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1. Introduction

ABSTRACT

The dependence of the solution structure of neamine on pH was determined by NMR and AMBER molec-
ular dynamics methods at pD 3.3, pD 6.5, and pD 7.4 in D,0 at 25 °C. Unlike neamine structures at pD 3.3
and 6.5, which essentially showed only one conformer, slowly exchanging primary, P-state, and second-
ary, S-state, neamine conformers populated on the NMR time scale at ~80% and ~20%, respectively, were
detected at pD 7.4 with Kinetic constants konep_sy=1.9771s7" and kogs_.py=1.1319 s~1. A tertiary, T-
state, neamine species populated at ~3% was also detected by NMR at pD 7.4. The pKa values determined
by NMR titration experiments are pKal 6.44 + 0.13 for N3 of ring-II, pKa2 7.23 £ 0.09 for N2’ of ring-I,
pKa3 7.77 £ 0.19 for N1 of ring-II, and pKa4 8.08 + 0.15 for N6’ of ring-I. Ring-I and ring-II of the P-state
neamine and ring-I of the S and T-states of neamine possess the C; chair conformation between pD 3.3
and pD = 7.4. In contrast, ring-1I of the S and T-states of neamine most likely adopt the °rH; half-chair
conformation. The P and S-states of neamine exhibit a negative syn-\ glycosidic geometry. The exocyclic
aminomethyl group of ring-1 adopts the gt exocyclic rotamer conformation around physiological pHs
while the gg exocyclic rotamer conformation predominates in acidic solutions near and below pH 4.5.
Neamine exists in the P-state as a mixture of tetra-/tri-/di-protonated species between pD 4.5 and pD
7.4, while the S-state neamine exist only in a di-protonated species around physiological pDs. The exis-
tence of the S-state neamine may facilitate binding of neamine-like aminoglycosides by favorable
entropy of binding to the A-site of 16S ribosomal RNA, suggesting that novel aminoglycoside compounds
carrying a S-state neamine pharmacophore can be developed.

© 2010 Elsevier Inc. All rights reserved.

however, can be toxic to mammalian cells (nephrotoxic and oto-
toxic in humans) at high doses and are prone to undergo a variety

Aminoglycoside antibiotics, such as gentamicin and kanamycin,
have long been used as efficient antimicrobial agents active against
both gram-positive and gram-negative bacteria as well as myco-
bacteria [1]. These antibiotics are considered to exert their antimi-
crobial activity mainly by interacting with bacterial ribosomes at
the aminoacyl-tRNA binding site, the A-site, which is constituted
by specific nucleotides of 16S ribosomal RNA in the decoding
region of their 30S subunits [2]. Antibiotic binding interferes
with the fidelity of mRNA translation, results in miscoding, and
leads ultimately to bacterial cell death [3]. The aminoglycosides,

Abbreviations: nea33/65/74, neamine at pD 3.3/6.5/7.4; nea65p/s, the primary/
secondary neamine species at pD 6.5; nea74p/s/t, the primary/secondary/tertiary
neamine species at pD 7.4; nea-4/3/2H, the tetra-/tri-/di-protonated state of the
primary neamine species; nea-2h, the di-protonated state of the secondary neamine
species.
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of chemical modifications by different bacterial aminoglycoside
antibiotic inactivating enzymes [4,5].

Aminoglycosides bound to bacterial resistance enzymes exhibit
different conformations involving rotations around the two bonds
that constitute the glycosidic linkage extant between rings I and Il
in comparison to the glycosidic linkages occurring in aminoglyco-
sides complexed with the A site of 16S rRNA [6,7]. The rotation
that is crucially affected in enzyme bound aminoglycosides is
characterized by the torsion angles ¢(H1'-C1'-04-C4)/y/(C1'-04
-C4-H4), Fig. 1, which assume values around -21/152 for
neamine- or paromamine-like aminoglycosides in complex with
resistance enzymes. This results in an anti-\y geometry for rings I
and II [7,8], where N6’ of ring I and N3 of ring II are anti-axially
oriented. In contrast, aminoglycosides in complex with the A site
of 16S rRNA adopt a negative syn-\s geometry, where @/ is about
—40°/—30° [8], where N6’ of ring I and N3 of ring II are syn-axially
oriented.
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* : (amino)sugar R1 R2 R3
neomycin B /fparomomycin-like aminoglycosides :  NH2/OH i H
kanamycin B-like aminoglycosides : NH2 H .
R1 neamine: NH2 H H
, paromamine: OH H H
(prosS) H—cs-H (proR) NH, H (pros)

. NH, H_ OR3
ring | = DAG (neamine) ring Il =2-DOS

Fig. 1. Haworth formula of neamine-/paromamine-like aminoglycosides showing
atom numbering and the torsion angles @ (H1'-C1’-0-C4), { (C1’-0-C4-H4) and
w (H5-C5'-C6'-N/O€') for rings I and II. The DAG (2,6-diamino-2,6-dideoxy
glucosyl) group is denoted as ring I and the 2-DOS (2-deoxystreptaminyl) group is
called ring II.

The increasing concerns about bacterial resistance and toxic ef-
fects have led to the development of semisynthetic aminoglyco-
sides which are less toxic and less sensitive to enzymatic
modification. Understanding the binding modes of bound amino-
glycosides in complex with 16S rRNA [9,10] and bacterial resis-
tance enzymes [7] at the molecular level recently has been a
major strategy to develop semisynthetic aminoglycoside analogs.
Extensive research and analysis on the binding interactions be-
tween RNA and aminoglycosides have proven that neamine,
Fig. 1, is the most suitable core structure that possesses antibiotic
activity and, therefore, has been commonly applied in the develop-
ment of synthetic analogs [11,12]. However, the structure of nea-
mine in the unbound state has not been fully explored so far.

Here, the unbound solution structures of neamine at pH 3.3, 6.5
and 7.4 at 25 °Cin D,0 are investigated by NMR and computational
techniques. pKa values for the amino groups of neamine are deter-
mined by H1 NMR titration experiments. Kinetic and NMR proper-
ties for the most populated two different neamine species found to
exist at near physiological pH values are revealed here, to the best
of our knowledge, for the first time in literature. Information
gained from the NMR and computational data are then utilized
to propose novel aminoglycoside antibiotics.

2. Materials and methods
2.1. Synthesis and characterization of neamine

Several batches of neamine were synthesized by acid hydroly-
sis of neomycin B as described by Wong et al. [11]. The acid
hydrolysis reaction of neomycin B was monitored by TLC using
a solvent mixture of BuOH/AcOH/H,0 (2/2/1) and a solution of
1% ninhydrin as an indicator (Rf: 0.32 and 0.37) [11,13]. The
acidic precipitate formed at the end of the reaction was filtered
off and washed with ether several times to give the desired prod-
uct (Fig. 1) in salt form (neamine-4HCI) as an off-white powder
(yield: 4.45g, 9.5 mmol, 91%). For NMR samples, the neamine
product was further recrystallized twice in fresh methanol and
filtered off as white powders, which were then washed with
diethyl ether after each crystallization step. The remaining white
powders were vacuum-aspirated for 1day to remove residual
methanol, ether and water.

