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Experimental Evidence for the Existence of Non-exo-Anomeric
Conformations in Branched Oligosaccharides: NMR Analysis of the
Structure and Dynamics of Aminoglycosides of the Neomycin Family
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Abstract: It is commonly known that
the exo-anomeric effect is a major factor
governing the conformational behavior
of naturally occurring oligosaccharides.
Conformational flexibility in these mol-
ecules mainly concerns the aglycon
angle since ¢ is restricted by this stereo-
electronic effect. In fact, to the best of

including sugar residues glycosidated at
contiguous positions (such as blood type
carbohydrate antigens LewisX) have
been considered as the paradigm of rigid
saccharides—the rigidity being en-
hanced by van der Waals interactions.
Herein, we demonstrate unambiguously
that both common beliefs are not to be

generalized. For example in neomycin B,
a branched oligosaccharide antibiotic, a
large number of non-exo-anomeric con-
formations was detected in solution for
the first time in naturally occurring
sugars. This unusual behavior is attrib-
uted to branching. Here, polar contacts
between non-vicinal sugar units lead to

our knowledge no case of a natural
glycoside adopting a non-exo-anomeric

an enhanced flexibility of the ribose
glycosidic torsion ¢. The influence of

E . Keywords: anomeric effect e -
conformation in solution has yet been antibiotics + molecular dynamics - sugar flexibility on RNA recognition
reported. With respect to the flexibility molecular  recognition NMR will also be discussed.
among naturally occurring carbohy- spectroscopy

drates, branched type oligosaccharides

Introduction

Carbohydrates play a key role in energy storage and as
constituents of the structural framework of cells and tissues.
Due to their extraordinary capacity to encode information
stereochemically, saccharides take part in a wide variety of
recognition processes of biological significance. Thus, carbo-
hydrate recognition by proteins has been shown to be
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involved in viral and microbial infection, plants defense,
inflammatory responses, innate immunity, fertilization, tumor
spread, and growth regulation.'?l The three-dimensional
structure of the oligosaccharides plays an essential role in
their interaction with proteins and nucleic acids and thus
determines their biological function. In this sense, a proper
understanding of the different factors that govern sugar—
protein/DNA/RNA interactions requires a detailed knowl-
edge of the three-dimensional structure of the oligosaccharide
in both the free and bound state. Although in most cases both
conformations are basically identical this can not be consid-
ered a general rule and in recent years some cases of
conformational selection by protein receptors have been
reported.’*<! Consequently, the rigidity versus flexibility of
natural oligosaccharides is an issue of great interest, because it
concerns the potential adaptability of these ligands to the
spatial and electronic requirements of the receptor. Although
absolute rigidity can obviously be ruled out, the views
concerning the degree of flexibility have evolved from the
only very restricted fluctuations around a preferred confor-
mations to a wide variability around the glycosidic linkages
with different conformations in exchange depending on their
nature. Thus, the presence of “anti-¥” and “anti-¢” con-
formations (¥/¢ (H-C-O-C)=180°) in solution for some
particular linkages was first suggested by molecular mechan-
ics calculations and later detected by NMR spectroscopical
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methods.[* 3 Nevertheless it has to be pointed out that in all
cases these “anti” conformations were populated not higher
than 5 %. In addition, despite this conformational variability,
all these major and minor conformers are in agreement with
the exo-anomeric effect. In fact, not a single case of a non-exo-
anomeric orientation around ¢ angle has ever been detected
experimentally in solution for naturally occurring O-glyco-
sides.

Aminoglycosides of the neomycin family are a class of
clinically relevant antibiotics that bind to the decoding region
aminoacyl-tRNA site (A-site) inducing codon misreading and
inhibiting translocation.””! From a chemical point of view
they are cationic oligosaccharides characterized by the
presence of a 4,5-disubstituted
2-deoxy-streptamine unit. The
structure of paromomycin (an a) MH, I
oligosaccharide of the neomy- a
cin family) in complex with its HOH o
target RNA has been recently NH, NH
described.’! According to the
coordinates available from HO
X-ray studies,®] the structure
of the sugar in the RNA-bind-
ing pocket can be described in
terms of a single exo-anomeric
conformation for the three gly-
cosidic linkages. It has been
suggested that this corresponds
to the sugar conformation in
solution and therefore the
RNA recognises and binds “na-
tive” solution conformers of the a)
drugs without inducing major
structural distortions.'’! Here

v

ysis was carried out at two different pH values namely 4.7 and
9.7 corresponding to the fully protonated and neutral states,
respectively.

pH 4.7 (fully protonated state): As a first step, selective one-
dimensional NOE experiments were carried out at 313 K and
pH4.7. The branched nature of neomycinB (Figure 1a)
allowed the measurement of an unusually large number of
structurally relevant NOE values (Figures1, 2 and S1,
Supporting Information). In addition, 3/ values were meas-
ured for the ribose ring (Table 1). The analysis of the coupling
constants for the idose ring show unambiguously that the
ICy(L) conformer (with three axial and two equatorial

b)

Figure 1. a) Schematic representation of neomycin B along with the numbering employed for the different sugar
units. b) Structurally relevant interproton distances measured in neomycinB at 313 K and pH 4.7.
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Figure 2. a) Experimental build-up curves obtained from selective 1D NOE experiments with the 1D-DPFGSE
NOE pulse sequence at 5 mixing times, 313 K and pH 4.7 for neomycin B. b) Selective 1D NOE experiments with
the 1D-DPFGSE NOE pulse sequence, corresponding to the inversion of Hlg;,, Hlg, and Hly,(from top to
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Table 1. Experimental and theoretical distances and coupling constant values obtained for aminoglycosides of the neomycin family.=!

