FULL PAPER

DOI: 10.1002/¢joc.200900148

The Observation of the C—H--O"’ Hydrogen Bond in Trisialic Acid Lactone
and Its Implications for Cooperative Lactonization

Chien-Sheng Chen,**?! Yi-Ping Yu,!! Bo-Chao Lin,!9! Jacquelyn Gervay-Hague,!!
Jim-Min Fang,™ Chao-Ping Hsu,!"! and Shih-Hsiung Wu*!

Keywords: Sialic acids / Lactones / Hydrogen bonds / Ab initio calculations / NMR spectroscopy

The C-H---O%’ hydrogen bond in trisialic acid lactones has
been examined by using long-range COSY (LRCOSY) and
ab initio calculations. From an analysis of the LRCOSY spec-
tra, 3J correlations of BH2,/4H® and “H2,/PH® confirmed the
existence of hydrogen-bond connections of **'C%**1HJ,...
*O8, The theoretical bond energy of the hydrogen bond was

estimated to be 1.0 or 1.6 kcal/mol by using two models. The
acid-catalyzed cooperative lactonization of oligosialic acids
can be understood in terms of the additional C-H-+O’ stabi-
lization in the lactone product.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The acid-catalyzed lactonization of oligo- or polysialic
acids [OSA/PSA, a2,8-(NeuAc),, n = 3-5] has been studied
by using high-performance capillary electrophoresis!' ¢!
(Figure 1). Previous work has shown that this stepwise lac-
tonization is cooperative: once a d-lactone forms between
two saccharides in OSA, the formation of the adjacent &-
lactone is accelerated and successive reactions result in
complete lactonization of OSA/PSA. From these studies, a
secondary structure of OSA or PSA lactone that allows for
increasing cyclization rates has been speculated.[”-81 Cooper-
ative stabilization in the biopolymer has been ascribed to a
structural driving force from either O-H--O or N-H--O
hydrogen bonds.-1% In sialic acid monosaccharide, one car-
boxylate and five hydroxy groups can form quite a few con-
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ventional hydrogen bonds.'"!?) The formation of OSA and
PSA and their subsequent lactonization reduces the number
of exocyclic torsional degrees of freedom from four to two,
and the number of hydroxy groups from five to two, and
therefore the numbers of possible conventional hydrogen
bonds in the final lactone product are greatly reduced. Con-
sequently, C-H--O hydrogen bonds arise from the more
rigid lactone product, which can be considered to be the
main force driving cooperative lactonization. On the other
hand, the effect of the C—H-O hydrogen bond has been
shown to be a factor determining the enantioselectivity of
Lewis acid catalyzed reactions of aldehydes.!'31]

The existence of a hydrogen bond is usually inferred after
structure determination by X-ray diffraction!!®!%1 or NMR
spectral?®2!1 from the relative orientation of the hydrogen-
bonding donor and acceptor pair. In NMR spectroscopy,
the temperature coefficient of the chemical shift and the
hydrogen-exchange property have often been used as indi-
cators of hydrogen bonds, after their incorporation as con-
straints in structural simulations. Although hydrogen bond
XH-+O-CH 3"J coupling constants are usually too small
(<0.5 Hz) to be examined as splittings in '"H NMR spec-
tra,[1922 weak correlations can still be observed in a COSY-
like experiment with an extra delay time, known as a
LRCOSY experiment.?>-231 In the work reported herein, we
observed a C-H-+-O-CH 3"J correlation of the hydrogen-
bond donor and acceptor in trisialic acid lactone using a
selective 1D LRNMR pulse sequence qualitatively and used
it to explain the possible role of the C-H---O hydrogen bond
in the cooperative stabilization of the OSA/PSA lactone.
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Figure 1. (a) Structures of the a2,8-(NeuAc); lactones 1 and 2. The
monosaccharide NeuAc is represented as a sphere and the d-lac-
tone is represented as a curve between two adjacent spheres. The
02,8-(NeuAc); lactone 2 consists of three spheres and two curves,
and the reducing terminus is always on the right-hand side. (b)
Cooperative lactonization of 02,8-(NeuAc), (n = 4 and 5). Once a
d-lactone is formed between two monosaccharide residues in glacial
acetic acid, the vicinal carboxylic acid tends to react to form an-
other six-membered d-lactone.