The HPLC-MS (Agilent 1100 HPLC-MSD SL Mass Spectrometer,
available in the School of Pharmacy at the University of Wiscon-
sin-Madison, WI USA) characterization of neamine was indirectly

implemented on a neamine derivative, 1,2’,3,6'-tetrakis-N-trifluo-
roacetyl neamine, which was synthesized using the neamine-4HCI
product as the starting material according to a chemical procedure
described by Hunziker et al. [13] An m/e ratio of 707.1 Da was
found in positive ion mode (M*) for the neamine derivative
(MW =706.1 Da) by LC-MS. The purity of freshly synthesized nea-
mine batches were confirmed by NMR. 'H NMR (D-0, é = 4.8 ppm):
5.82 ppm (d, H), 3.94-3.85 ppm (m, 3H), 3.59 ppm (t, H), 3.51-
3.32 ppm (m, 5H), 3.24 ppm (m, H), 3.16 ppm (q, H), 2.4 ppm (m,
H), 1.8 ppm (q, H). Proton-coupled '3C (D,0): 97-95 ppm (d,
CH); 78.5-76.8 ppm (d, CH); 76.2-74.5 ppm (d, CH); 73.5-72
ppm (d, CH); 72.8-70 ppm (d, CH); 70-69 ppm (d, CH); 68.6-
67.8 ppm (d, CH); 54.5-53.2 ppm (d, CH); 50.8-49.4 ppm (d, CH);
49.3-48 ppm (d, CH); 42-39 ppm (t, CH), 29.8-26.5 ppm (t, CH,).

2.2. Titration analysis and pKa

A micro NMR-pH electrode from Mettler Toledo Analytical, Inc.
was used both for potentiometric and NMR titration experiments.
0.5 M NaOD and/or 0.5 M DCI solutions (Aldrich Chemicals) were
used to adjust the pD of ~10 mM neamine solutions in D,0. pKa
values for the amino groups of neamine were determined by a line
fitting procedure via Origin Software v.6 (http://www.origin-
lab.com), which utilized Eq. (1) [14], by plotting '"H NMR chemical
shifts (6 in ppm) for the primary vicinal protons of the neamine
amino groups (e.g., H3 for the N3 amino group of ring II) versus
pD (from

pD = pKa + 10g[(dprot — dobs)/ (obs — Ideprot) (1)

3.3 to 8.7). dpror and Jgepror in Eq. (1) represent upper and lower
bounds for the protonated and deprotonated states of the corre-
sponding amino groups, respectively, while d4ps is a chemical shift
in between the boundary states.

2.3. NMR analysis

NMR samples were weighted out and dissolved in 0.6 ml of D,0
in Eppendorf tubes to yield a final neamine concentration of
~10 mM. A micro NMR-pH electrode was used to adjust the pD
with 0.5 M NaOD and/or 0.5 M DCl solutions (Aldrich Chemicals).
0, was removed by bubbling N, gas through the samples. The
air-free NMR samples were transferred to 5 mm NMR tubes, which
were then immediately flame-sealed.

400 and 500 MHz Varian Unity INOVA NMR spectrometers
(available in the School of Pharmacy at the University of Wisconsin-
Madison, WI USA) were used to acquire homunuclear 1D/2D NMR
spectra ('H, '3C, gCOSY90, gDQF-COSY, and 'H,"H-NOESY {tmix =
75 ms}) using quad-nucleus NMR probes (the qn4549 probe for
the V400 MHz unit and the qn6121 probe for the V500 MHz unit)
and indirect NMR data (gHMBC) using a tunable triple-resonance
probe (the hcx4765 probe for the V500 MHz unit). All NMR data
were obtained at 25 °C in D,0. FID data were processed by Varian
NMR v6.1C and Mestre-C v.1.1,2.3a,3.5.1 (http://mestrelab.com)
NMR software packages. All 1D/2D NMR spectra were referenced
to the HDO peak at 6 = 4.8 ppm.

Anomeric/transglycosidic NOE cross-peaks were integrated on
2D-NOESY spectra and normalized by Mestre-C NMR software to
the corresponding inverted diagonal-peaks, H1’ for the primary
species and h1’ for the secondary species, whose integral was set
to —10° integral units (iu).

Dihedral angles for intra-residual vicinal protons were deter-
mined by an empirically generalized Karplus-like equation devel-
oped for conformationally rigid six-membered ring systems by
Haasnoot, De Leeuw and Altona (HLA) [15].
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2.4. Determination of conformational exchange rate constants of
neamine

Exchange rate constants between the primary (P) and second-
ary (S) conformers of neamine, generically expressed by Eq. (2),
are kps (=1/7p) in Hz for conversion from P to S states and ksp
(=1/7s) in Hz for conversion from S to P states of neamine, which
are inversely related to the time-life of the P (7p) and S (7s) states,
respectively. When the overall exchange is at equilibrium, the ex-
change constant can be defined as Key = kps/ksp.

kps(=1/1p)

ksp(=1/15)

(2)

At slow exchange rates, kps and ksp can be determined by Egs. (3)
and (4), respectively,

1/T25 = 1/T2 + kps (3)

1/T2p =1/T2 + ksp (4)

where T 2 is the transverse (spin-spin) relaxation time [1 1 5] in
seconds for a spin in fast exchange, which can be determined by
Eq. (5) in which Avy, is the line-width in Hz at the half height of
the NMR peak at fast exchange. Similarly, T 2p and T 25 are the
spin-spin relaxation times in seconds for the same spin sampling
P and S states at slow exchange rates, which can be computed by
Eq. (6) and Eq. (7), respectively, where Avyypy and Avyys) are the
corresponding line-widths at the half height of the peak in P or S
states at slow exchange.

T2 = 1/7Av1 (5)
T2p = I/EAV]/Z(IJ) (6)
TZS = 1/7'CAV1/2(5) (7)

2.5. Calculation

AMBER v10 [16] software package was used to determine the
molecular dynamics (MD) structures of the neamine species by
Particle Mesh Ewald method [16] in explicit solvent environment
and to implement Nudged Elastic Band (NEB) [16-18] transition
state analysis in implicit water environment. AM1-BCC [19] partial
atomic charges of molecules were determined by the antechamber
[20] module of AMBER v10. Parm99SB [21] parameters were used
to neutralize neamine structures with Cl~ ions followed by solva-
tion in TIP3 water box. After 1000 iterations of a short minimiza-
tion and 10 ps of temperature equilibration steps, the solvated
neamine structures were exposed to 10 ns of molecular dynamics.
The primary neamine species, tetra-/tri-/di-protonated states (nea-
4H/3H/2H), were not restrained during explicit solvent simula-
tions. Ring II of the secondary neamine species, di-protonated state
only (nea-2h), was restrained to a °rH; relaxed half-chair con-
former during explicit solvent simulations. R.m.s.d. analysis, trans-
glycosidic distance measurements, H-bonding and cluster analysis
through the trajectories of the explicit solvent simulations were
implemented by the ptraj module of AMBER v10.

NEB transition state analysis was performed on a model com-
pound, 4-methoxy-2-deoxystreptamine (MODOS), shown in
Fig. 2. A NEB transition state pathway energy plot was constructed
out of 30 frames between two end-point ring conformers, C; and
5S,, of MODOS.

Three staggered gg, gt and tg exocyclic rotamer populations for
the low-energy structures of the primary and secondary neamine
species were determined by the Boltzmann distribution law
[22,23]. According to the Bolztmann’s distribution law, a fractional
probability of a rotamer population P, at a given temperature is

H> H (proS)

N
+
H 3 2 NH,
H (proR)y |

4 1
OH H

(CHz)0 5 6 H

H OH

Fig. 2. Haworth formula of 4-methoxy-2-deoxystreptamine (MODOS). MODOS was
used as a model compound to study ring Il of neamine by Nudged Elastic Band
(NEB) [16-18] transition state analysis.

expressed by Eq. (8), where o refers to one of the three staggered
rotamers (gg, gt or tg), Pgg + Pge + Py = 1, AU(R) is the difference in
cal/mol between two energy minima, one of which must be the
lowest one. R is the ideal gas constant (1987 cal/K mol) and T is
the temperature in K (298.15 K). AU(R) for the lowest energy min-
imum itself then becomes zero.