Neomycin B Neomycin B Ribostamycin Neamine
pH 4.5 pH 9.7 pH45 pH45
d[A] Exptl MD PBC MD-tar J PBC MD-tar Exptl MD-tar Exptl MD-tar Exptl MD-tar
[10 ns] [1 ns] [80 ns] [80 ns] [80 ns] [80 ns]

Hlg.—Hds,, 2.5 2.7 2.8 2.6 2.5 2.5 2.5 2.7 2.4 2.5
Hlgie—HSsp 3.0 3.0 2.9 3.1 >3.5 34 3.1 3.1 3.6 35
Hlge—H3sgp - - - - 34 32 - - >4.0 42
Hlg,.— H5g;, 3.0 32 4.5 3.1 - - 33 3.4 - -
Hlg,.—H2g;, 3.6 3.1 3.1 34 3.6 34 3.6 33 - -
Hlg,.—H3gy, >3.5 3.6 32 3.1 >3.5 35 >3.5 3.1 - -
Hlg;,—HSs,, 2.3 2.5 2.6 2.5 2.3 2.6 22 2.5 - -
Hl gy, - Hésy >4.0 45 >4.0 44 2.7 2.9 >35 37 - -
Hlggp,—H6gy, 3.6 33 32 33 3.1 3.0 33 3.1 - -
H2gy, — Hbgyy,, 33 33 33 3.4 38 3.6 3.1 32 - -
Hlg;,— Hégy, 32 3.1 3.1 3.1 32 3.1 3.1 32 - -
H1;4,—H3gy, 2.6 2.7 2.7 25 24 2.5 - - - -
H14,—H2gy, 3.1 3.0 2.7 3.0 2.6 2.7 - - - -
H14,—H4gy, 3.9 4.1 43 3.7 >4 4.0 - - - -
J Exptl MD PBC MD-tar J PBC MD-tar Exptl MD-tar Exptl MD-tar Exptl MD-tar
[Hz] [10 ns] [1 ns] [80 ns] [80 ns] [80 ns] [80 ns]
Hlgy,—H2gi, 2.7 4.3 32 32 2.7 2.7 2.0 2.6 - -
H2g;, — H3gip, 4.5 4.0 43 4.0 4.5 4.6 4.5 4.0 - -
H3g;, — Hégip 6.3 4.6 6.1 5.8 6.4 6.3 6.8 6.4 - -
H4g;, —HS5r gy 5.5 4.5 2.1 5.2 4.5 42 5.8 6.1 - -
H4g;, —HSs gy 32 32 2.8 3.8 2.7 2.6 2.9 3.8 - -

[a] For neomycin B at pH 4.7 average distances and J values obtained from unrestrained MD simulations, from MD-tar runs including only J information, and
from MD-tar simulations using coupling constants and distances are shown for comparison. Unrestrained simulations and MD-tar runs including only J
values were carried out using explicit solvent, periodic boundary conditions (PBC), and Ewald sums for the treatment of electrostatic interactions (see the

experimental part). In vacuo MD-tar runs were run with & =80.

substituents) is the major conformer in water(>98%). All
"H NMR signals for the idose H1 — H4 ring protons are broad
singlets, which is in agreement with a gauche-type arrange-
ment of the vicinal proton pairs. In addition, a very strong
H-1/H-5 intraresidue NOE indicates a syn-diaxial relationship
for this proton pair.

Careful inspection of all the NOE and J data immediately
suggest the existence of a significant degree of internal
mobility in the tetrasaccharide, because no single structure
can satisfy all the constraints simultaneously. In order to
obtain an experimentally derived ensemble, 80 ns MD-tarl'!]
simulations (in vacuo, ¢ =80) were carried out by including
five coupling constants (see Table 1) and 14 experimental
distances as time-average restraints with the AMBER 5.0
program.['” In addition, 10 ns unrestrained MD simulations
were performed for comparison. The obtained MD-tar
distribution of conformers for every particular glycosidic
linkage is shown in Figure 3a, superimposed on the MM3*
steric maps previously calculated. It can be observed that for
the Glc a(1-5)2-deoxy-Strp linkage a major population is
centered around ¢/yp=—45°/—45°. A minor population
around ¢/¥=—-25°30° was also detected. In contrast, the
Ido B(1-3)Rib linkage is characterized by a high degree of
flexibility with two different conformations almost equally
populated located at ¢/¥=—50°/ —40° and ¢/¥=—50°/40°.
Nevertheless, both glycosidic linkages exhibit common fea-
tures: ¢ values are scattered around the exo-anomeric region;
the conformational flexibility is mainly restricted to the
aglyconic  torsion. This constitutes the usual behavior in all
naturally occurring O-glycosides described thus far. A totally
different behavior is observed for the Rib 3(1-6)2-deoxy-Strp
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linkage. In this case, two populations characterized by differ-
ent ¢ values (50°/25° and — 10°/25°) were detected. In contrast
to common behavior, this glycosidic linkage shows a larger
degree of mobility around ¢ than around . Moreover, MD-
tar simulations indicate that a large percentage of the
population (>30%) is located in non-exo-anomeric regions
with ¢ about —10°. Indeed, the occurrence of a non-exo-
anomeric orientation around ¢gy, is experimentally proven by
a medium NOE H2g;,-H6g,,,, exclusive of this conformational
region. That is, the existence of a short H-2g;,/H-6,,, average
distance can never be explained without assuming a remark-
able deviation from the exo-anomeric region for ¢y, (the
H-2gy,/H-64,,, distance for the exo-anomeric region is longer
than 4.1 A).

