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Proton-bound complexes between underivatized monosaccharides and hydrazine have been generated in an ion trap mass sp
lectrospray ionization (ESI) and their collision induced decomposition (CID) investigated. The CID spectra of the selected com

nvariably characterized by losses of hydrazine and several water molecules in proportions and at collision energies which markedly d
he nature and the structural features of the specific monosaccharide. Structural analysis of the proton-bound monosaccharide/hydrazis
t the B3LYP/6-31G(d,p) level of theory allowed to interpret the mass spectrometric results in terms of the specific intracomplex in
etween the amine and the various functional groups of the monosaccharide.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Biomolecules mainly “communicate” with the surroundings
hrough noncovalent interactions. Electrostatic forces, hydrogen
onds, hydrophobic and van der Waals interactions allow the

ormation of complexes like enzyme–substrate, protein–ligand,
rotein–protein, antigen–antibody, carbohydrate–protein
dducts [1,2]. Albeit such interactions are much weaker
10–100 times) than covalent bonds, nevertheless they are of
reat importance. Large amplitude motion for noncovalent
omplex modes can play a crucial role in the dynamical
rocesses connecting different minima on the free energy
urface of a biological process. This means that a nonco-
alent aggregate should be thought as a dynamic system
hich cannot be described in terms of a well-defined fixed
tructure.

∗ Corresponding author. Tel.: +39 06 49913497; fax: +39 06 49913602.
E-mail address: maurizio.speranza@uniroma1.it (M. Speranza).

Carbohydrates are ubiquitous chiral compounds implic
in a host of biological functions. Either alone or as constitu
of glycoproteins, proteoglycans and glycolipids, carbohyd
are mediators of a number of cellular events, such as intra
extracellular recognition, differentiation, proliferation, sig
transduction, and in numerous (patho)physiological proce
[3–5]. As biological function and morphology are strongly c
related, the variety of structural and stereochemical featur
carbohydrates are expected to mirror the complexity of no
valent interactions they can establish in biological aggrega

Such a complicate landscape represents a challenge fo
spectrometry (MS). Although MS is traditionally regarded
a “blind” tool for stereochemical determination, a body of
dence is nowadays available witnessing the potential of s
technique for structural analysis[6–8]. Soft ionization method
such as electrospray (ESI) and matrix-assisted laser de
tion (MALDI), in conjunction with tandem mass spectrome
(MS/MS) have been mainly used. Recently, Von Seggern
Cotter have studied noncovalent complexes of biologically i
esting oligosaccharides by atmospheric pressure MALDI[9].
387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Scheme 1.

They have shown that the structure of the saccharides influences
the number and strength of intermolecular hydrogen bonds.
A number of noncovalent complexes[10–12], including those
between carbohydrates and proteins[13], have been character-
ized by ESI-MS/MS. Wang, Kitova and Klassen used ESI in
conjunction with a Fourier-transform ion cyclotron resonance
analyzer (ESI-FT-ICR), to measure the affinity of a carbohy-
drate toward a protein[14]. They showed that a good correlation
exists between solution[15] and gas-phase affinity data. The
geometrical isomers of aliphatic and cyclic diols have been
differentiated by Tabet and coworkers through formation of
FeCl+-bound adducts with an enantiomerically pure saccharide
[16]. The kinetic method developed by Cooks has been also
applied in the quantitative analysis of chiral species[17–19].
Enantiodifferentiation of glucose, mannose, galactose and ribose
was obtained by collision induced dissociation (CID) of their
noncovalent complexes containing a reference modified amino
acid and a bivalent transition metal ion[20].

