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ABSTRACT: We describe the direct NMR detection of a
C—H---O nonconventional hydrogen bond (Hbond) and
provide experimental and theoretical evidence for conven-
tional Hbonds in the pentasaccharide sialyl Lewis-X (sLe*-
5S) between S and 37 °C in water. Extensive NMR
structural studies together with molecular dynamics
simulations offer strong evidence for significant local
dynamics in the Le* core and for previously undetected
conventional Hbonds in rapid equilibrium that modulate
structure. These NMR studies also showed temperature-
dependent 'H and "“C line broadening. The resulting
model emerging from this study is more complex than a
simple rigid core description of Le*-like molecules and
improves our understanding of stabilizing interactions in
glycans.

ydrogen bonds (Hbonds) are central interactions in

biomolecules, stabilizing protein and nucleic acid folds and
tertiary structure. Hbonding in glycans has been hypothesized,
but is difficult to detect in H,O. Nonetheless, methods exist to
detect Hbonds in H,0."” Recently, a nonconventional Hbond,
where an aliphatic H is the Hbond donor, was proposed to exist
in Lewis-X (LeX) from NMR chemical shifts and DFT
calculations.® Yet, experimental evidence for this Hbond is
lacking. Nonconventional Hbonds in glycans have been observed
in DMSO." In this report, we provide direct NMR evidence for
this Hbond in the sialyl Lewis-X pentasaccharide (sLe*-5)° in
H,O (Figure 1A). Moreover, we performed an extensive
temperature-dependent NMR structural study in conjunction
with molecular dynamics (MD) simulations to provide novel
evidence for two conventional Hbonds in rapid equilibrium. The
results improve our understanding of stabilizing interactions in
glycans in aqueous solution.

We detected a nonconventional C—H---O Hbond in sLe*-5
using long-range HSQC (Ir-HSQC) experiments, which allow
efficient "H, '3C coherence transfer (ST), like those expected for
Hbonds. As Hbond signals are sensitive to temperature,” we
performed experiments at various temperatures to find the best
condition for detection. Figure 1B—D show the Ir-HSQC
correlation signal observed for (Gal{IV}H1, Fuc{II[}CS) at
three different conditions. Figure 1B shows detection with a
standard probe at 700 MHz. The signal-to-noise ratio (SNR) is
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Figure 1. sLe*-5 chemical structure (A) and 'H,*C Ir-HSQC strips
showing the Gal{IV}H1-Fuc{III}CS correlation (B—D), with its
corresponding SNR. Experimental conditions are indicated in each

panel. In (D) the missing Fuc{III}H1—CS correlation (*) and the
residual HOD signal overlap, and both are filtered during processing.

low and at 5§ °C the peak was not visible with this instrument
(data not shown). We verified the correlation under similar
conditions in a 900 MHz spectrometer with cryoprobe, where
the SNR improved by ~50% at 37 °C (Figure 1C), partly due toa
smaller exchange contribution to T,. At 5§ °C (Figure 1D) the
chemical shift of Fuc{III}HS changes and the 'H line broadens
significantly; even 96 h acquisition resulted in significantly lower
SNR than 24 h at 37 °C. Together, the broadening and chemical
shift changes are consistent with variable dynamics for the Le*
core.” After 9 days of data collection at 850 MHz (1536 scans per
tl increment) and 37 °C, we observed two additional
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correlations, Fuc{III}H5-Gal{IV}C1 (SNR 11:1) and Fuc{III}-
HS-GIcNAC{II}C4 (SNR 13:1) (Figure S3).

The through-bond path for the (Gal{IV}H1, Fuc{III}CS)
signal is eight covalent-bonds, far too long to allow for
magnetization transfer through J-coupling to occur (SI). Thus,
a shorter Hbond-mediated pathway is required. The observed
inter-residue cross peaks enable the confident identification of
Fuc{IIT}HS as the Hbond donor group, as previously predicted.’
However, the Hbond acceptor could not be uniquely identified.
Thus, the Hbond pathway must be derived instead from
structural models, consistent with experimental observations.

Reported structures of sLe® tetrasaccharide®™'' and Le*
trisaccharide'”'*~'* are consistent with a relatively rigid Le*
core ({11} — [{111},{1v}]),""~"" and flexible end-groups in the
case of sLe*-S. Because of the additional galactose residue and
the temperature range used for Hbond NMR measurements in
this work, we independently characterized the structure of sLe*-5
(Figure 1A) by both MD and NMR at various temperatures (SI).
The energy maps derived from MD'® (Figure 2) summarize the
results at 37 °C using conformer populations for each of the four
linkages in sLe*-S. The low-energy regions for the Le* core
linkages consist of single minima with limited excursions of (¢,y)
torsions, but allowing for relatively wide variations of ca. + 30°
away from the minima. All experimental unbound and most
protein-bound structures reported for the Le* core fall within
these limits (SI).””'*"*~"*"" In contrast, linkages for Gal{I} and
Sia{V} are more flexible with multiple energy minima (Figure
S12). Energy barriers for exchange among conformers range
from 1 to 2 kcal/mol and frequent transitions occur (Figure S13).