Sensitivity of the results to the simulation conditions: Is
important to bear in mind that, despite the relatively large
number of experimental constraints employed (twice or three
times the usual number), the system has still a certain degree
of underdetermination. This is a normal problem when
flexibility is considered for the interpretation of NMR data
of biomolecules in general, and of carbohydrates in particular.
Thus, in principle, some dependency of the different con-
formational populations on the computational details would
be expected. However, this dependency can in principle be
assessed by performing the MD simulations under a variety of
different conditions and protocols. Thus, for neomycinB,
additional MD simulations were carried out (Figure 4, S2):
Unrestrained; including only J information as time-averaged
constraints, (Thus, we warranted that the ribose puckering
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Figure 3. a) Experimentally derived MD-tar distributions obtained from a 80ns length simulation for the Gle/Strp (left), Strp/Rib (middle) and Rib/Ido (right) linkages at pH 4.7(the fully protonated state). The
presence of a very significant non-exo-anomeric population for the Strp/Rib linkage (middle) is highlighted in black. Bottom: Ribose puckering distribution from MD-tar simulations is also shown. b) Experimentally
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Figure 4. ¢g;, distributions obtained from MD simulations carried out for neomycinB under a variety of different conditions (from left to right,
unconstrained, including only J or both J and NOE values). In all cases the theoretical key distance H2gy, —Hég,, is indicated. The experimental value is

shown in the right-hand corner.

distribution is reproduced by the calculations) including both

J and NOE information, as time-averaged restraints.

In addition, different conditions were tested for both
restrained and unrestrained simulations. Thus, calculations
were run: without charges; with charges and &=80; with
charges and e=4r; with charges, explicit solvent, periodic
boundary conditions, counterions, and Ewald sums for the
treatment of the electrostatic interactions.

Finally, for the constrained trajectories, different simulation
lengths, force constants, and exponential decay coefficients
were also tested. In all cases, average distances and J values
were calculated and compared with the experimental ones.
The obtained results can be summarized as follows:
® As expected for a charged molecule such as neomycin B,

the results of the simulations are sensitive to the computa-

tional details in absence of experimental constraints (Fig-
ure 4). Thus, depending on the conditions a rather different
behavior for the ribose moiety is observed. Although, none
of this calculations were able to fully reproduce the
experimental data, the best results were clearly obtained
when explicit solvent (TIP3P water), periodic boundary
conditions, counterions and Ewald sums for the treatment
of the electrostatic interactions were employed (see

Table 1). In this case, a qualitative agreement between

theoretical and experimental J and NOE data was ob-

tained. This trajectory was the only unrestrained one able
to reproduce the non-exo-anomeric NOE H2g;,-H6g,,.

e MD-tar trajectories including only J information were also
found to be sensitive to the simulation conditions (Fig-
ure 4). Although the ribose puckering distribution was
correctly reproduced, large violations of the experimental
distances were observed in all cases for the “in vacuo” runs
(independently of the dielectric constant). In contrast, a
reasonable agreement between theoretical and experimen-
tal data was obtained when explicit solvent and counterions
were included in the calculation. Once again, this trajectory
was the only one able to reproduce the non-exo-anomeric
NOE H2g;,-Hég,,,,.

5232
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o MD-tar simulations including both NOE and J information
were found to correctly reproduce the experimental data
independently of the simulation conditions. More impor-
tant, the conformational behavior predicted for neomy-
cinB was very similar in all cases. Although some differ-
ences in the obtained distributions for ¢g;, can be observed
(Figure 4) in all cases, the calculations predicted the
existence of remarkable deviations from the exo-anomeric
region for this glycosidic torsion. Interestingly, simulations
carried out with explicit solvent (both unrestrained or
including only J restraints) predicted very similar non-exo-
anomeric populations for ¢g;, than those reproduced by
the “in vacuo” trajectories that included both NOE and J
information.

Lastly, it has to be mentioned that potential energy curves for
the rotation around ¢y, were also obtained employing both
the MM2* and MM3* force-fields (Figure S3, Supporting
Information). In all cases the calculations predict the exis-
tence of an enhanced flexibility for this glycosidic torsion
together with significant deviations from the normal exo-
anomeric region.

Comparison of all these data clearly indicate that a correct
puckering distribution for the ribose ring together with a
significant non-exo-anomeric (between 10° and —30°) pop-
ulation for ¢y, (between 20% and 30% depending on the
conditions) are indeed essential in order satisfy the H2g;,—
Hég,,, NOE. This conclusion is not based on the analysis of a
single MD trajectory, but on the extensive comparison of the
results obtained under many different simulation conditions.
In this sense, our results are relatively independent of the
particular computational details (force field, charges etc.) of
the calculations.

Ribose conformation and neomycin structure: Interestingly,
there is a strong correlation between the Rib ring conforma-
tion and the glycosidic torsion ¢g;, according to the MD-tar.
The experimentally derived puckering distributions (Fig-
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ure 3a) show the presence of two different conformational
regions populated in solution with phase angles around 20°
(60-70%) and 160° (30-40%) (herein referred as “N” and
“S” regions, respectively). Thus, when the Rib ring is in the
“S” state, ¢ adopts values for the exo-anomeric region
(Figure 5). In contrast, for the “N” region, ¢ presents
significant deviations from the exo-anomeric values. This
behavior is reproduced by MD-tar simulations carried out
including only the J values for the ribose unit as restraints. To
provide an explanation for this observation MD simulations
of neomycin B were run both “in vacuo” ,with e =1 and ¢ = 80,
and with explicit solvent (see the Experimental Section).
Ribose puckering was switched from “N” to “S” state by
means of dihedral angle constraints and the effect on ¢gy, was
monitored. Figure 6 a shows the observed variations in ¢gy,. In
the first half of the MD-run, the ribose puckering is “N”, while
it adopts the “S” state during the second half. With =1,
significant deviations from the exo-anomeric regions were
observed for both sugar puckerings. Detailed inspection of the
structures shows the presence of a bifurcated hydrogen bond