P,, = [exp-AUR/RD)] /[exp(-AURIES/RT) | axp(-AURSHR)

+ exp(-AURIE/RT)) (8)

3. Results and discussion
3.1. pKa values

Potentiometric titration experiments revealed that the amino
groups of neamine are all protonated (tetra-protonated state,
nea-4H) below pH 4.5 and deprotonated above pH 9 (Fig. 3).

pKa values for the amino groups of neamine were determined
by NMR titration experiments as described in Section 2.2. Chemical
shifts for the primary proton peaks vicinal to the amino groups
(e.g., H1 of N1Hj) were plotted versus pD (from 3.3 to 8.7).
Fig. 4A-D illustrate the best-fit pKa curves fitted by Origin Software
v.6 using Eq. (1) as a function of s in ppm (on the y-axis) and pD
(on the x-axis). The NMR chemical shifts (dqps) for the H3, H2/, H1
and H6'YF (UF: upfield) proton peaks were used to determine the
pKal of N3 (pKa1-N3, 6.44 + 0.13, R? = 0.96), Fig. 4A, pKa2 of N2’/
(pKa2-N2’, 7.23 +0.09, R*=0.97), Fig. 4B, pKa3 of N1 (pKa3-N1,
7.77+0.19, R*=0.94), Fig. 4C, and pKa4 of N6 (pKa4-N6/,
8.08 + 0.15, R? = 0.93), Fig. 4D, respectively.

Table 1 compares the pKa values reported in this paper by 'H
NMR titration studies in D,0 (Table 1d and Fig. 4A-D) to the liter-
ature pKa values of neamine-related moieties of neomycin B by '°N
NMR by Botto and Coxon [24] (Table 1a), gentamycin C1 by 'H

12

117 pH 9.0

10 1

9 | \‘
pH g |

7_

6_

5 -

4 1

= '\pH4.7

NaOH

Fig. 3. Potentiometric base-titration between pH ~3.7 and ~12.0 for neamine.
Neamine looses its buffering capacity below pH 4.7 and above pH 9.0. 10 uL
increments of 0.5 N NaOH was used to titrate the neamine solution.
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Fig. 4. The pKa curves were determined using Eq. (1) for (A) pKa1l of the N3 amino group, (B) pKa2 of the N2’ amino group, (C) pKa3 of the N1 amino group and (D) pKa4 of the
N6’ amino group. The squared regression (R?), upper (Jprot) and lower (Sgeprot) chemical shift boundaries and the pKa values are printed next to the curves within the boxes.

The pKa values are also presented in larger type letters to the left of the curves.

Table 1
pKa values of neamine and neamine-related moieties of aminoglycoside antibiotics.
pKa1-N3 pKa2-N2’ pKa3-N1 pKa4-N6'
Neamine moiety of neomycin B* 5.74 £ 0.04 7.55+0.04 8.04 £0.03 8.60 +0.02
Neamine moiety of gentamycin C1° 6.19 £0.40 7.40 £0.20 7.67 £0.40 9.86 £ 0.40
Neamine - Sutrisno et al. 6.35+0.20 n.r. 7.73£0.15 8.62+0.08
Neamine - Andac et al. 6.44+0.13 7.23 £0.09 7.77 £0.19 8.08 £0.15

n.r.: not reported.
3 By >N NMR in H,0/D,0 (85/15) by Botto et al. [24].
> By 'H NMR in D,0 by Schacht et al. [25].

¢ By potentiometric titration in H,O by Sutrisno et al. [26], where pKa values were assigned by comparison to a and b.

4 Fig. 4A-D by 'H NMR in D,0 (work in this thesis).

NMR by Schacht et al. [25] (Table 1b), and neamine by potentio-
metric titration in H,O by Sutrisno et al. [26] (Table 1c). Indeed,
Sutrisno et al. published three unassigned pKa values of
6.35+0.20, 7.73 £0.15 and 8.62 £ 0.08 out of four expected pKa
values. The pKa assignment given in Table 5c for Sutrisno et al. data
was estimated in this paper by comparing to the pKa values of
Botto et al. (Table 1a) and of Schacht et al. (Table 1b).
Considering the percent error ranges given in Table 1 for the
pKa values of the neamine work in this thesis and of the work of
the other authors, the difference between the corresponding pKa

values may range up to 1.23 pH/D units, which may possibly arise
from the different techniques applied to measure the pKa points.
Also, the presence of a substituent on neamine, as in neomycin B
or gentamycin C1, may bring about intra-molecular interactions
such as an inter-residual bifurcated H-bond from an N2’ hydrogen
of ring I to 04” and 05” of ring IIl in neomycin B [27], which should
be considered potential factors for pKa shifts. It should also be
noted that there is usually some difference between pKa values
measured in H,O and D,0 [28], whose relationship is arbitrary
and it very much depends on the compound studied, the ionic
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strength of the solvent(s), and the techniques used. At present a
correct/adequate extrapolation of pKa(D,O) values to aqueous
phase pKa(H,O) values is not possible when different titration
techniques are involved, as in the present case.

3.2. Presence of primary, secondary and tertiary neamine species and
proton chemical shifts

Basically three neamine samples at pD 3.3, 6.5 and 7.4 were
studied in details by 1D/2D NMR techniques. Neamine at pD 3.3
(nea33) was chosen to ascertain that in one set of experiments
all amino groups are fully in their protonated states (nea-4H). Nea-
mine at pD 6.5 (nea65) was chosen because it gains three proton
charges at this pD and it is assumed that the N2/, N6’ and N1 amino
groups are then completely protonated (nea-3H). Neamine at pD
7.4 (nea74) was selected to determine the unbound conformation
of neamine under physiological conditions. Presumably neamine
gaines 2 (nea-2H, where N6’ and N1 amino groups are completely
protonated) or 3 (nea-3H, similar to nea65) proton charges at pD
7.4.

At least two distinct neamine species were discovered in differ-
ent concentrations, which exhibit slow exchange rates around
physiological pH, pD ~7.4, and at pD 6.5 in low-salt media. They
are denoted as nea74p and nea65p, respectively, for the primary/
major and nea74s and nea65s, respectively, for the secondary/min-
or conformers. Fig. 5 shows an overlay plot of '"H NMR spectra of
neamine between pD 3.3 and 8.7. The h1’ peaks of the secondary
neamine species are marked with arrows and lowercase. The H1’
peaks of the primary neamine species, marked with H1’ in Fig. 5,
resonate downfield from the h1’ peaks. In this region these peaks

60 58 36

54 31 50 48 46

| |h

k |
—t— |,
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rise steadily between pH 6.9 and 8.0, giving the highest concentra-
tion of ~18.4% in molar concentration (averaged out of several
determinations) at pD 7.4 at 25 °C, but rapidly fade outside this
maximal region.

Fig. 6 concentrates on the spectral regions of the H(h)2P™R (on
the left) and H(h)2P™S (on the right) proton peaks of a nea74 sam-
ple, Fig. 6A, showing the primary and secondary neamine species,
and another spectrum of the same neamine sample kept at room
temperature for 3 years, Fig. 6B, which yielded a trace amount of
a tertiary/micro neamine species (~3%), named nea74t for this rea-
son, associated with the smallest proton peaks marked with italic
lowercase letters at the bottom spectrum. To the best of our
knowledge, this is the first time that the presence of a secondary
and tertiary neamine species in low-salt media is being reported
in literature.