The present study is aimed at providing more insights into
the correlation between the structure and the stereochemistry
of underivatized monosaccharides (S) and their interactions
in proton-bound complexes with suitable acceptors. The�-d-
fructose (fru) was selected, together with the following�-d-
glucopyranoses: glucose (glu), mannose (man), galactose (gal),
talose (tal), tagatose (tag), sorbose (sor), and fucose (fuc)
(Scheme 1). After a long search of the most appropriate accep-
t ty
( ted
f -
a ach
u
a

2. Experimental

The electrospray experiments were performed using a com-
mercial LCQ-Deca ThermoFinnigan ion trap mass spectrometer,
equipped with an ESI source and a syringe pump. Operating con-
ditions for the ESI source were as follows: spray voltage, 4.5 kV;
capillary temperature in the 150–190◦C range; sheath gas (He)
flow rate, ca. 0.75 L/min). The experiments were conducted in
the positive ion mode. Reported spectra represent the average
of about 150 scans, each requiring 0.1 s. The selected gas phase
complexes were generated by electrospraying water/methanol
solutions containing equimolar amounts of the hydrazine and
the monosaccharide, 1.5 mM each. The sample was infused via
a syringe pump at a flow rate of 5�l/min. In the full scan MS/MS
mode, the ion of interest was firstly isolated by broadband ejec-
tion of the accompanying ions and then subjected to collision
induced dissociation (CID; colliding gas: He; collision energy:
0.5–1.0 eV (laboratory frame)).

The geometrical structures of the proton-bound monosac-
charide/hydrazine clusters have been optimized with a density
functional theory (DFT) approach using a medium size basis
set by using the Gaussian 03 package[23]. The DFT Hamil-
tonian is Becke’s three-parameter hybrid functional with the
Lee, Yang, and Parr correlation functional[24]; the basis set is
the 6–31 G(d,p). The final lowest-energy geometries were con-
firmed as a minimum on the molecular potential energy surface
b pro-
d and
s were
c la-
t ineca
(

or, the choice fell on N2H4 for two reasons: (i) its proton affini
PA = 203.9 kcal mol−1) [21] is comparable to those estima
or underivatized monosaccharides[22]; and (ii) it reveals suit
ble for their structural discrimination (vide infra). The appro
sed is based on the CID of the corresponding [S•H•N2H4]+

dducts in conjunction with theoretical calculations.
y normal-mode vibrational frequency calculations that
uced all real frequences. Zero-point vibrational energies
tatistical thermodynamic properties at 298.15 K and 1 atm
alculated at the B3LYP 6-31G(d,p) level of theory. All calcu
ions were performed using a IBM SP5 supercomputer at C
Bologna, Italy).
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3. Results

The ESI-MS spectra of S/N2H4 hydroalcoholic mixtures are
characterized by the presence of abundant signals correspond-
ing to the [S•H•N2H4]+ adducts. These noncovalent complexes
are very persistent under the experimental conditions adopted,
whereas they undergo distinctive and specific decompositions
when colliding with He inside the ion trap.Fig. 1a–d illustrate the
0.7 eV (laboratory frame) collision MS/MS spectra of the non-
covalent [S•H•N2H4]+ (S =glu, man, gal, andtal) complexes.
Those of the noncovalent [S•H•N2H4]+ (S =fru, tag, sor, and
fuc) complexes, taken under the same conditions, are shown in
Fig. 2a–d, respectively. The energy-resolved MS/MS diagrams
of [S•H•N2H4]+ (S =glu, man, gal, andtal) (Ecoll = 0.5–1.0 eV,
lab frame) are reported inFig. 3. Those of [S•H•N2H4]+

(S =fru, tag, andsor) are given inFig. 6S of the Supplemen-
tary Information.

All the [S•H•N2H4]+ complexes, except that with S =fuc
(m/z 197), have the samem/z value (m/z 213). Their low-
energy CID spectra are invariably characterized by the loss of
hydrazine and several water molecules (Figs. 1 and 2). How-
ever, the mode of release of these molecules is found to depend
upon the nature and the structural features of the S component.
Thus, while the complex withtal (Fig. 1d) eliminates predom-
inantly neutral N2H4 at all collision energies (Fig. 3d), that
with glu (Fig. 1a) mainly eliminates one or two H2O molecules
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Fig. 1. Low-energy collision MS/MS spectra of noncovalent complexes of
[S•H•N2H4]+ (S =glu (a), man (b), gal (c), and tal (d); Ecoll = 0.7 eV (lab
frame)).