involving the amino group at position 2 of the glucose unit as a
donor and both O4 and OS5 in the ribose as acceptors
(Figure 6b). This polar contact between the non-vicinal
residues is responsible for the observed shift in ¢y, towards
non-exo-anomeric regions. In fact, for the “in vacuo” runs
with & =80, all glycosidic torsions are in agreement with the
exo-anomeric effect independent of the ribose ring confor-
mation. MD-runs in presence of explicit water molecules and
counterions (see the Experimental Section) indicates that the
polar contacts between the non-vicinal Glc and Rib units are
selectively disrupted by solvent only for the “S” puckering,
but not for the “N” (Figure 6). Thus, the different effect of the
solvent on both species are at the origin of the observed
correlation between the ribose ¢ angle and the sugar
conformation. As a final test, solvated MD-tar simulations
of the non-branched 2,6-dideoxy-2,6-diamino-L-Ido-3(1-3)-
Rib-f(1-5)-2-deoxy-Strp fragment of neomycin B (rings II, ITT
and IV) were carried out employing only theoretical J
restraints for the ribose. The results obtained for this linear
trisaccharide conclusively show that in absence of branching
the overall rigidity around ¢y,
increases, independently of the
puckering distribution consid-

G: [ L ered for the ribose, and now all

P 60 | torsion values are consistent

= 420 with the exo-anomeric effect

- 480! | (Figure 7). It has to be men-

o | R tioned that the conformational

p-non-exo 120 s ik behavior of the Rib/Strp link-

0 " p5£0 1000 o, /deg age in neomycinB is qualita-

Figure 5. Left: Variations in ¢g;, (bottom) and the Rib puckering phase angle (top) during a few picoseconds of
the MD-tar simulations. Deviations from the exo-anomeric region are strongly correlated with the ring puckering.
Right: Representation of the phase angle (@) vs glycosidic torsion angle (¢) for the ribose unit. It can be observed
that non-exo-anomeric ¢, orientations are significantly populated only for a “N” puckering.

tively reproduced (see Table 1)
by this kind of MD-runs (in-
cluding only experimental J in-
formation for the ribose ring).
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Figure 6. a) Schematic representation of the observed variations in ¢g;, during 1 ns of a “in vacuo” MD simulation with ¢ =1 and ¢ =80 (bottom) and a
solvated MD simulation with explicit solvent, periodic boundary conditions and Ewald sums for the treatment of electrostatic interactions (middle). In all
cases, ribose puckering was switched from “N” to “S”, in the middle of the simulation, employing dihedral angle constraints and its influence on ¢g;, was
monitored. Variations in the distance between amino group at position 2 of the glucose and O4y;, during the solvated MD run are represented in the upper
part of the figure. b) Snapshots, taken from the solvated MD simulation, corresponding to neomycin B with the Ribose in the “N” (upper part) and “S” (lower
part) states. Polar contacts between the non-vicinal Glc and Rib moieties are shown in the upper part. In addition, the H2y, — H6,,, NOE, characteristic of
non-exo-anomeric ¢g;, angles is shown for the “N” puckering (uppert part).
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In a similar way, the confor-
mational properties of the Ido/
Rib linkage seem to be corre-
lated with the ribose structure
(Figure 8). Thus, v angle adopts
mainly positive values (around
+45°) for a “S” ribose and
negative (around —50°) for a
“N” conformation (although it
is significantly more flexible for
the later case). It is well known
that conformational preferen-
ces around ¥ angle in natural
O-glycosides are modulated by
1:3 syn-diaxial interactions!']
with vicinal OH groups (Fig-
ure 8). Accordingly, conforma-
tional populations character-
ized by negative vy values (Fig-
ure 3a) would be destabilized
by a 1:3-type contact with the
pseudoequatorial OH2, only for the “S” puckering (Fig-
ure 8). This contact does not exist for a ribose “N” con-
formation where OH2,, is pseudoaxial and therefore a larger
flexibility is expected, also in agreement with the MD-tar
results.
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Figure 7. ¢y, and ¢y, distributions for the non-branched 2,6-dideoxy-2,6-
diamino-L-Ido-3(1-3)-Rib-5(1-5)-2-deoxy-Strp fragment of neomycinB
(rings II, IIT and IV), obtained by solvated MD-tar simulations employing
only theoretical J constraints. Interestingly, the conformational behavior of
the Rib/Strp linkage in neomycinB is qualitatively reproduced (see
Table 1) by this kind of MD-runs (including only experimental J
information for the ribose ring). Surprisingly, comparison between MD
runs for both compounds conclusively show that the overall rigidity around
¢rip increases in the non-branched trisaccharide with respect to the
tetrasaccharide, independently of the puckering distribution considered for
the ribose in the former case. In fact for the linear trisaccharide, all torsion
values are consistent with the exo-anomeric effect. ¢g;, and vy, distribu-
tions for the trisaccharide are shown in black. The corresponding
distributions for the whole tetrasaccharide are shown in grey for
comparison.
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Figure 8. Top: 1,3-syn-diaxial interactions established by OH2g;, and OHSg;, with the vicinal OH3g;, group are
dependent on the ribose ring conformation. Bottom: Schematic representation of the ribose phase angle (&) vs
P10 from a 80 ns MD-tar simulation including both distance and J values. Both parameters are strongly
correlated. Thus, ¥4, adopts positive values mainly for the “N” ribose puckering. This orientation is destabilized
for the “S” ribose puckering by a 1,3-syn-diaxial interaction with the pseudoequatorial OH2g;, group.