Proton chemical shifts (5, ppm) for rings I and II of nea33,
nea65p, nea65s, nea74p, and nea74s are summarized in Table 2,
which were determined by COSY, NOESY and HMBC type NMR
experiments. Spectral assignments for H6/(P°RPrS) prochiral pro-
tons were found to be equivocal. Therefore, the upfield H(h)6’ peak
is denoted H(h)6’ YF and the downfield H(h)6' peak is denoted
H(h)6'°. The stereospecific assignment of the H/h2P™R and H/
h2P™S peaks revealed that H(h)2P™R (~2.4 ppm) resonates down-
field from H(h)2P™S (~1.8 ppm).

The H4 peaks of the primary neamine species at pD 3.3 and 6.5
were confirmed by gHMBC via a transglycosidic through-bond con-
nection from H1’ of ring I to C4 of ring Il (Appendix A). The unam-
biguous h4 peak assignment of the secondary neamine species at
pD 6.5 and 7.4 as well as the primary H4 peak of neamine at pD
7.4 was confirmed by NOESY based on the strongest transglycosidic

Al !
|JH\||| N
W f’ I ﬂ(

'J

44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12

Fig. 5. Some selected overlayed NMR spectra between pD 3.3 and 8.7 showing chemical shifts of the 1’ proton-peaks (marked with arrows) for ring I of the secondary
neamine species (and lower letter case). H1” chemical shifts of the primary neamine species are also shown around 5.8 ppm in the figure.
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Fig. 6. Spectral regions of the H(h)2P™R (¢ = 2.30 ppm) and H(h)2P™S (6 = 1.62 ppm) proton peaks of (A) a nea74 sample, showing the primary (~83%) and secondary (~17%)
neamine species, and (B) the same nea74 sample kept at room temperature for 3 years, indicating the presence of a trace amount of a tertiary/micro neamine species (3.4% in
concentration), where the percent molar concentrations for the primary and secondary species are ~73% and ~25%, respectively. |: peaks belonging to the secondary species
nea74s and V: visible small peaks belonging to the tertiary species nea74t. The tertiary peaks are marked with italic lowercase letters while the secondary peaks are shown

with lowercase letters.

Table 2
Proton chemical shifts determined for different neamine species chemical shifts [&

(ppm)].

nea33 nea65p nea65s nea74p nea74s

Ring I

1 5.99 5.82 5.44 5.68 5.39
2 3.51 3.37 3.40 3.18 3.29
3 4.05 3.94 3.91 3.83 3.86
4 3.54 3.48 3.37 3.44 3.36
5 4.08 4.08 3.93 4.08 3.93
6'(UF) 3.32 3.27 3.14 3.24 3.12
6'(DF) 3.53 3.49 3.48 3.46 3.47
Ring Il

1 341 3.29 3.68 3.20 3.67
2(proS) 1.99 1.72 1.63 1.60 1.61
2(proR) 2.57 2.37 2.28 2.28 2.27
3 3.61 3.28 3.28 3.14 3.12
4 4,06 3.73? 3.51° 3.57° 3.47°
5 3.76 3.68 3.62 3.65 3.62
6 3.65 3.56 3.52 3.50 3.48

UF: upfield. DF: downfield.

2 Confirmed by HMBC.

b Confirmed by NOESY. All other assignments were determined by COSY-type
experiments.

NOE cross-peaks from h1’ to h4 and from H1’' to H4 (Appendix B),
respectively, which greatly facilitated the COSY assignment of the
rest of the ring II proton peaks.

Proton chemical shifts given in Table 2 together with the stack
plots shown in Fig. 5 reveal that while a multitude of peaks of the
primary neamine species exhibit drastic upfield chemical shifts as
pD is increased, the chemical shifts of the secondary neamine spe-
cies are rather pD tolerant between pD 6.5 and 8.5. For instance;
the chemical shift difference for the H4 proton peaks of nea65p
and nea74p is 0.25 ppm while this difference is only 0.04 ppm
for the h4 proton peaks of nea65s and nea74s. As the pD is in-
creased from 3.3 to 7.4, the greatest upfield shifts occur with H1’,
H2', H3', H1, H2P™S, H2P™R H3 and H4 of the primary neamine
species.

It is clear that the greatest shifts between pD 3.3 and pD 7.4 in-
volve protons in the vicinity of the titratible groups with the lowest
pKa values such as pKal-N3 (6.44 + 0.13) for the H4/H3/H2P™R/S
shifts and pKa2-N2’' (7.23 £0.09) for the H3’/H2’/H1’ shifts. As
shown in Fig. 3 a neamine amino group, presumably N3 of ring II
(Fig. 1), begins to shed protons above pD 4.7 and it is suggested
that an equilibrium constituted by two or more different proton-
ated primary states of neamine that are in fast exchange on the
NMR time scale begins to become established. A fast exchange
would cause the NMR spectrum to reveal only one main compound
with varying/shifting chemical shifts causing an apparent move-
ment of single peaks. Because the pKa values for the N1 (pKa3-
N1=7.77+0.19) and N6 (pKa4-N6'=8.08 £0.15) amino groups
are greater than pD 7.4, these amino groups of the primary
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neamine species are mainly in their protonated forms at pD 7.4 and
thus the nearby proton chemical shifts are less affected by pH
changes between pD 3.3 and pD 7.4.

With pKa2-N2’ being 7.23 + 0.09, Fig. 4B, it seems likely that the
secondary neamine species reaches a maximum concentration at
pD 7.4, where the di-protonated state of the secondary neamine
species (nea-2h) is more populated than its tri-protonated counter-
part (nea-3h). Thus, it is possible that only the nea-2h, where the
N6’ and N1 amino groups are protonated, exists near the transition
state (described in Section 3.4). Presumably, nea-3h is not electro-
statically stable and is immediately converted to the tri-protonated
state of the primary neamine species (nea-3H) at fast exchange
rates, leaving nea-2h as the only secondary neamine species that
is in slow exchange with the primary neamine species in aqueous
medium at pD ~7,4. As pD is decreased, the concentration of nea-
3H increases, which gradually decreases the population of nea-2h
down to zero at pD 5.7. When pD is increased, the concentration
of mono-protonated primary neamine species (nea-H), where only
the N6’ amino group is protonated, increases lowering the concen-
tration of nea-2h. This proposed transition state theory seems to be
the most likely explanation why the secondary proton peaks are
sheltered from drastic shifts upon pH changes.

Despite the fact that only a few tertiary proton assignments
were made for nea74t and that nea74t was not studied at other
pHs, it seems likely that the micro species exist in a di-protonated
state and that the chemical shifts are pD independent, just as dis-
cussed above for the secondary species nea-2 h.

3.3. Exchange rate constants

As briefly mentioned in Section 3.2 and shown in Fig. 6A, nea-
mine at pD 7.4 (nea74) initially revealed two slowly exchanging
main species in low-salt media, which are termed primary
(nea74p) for the high concentration (~%82) species and secondary
(nea74s) for the low concentration (~%18) species. Exchange rates,
kps and ksp in Eq. (2), between nea74p (P state) and nea74s (S state)
were determined using the spin-spin (transverse) relaxation times
(T 2) of nea74p and nea74s, T 2p by Eq. (6) and T 25 by Eq. (7),
respectively, in which Avyjp) and Avqjys) were measured off the
line-width at the half height of the H1’ and h1’ proton peaks,
respectively, on the 'H NMR spectrum of nea74 as shown in
Fig. 7. Avyppy and Avqps) were measured as 2.54Hz and
2.95 Hz, respectively, in the absolute intensity mode so that the
peak heights could be compared to each other by the deconvolu-
tion (line-fitting) function of the Varian v6.1C software.