and(2)OH center (bond length: 1.74̊A) (Fig. 4b). Similar multi-
ple interactions are prevented in [S•H•N2H4]+ (S =glu) by the
opposite configuration of the(2)C center. In contrast, the very
similar total energies of [S•H•N2H4]+ (S =glu andman) (see
Table 1S in Supplementary Information) suggest the possibility
t low collision energies, the loss of N2H4 being appreciabl
nly at Ecoll ≥ 0.7 eV (Fig. 3a). The elimination of N2H4 is
revented in the complex withgal as well (Figs. 1c and 3c).

ndeed, in this systems. N2H4 is released only from the re
vant [(S•H•N2H4) H2O]+ fragment in competition with th

oss of a further H2O molecule. Finally, the complex withman
Figs. 1b and 3b) is able to release indiscriminately N2H4 and
ne or two H2O molecules. A distinctive feature of the C
pectra of the [S•H•N2H4]+ (S =fru, sor, andfuc) complexes
s the exclusive loss of a single water molecule (Fig. 2a, c and
). No appreciable departure of either N2H4 or a second H2O
olecule is observed. In contrast, low-energy CID spec
f the complex withtag (Fig. 2b) somewhat resembles that

he complex withglu (Fig. 1a), characterized by the exclus
elease of a H2O molecule. In both complexes, the loss of N2H4
s detected only atEcoll ≥ 0.7 eV (Fig. 3a andSupplementar
nformation).

The B3LYP/6-31G(d,p)-calculated minimum-energy st
ures of the [S•H•N2H4]+ (S =glu,man,gal, tal, andtag) poten-
ial energy surfaces are illustrated inFig. 4a–e, respectivel
he corresponding total energy corrected for the zero-
ibrational energies (ZPVE) are given inTable 1S of Supple
entary Information. In the most stable [S•H•N2H4]+ (S =glu)

tructure, the N2H4 molecule is proton-bound to both the(3)OH
bond length: 1.73̊A) and(4)OH (bond length: 1.73̊A) groups of
lu (Scheme 1andFig. 4a). These interactions are accompan
y the intramolecular(4)O H•••(5)O bonding (bond length
.78Å). The presence of the axial hydroxyl group at the(2)C
f man allows the corresponding most stable [S•H•N2H4]+

omplex to acquire a structure wherein the N2H4 molecule is
roton-bound to both the CH2(5)OH group (bond length: 1.73̊A)
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Fig. 2. Low-energy collision MS/MS spectra of noncovalent complexes of
[S•H•N2H4]+ (S =fru (a), tag (b), sor (c), and fuc (d); Ecoll = 0.7 eV (lab
frame)).

that N2H4 may interact with the(3)OH and(4)OH of man as well,
much like in the [S•H•N2H4]+ (S =glu) complex. Indeed, the
second most stable [S•H•N2H4]+ (S =man) structure exhibits
the N2H4 molecule proton-bound to both the(3)OH (bond
length: 1.72Å) and (4)OH (bond length: 1.70̊A) of man (see
Supplementary Information). The presence of the axial hydroxyl
group at(4)C and of the equatorial hydroxyl group at(2)C of

Fig. 3. Energy-resolved MS/MS diagrams of [S•H•N2H4]+ (S =glu (a), man
(b), gal (c), andtal (d); Ecoll = 500–1000 meV (lab frame)).

[S•H•N2H4]+ (S =gal) hinders the establishment of the intense
proton-bonds present in the [S•H•N2H4]+ (S =glu andman)
complexes. In this case, the N2H4 molecule is best coordinated
by the(1)OH (bond length: 1.77̊A) and CH2

(5)OH (bond length:
1.80Å) of gal (Fig. 4c). The [S•H•N2H4]+ (S =tal) exhibits
the same kind of intermolecular interactions of [S•H•N2H4]+

(S =man). Both structures are characterized by two proton-
bonds between N2H4 and the CH2(5)OH and(2)OH groups of
the monosaccharide (Fig. 4d). The only difference arises from
the presence of the additional H-bond between hydrazine and
the axial(4)OH group of the monosaccharide in [S•H•N2H4]+