Parallel to MD, NMR data yielded restraints for simulated
annealing calculations resulting in ensembles of 200 structures at
each of four different temperatures (Figure S8). The Le* core in
Figure 3A contains the four representative structures for each
temperature showing little dispersion. Sia{V} instead is very
dispersed; for clarity we only show three of them (gray/
magenta/yellow), consistent with both NMR and the energy
minima for the {V} — {IV} linkage. Similarly, two (¢,) values
are required to properly represent Gal{I} (cyan/teal) consistent
with the results for the {II} — {I} linkage. Further, NMR data at
—10 °C provided additional hydroxyl "H NOEs that improved
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Figure 2. Energy (¢b,y) maps for sLe*-S linkages from a 500 ns MD
simulation in explicit water at 37 °C. Color scale is in kcal/mol derived
from population ratios."’
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Figure 3. NMR derived structures of sLe*-S. (A) Representative NMR
structures at —10, 3, 15, and 37 °C (see text). (B) Le* core with
Fuc{IIT}HS distances to Gal{IV})O5 and GIcNAc{II}O4. Blue and red
dashed lines trace possible magnetization transfer pathways.

structure precision. Structures derived with hydroxyl 'H NOE
restraints favored a single conformation for the {II} — {I}
linkage with (¢h,) torsion values ~(60°, —30°) (Figures S8 and
$9).

With the Le* core structure well described, it is possible to
analyze the available pathways for magnetization transfer (Figure
3B, red and blue dots) leading to the observed NMR signals. The
three signals observed can be interpreted equally well as resulting
from *Jcy or Yoy with either Gal{IV}O5 or GIcNAc{II}O4 as
acceptor. The average distances between Fuc{III}HS and its
nearest oxygen neighbors, in the NMR derived structure at 37
°C, are Gal{IV}OS (2.4 + 0.2) and GIcNAc{I1}O4 (2.3 + 0.2).
The average distance from MD simulations agrees with the
former (2.6 + 0.3 for Fuc{III}HS-Gal{IV}OS5), but it is larger for
the latter (3.2 + 0.4 for Fuc{III}HS-GIcNAc{I1}O4). The
distance and average C—H—O angles (160 + 10° for the former
vs 134 + 10° for the latter) clearly favor the blue Hbond pathway
over the red. The absence of a correlation from Fuc{III}C/HS to
GIcNAC{II}H/C4 on all but extremely lengthy experiments
supports this hypothesis as well. Nevertheless, some Hbond
character cannot be totally dismissed for Fuc{III}CHS-
GIcNAC{IT}O4, as directionality is less determinant in weak
Hbonds.” This would allow for weak magnetization transfer
through this pathway to reinforce transfers to/from Gal{IV}C/
H1, but not sufficient to produce correlations to GIcNAc{II}C/
H4. Notably, MD vyields a very stable Le* core conformation and
a C—H--O geometry consistent with an Hbond for Fuc{III}-
CHS+-Gal{IV}OS, despite the force-field defined value of zero
partial charge for aliphatic hydrogen atoms (SI). Consequently,
the Le* core may not require the existence of a CH:+-O in order
to maintain its rather rigid global minimum conformation. Yet,
our NMR results clearly show that the CH---O bond exists in
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Figure 4. (A) *C line width changes (A, ;,) with temperature for sLe*-
5, relative to vy, at 37 °C. Inset: sLe*-S structure color coded by Av/,
between 37 and —10 °C (low to high as blue—white—red gradient). (B)
Estimated T,* values derived from v, ,. The gray shading area indicates
expected T, values for an anisotropically tumbling sLe*-5 (SI).

sLeX-5, which is in general agreement with Zierke et al.> We also
performed QM calculations on model systems and could
reproduce the reported energy of —1.7 kcal/mol for the CH--
O bond (Figure S16). However, the calculated energy of the
CH:-O Hbond depends strongly on models and the level of
theory used (Figure S17). The presence and magnitude of this
Hbond could be gauged by substituting a *H for Fuc{III}HS,
which should introduce an isotope effect on Fuc{III}CS,
Gal{IV}CS5, and GIcNAc{II}C4.