Experimental evidence of neomycinB flexibility: According
to the MD-tar simulations the Ido/Rib linkage has the larger
degree of internal mobility in the tetrasaccharide followed by
the Rib/Strp bond. This point is further supported by the
dependency exhibited by the intraresidue NOEs on temper-
ature for the different sugar units. Figure 9 shows selective

33K 293 K

T __-.L-.’EM.,Uh_

5.5 50 (ppm) 60 55 50 {ppm)

| ‘ |
' 50
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—
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Figure 9. Dependency exhibited by the intraresidue NOEs on temperature
for the different sugar units. Selective NOEs obtained upon inversion of the
three anomeric protons at 313 K (left) and 293 K (right). It can be observed
that at 313 K the three sugar units (Glc, Rib and Ido) present positive
NOEs. In contrast, at 293 K an inversion in the sign of the intraresidue
contacts is observed for the Glc and Rib units but not for the Ido ring.

55
f—

6.0

NOEs obtained upon inversion of the three anomeric protons
at 313 K (left) and 293 K (right). It can be observed that, at
313 K, the three sugar units (Glc, Rib and Ido) present
positive NOEs (high mobility). In contrast, at 293 K, an
inversion in the sign of the intraresidue contacts is observed
for the Glc and Rib units but not for the Ido ring. This
observation is consistent with a shorter local correlation time
for this terminal residue. The ribose unit also exhibits a large
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degree of flexibility according to the MD-tar data. However,
in this case, internal mobility around the glycosidic linkage is
couple to the “N”/“S” exchange in the furanose ring and
influenced by remote contacts with the Glc sugar moiety.
Therefore a larger energy barrier and a slower conformational
exchange would be expected.

pH 9.7 (the neutral state): In a second step, the structural
analysis of the oligosaccharide was carried out at pH 9.7,
corresponding to the neutral state of the molecule. First, J
values for the Rib and Ido rings were found to be identical to
that observed at acidic pH values. However, qualitative
inspection of the structurally relevant NOE values indicates
the existence of significant conformational differences be-
tween the neutral species and the fully protonated neo-
mycinB. First, a shorter Hlg.—H3;,, average distance is
deduced for Glc/Strp linkage
(see Table 1). This is consistent
with an increase in the popula-
tion around ¢/¥=—40°/180°
region (anti vy region). In a
similar way, a very significant |
shortening in the Hlg;,—Hdg,, JUR_N L AL MR,
and Hlgy,—-H6g,, is observed
for the Rib/Strp linkage prob-
ing the presence in solution of a oL Ll PR ey e
certain population around ¢/ 4.0
W=50"/180° (anti ¥ minima). < &/pem
In addition, an increase in the
average H2g;,—H6g,, indicates
that, under these conditions, the
deviations of ¢g;, from the exo-
anomeric region are less pro-
nounced that those observed at
pH 4.7. This observation strongly suggests that the polar
interactions between the Glc and Rib units, previously
described, are weaker in the neutral antibiotic. Finally, the
shortening of the average H1,,,—H2y;, distance suggests a
slightly different conformational behavior for this linkage. In
order to get an experimentally derived ensemble, 80 ns MD-
tar simulations (“in vacuo”, ¢=80) were carried out by
including five J coupling constants (see Table 1) and 13
experimental distances as time-average restraints. The ob-
tained MD-tar distribution of conformers for every particular
glycosidic linkage is shown in Figure 3b, superimposed on the
steric MM3* maps. As expected, a much larger degree of
flexibility is observed in neutral neomycin B with respect to
the fully charged antibiotic. Significant differences between
both pH values are evident for the three glycosidic linkages.
First, at basic pH, for the Glc-Stpr fragment there is an
increase in the population around ¢/¥ ~ —20°40°. In
addition, a minor anti-y (/¥ = —40°/180°) population is also
detected. Similarly, the Rib/Strp linkage shows a large
mobility around  with a significant percentage of anti-y
conformation (50°/180°). Additionally, non-exo-anomeric ori-
entations around ¢g;, are clealy reduced with respect to the
low pH studies. Finally, for the Ido/Rib linkage a shift in
population from minimum ¢/¥=—50°/40° to ¢/¥=—50°/
—40° takes place.

a)
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Structural analysis of ribostamycin and neamine in solution

The NMR analysis of the neomycin B fragments ribostamycin
and neamine was also carried out for comparison purposes.
Experimentally derived distances and J values at pH 4.7 are
shown in Table 1. For ribostamycin, their comparison with
those previously obtained for the whole tetrasaccharide (see
Table 1) suggests that the structural differences between them
are almost negligible. In fact, a clear H2gy,—Hé6g,, NOE
characteristic of non-exo-anomeric populations around ¢g;,
was also observed for the trisaccharide (Figure 10). The MD-
tar simulations indicate that the conformational behavior of
ribostamycin is almost identical with that previously described
for neomycinB. The obtained MD-tar distribution of con-
formers for every particular glycosidic linkage in ribostamycin
is shown in Figure S4 in the Supporting Information.

b)
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Figure 10. a) Selective 1D NOE experiment with the 1D-DPFGSE NOE pulse sequence, corresponding to the
inversion of H2g;, in ribostamycin at pH 4.7. The H2g;,—H6g,, characteristic of non-exo-anomeric ¢y,
populations is shown. b) Experimental build-up curves corresponding to the interresidue Hég,,—H2g;, and the
intraresidue H6g,, —H4s,, NOEs obtained from selective 1D NOE experiments with the 1D-DPFGSE NOE
pulse sequence at five mixing times, 313 K and pH 4.7.

In a similar way, NMR analysis of neamine indicates the
existence of slight structural differences with respect to the
Glc/Strp fragment in the tetrasaccharide. Thus, ¢ angle is
slightly shifted towards lower values (40°, Figure 11). Fur-
thermore a different population of rotamers around % is
observed (Figure 11) in the disaccharide. These differences
are the result of remote contacts between the Glc/Rib units in
neomycin B, which are obviously absent in neamine.