Results and Discussion

We have previously reported the helical structure of
OSA/PSA lactones with a rotation angle of 240° per resi-
due, with 1.5 residues per turn, with each lactone ring in
a skewed twist-boat “25° conformer.?®! With this helical
structure, we attempted to explore the formation of possible
hydrogen bonds. The geometrical criteria of the C-H-+O
hydrogen bond in the carbohydrates employed are as fol-
lows:[1%271 1) A C-H-+O angle greater than 90° and 2)a
H---O distance less than the van der Waals contact distance
of 2.7 A. We found that an inter-residue ~*!'Co—**1H2 ---*Q8
hydrogen bond (x = A, B, C) might exist in OSA lactone.
Another hydrogen bond is the intra-residue hydrogen bond
¥Q!%..*H-~Q7. We studied the latter hydrogen bond in 2
through a molecular simulation (see the Supporting Infor-
mation), and the result was similar to previous reports!!!]
for OSA.
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The C-H-++O hydrogen bonds of the a2,8-(NeuAc); lac-
tone 2 were detected by 2D LRCOSY (Figure 2). The ob-
served inter-residue "J correlations of BH,/AH® and
CH),/BH® confirmed the anticipated existence of weak
YHICOHIHY, +-*O® hydrogen bonds, in this case the BC—
BH,-++A0® and €C°-CHJ,-BO® connections, respectively.
The LRCOSY spectra also provided evidence for the 4J cor-
relations (*Hy,—*C°—*C8—~C7—*H") of residues B and C.
Relative to the hydrogen-bond cross-peak between two resi-
dues, the intensities of the inter-residue 4J correlations of
BH?,/BH” and “H,,/°H’ was much stronger. In addition,
the #J cross-peaks are triplets in the F2 projection and are
split by passive couplings?®-*! from Hg, and H®. The polar-
ization from Hp, to H’ is modulated by the Hy, and H®
magnetizations, and both contribute equally a coupling of
11 Hz to the *J cross-peak. This result could be applied to
the 3MJ couplings of **'H2,/*H® and *H2,/*H?, which were
observed as twice the intensity owing to the larger passive
couplings from “Hg,.

In a typical 2D COSY assignment, a spin system can be
assigned from diagonal line to cross-peak. However, a
wrong assignment might arise from differentiation of the
overlapping chemical shifts from either the nuclear sequenc-
ing or the through-space correlation. Moreover, the distin-
guishable contour must be cut at a higher level as the
weaker hydrogen bond 3"J correlation and the cross-peak
overlapping with the diagonal of the 2D LRCOSY would
be observed as a broad intensity band. In this case, the 1D
LRCOSY spectrum can be used to further confirm the exis-
tence of the weak hydrogen bond 3"J correlation (Figure 3).
In a typical 'H NMR experiment, the distinguishable pro-
ton signals of the sialyl lactone 2 were selected as irradiated
frequencies using an 80 ms delay in selective 1D LRNMR
spectroscopy. Starting from the irradiated “HJ, signal (Fig-
ure 3, d), 1D LRCOSY can provide the geminal
CH) /Cng, vicinal “H2,/“H®, long-range “H)/“H’ and
CHY/H®, and hydrogen-bonded “Hy,/BH® couplings. The
assignment of BH® from “H?® can be achieved by compari-
son of the residual spin-correlation in selective 1D TOCSY
starting from irradiated BH2, and “Hp, in Figure 3 (c and
e). Therefore, the corresponding “Hj,/BH?® signal in Fig-
ure 3 (f) is an asymmetric signal on the right side of the
vicinal “H},/“H?® coupling and can be differentiated as the
3hJ correlation. In the same way, from the irradiated “Hp,
signal in Figure 3 (b), the long-range experiment can pro-
vide the geminal BH3,/BHg,, vicinal BH3,/BH?, long-range
BH?/BH’, and hydrogen-bonded BHy,/AH® couplings. The
BH?, /AH?® 31J correlation is distinguished from the residual
BHJ /BH® correlation by comparison of the different chemi-
cal shifts, which are 3.296 and 3.268 ppm for AH® and BH®,
respectively.