Determination of the exchange rate constants, kps in Eq. (3) and
ksp in Eq. (4), also depends on T 2 at fast exchange rates, which is

HT'

I AVIJ?(FI

h1'

L_AA

T 1 T T T T T
5.70 5.65 5.60 555 5.50 545 5.40

Fig. 7. Anomeric proton peaks H1’ and h1’ for the P and S states of neamine at pD
7.4. < in the figure marks the line-widths at the half height (Avy>) of the H1" and
h1’ proton peaks assigned for the P and S states of neamine at pD 7.4 and 25 °C,
respectively.

determined by Eq. (5). Avyj; in Eq. (5) requires a high temperature
NMR experiment to allow the H1’ and h1’ peaks to merge into a
single peak at fast exchange. However, such an experiment with
neamine was not carried out. Instead, Av,;; was taken from the
measured H1’ peak width of 1.71 Hz of nea33 at 25 °C, assuming
that a single H1’ peak at acidic pH at 25 °C would be virtually iden-
tical to a merged H1’' peak at pD 7.4 at a higher temperature.

Based on the approximated Avyypy, Avijys) and Avy, values
given above, the derived kps, ksp and Keyx (=kps/ksp) rate constants
are listed in Table 3. The frequency (Hz) of the kps and ksp exchange
rates are inversely proportional to the life-time of the P (tp = 1/ksp)
and S (ts=1/kps) states, respectively. This means that nea74p
exists at a lower frequency of 2.63 Hz (kps) with a longer 7p of
0.38 s on the NMR time scale as compared to nea74s which ap-
pears at a relatively higher frequency of 3.85 Hz (ksp) due to a
shorter 75 of 0.25 s. The exchange rate constant at equilibrium
(Kex) is less than 1 (0.77) suggesting that the direction of the ex-
change favors nea74p in aqueous solution at 25 °C. This appears
to be the first time that these kinetics parameters have been re-
ported for neamine existing in two conformational states at pD
7.4 at 25°C.

Exchange rates between nea74t and other neamine species
could not be determined due to a very low signal-to-noise ratio.

3.4. Neamine endocyclic dihedral angles and ring conformers

Vicinal proton-proton coupling constants, >Jyy, listed in Table 4
were determined by deconvolution analysis on high resolution 'H
NMR spectra of neamine at pD 3.3, 6.5, and 7.4. The corresponding
endocyclic dihedral angles were determined by applying the 3]y
values in an empirically generalized Karplus-like equation devel-
oped by Haasnoot-Leuuw-Altona (HLA) [15] which includes
B-substituent corrections optimized for three and four substituents
in conformationally rigid six-membered ring systems. The result-
ing HLA torsion angles (HLA®) for nea33, nea65p, nea65s, nea74p,
nea74s and nea74t were reported in Table 2 as t (trans) for torsion
angles around 180°, g* (gauche®) for those around +60°, g
(gauche™) for those around —60°. The h3-h4 torsion angle for
nea74s is not reported in Table 4 as 3J;,3_n4 could not be determined
due to severe spectral overlaps on the h3 and h4 peaks. Also the
h3-h4, h4-h5, h5-h6, h6-hl torsion angles of nea74t are not
reported because the h1, h3, h4, h5 and h6 peaks could not be as-
signed due to low signal-to-noise ratio.

The most likely theoretical ring conformers of neamine are *C;,
4C1, 28, for ring I, presented in Table 5 4Cy, 4C', ©S,, érH; (“relaxed
half-chair”) for ring II, presented in Table 6, whose HLA® torsion
angles were determined upon fusing neamine rings I and II substit-
uents with the carbon frame of the “C; conformations for ring [ and
ring Il of the kanamycin X-ray structure, Cambridge Structural
Database CSD ID: 610593 [29], the 4C' conformation for ring IV
of neomycin B in complex with 16S rRNA, X-ray structure PDB
ID: 2ET 4 [30], and the %S, (of ring I) and S, (of ring II) conforma-
tions for the iduronate residue of an heparin derivative in complex
with a basic fibroblast growth factor, NMR structure PDB ID: 1BFC
[31]. The rH conformer is thought to be an intermediate state
between the S and H conformers. The generic HLA® torsion angles
for the °rH, conformation of ring II of the secondary neamine struc-
ture were determined by NEB transition state analysis between *C;

Table 3
Rate constants and life-times characterizing neamine conformational exchange at pD
7.4.

kps(=1/7s) nea74p — nea74s 2.63s7! (Hz)
ksp(=1/Tp) nea74s — nea74p 3.855°! (Hz)
Kex(=kps/ksp) nea74p « nea74s 0.77
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Table 4
Experimental 3]y, (Hz) values and theoretical HLA (Haasnoot, De Leeuw and Altona) [15] dihedral angles (HLA®) of different neamine species.
nea33 nea65p nea65s nea74p nea74s nea74t
*Jun/HLA® *Jun/HLA® *Jun/HLA® *Jun/HLA® *Jun/HLA® *Jun/HLA®
Ring I
1-2 3.890/g"* 3.802/g* 3.769/g* 3.832/g" 3.667/g" 3.63/g
2-3 10.957/t 10.812/t 10.305/t 10.628/t 10.526/t 7.97)t
34 9272/t 9.118/t 9.191/t 9.308/t 9.343/t 9.5/t
45 9.851/t 9.828/t 9.410/t 9.764/t 9.745/t 9.5/t
Ring Il
1-2(R) 4299/g~ 4.277|g 4.606/g~ 4.152/g~ 4.493/g~ 4.18(g"
1-2(S) 12,514/t 12.504/t 12,677/t 12,539/t 12,598t 12.37/t
2(R)-3 4215/g* 4.195/g* 4.151/g* 4314/g* 4.151/g* 4.18/g"
2(5)-3 12617/t 12.402/t 12.677]t 12.409/t 12.635/t 12.37)t
3-4 10.185/t 9.618/t 3.240/~-120° 9.519/t nd/nd nd/nd
4-5 9.265/t 9.263/t 9.334/t 9.278/t 9.175/t nd/nd
5-6 9.283/t 9.005/t 9.360/t 9.305/t 9211/t nd/nd
6-1 10.374/t 10.253/t 10.089/t 10.084/t 10.202/t nd/nd

g": 60°; g—: —60°; t: 180°; nd: not determined.

Table 5
Averaged 3] (Hz) and torsion angles (HLA®) for chair (C) and skew (S) conformers of
ring 1.

Torsion 4Cy 4! 2s,

*Jun HLA® *Jun HLA® Jun HLA®
1 ~2-4 = ~2-4 g ~2-4 ~30°
2'-3' ~9-12 t ~2-4 g ~9-12 t
3'-4' ~9-12 t ~2-4 g ~9-12 t
4'-5 ~9-12 t ~2-4 g ~ 2-4 ~ —120°

HLA°: Torsion angle by HLA (Haasnoot, De Leeuw and Altona) [15]; g*: ~60°; g :
~—60°; t: ~180°.

and °S, ring conformers of MODOS (Fig. 2), Section 2.5. An energy
plot of the NEB transition state pathway for MODOS was con-
structed out of 30 frames as shown in Fig. 8, in which frame #16,
an intermediate energy structure of MODOS with °rH; conforma-
tion, was found to best fit the HLA® torsion angles given for nea65s
in Table 4. Therefore, the structure coordinates of frame#16 were
used to generalize HLA® dihedral angles in Table 6 for likely ®rH;
conformation of ring IL

Comparison of the data presented in Tables 5 and 6 to those
presented in Table 4 strongly suggests that rings I and II of the pri-
mary neamine species as well as ring I of the secondary species
adopt the “C; chair conformation, shown in Fig. 9A for ring I and
Fig. 9B for ring IL.