Summary and discussion of the results obtained for the
antibiotics in the free state

Several conclusions can be drawn from these results. First,
structural analysis of neomycin B and ribostamycin in the free
state unequivocally shows that flexibility in natural O-glyco-
sides is not restricted to the aglyconic i angle, but in certain
cases ¢ can also undergo conformational fluctuations, even
adopting non-exo-anomeric orientations. To the best of our
knowledge these antibiotics represent the first reported case
of occurrence of a large population of non-exo-anomeric
conformers in solution. Here, this unusual behavior has its
origin in the presence of polar and steric contacts between the
non-vicinal glucose and ribose moieties.
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In order to estimate the energy cost for the observed ¢g;,
deviations from the exo-anomeric region, calculations at
B3LYP/6-31G(d,p) level of theory for both ribose sugar
puckers were carried out employing the model shown in
Figure 12.' Potential energy curves corresponding to ¢
variations between 120° and —60° were obtained by re-
strained geometry optimization. Two different minima (A and

b
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Figure 12. Potential energy curves corresponding to ¢ variations between
120° and —60° obtained by restrained geometry optimization at the
B3LYP/6-31G(d,p) level of theory for both ribose sugar puckers. Minima
were identified by full geometry optimization.

B, Figure 12) were identified for both sugar puckers by full
geometry optimization. It can be observed that transition
from minimum A (in the exo-anomeric region) to minimum B
(non-exo-anomeric) has and energy cost of at least
2.9 kcalmol~% In contrast, as described above for the fully
protonated state of neomycin B, this AG cost is 0.16 kcalmol~!
and 2.1 kcalmol™' for the “N” and “S” puckerings, respec-
tively, according to the MD-tar derived populations (Fig-
ure 5). As previously mentioned, polar and steric contacts
between the non-vicinal Glc and Rib moieties, sensitive to
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ribose ring pucker, account for this relative stabilization of
non-exo-anomeric conformations in neomycin B.

Many relevant saccharides, such as the blood group
antigens, include sugar units glycosidated in contiguous
positions. It has been assumed that this pattern of substitution
increases overall rigidity of the ligand due to steric contacts
between both substituents.'>] Our results indicate that this can
not be considered a general rule and that this depends on the
configuration and chemical nature of the contiguous sugar
units. In neomycin-like antibiotics, rigidification of yy;, angle
is compensated by remarkable enhancement of the internal
mobility around ¢g;,.

Structure and flexibility of neomycin-like antibiotics bound to
A-site ribosomal RNA—Comparison with the free state

Carbohydrate mobility has been shown to play an important
role in their recognition by proteins.'l Thus, in some cases,
sugar rigidification upon binding is known to make a
significant contribution to the entropic barrier of the process.
This effect has been suggested to be at the origin of the
enthalpy/entropy compensation phenomenon usually ob-
served for this kind of interactions.l') Nevertheless, up to
now, no detailed studies on the role of carbohydrate flexibility
in their recognition by RNA have been reported. A proper
understanding of the driving forces behind neomycinB
recognition by its target RNA requires a detailed knowledge
of the structure and dynamical behavior of the ligand in both
the free and bound states. Our data provide a quantitative
description of the neomycinB conformational behavior in
solution and shows that, despite its branched nature, it is
characterized by a remarkable flexibility with different
conformations (even non-exo-anomeric ones) in fast ex-
change. If the oligosaccharide internal mobility is severely
restricted upon binding to RNA then a significant entropic
contribution to the global AG of the process would be
expected. In fact, it has been suggested that the ligand
rigidification could have a significant contribution to the
global AS in aminoglycosides.'”l Both NMRI! and X-ray!®
studies provide detailed information about the three-dimen-
sional structure of neomycin-like oligosaccharides in com-
plexes with RNA. Thus, the structure of paromomycin (a
tetrasaccharide of the neomycin family) in a complex with its
target RNA has been described by both X-ray!® ¥ and NMRI"!
methods in few years. These studies have provided a very
detailed information on the conformational preferences of
antibiotics of the neomycin family, bound to their target RNA.

In order to estimate the degree of conformational restric-
tion imposed on neomycinB by the A-site RNA binding
pocket, we carried out solvated MD simulations of the
complex. Initial structures of the neomycin B/RNA complex
were built from those reported for the paromomycin/A-site
complex derived by both X-ray (pdb accession code 1FJG)
and NMR methods (pdb accession code 1PBR). An inde-
pendent 5 ns simulation was run from both starting coordi-
nates. They were performed using periodic boundary con-
ditions and the particle-mesh Ewald approach'®! to introduce
long-range electrostatic effects. In all cases, RNA structures
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were represented using AMBER-95 force-field parameters,!'?
while water was represented by means of the TIP3P!"! model.

Figure 13 shows the all atom RMSD deviations observed
during the 5ns MD simulations with respect to the initial
(experimental) structures. In both cases, the two terminal base

a) b)
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ol

range. Obviously, this value constitute a lower limit as only a
few degrees of freedom (¢/y angles) has been taken in
account. Thus, conformational restriction of the hydroxy-
methyl groups upon binding probably makes also a significant
contribution to the global AG. From the experimental
distribution corresponding to
the ribose hydroxymethyl in
the free state (obtained from
the MD-tar data) and those
derived from the MD simula-
tions of the complex an addi-
tional —TAS contribution of
0.7-1.0 kcalmol™' at 300K
was estimated. Interestingly, ac-
cording to both the X-ray and
NMR structures of the com-