Having identified Fuc{III}C/HS--Gal{IV}OS as the most
likely magnetization transfer path in sLe*-S in Ir-HSQC
experiments, the absence of a Fuc{III}HS to Gal{IV}CS
correlation also needs to be explained. Small through-Hbond
coupling constant together with short *C T,* values are the
most plausible explanation for peaks’ absence. NMR signals for
carbon atoms C1, C2, and C3 in GIcNAc{II}, and CS in Gal{IV}
(Figure 4A) are 2- to 3-fold broader than the expected values at
—10 °C (Figure S4B). The expected *C line width (v,,,) and T,
change with temperature for sLe*-5 was computed based on the
experimental sample viscosity at different temperatures and an
axially symmetric model for sLe*-5.>' Figure 4B shows T,* values
derived from v/, and the calculated *C T,s for an anisotropic
model of sLe*-S. The observed temperature dependence of *C
vy, (and T,*), for those atoms’ signals, clearly indicate
conformational motion in the LeX core. This last observation
together with the chemical shift change at 900 MHz at § °C
suggests that motion decreases the SNR of expected correlations
and explains the absence of a Fuc{III}C5/HS to Gal{IV}HS/CS
correlation at high temperatures. It also explains the absence of
any Hbond correlation at 700 MHz below S °C.

The remarkable signal broadening in the GIcNAc residue is
seen for carbons clustered around the N-acetyl group (C1, C2,
and C3). No similar effect is observed for carbons of the Sia
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Figure 5. Hbond interactions of NAc group in GIcNAc{II}. (A) Energy
map of NAc torsion angle (H2—C2—N2—O02N) correlated with
distances to HO2 atoms in Fuc{IIT} (blue) and Gal{I} (red). The region
of Hbond interaction is highlighted. (B) Span of the NAc sweep
between conformations with O(NAc) Hbonded to HO2 in Fuc{III} and
Gal{I}, respectively.

residue at equivalent locations relative to the NAc group (C4, CS,
and C6), indicative of different dynamics for both N-acetyl
groups. Comparisons of conformational energy maps for
linkages like those in Figure 2 with maps from lower temperature
MD runs showed only minor differences and could not explain
the changes observed in '*C v, , (Figure S12).

From changes in "*C line widths with temperature, motion on
the millisecond time scale can be inferred. MD simulations of
that duration are currently beyond reach and for high-energy
states do not provide accurate exchange rates, but MD can be
used to identify interactions leading to the differential dynamics
suggested by the *C v, /,. An Hbond statistical analysis of MD
trajectories was performed, with conventional Hbond donor—
acceptor limits for distances and angles of 3.4 A and 130°,
respectively (S1). Sia{V} shows significant inter-residue contacts
with Gal{IV} and less frequent contacts with Fuc{IIl} (Figure
S14). While these contacts do not affect the Le* core structure,
they may be important for function. In addition, GIcNAc{II}-
O2N is revealed as an acceptor for two donors located at
opposite sides of the NAc group: Fuc{III}OH2 and Gal{I}OH2.
The impact of these interactions on local dynamics is uncovered
when plotting donor hydrogen to acceptor distances vs NAc
torsion (Figure SA), where both Hbond interactions increase the
degree for the natural excursion of the NAc torsion angle away
from equilibrium by about 20° in each direction. Moreover, the
population fraction in the MD trajectory at 37 °C with donor—
acceptor distances less than 3.4 A from O2N to either OH was
~9%. As expected, this fraction decreases with temperature and
likely affects the dynamics of the NAc group. Figure 5B illustrates
the span of the sweep performed by the NAc group when going
from one Hbond to the other. The two extreme structures in
Hbond interactions were extracted from the MD trajectory. The
intermediate models were obtained following an energy-
minimized path compatible with the trajectory, highlighting the
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local torsional strain caused in the NAc anchoring ring bonds
leading to differential local dynamics. Although the movement is
stochastic, the extreme conformations are reached thousands of
times during NMR experiments. Experimental support for this
motion is found in the increase in GIeNAC{II}HN-HC2’s 3y
coupling constant, from 9.4 Hz (—10 °C) to 10.2 Hz (37 °C).
This variation in *Jy translates to a GIcNAC{II}HN-HC2
torsion angle difference of ca. + 20° (from 158 at —10 °C to 180°
at 37 °C). No such change in %y is observed for the Sia NAc
group (Table S1). Similar motion of the NAc group in
aminosugars was attributed to the NAc grou}) acting as a
gatekeeper for transitions in glycosidic torsions.”

We presented direct NMR evidence for nonconventional and
indirect evidence for conventional Hbonds in sLe*-S at
physiological and lower temperatures. *C v;,, measurements
coupled with MD Hbond analysis uncovered details of the Le*
core dynamics, not revealed by analysis of ring linkages. This
study opens the door for future detection of Hbonding in glycans
and also suggests that higher magnetic fields, together with
temperature-dependence studies and accompanied by computa-
tional methods, as suggested,” will yield new insights into the
structure and function of glycans.
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