The NMR data for nea65s presented in Table 4 seem to be most
consistent with HLA® values for a ®rH; conformer given in Table 6,
whose structure is shown in Fig. 9C. However it should be noted
that the theoretical 3J,y range given in Table 6 for the H4-H5
(1.5-4 Hz for a 130° dihedral angle) and H3-H4 (~2-5Hz for
~—130° dihedral angle) vicinal proton systems of the ®rH; ring II

conformer are not consistent with the experimental 3Jnsns
(9.33 Hz) and 3Ji3n4 (3.24 Hz) values, respectively, given in Table
4 for nea65s. The assumption with the HLA equations is that the
3Jun values to be used is biased towards torsion angles +60° and
180° on stable structures of rigid six-membered rings, for which
coupling constants occur in the ranges 0-5.5 Hz and 7.5-13 Hz,
respectively [15]. Considering that there is noticeable conforma-
tional as well as vibrational flexibility concerning the C3-C4-C5
bonds of ring II of the secondary neamine species, the HLA° value
listed in Table 4 for the h4-h5 (t) and h3-h4 (~—120°) vicinal pro-
tons of nea65s, are possibly not representing the genuine dihedral
angles, which indeed should be about 130° and ~-130°,
respectively.

As seen in Table 4 3]h3_h4 of nea74s could not be determined due
to spectral overlaps which incapacitated deconvolution analysis
and coupling constant measurements for the h3 and h4 peaks of
nea74s. Nevertheless, the ring II structure of the secondary nea-
mine species is assumed to adopt a single conformation around
the physiological pH as the chemical shifts of the secondary proton
peaks are pH tolerant. Thus NMR and structural information gained
for ring Il of nea65s also applies to the ring II structure of nea74s.

Ring I of the tertiary neamine species, nea74t, possess torsion
angles similar to those of nea65s and nea74s, Table 4, suggesting
the presence of a “Cy chair conformer. It is known that the tertiary
neamine species (nea74t) exists in the lowest concentration (~3%)
and it takes much longer time to form compared to the secondary
neamine species. In addition, it is highly likely that the ring II struc-
ture for the tertiary neamine species does not differ much from
that of the secondary species due to similar 3y values involving
the h3/h2/h1 vicinal protons as reported in Table 4 for nea65s
and nea74t. Yet, the tertiary neamine species should be energeti-
cally higher (less stable) than the ®rH; conformer of nea65s in

Table 6

Generalized 3Jyy (Hz) and torsion angles, HLA®, for chair (C), skew (S) and hypothetical relaxed half-chair, rH, conformers of ring Il of neamine.
Torsion 4c 4C 2s, SrH,

i HLA® i HLA® i HLA® i HLA®

1-2ProR ~1.5-5 g ~1.5-5 g ~1.5-5 g ~1.5-5 g
1-2pr0S ~11-13 t ~1.5-5 g ~1.5-5 g ~11-13 t
2PrR_3 ~2-5 g ~2-5 g ~2-5 g ~8-3.5 30° -g*
2ProS_3 ~11-13 t ~2-5 g ~2-5 g ~9-12 150°-t
3-4 ~9-11 t ~1-4 g ~0.9-1.7 ~—100° ~2-5 ~—130°
4-5 ~7-10 t ~3-5 g ~7-10 t ~1.5-4 130°
5-6 ~7-10 t ~3-5 g ~7-10 t ~7-10 t
6-1 ~9-11 t ~3-5 g ~4.9-7.9 ~150° ~9-11 t

HLA°: Torsion angle by HLA (Haasnoot et al.) [15]; g*: ~60°; g : ~ —60°; t: ~180°.
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Fig. 8. Nudged Elastic Band (NEB) transition state pathway energy plot of 4-
methoxy-2-deoxystreptamine (MODOS). Position of the high-energy starting coor-
dinates of #C,° chair [frame 1; 0.9213 kcal/mol], low-energy *C;" chair [frame 5;
—13.8339 kcal/mol], lowest energy *C; chair [frame 11; —14.6616 kcal/mol], ®rH;
relaxed half-chair frame 16 (circled); —8.8066 kcal/mol], TS* transition state [frame
19; —5.5199 kcal/mol], S, skew [frame 23; —8.0708 kcal/mol], and high energy
end-point coordinates of 65,° skew [frame 30; 9.4554 kcal/mol] conformers are
marked on the plot. AG1 is the energy difference (5.855 kcal/mol) between “C; and
SrH,, AG* is the energy difference (9.1417 kcal/mol) between “C; and TS* and AG2 is
the energy difference (6.5908 kcal/mol) between “C; and ©S,. For simplicity only
carbon structures are shown for “Cy, °rH;, TS* and ©S,.

the NEB transition state (TS) pathway, frame 16 in Fig. 8, but much
less than the hypothetical TS for the 2H; half-chair conformer,
frame 19 in Fig. 8, as the population at TS is zero. Giving that the
energy barrier between the “C; (frame 11 in Fig. 8) and %Sy (frame
23 in Fig. 8) minima is too high to allow the “C; — 2S, conversion,
AG* =9.1417 kcal/mol, nea74t is more likely to be somewhere at
frame 17 (—7.1016 kcal/mol) in Fig. 8, a less stable structure that
approaches a half-chair conformation at the transition state.

It should be noted that the °rH; conformer of the secondary
(nea65s/74s) as well as the tertiary (nea74t) neamine species do
not sit in a minimum in Fig. 8. To clearly image this, a hypothetical
TS energy plot was sketched in Fig. 10 to show the expected energy

Ring |

minima and the energy barriers, A* and B, for the proposed ®rH;
ring Il conformers of nea65s/74s and nea74t, respectively. These
energy barriers are not seen in Fig. 8 because the application of
existing algorithms of quantum chemistry and molecular dynamics
to study reaction mechanisms involving changes in pyranose and
cyclohexane conformations are not straightforward in times when
there is a multitude of possible conformations/constraints along
the pathway [32].

3.5. Through-space transglycosidic NOEs

Due to spectral overlaps, intensities for many of the intra-resid-
ual NOESY cross-peaks of the neamine species could not be re-
solved and inter-residual NOESY cross-peaks not involving H(h)1’
of ring I were likewise essentially inaccessible. Nevertheless, a
majority of the transglycosidic NOESY cross-peaks from the ano-
meric proton H1’ of ring I to H3, H4, and H5 of ring Il were unam-
biguously located by their proton chemical shifts and they were
taken into account in the determination of transglycosidic neamine
geometries.

Transglycosidic H(h)1’-H(h)3/4/5 NOESY cross-peak intensities
measured in phase-sensitive mode [33] are given in Table 7. It
should be noted that the h4 and h6 peaks of the secondary nea-
mine species, nea65s and nea74s, severely overlap, see Table 2.
Thus the h1’-h4 NOE intensities given in Table 7 include a negligi-
ble amount of h1’-h6 NOE volume. Also, the transglycosidic the (H/
h)1’-(H/h)3 NOESY cross-peaks were found to be very weak (>5 A)
which disabled NOE measurements in some cases.

In all cases studied the transglycosidic NOE intensities, (H/h)1'-
(H/h)3, (H/h)1’-(H/h)4 and (H/h)1’-(H/h)5, were found to be posi-
tive, indicating some degree of flexibility about the glycosidic
bonds [34].