Figure 13. a) Snapshots taken from 5ns MD simulations of to the neomycinB/A-site complex. The initial
structure was built from the coordinates corresponding to the X-ray structure of the 30S ribosome subunit in
complex with paromomycin (pdb accession code 1FJG). b) All atoms RMSD deviations with respect to the initial
X-ray (black) and NMR (grey) experimental structures along the simulation. The two terminal base-pairs at each
end of the RNA fragment and the flipped out A1492 and A1493 residues were not included in the RMSD

calculations.

pairs at each end of the RNA fragment and the flipped out
residues A1492 and A1493 were excluded from the RMSD
calculation. It can be observed that after a 5 ns run deviations
from the X-ray experimental coordinates are below 1.2 A. By
contrast, this value is 3.2 A for the trajectory that employed
the NMR coordinates as starting point. Probably, the poorer
definition of the RNA phosphate backbone in the initial
NMR complex is responsible for this deviation. It has to be
mentioned that all the stabilizing sugar/RNA contacts ob-
served in the X-ray structure, and most of those reported for
the NMR complex are preserved during the whole trajectories.

Interestingly, both simulations predict a similar degree of
conformational restriction in the oligosaccharide upon bind-
ing to its target RNA fragment. Figure 14 shows the exper-
imental ensemble corresponding to neomycinB in the free
state (obtained from the MD-tar simulations) in comparison
with a theoretical ensemble corresponding to the antibiotic in
complex with RNA (obtained from the MD simulations that
started from both the X-ray and NMR coordinates). Distri-
bution of ¢(solid) and y(dotted) angles in both states are
shown for the three glycosidic linkages (from top to bottom,
Glc/Strp, Rib/Strp and Ido/Strp). These distributions were
employed to evaluate the contribution (— TAS) that rigifica-
tion of every glycosidic linkage has to the global AG at 300 K.
The — TAS values obtained are shown in Table 2. According
to these data, a significant lost of conformational freedom
upon binding is predicted mainly for the Rib/Strp and Glc/
Strp linkages with — TAS values of around 1 kcalmol~! per
linkage at 300 K. A slightly lower contribution (0.5-
0.8 kcalmol!) is predicted for the Ido/Strp bond. In fact both
X-ray and NMR data indicate that this sugar fragment retains
a significant internal mobility in the RNA bound state. Taking
in account the three linkages the entropic cost associated to
the ligand conformational freezing is in the 2.4 -3.0 kcalmol~!

Chem. Eur. J. 2002, 8, No. 22

0 1000 2000 3000 4000 5000

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

plex, the OH6 of both Glc and
Ido moieties are also involved
in RNA recognition. Assuming
a similar contribution to that
estimated for the Rib hydrox-
ymethyl group the total contri-
bution that neomycin rigidifica-
tion has to AGy;pging iS probably
larger than 45 kcalmol~'.

tips ==

Conclusion

Herein, we demonstrate unambiguously that in solution the
conformational behavior of the branched oligosaccharide
antibiotic neomycinB is characterized by a remarkable
flexibility with different conformations, even non-exo-anome-
ric ones, in fast exchange. This unusual behavior is related to
the existence of branching. Here, polar contacts between non-
vicinal sugar units leads to an enhanced flexibility of the
Ribose glycosidic torsion

Our results suggest that freezing of the aminoglycoside
upon binding to its target RNA makes a very significant
contribution to the global AG of the process. This result opens
the door to the design of neomycin conformationally con-
strained analogues able to bind RNA with a lower entropic
penalty.

Experimental Section

Atomic charges for neomycinB were derived from HF/6-31G(d) ESP
calculations using the Gaussian-942 program. This program was also used
for the B3LYP/6-31G(d,p) optimizations. All MD simulations were carried
out using the sander module within the AMBER 5.0 package!'?l and the
Cornell etal. force field."”) Parameters for the acetalic functions were
taken from GLYCAM.P! Minimized neomycinB geometries were em-
ployed as starting structures for the simulations corresponding to the free
state. The starting structures for the sugar/RNA complex were built from
those reported for the paromomycin/A-site complex derived by both X-ray
(pdb accession code 1FJG) and NMR methods (pdb accession code 1PBR).
Solvated unconstrained simulations corresponding to both free and bound
state and MD-tar simulations including only J information were carried out
employing the following protocol. First, the free or complexed oligosac-
charide was immersed in a bath of 2000-3200 TIP3P water molecules!'”)
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Figure 14. Experimental ensemble corresponding to neomycin B in the free state (obtained from the MD-tar simulations) in comparison with a theoretical ensemble corresponding to the antibiotic in complex with
RNA obtained from the MD simulations (starting from both X-ray and NMR coordinates). Distribution of ¢ (——) and 1 (esee) rotamers in both states are shown for the three glycosidic linkages (from top to bottom,
Glc/Strp, Rib/Strp and Ido/Strp). According to this data, rigidification of the sugar moiety upon binding should make a significant contribution to the entropic barrier of the recognition process.
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Table 2. Entropy penalties associated to the freezing of the glycosidic (¢) and aglyconic () torsion angles of Neomycin-B upon binding to the decoding

region aminoacyl-tRNA site (A site), for each glycosidic linkage.[?!

Linkage Siree Shound AS — TAS [kcal mol~!] Sbound AS — TAS [kcal mol™']
(X-ray) (torsion) (linkage) (NMR) (torsion) (linkage)
Glc/Strp ¢ 6.92 5.62 —1.30 0.39 1.04 5.83 -1.09 0.33 0.95
Y 7.56 5.39 -217 0.65 5.49 -2.07 0.62
Rib/Strp ¢ 8.25 6.06 -2.19 0.66 1.18 6.30 -1.95 0.59 0.93
WP 7.16 5.44 -1.72 0.52 6.02 -1.14 0.34
Ido/Rib ¢ 7.09 6.39 —0.70 0.21 0.82 6.32 -0.77 0.23 0.51
Y 8.59 6.55 —2.04 0.61 7.66 -0.93 0.28
total ¢,y 3.04 2.39

[a] Conformational entropies for the free state were derived from the MD-tar distributions. Conformational entropies for the bound state were obtained
from unrestrained MD simulations of the sugar/RNA complex employing both the X-ray (left) or the NMR (right) structures as starting coordinates. Total AS

is probably higher due to the additional freezing of the hydroxymethyl groups.