(S =tal) which is absent in [S•H•N2H4]+ (S =man). This
additional interaction is established to the expenses of the
specific proton-bond with the(2)OH center (cfr. N H•••(2)O
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Fig. 4. Lowest-energy B3LYP/6-31G(d,p)-optimized structures of [S•H•N2H4]+ (S =glu (a),man (b), gal (c), tal (d), andtag (e)).

bond length: 1.82̊A (S =tal), 1.74Å (S =man)). Finally, the
[S•H•N2H4]+ (S =tag) structure presents a distinctive feature,
relative to the other structures ofFig. 4. Indeed, it is the only one
with the pyranose ring in the boat conformation. This is due to
the fact that the N2H4 molecule establishes energy favoured mul-
tiple proton-bonds with both the(6)O (bond length: 1.83̊A), and
the axial(4)OH (bond length: 1.82̊A) (Scheme 1andFig. 4e).
These interactions are accompanied by H-bonding between the

(2)NH group of hydrazine and the CH2
(1)OH groups oftag (bond

length: 2.01Å).

4. Discussion

The observation of significant amounts of the [(S•H•N2H4)
nH2O]+ (n = 1,2) and [(S•H) mH2O]+ (m = 0,1) fragments

from the CID of the [S•H•N2H4]+ complexes indicates that
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Scheme 2.

the gas-phase basicity (GB) of the S component as well as
of its dehydrated form is comparable with that of hydrazine
(GB = 196.6 kcal mol−1) [21,22]. Although no attempt was
made to ascertain the origin of the eliminated H2O, these con-
siderations allow us to advance some hypotheses about possible
structures for the dehydrated [(S•H) mH2O]+ (m = 0,1) frag-
ments.

Among the [S•H•N2H4]+ structures ofFig. 4, that with
S =glu is the only one wherein the CH2(5)OH group does not
act as proton-bond acceptor from hydrazine (Fig. 4a). This
means that the CH2(5)OH group ofglu is able to act as pro-
ton acceptor from the adjacent H(4)O•••H+•••N2H4 system
and, therefore, to catalyze the loss of the H2O molecule from
the(4)C of the saccharide. The release of the H2O molecule may
be assisted by 1,2-hydrogen shift with formation of the corre-
sponding ketone coordinated to the hydrazine molecule through
the C (3)O•••H+•••N2H4 bonding (path (i) ofScheme 2). This
hypothesis is consistent with the pronounced basicity of substi-
tuted cyclohexanones[21] and is corroborated by the following
consideration. The loss of a further water molecule from the
[(S•H•N2H4) H2O]+ fragment requires the establishment of a
relatively strong proton-bond between N2H4 and the residual
OH group of the [(S•H) H2O]+ moiety which will be involved
in the dehydration. This condition can be reached by allowing the
N2H4 molecule to establish multiple interactions with both the
C (3)OH+ and the vicinal(2)OH group of [(S•H) H O]+. This
c oting
t mila
t
F

The predominant elimination of a water molecule from the
low-energy CID of [S•H•N2H4]+ (S =gal) can be accounted
for by the H(1)O•••H+•••N2H4 interaction which favours the
loss of the relevant H2O molecule, anchimerically assisted
by the adjacent C-H bond in the antiperiplanar position
(Figs. 3c and 4c) [25,26]. In the resulting [(S•H•N2H4) H2O]+

fragment, the hydrazine moiety is weakly interacting with the
CH2

(5)OH group ofgal and, thus, it is located far away from the
formed C (2)OH+ group. The consequence is that further water
elimination is not as easy as in the case of [(S•H•N2H4) H2O]+

(S =glu) and, therefore, release of N2H4 efficiently competes
with the second water loss (Fig. 3c).

The assistance of the CH2
(5)OH group ofgal andglu in the

multiple dehydration of the corresponding [S•H•N2H4]+ com-
plexes is outlined by the absence of the same process in the CID
of the complex withfuc, where the same position is occupied by a
CH3 group (Fig. 2d). It is plausible that, in [(S•H•N2H4) H2O]+

(S =fuc), further fragmentations are hindered by the large energy
required for the unassisted departure of the first H2O molecule.