In NMR studies of neamine/paromamine-like aminoglycosides,
cross relaxation rates or magnitudes of transglycosidic NOE inten-
sities of lHl/—H3; lHj/,H4 and IH1’—H5 for Hl’—Hg, H1'-H4 and H1'-H5
through-space connectivities, respectively, between ring I and II
are major determinants of the syn-¥ and anti-\¥ geometries

Ring Il proS

proR

Fig. 9. Structures of neamine rings I and II. (A) *Cy chair conformation for ring I of nea33, nea65p, nea65s, nea74p and nea74s. (B) Ring II of nea33, nea65p and nea74p. (C)
rH; relaxed half-chair conformation for ring Il of nea65s and nea74s. Only protons attached to carbons are shown for simplicity.
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Fig. 10. Hypothetical transition state pathway energy plot of MODOS. This plot is
presented to remedy the NEB transition state pathway energy plot shown in Fig. 8
which does not exhibit intermediary energy barriers A* and B* for the formation of
SrH; of the secondary neamine species nea(65/74)s (#16 in the figure, the same as
frame 16 in Fig. 8) and of the tertiary neamine species nea74t (#17 in the figure, the
same as frame 17 in Fig. 8), respectively.

Table 7

Transglycosidic NOE intensities given in integral units (iu). The NOESY cross-peaks
were normalized by Mestre-C software to the corresponding inverted diagonal-peaks,
H1’ for the primary species and h1’ for the secondary species, whose integral was set
to —100,000 iu.

Protons nea33 nea65p nea65s nea74p nea74s
1-3 1057 n.d. n.d. n.d. n.d.
1-4 1461° 581°¢ 5434 544 687
1-5 181 581¢ n.d. 57 20

n.d.: not determined due to very low signal-to-noise ratio.
2 Overlaps with H1'-H6 cross-peak.
b overlaps with H1’-H3’ and H1'~H5’ cross-peaks.
€ H1’-H4 and H1’-H5’ cross-peaks overlap.
4 overlaps with h1’-h6 cross-peak.

described in Section 1. In addition, NMR studies in literature re-
vealed that aminoglycosides [27,34] as well as oligosaccharides
[35] exhibit a mixture of syn-¥ and anti-¥ transglycosidic geom-
etries in varying concentrations in free form in solution, the
amount of which is governed by electrostatic configuration and
pH [34]. Based on NMR data given in the literature these NOE
intensities are rank ordered as Iyy_p4 > Iy _ps > Igy_ns for pre-
dominant syn-¥ geometries (>95%) as in basic neomycin B [27]
at pH 9.7 and acidic neamine [27] at pH 4.5. The rank ordering fol-
lows as Iy1—ps ~ In1-n3 = Iqi-na for an equilibrium, for instance;
between syn-W (47%) and anti-W (53%) geometries at fast ex-
change rates as in acidic kanamycin A [34] at pH 4.4.
Transglycosidic NOESY cross-peaks for the primary and second-
ary neamine species appear in two different transglycocidic NOE
regions around physiological pH, including nea65p/s (data not
shown) and nea74p/s, Fig. 11, in which the transglycosidic cross-
peak regions are boxed and marked on F2 dimension accordingly.
This can only occur if two molecular species interact at slow ex-
change rates and in this case presumably it occurs between the
4C; and ®rH; conformers of ring II, but is not due to a possible slow
exchange between two distinct glycosidic geometries of neamine.
Even if a slow exchange existed around the glycosidic bonds, it
would be detected as split cross-peaks in a single transglycosidic
NOESY region but not in two transglycosidic NOESY regions.
Transglycosidic NOESY cross-peak intensities Iyjq_y3, In1/-ps and
I _ys were measured in phase-sensitive mode and are listed in
integral units (iu) in Table 8 for nea33, nea65p/s and nea74p/s.
The transglycosidic H1’-H4 NOESY cross-peak of nea33 (1461 iu)
was found to overlap with the intra-residual H1’-H3’ and

nea74 HT'
(Hih)2P™S
F1
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(H/h)2ProR
L2.0
L3.0
4.0
5.0
<) nealds
<= nealdp
6.0
111[1'|11[swx|[':’1||[|||r||w||!w
F2 ppm 6.0 5.0 4.0 3.0 2.0 1.0

Fig. 11. NOESY spectrum of nea74. The primary and secondary transglycosidic
NOESY cross-peaks from (H/h)1’ of ring I to (H/h)3/4/5 of ring II are boxed between
4.2 and 3 ppm along the F2 dimension. The NOESY FID was acquired with a mixing
time of 75 ms.

H1’-H5’ NOESY cross-peaks at ~4.06 ppm, see Table 2. Given that
ring I of the neamine species studied adopts a “C; chair conforma-
tion, an average distance of ~3.8 A may be attributed to the
H1’-H3’ and H1’-H5’ distances of ring I based on molecular
dynamics studies of neamine. Thus, the majority of the overlapping
NOESY cross-peak around 4.06 ppm is due likely to Iyq_ps4 of
nea33. The transglycosidic H1’-H5 (6 =3.65 ppm) and H1'-H3
(6=3.61 ppm) NOESY cross-peaks were observed to be mild (181
iu) and weak (105 iu), respectively, a finding which supports a
syn-W glycosidic geometry for nea33.

H1’-H4 and H1’-H5 NOESY cross-peaks of nea65p severely
overlap around 3.70 ppm with a total integral volume of 581 iu.
Nevertheless, a feeble Iy;y'_y3 observed at 3.28 ppm was indicative
of a syn-¥ geometry. Thus the NOESY cross-peak around 3.70 ppm
is mainly attributed to the H1’-H4 NOE of nea65p. A strong h1’-h4
NOE (543 iu) of nea65s along with feeble h1’-h3 (6 =3.28 ppm)
and h1’-h5 (6 =3.62 ppm) NOEs strongly suggested that nea65s
adopt a syn-W glycosidic geometry.

A strong H1’-H4 NOESY cross-peak (544 iu) at 3.57 ppm was
observed for nea74p. In addition, a feeble H1’-H3 NOESY cross-
peak at 3.14 ppm and a weak H1'-H5 cross-peak (57 iu) at
3.65 ppm strongly suggested a syn-¥ geometry about the glyco-
sidic bonds of nea74p. A strong NOESY cross-peak (687 iu)
observed at 3.57 ppm was mainly attributed to the h1’-h4 NOE
of nea74s. Similar to the NOE pattern observed with nea33/65s/
65p/74p, the feeble h1’-h3 and weak h1’-h5 (20 iu) NOE intensi-
ties of nea74s are much less than that of the h1’-h4 peak, again
strongly suggesting a syn-¥ geometry.

In addition, it was found that the inter-residual (H/h)1’-(H/h)4
NOE intensities were slightly greater than the intra-residual (H/
h)1’-(H/h)2’ NOE volumes, providing strong evidence for syn-¥
geometry for all neamine species studied.

Table 8

Transglycosidic proton-proton distances (A), ¢ (H1'-C1’-0-C4)/\y (C1’-0-C4-H4)
dihedral angles (°) and exocyclic rotamers w (05-C5'-C6-N6')" for the best
representative clustering coordinates out of 10 ns MD.

H1/-H3 H1'-H4 H1'-H5 oy w
nea-4H  4.486 2.790 3.153 —415/-56.6  gg (%96)
nea-3H  4.510 2.541 3.434 —39.3/-26.7 gt (%99.3)
nea-2H  4.658 2.398 3.496 —26.7/-335 gt (%98.9)
nea-2h 4.364 2.555 2.982 —-53.4/-147 gt (%99.5)

" Populations for the exocyclic rotamers were determined by the Boltzmann dis-
tribution law [22,23], Eq. (8).
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Fig. 12. @/W plots of the neamine species corresponding to the last 5 ns of 10 ns MD. @ (H1’-C1'-0-C4) on the x-axis was plotted versus ¥ (C1'-0-C4-H4) on the y-axis for
(A) nea-4H (nea33), (B) nea-3H (nea65p and nea74p), (C) nea-2H (nea74p), and (D) nea-2h (nea65s, nea74s and possibly nea74t).