(for the free and bound state, respectively) and neutralized with Na* (for
the complexed state) or Cl- (for the free state) ions using standard
parameters for the Cornell et al. force field.'"”) These ions were placed in
the most favorable locations by using Coulombic potential terms with the
LEAP module.”l All simulations were performed using periodic boundary
conditions and the particle-mesh Ewald approach!'! to introduce long-
range electrostatic effects. The SHAKE algorithm®! for hydrogen atoms,
which allows the use of 2 fs time step, was employed. Finally, a 9 A cutoff
was applied to Lennard-Jones interactions.

Equilibration of the system was carried out as follows in all cases; as a first
step, a short minimization with positional restraints on solute atoms was
run to remove any potentially bad contact. The force constant for the
positional constraints was 500 kcalmol~' A. We ran then a 12.5ps
molecular dynamics calculation at 300 K maintaining positional restraints
on the sugar or sugar/RNA complex in order to equilibrate the water box
and ions. For these two steps, a9 A cut-off was used for the treatment of the
electrostatic interactions. As a next step, the system was equilibrated using
the mesh Ewald method, as water properties are slightly different with this
treatment i.e., density, average water—water energy and water diffusion
values are slightly lower. With this purpose, a short MD simulation
(12.5 ps) was run at 300 K, also using the Ewald approach for long-range
electrostatic effects. Then, the system was subjected to several minimiza-
tion cycles (each using 1000 steepest descent iterations) gradually reducing
positional restraints on the sugar or sugar/RNA complex from
500 kcalmol~! A to 0. Finally, unrestrained MD trajectories at constant
pressure (1 atm) and temperature (300 K) were collected and analyzed
using the Carnal program.?¥ Simulation lengths were 10 and 5ns for
unconstrained free and bound simulations, respectively and 1 ns for MD-
tar simulations including only J infomation.

In addition, “in vacuo” 80 ns MD-tar simulations were performed including
14 NOEs and 5 J values corresponding to the ribose ring for the protonated
state (pH 4.7) and 13 NOE:s and five J for the neutral state (pH 9.7). For the
protonated state different trajectories were collected both without charges
and with charges (¢ =4r and ¢ = 80). NOE-derived distances were included
as time-averaged distance constraints and scalar coupling constants as time
averaged J coupling restraints. A (r=°) "¢ average was used for the
distances and a linear average was used for the coupling constants. The J
values are related to the torsion 7 by the well known Karplus relation-
ship:1?

J=Acos?(t) + Beos(t) +C

The A, B and C values were chosen to fit the extended Karplus— Altona
relationship for every particular torsion. At the end of the simulations the
averaged J values were calculated using both the regular Karplus and the
complete Altona equations and compared with the experimental ones.

Trial simulations were run using different simulation lengths (between 1
and 80 ns) and different force constants for the distances (between 10 and
30 kcalmol~! A?) and J coupling constants (between 0.1 and 0.3 kcal-
mol~'Hz?) constraints. Different values for the exponential decay constant
(between 100 ps and 8 ns) were also tested. These preliminary runs showed
that for this flexible molecule, the use of exponential decay constants
shorter than 1 ns produced unstable trajectories and led in some cases to
severe distortions of the sugar rings. In contrast, good results were obtained
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when using exponential decay constant values of 5 ns or larger. It has been
estimated that simulation lengths of ca. one order of magnitude larger than
the exponential decay constant should be used to generate reliable
estimates of average properties.’l Thus, the final trajectories were run
using an exponential decay constant of 8 ns and a simulation length of 80 ns.
It is also known that when using large force constants for the J coupling
constraints, the molecule can get trapped in high energy, physically
improbable, incorrect minima.?”! In order to solve this false minima
problem, low values (between 0.1 and 0.3 kcalmol~! Hz?) were used for the
J coupling restraints force constants.

Two final 80 ns MD-tar simulations (starting from different low energy
conformations) were run. Population distributions obtained starting from
different initial geometries were almost identical indicating that the
simulation length is adequate for a proper convergence of the conforma-
tional parameters. Average distance and J values obtained in this way were
found to correctly reproduce the experimental ones.

Entropy penalties associated to the freezing of the glycosidic (¢) and
aglyconic () torsion angles of neomycin B upon binding to the decoding
region aminoacyl-tRNA site (A-site) were calculated for each glycosidic
linkage. Thus, conformational entropies for the free state were derived
from the MD-tar distributions employing the expression AS = — RZPInP.
In a similar way, conformational entropies for the bound state were
obtained from unrestrained MD simulations of the sugar/RNA complex
employing both the X-ray (left) or the NMR (right) structures as starting
coordinates.

NMR experiments: The NMR experiments were recorded on a Varian
Unity 500. Selective 1D NOE experiments employed the 1D-DPFGSE
NOE pulse sequence. NOEs intensities were normalized with respect to the
diagonal peak at 0 mixing time. Selective T1 measurements were
performed on the anomeric and several other protons to get the above
mentioned value. Experimental NOEs were fitted to a double exponential
function, f(¢)=p0(1 —eP*)(1 —eP!) with pO,pl and p2 being adjustable
parameters.”?! The initial slope was determined from the first derivative at
time =0, f'(0) = pOp1. From the initial slopes interproton distances r were
obtained by employing the isolated spin pair approximation.
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