The prompt elimination of a water molecule from the low-
energy CID of [S•H•N2H4]+ (S =tag) is attributed to the
H(4)O•••H+•••N2H4 interaction which promotes the loss of
the H2O molecule from the(4)C center, assisted by the adja-
cent antiperiplanar(3)C H bond (Figs. 2b and 4e). A similar
process takes place in [S•H•N2H4]+ (S =man). Here, it is the
H(2)O•••H+•••N H interaction which induces the elimina-
t cent
( a-
n e
s y
2
ooperative proton-bond arrangement is suitable for prom
he release of a further water molecule by a mechanism si
o that of the first water loss (paths (ii) and (iii) ofScheme 2and
ig. 3a).
r

2 4
ion of the H2O molecule, possibly assisted by the adja
3)C H bond (Figs. 3b and 4b). This process is accomp
ied by the release of N2H4, whereas the elimination of th
ame molecule from [S•H•N2H4]+ (S =tag) is observed onl
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Scheme 3.

at collision energies above 0.65 eV (Fig. 3b andSupplementary
Information). A possible explanation for such a difference may
be found in the observation that, in the [(S•H•N2H4) H2O]+

(S =man) fragment, the N2H4 molecule can hardly interact
simultaneously with the CH2(5)OH and (6)O centers and the
incipient C (3)OH+ one. In the [(S•H) H2O]+ (S =tag) frag-
ment, instead, the C(3)OH+, CH2

(1)OH, and(6)O centers are
adjacent each others and, therefore, suitable for multiple inter-
actions with the N2H4 molecule.

As pointed out before, the proton bond between N2H4
molecule and the(2)OH center of S in [S•H•N2H4]+ (S =tal)
(bond length: 1.82̊A; Fig. 4d) is appreciably weaker than the
same interaction in [S•H•N2H4]+ (S =man) (bond length:

1.74Å; Fig. 4b). This is due to the opposite configuration of the
(4)C center in the corresponding saccharides (Schemes 3 and 4).
This situation somewhat reduces the efficiency of the elimina-
tion of the H2O molecule from the(2)C site of [S•H•N2H4]+

(S =tal; Scheme 3), if compared to that of the same process in
[S•H•N2H4]+ (S =man; Scheme 4). The result is that the CID
of [S•H•N2H4]+ (S =tal) proceeds almost exclusively via the
elimination of N2H4 (Figs. 1d and 3d).

Accurate analysis of the energy resolved MS/MS spectra
of the [S•H•N2H4]+ (S =glu, man, gal, and tal) complexes
(Fig. 3), reveals that their 50% survival yield (SY1/2) corresponds
to collision energies close to 700 meV, except for the complex
with the S =tal epimer which shows a SY1/2 value below 650

eme
Sch
 4.
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meV (Fig. 3b). The identical SY1/2 energy for [S•H•N2H4]+

(S =glu, man, andgal) is a symptom of their very similar struc-
ture, whereas the lower SY1/2 energy for [S•H•N2H4]+ (S =tal)
is attributable to the comparatively weaker proton-bondings
between the N2H4 and thetal moieties.

As pointed out before, CID of the [S•H•N2H4]+ (S =fuc)
promotes the exclusive loss of a single water molecule. The lack
of further fragmentation of [(S•H•N2H4) H2O]+ is attributed
to the large energy required for the unassisted departure of
the first H2O molecule. The same reason may account for
the exclusive loss of a single water molecule, observed with
[S•H•N2H4]+ (S =sor) as well (Fig. 2c). In this connection,
it should be noted that the only important structural difference
between [S•H•N2H4]+ (S =sor) and [S•H•N2H4]+ (S =tag) is
the opposite configuration of their(3)C center. It is therefore
plausible that the two complexes exhibit a similar most stable
structure (Fig. 4e). In this view, the H(4)O•••H+•••N2H4 inter-
action in [S•H•N2H4]+ (S =sor) induces the unassisted loss of
the corresponding H2O molecule, since no adjacent antiperipla-
nar C H bonds are available. As for [S•H•N2H4]+ (S =fuc),
such an energy-demanding unassisted dehydration prevents fur-
ther fragmentation of [S•H•N2H4]+ (S =sor).

5. Conclusions

Structural discrimination of a series of underivatized monosa-
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