As a conclusion, magnitudes of the transglycosidic NOE intensi-
ties (I) presented in Table 8 for nea33, nea65p/s and nea74p/s were
determined as l(H/h)l’—(H/h)4 > l(H/h)l’—(H/h)S > l(H/h)l’—(H/h)3- This rank
ordering is a strong indication of a negative syn-¥ (where the ¥
dihedral angle is rotated counterclockwise) glycosidic geometry
adopted in high concentrations by neamine at varying pD values,
suggesting that the syn-W geometry of neamine is very stable
and independent of pH.

3.6. Molecular dynamics analysis

10 ns of explicit solvent MD computations were implemented
for the primary neamine species, nea-4H/3H/2H, without using re-
straints and for the secondary neamine species, nea-2h, for which
ring-1II was restrained to the endocyclic carbon atom coordinates of
MODOS with ®rH; relaxed half-chair conformer, obtained by NEB
transition state analysis (frame #16 in Fig. 8). Ring I of the primary
and secondary/tertiary neamine species and ring II of the primary
neamine species adopted a stable 4C; chair conformer during MD
computations.

The @/¥ plots shown in Fig. 12A for nea-4H (nea33), Fig. 12B
for nea-3H (nea65p and nea74p), Fig. 12C for nea-2H (nea74p)
and Fig. 12D for nea-2h (nea65s, nea74s and nea74t) strongly sug-
gest negative syn-¥ geometries, in which @/% mostly populate
around —60/—40, with the primary and secondary neamine spe-
cies. Moreover nea-2H and nea-2h possess some flexibility about

the glycosidic bonds which oscillate between negative syn-¥ (®/
¥ = —50/-40) and positive syn-¥ (@/¥ = 10/0) geometries. These
findings parallel the positive transglycosidic NOE connectivities
observed with the neamine species mentioned in Section 3.5,
indicating flexible rotations at fast exchange about the syn-W¥
geometry of the neamine species. Considering the magnitudes (I)
of the transglycosidic NOEs, where Iiumy1—ujnya > knjnyr-(am)s >
Iu/nyr-/ny3, the glycosidic fast exchange favors the negative
syn-¥ geometry in D,0.

Transglycosidic proton-proton distances for the best represen-
tative cluster structures are given Table 8. As seen in the Table,
the H(h)1’-H(h)4 distances are within the range of 1.8-2.8 A for
strong NOEs, those of H(h)1’-H(h)5 are within the range of 2.8-
3.3 A for medium NOEs and the H1’-H3 distances are within the
range of 3.3-5.0 A for weak NOEs [36] which are consistent with
the transglycosidic NOE intensity pattern presented in Table 7 as
Tn1-na > lnvons > Inv-mps.

It can be said that the H1'-H4 distance of the primary neamine
species becomes shorter upon deprotonation of the amino groups
as pD increases, which brings about clockwise rotation about the
glycosidic ¢/y dihedral angles due possibly to varying electrostatic
equilibrium between the amino groups at different pDs. For in-
stance; H1'-H4/¢/\y is 2.79(A)/—41.5(°)/—56.6(°) for nea-4H and
2.39(A)/—26.7(°)/—33.5(°) for nea-2H (Table 8). As seen in the best
representative clustered neamine structures in Fig. 13A-C for nea-
4H/3H/2H, respectively, the negative syn-\s geometry is stabilized
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Fig. 13. Representative cluster structures of (A) nea-4H, (B) nea-3H, (C) nea-2H and (D) nea-2h, which are in good agreement with NMR data. Green lines represent inter-

residual H-bonding interactions.
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Fig. 14. Rational drug design for novel aminoglycosides. (A) Use of a linker between
N2’ of ring I and O5 of ring II, and (B) introduction of a double-bond between C4 and
C5 of ring II in addition to A.

by an inter-residual bifurcated H-bond from N3H of ring II to 05’ of
ring [ and the glycosidic O. Compared to the H1'-H4 distance nea-
2H (2.398 A), Table 8, the h1’-h4 distance of nea-2h (2.555 A) is

observed to increase by ~0.2 A as a result of the ring Il conversion
from “C; to ®rH;. Such an increase is compensated by ¢/ rotation
by —27(°)/+19(°) about the glycosidic bonds of nea-2h. This in turn
disrupts the expected inter-residual bifurcated H-bond in the sec-
ondary neamine species (Fig. 13D), which provides a more flexible
attribution about the glycosidic bonds of the secondary neamine
species, and yet stable enough to preserve the negative syn-\s
geometry in solution.

According to the Boltzmann distribution law results given in
Table 8, nea-3H and nea-2H/h were found to adopt the gt exocyclic
rotamer while nea-4H favors the gg exocyclic rotamer. It is highly
likely that, when all amino groups are protonated, the electrostatic
repulsions between N6'Hj of ring I and N3H3 of ring I forces the
exocyclic group of ring I to adopt the gg rotamer orientation. Such
an electrostatic tension is relieved when N3H, of ring II is not pro-
tonated, yielding the gt exocyclic rotamer orientation.

3.7. Rational drug design

Aminoglycoside modifying enzymes are able to surmount the
energy barrier to convert the glycosidic syn-{y geometry to anti-
\y geometry, which is the preferred conformation for the adenyla-
tion of kanamycin in the active site of ANT 4 [7]. To prevent the
modification of kanamycin-like aminoglycoside antibiotics by
ANT 4, Asensio et al. [6,8] synthesized a conformationally locked
neomycin B to immobilize the glycosidic rotations between ring I
and II. The locked neomycin B succeded to evade bacterial resis-
tance, but exhibited lower binding affinity than neomycin B to-
wards the A-site of 16S rRNA. In a similar vein to the locked
aminoglycoside strategy, Fig. 14A, we computationally determined
that an ethylmethylether tether placed between the N2’ atom of
ring I and the O5 atom of ring II significantly enhances the binding
affinity of locked kanamycin B-like aminoglycosides (data not
shown).

It is highly likely that the existence of a half-chair conformer on
ring II would facilitate the entropy of binding to the A-site of 16S
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Fig. A1. An exemplary gHMBC spectrum showing the C4-H1’ transglycosidic connectivity for nea65p. This spectrum was obtained with a delay time of 1/2.jnxh (where
jnxh = 10 Hz for three-bond correlations). A strong three-bond correlation between C4 and H1’) is circled at 5.82 ppm on F2 dimension with a dashed-line pointing to the C4-

H4 cross-peak (split by 'Jcs_pa ~140 Hz).

rRNA. Therefore it is proposed in this paper that the presence of a
double-bond between C4 and C5 in a conformationally locked
kanamycin B derivative, as exemplified in Fig. 14B, would mimic
a half-chair conformer on ring Il and ease-up the binding process
by a more favorable entropy of binding.
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See Fig. B1.
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Fig. B1. Transglycosidic/anomeric NOE traces for nea74. The overlayed spectra
show transglycosidic NOE traces for nea74s (top) and nea74p (middle) extracted
from the corresponding 2D-NOESY spectrum acquired with a mixing time of 75 ms.
The corresponding '"H NMR spectrum is given at the bottom of the figure. “iu”
values marked on the traces are transglycosidic integral units normalized to the
corresponding reference diagonal peak (H1’ for the primary species and h1’ for the
secondary species) measured on the 2D-NOESY spectrum. The reference diagonal
peak was set to 100,000iu. “*”=very low signal-to-noise ratio. “n.d.” = not
determined. The strongest transglycosidic NOE cross-peaks from h1’ to h4
(positioned at 3.47 ppm on F2 dimension with 687 positive integral units, top
spectrum) and from H1’ to H4 (positioned at 3.57 ppm on F2 dimension with 544
positive integral units, middle spectrum) are clearly seen for nea74s and nea74p,
respectively.
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