Provided by the observed hydrogen bonds, two ad-
ditional distance restraints of BHj, 208 and “HJ,---BO® in
the range 2.0-2.7 A were combined with the NOE-based
distance restraintsi>®! of the 02,8-(NeuAc); lactone 2 for use
in simulations performed with the annealing program Xplor
NIHPB to generate 100 different structures (see Table S1 in
the Supporting Information). Of these, 10 candidates that
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Figure 2. Partial 2D LRCOSY spectrum of the 0.2,8-(NeuAc); lactone 2 in [Dg]DMSO solutions at 305 K using an 80-ms extra delay.
The cross-peaks of BHy,/AH® and “HJ,/®H?® indicate *"J correlations through C-H++O hydrogen bonds. Two additional *J correlations
of the H),/H” cross-peaks of residues B and C were assigned as long-range couplings.

met the criterion of a total energy lower than 32 kcal/mol
were selected (Figure 4). The heavy atoms of the resulting
structures in the mean conformation yielded average root-
mean-square deviations (RMSD) of 0.59 A. The structure
of the lactone I is different to that of the a2,8-(NeuAc)s
lactone reported previously.! The 2S<° conformer of lac-
tone I is the same for lactone II in this report. This can be
explained by the additional C-H:+O hydrogen-bond re-
straints that stabilize the skewed twist-boat “2S<° confor-
mation of lactone I. We note that the simulated structure
of the a2,8-(NeuAc); lactone at the global minimum has
appropriate bond lengths and angles!”! for the formation of
intramolecular ~*!C***"1HJ,--~*O® hydrogen bonds.

In proteins, the C-H-O%® hydrogen-bonding energy was
suggested to be around -3 kcal/mol,*!l which is approxi-
mately half the energy of a conventional hydrogen bond.
The binding energy of a C-H++O® hydrogen bond has
theoretically been estimated to be -1.0kcal/mol or
less.3?34  To evaluate the binding energy of the
HICOXHIHY, -+-¥O® hydrogen bond in an a2,8-(NeuAc); lac-
tone, we used two simplified models, the spiro[5,5]lactone
dimer (SLD) 3 and the 4-oxolactone dimer (OLD) 4, cre-
ated from the NMR solution structures (Figure 5). Com-
pared with the non-hydrogen-bonded BC°-BHJ,, the bond
length of the hydrogen-bonded “C°—“Hy, in SLD 3 is calcu-
lated to be slightly lower by 3-6 mA at the B3LYP/6-31G*

Eur. J. Org. Chem. 2009, 3351-3356

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and MP2/6-31G* levels of theory,?*! as shown in Table I.
This is because of a formal charge redistribution leading to
slightly more positive charges on the C° and O® atoms and
negative charge on HJ,, for example, " C°—% HJ,--°*O%, and
this change in C—H bond length is consistent with previous
reportsB36-37 on weak C—H-+-O%" interactions.

To gain a better understanding of the intramolecular C—
H--O%" hydrogen bond of SLD 3, we performed a second-
order perturbation theory analysis of the Fock matrix
within the natural bond orbital (NBO) basist*®3°! derived
by employing B3LYP/6-31G*. The NBO result showed that
SLD 3 consists of one ¥*!'C*—*1HJ,---*O® hydrogen-bond
equivalence. The nonbonding n orbital of BO8 is the donor
molecular orbital, whereas 6% of “C°-“HJ, is the acceptor
molecular orbital. The second-order interaction energy is
1.05 kcal/mol,® similar to previously calculated values of
the C—H-+O hydrogen-bonding systems.[*”] Furthermore,
the binding energy of the C—H-+O" hydrogen bond in the
two-fragment model OLD 4 can be directly calculated by
using a standard procedure to remove basis set superposi-
tion errors (BSSE), and the binding energy was estimated
to be 1.61 kcal/mol at the MP2/6-31G* level of theory. The
MP2 binding energy was further checked by using a mixed
basis set in which extra sets of diffuse and polarized basis
functions for the two atoms “H2, (6-311++G**) and BO®
(6-31+G*) were used. With this mixed basis the polariza-
3353
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Figure 3. Partial 1D NMR spectra of the 02,8-(NeuAc)s; lactone 2
in [Dg]DMSO solutions at 305 K. Arrows indicate the irradiated
proton signals in the selective 1D LRCOSY spectra (b, d) using an
80 ms extra delay time and 1D TOCSY (c, e) experiments. f) The
spectrum from 4.2 to 3.9 ppm in Figure 3d is expanded and re-
printed in frequency units (Hz) using the proton “H?® at 4.036 ppm
as the reference. The clear difference between “H® and BH® was
used to explain the 3"/ correlation of the “H2,/H® pair by refer-
ence to the ©C°~-CHJ,--BO® hydrogen bond.

tion effect can be better accounted and the MP2 binding
energy is essentially the same. The presence of the inter-
residue C—H-+O*" hydrogen bond in SLD 3 and OLD 4
was verified by theoretical calculations, and the results can
be generalized to other similar hydrogen bonds, denoted as
I COXHIH? 08, in OSA/PSA lactones.

