process that might be, or not, compensated for by other factors.

In contrast, for those substitutions that stabilize the bioactive
conformation, this unfavorable contribution will be absent.
Intriguingly, position 2 of ring Ill is not occupied by an amino
function in any natural aminoglycoside of the 4,6 2-DOS sub-
family, despite the fact that, according to the structural data
available, it might establish optimal interactions with the A-site
RNA. In contrast, position 2 of ring | is, in most cases, occupied
by an amino group, although it does not participate in any direct
aminoglycoside/RNA contact. Both observations suggest that,
in fact, the NH/NH3"/OH distribution present in natural
antibiotics might have been optimized by evolution to fine tune
not only the receptor/ligand contacts but also the aminoglycoside

The monoacetyl derivative6) of kanamycin was obtained by
employing a methodology previously described by Hanessian and
Patil 3

The monoacetyl derivative( of tobramycin was obtained enzymati-
cally, employing the 2-acyl-transferase AAQ(Bom Mycobacterium
tuberculosis The plasmid codifying for the AAC(¥Ic from M.
tuberculosiswas kindly provided by J. S. Blanchard (Albert Einstein
College of Medicine, New York). This plasmid was transformed in
the E. coli strain BL21(DE3). The expression and purification\éf
tuberculosisAAC(2") were performed as described by J. S. Blanchard
et als®

The aminoglycoside (2.5 mM) together with the AcCoA (5.0 mM)
were dissolved in 5 mM phosphate buffer at pH 7.0. After addition of
the enzyme (2Q«M), the evolution of the reaction mixture at 303 K
was monitored by NMR. The tobramycin derivative was purified by
ion exchange column chromatography (0.5 xri@ cm) with Amberlite
CG-50 (0-7.5% NH,OH).

Finally, aminoglycoside derivatiwas prepared from neomycine-B
following the procedure described by Chang et‘al.

DFT Calculations. All calculations were carried out using the
B3LYP hybrid functional® with the 6-31G(d) basis set. Full geometry
optimizations were carried out using the Gaussian 03 package.
Analytical frequencies were calculated at the B3LYP/6-31G(d) level
to determine the nature of the optimized geometries. BSSE corrections
were not considered in this work. Solvent (water) effects were taken
into account throughout this study using the polarized continuum model
(PCM)* as implemented in Gaussian 03. The PCM model accounts
for both the electrostatic and the nonelectrostatic components of the
solvation energy, including dispersion and cavitation terms, through
empirical parameters. The solute molecular cavity was defined through
the keyword UAHF.

NMR-Based Conformational Analysis of Derivatives 8. NMR
experiments were recorded on a Varian Unity 500 and Bruker Avance
500 at 313 K. The spectra of aminoglycosides8 were assigned
employing a combination of 2-D TOCSY, NOESY, and HSQC
experiments.

The TOCSY? and NOESY® experiments were performed in the
phase-sensitive mode with the TPPI metiddr quadrature detection
in F1. Typically, a data matrix of 200Q 512 points was employed to
digitize a spectral width of 4000 Hz. A total of 48 scans was used per
increment with a relaxation delay of 1 s. Prior to Fourier transformation,
zero filling was performed in F1 to expand the data to 2602000.
Baseline correction was applied in both dimensions. The TOCSY
spectra were recorded using MLEV#uring the 60 ms of the
isotropic mixing period. The NOESY experiments were performed with
mixing times of 400, 800, and 1000 ms.

(37) Haskell, T. H.; French, J. C.; Bartz, Q. R.Am. Chem. Sod.959 81,
481—-3482.

(38) Hegde, S. S.; Javid-Majd, F.; Blanchard, JJSBiol. Chem.2001, 276,
45876-45881.

(39) (a) Lee, C.; Yang, W.; Parr, Rhys. Re. B 1988 37, 785-789. (b) Becke,
A. D. J. Chem. Phys1993 98, 5648-5652.

(40) Pople, J. A. et alGaussian O3revision C.01; Gaussian, Inc.: Wallingford,

CT, 2004.

(41) (a) Cossi, M.; Barone, V.; Mennucci, B.; Tomasi,Chem. Phys. Lett.
1998 286, 253-260. (b) Tomasi, J.; Mennucci, B.; Cances, E.Mol.
Struct.1999 464, 211-226. (c) Cossi, M.; Scalmani, G.; Rega, N.; Barone,
V. J. Chem. Phys2002 117, 43-54.

conformational properties. These features, which are of general(43) Kumar, A.; Emnst, R. R.; Wuthrich, KBiochem. Biophys. Res. Commun.

interest for conformational studies of (bio-)organic molecules,
are also relevant for molecular recognition and drug design.
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(42) Bax, A.; Davis, D. GJ. Magn. Reson1985 65, 355-360.
198Q 95, 1-6.

(44) Marion, D.; Wuthrich, K.Biochem. Biophys. Res. Commu®83 113
967-74.
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HSQC experiments were carried out to obtain the complétand
13C assignments. A data matrix of 10601000 was used to digitize a
spectral width of 4000 Hz in #and 15000 Hz in E A total of 32
scans was used per increment with a relaxation ddlaysand a delay
corresponding to dvalue of 145 Hz3C decoupling was achieved by
the WALTZ scheme.

Selective 1-D NOE experiments were recorded employing the 1-D
DPFGSE NOE pulse sequerfe&OE intensities were normalized with
respect to the diagonal peak at zero mixing time. Seleciive

maintaining positional restraints on the solute was then run to equilibrate
the water box. For these two stegs 9 A cutoff was used for the
treatment of the electrostatic interactions. As a next step, the system
was equilibrated during an additional 12.5 ps period but now using the
mesh Ewald method, as water properties are slightly different with this
treatment. Then, the system was subjected to several minimization
cycles gradually reducing positional restraints on the solute from 500
to 0 kcal mot® A2, Finally, one unrestrained MD trajectory at constant
pressure (1 atm) and temperature (300 K) was collected and analyzed.

measurements were performed on the anomeric and several otheiThe simulation length was 5 ns in all cases.

protons to obtain the previously mentioned values. Experimental NOEs

were fitted to a double exponential functid(t) = pO(e P)(1 — e %)

with p0, pl, andp2 being adjustable parametéfsThe initial slope
was determined from the first derivative at tirhe= 0, f'(0) = pOp2.
From the initial slopes, interproton distances were obtained by
employing the isolated spin pair approximation.

MD-tar Simulations. To obtain a NMR-derived ensemble, MD-
tar’” simulations were performed for compountis8 employing a
protocol identical to that described by Asensio et®dRESP atomic
charges forl—8 were derived by applying the RESP module of
AMBER 5.0 packag® to the HF/6-31G(d) ESP charges calculated with
Gaussian 03? All MD simulations were carried out using the SANDER
module within AMBER and the Cornell et al. force figliParameters
for the acetalic functions were taken from GLYCAKNOE-derived

Binding Experiments. The labeled 27-mer A-site model was
obtained in its polyacrylamide gel electrophoresis (PAGE) purified
sodium salt form, from Dharmacon Research, Inc. (Lafayette, CO).
Buffer conditions for the binding experiments were 100 mM NaCl and
10 mM sodium phosphate (pH 7.0). Fluorescence experiments were
conducted on a Fluorolog-3 spectrophotometer (Jobin Yvon-Spex
Instruments S.A., Inc., Edison, NJ) equipped with a thermostat. A quartz
cell with a 1 cmpath length in both the excitation and the emission
directions was used in all the experiments, which were performed at
298 K. The RNA concentration was, in all casegM in strand. For
renaturing, RNA was placed in a water bath at 293 K, heated to 358 K
for 1 min, and then slowly cooled back to 293 K owe 2 hperiod.
With the excitation wavelength set at 310 nm, the change in the
fluorescence emission at 369 nm upon complex formation was followed

distances were included as time-averaged distance constraints, employin the titration experiments. Aliquots of the antibiotic derivatives were

ing <r=6>-16 averaging. An exponential decay constant of 8 ns and
simulation length of 80 ns were employed. MD-tar trajectories were
collected in the absence of explicit solvent but usirrg 80 to simulate
the water environment.

Unrestrained Molecular Dynamics Simulations.The solute mol-
ecule was first immersed in a TIPSPath of water molecules using
the LEAP module of AMBER. The simulation was performed using
periodic boundary conditions and the particle-mesh Ewald apptbach
to introduce long-range electrostatic effects. The SHAKE algofithm
for hydrogen atoms, which allows ugira 2 fstime step, was also
employed. Finally a 9 A cutoff was applied to Lennard-Jones
interactions. Equilibration of the system was carried out as follows:
as a first step, a short minimization with positional restraints on solute,
by a harmonic potential with a force constant of 500 kcal Thél 2,
was done. A 12.5 ps molecular dynamics calculation at 300 K

(45) Stott, K.; Stonehouse, J.; Keeler, J.; Hwang, T. L.; Shaka, A. Am.
Chem. Soc19%, 117, 4199-4200.

(46) Haselhorst, T.; Weimar, T.; Peters JTAm. Chem. So2001, 123 10705~
10714

(47) Cornell, W. D.; Cieplack, P. C.; Bayly, I.; Gould, I. R.; Merz, K.; Ferguson,
D. M.; Spelimeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P. A.Am.
Chem. Soc1995 117, 5179-5197.

(48) Woods, R. J.; Dwek, R. A.; Edge, C. J.; Fraser-ReidJDPhys. Chem.
1995 99, 3832-3839.

(49) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys1983 79, 926-935.

(50) Sagui, C.; Darden, T. AAnnu. Re. Biophys. Biomol. Structl999 28,
155-179.

(51) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,

23, 327-341.

added sequentially, and 2 min of equilibration time was allowed before
each fluorescence measurement. Fluorescence intensities were corrected
for volume changes according to the following equatidfcor =
FiobaVilVo, Where Ficorr is the corrected intensity for point of the
titration, Fi ops is the measured intensity at pointV; is the volume
after theith addition, andV, is the initial volume (typically, 2 mL).
The Ky values for simple binding were determined by plottifgor
against the ligand to RNA ratio. In all cases, the data were found to fit
well, assuming a 1:1 complex.
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