According to previous ab initio calculations of §-valero-
lactone, !l the total energy of the S-type conformer is 1—
1.5 kcal/mol higher than that of the half-chair conformer.
In OSA/PSA lactones, the glycosidic oxygen O® as a hydro-
gen-bond acceptor contributes approximately 1.0-1.6 kcal/
mol of the binding energy of two lactone moieties. This en-
ergy is considered to stabilize the conformation of the
skewed twist-boat “2S“° conformers as each S conformer
encircling the helical axis serves both as hydrogen-bond do-
nor (Hy,) and acceptor (O%) for extra stabilization.
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Figure 4. NMR solution structures of the a2,8-(NeuAc); lactone
2: a) Superimposition of the heavy atoms of the 10 lowest-energy
structures derived from Xplor NIH simulations. The structures are
best fitted to residue B. b) Ball-and-stick model of heavy atoms
with the lowest energy. The BH,/AH® and “HJ,/BH® correlations
of the weak ¥*'C*—~*IH2,--~*O% hydrogen bonds are indicated.

A O O B 0
E&ioj\.-@io
HO

Spiro[5,5]Lactone Dimer
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4

4-Oxo-Lactone Dimer
OLD, 4

Figure 5. Reducing strategy from the a2,8-(NeuAc); lactone 2 to
the spiro[5,5]lactone dimer (SLD) 3 for NBO analysis and to 4-
oxolactone dimer (OLD) 4 for ab initio calculation with BSSE cor-
rection. The optimized geometry of SLD 3 at the B3LYP/6-31G*
level of theory is given as a ball-and-stick structure.

Table 1. Important geometrical and bonding parameters for the in-
tra-residue ©C°-CHp,--BO? hydrogen bond in the a2,8-(NeuAc);
lactone 2 and SLD 3 by different calculation methods.!

Molecule  CCO-CHS,  CHO~BO®  ,CCOCHY~BO®  BCO-BHY [
20 1.098 2.593 140.07 1.099
SLD 34 1.090 2.605 142,92 1.093
SLD 3¢ 1.085 2365 131.90 1.091

[a] Distances are given in Angstroms, angles in degrees. [b] Not in
the C-H-+-O hydrogen bond. [c] Averaged results from 10 final data
sets of the Xplor NIH simulation. [d] Optimized at the B3LYP/
6-31G* level of theory. The resulting structure was used for the
subsequent NBO analysis. [e] Optimized at the MP2/6-31G* level
of theory. The resulting structure was used to build the two-frag-
ment model OLD 4 to directly calculate the binding energy.

Eur. J. Org. Chem. 2009, 3351-3356
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A sequential x and x+1 relationship in the *"'C°-
XHIHY -+*O® hydrogen-bonding cooperativity between two
sialic acids or lactone moieties in OSA/PSA is suggested to
be an important factor in cooperative acid-catalyzed lacton-
ization. This suggestion stems from Hammond’s postu-
late.[*?>#3 Additional stabilization in the lactonized product
could increase the stabilization energy in the transition state
and thus lead to the observed cooperative lactonization in
OSA.

Conclusions

This study by LRCOSY provides direct evidence for C—
H--O®  hydrogen-bonding cooperativity in the «2,8-
(NeuAc); lactone 2, and the C—H-+O hydrogen bond is con-
firmed with the structure and Dbinding energy
estimated by wusing ab initio calculations. The
HICOHTHY +-¥O® hydrogen bond not only stabilizes the
skewed twist—-boat conformers in lactones, but also serves
as the driving force for cooperative lactonization in OSA/
PSA lactone. The C-H---O hydrogen bond described herein
has been deduced from a simulated rigid structure, as the
essential donor and acceptor are located in the groove and
encircled in a relatively hydrophobic environment, which
further prevents its direct contact with solvent. Incidentally,
the structures of oligosaccharides with C—H-+-O hydrogen-
bonding could not be resolved efficiently due to overlapping
proton signals and structural variations, preventing a distin-
guishable anomeric proton. In spite of the hydrophilic na-
ture and the overlapping of signals from saccharide hydroxy
groups and water molecules, these findings indicate that
LRCOSY is a useful technique for studying X-H-++-O hydro-
gen bonds in oligosaccharides or glycopeptides.

Experimental Section

General: Tri-N-acetylneuraminic acid [02,8-(NeuAc);] was ob-
tained from Nacalai Tesque, Inc. (Kyoto, Japan). The synthesis and
analysis of the a.2,8-(NeuAc); lactone 2 by capillary electrophoresis
has been reported previously.?) NMR spectra were recorded with
a Bruker Avance II 500 spectrometer and the 1D and 2D LRCOSY
pulse sequences therein were analyzed by the Topspin 2.1 software.
NMR samples comprised the ¢2,8-(NeuAc); lactone 2 (8 mg) with
[Dg]DMSO (300 pL) placed in a Shigemi NMR tube. 'H and '3C
NMR chemical shifts are reported in ppm relative to external fert-
butyl alcohol as the reference (1.24 and 31.6 ppm for 'H and '*C
nuclei, respectively). For 2D LRCOSY spectra, a 512 (F1) X 1024
(F2) data matrix with an extra delay 80, 100, or 120 ms was used
in acquisition, and the processing was zero-filling to 2048
(F1) X 2048 (F2) with a linear prediction of 2048 (£1) before Fou-
rier transform.

Xplor-NIH Simulation: The distance restraints of the NOE cross-
peaks were measured and organized in our previous study.*®l Ad-
ditionally, two distance restraints of the **!'Co—*'HJ -*O® hydro-
gen bond between **'Hy, and O, x = A or B, were analyzed by
LRCOSY and the distance limit was assigned as 2.0-2.7 A. Three-
dimensional structures were generated by using the simulated an-
nealing and energy minimization protocol in the program X-PLOR
NIH. Average structures were calculated by using the final sets of
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refined structures and their energies were further minimized to en-
sure correct local geometry. INSIGHT II was used to visualize the
final sets of the structures and to draw the electrostatic surface
potentials of the final 3-D models. The convergence of the calcu-
lated structures was evaluated in terms of the structural parameters,
that is, the RMSD of the experimental distance and dihedral con-
straints, the values of the energy statistics (Fnoe, Ftor, and Frepel),
and the RMSD of the idealized geometry (see Table S1 of the Sup-
porting Information).

Ab Initio Calculations

Binding energies were calculated by Q-CHEM, version 3.0,3>44 in

combination with the natural bond orbital (NBO) software pack-
age, version 5.0.13%3% The initial geometry of the simplified model
spiro[5,5]lactone dimer (SLD) 3 was modified from the lowest total
energy configuration of the 02,8-(NeuAc); lactone 2 derived from
Xplor-NIH simulations.

In brief, the atoms and relative protons of C7-C8, O4, NHAc, and
0O7-09 of residue A, O4 and NHACc of residue B, and C1-C7, Ol,
02, 04, NHACc, and O7 of residue C in the 02,8-(NeuAc); lactone
2 were deleted. The resulting carbon atoms were defined with sp3-
hybridization, and protons were added by the software spontane-
ously. The constructed structure, SLD 3, was judged to have the
same inter-residual CHO hydrogen bond as trisialic acid lactone 2.
The initial structure of SLD 3 was optimized at the B3LYP/6-31G*
and MP2/6-31G* levels of theory with mixed basis sets. In calcula-
tions with mixed basis sets, 6-31+G* and 6-311++G** were respec-
tively used for BO® and “HJ,, and 6-31G* was used for the residual
atoms at the MP2 level. These two optimized structures are quite
similar, and the variation in the hydrogen bond “H2,---BO? is less
than 0.002 A.

The hydrogen bond in SLD 3 was estimated by the second-order
perturbation theory analysis in the NBO package. The resulting
structure of SLD 3 at the MP2/6-31G* level of theory was used as
the basis for investigating the nature of the corresponding intramo-
lecular ©C°-CHy,+-BO? hydrogen bond.

The binding energy in 4-oxolactone dimer (OLD) 4 was evaluated
at the MP2/6-31G* level of theory with the basis set superposition
errors (BSSE). The initial geometry of the simplified model OLD
4 was modified from the SLD 3 structure optimized at the MP2/6-
31G* level. In summary, the atoms and protons of C3-C6 and O6
of residue A and C3-C7, 06, and O7 of residue B were deleted.
The resulting carbon atoms were defined with sp3-hybridization,
while protons were added by the software. The structure OLD 4
constructed for the binding energy calculation was modified in ac-
cord with this structure. For further confirmation, the binding en-
ergy in OLD 4 modified with MP2/mixed basis sets with the same
treatment was also calculated at the MP2 level of theory with the
same specified basis sets. The variation in binding energy was less
than 0.01 kcal/mol.

Supporting Information (see also the footnote on the first page of
this article): Computational details and structural coordinates for
trisialic acid lactone.
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