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Abstract

Proton-bound complexes between underivatized monosaccharides and hydrazine have been generated in an ion trap mass spectromete
electrospray ionization (ESI) and their collision induced decomposition (CID) investigated. The CID spectra of the selected complexes are
invariably characterized by losses of hydrazine and several water molecules in proportions and at collision energies which markedly depend upc
the nature and the structural features of the specific monosaccharide. Structural analysis of the proton-bound monosaccharide/hydrazne comple
at the B3LYP/6-31G(d,p) level of theory allowed to interpret the mass spectrometric results in terms of the specific intracomplex interactions
between the amine and the various functional groups of the monosaccharide.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Glucosides; Hydrazine; Structural discrimination; Noncovalent complexes; Mass spectrometry

1. Introduction Carbohydrates are ubiquitous chiral compounds implicated
in a host of biological functions. Either alone or as constituents
Biomolecules mainly “communicate” with the surroundings of glycoproteins, proteoglycans and glycolipids, carbohydrates
through noncovalent interactions. Electrostatic forces, hydrogeare mediators of a number of cellular events, such as intra- and
bonds, hydrophobic and van der Waals interactions allow thextracellular recognition, differentiation, proliferation, signal
formation of complexes like enzyme—substrate, protein—ligandransduction, and in numerous (patho)physiological processes
protein—protein,  antigen—antibody, carbohydrate—proteirj3—5]. As biological function and morphology are strongly cor-
adducts [1,2]. Albeit such interactions are much weaker related, the variety of structural and stereochemical features of
(10-100 times) than covalent bonds, nevertheless they are o&rbohydrates are expected to mirror the complexity of nonco-
great importance. Large amplitude motion for noncovalentalent interactions they can establish in biological aggregates.
complex modes can play a crucial role in the dynamical Such acomplicate landscape represents a challenge for mass
processes connecting different minima on the free energgpectrometry (MS). Although MS is traditionally regarded as
surface of a biological process. This means that a noncaa “blind” tool for stereochemical determination, a body of evi-
valent aggregate should be thought as a dynamic systedence is nowadays available witnessing the potential of such a
which cannot be described in terms of a well-defined fixedechnique for structural analyg&-8]. Soft ionization methods,
structure. such as electrospray (ESI) and matrix-assisted laser desorp-
tion (MALDI), in conjunction with tandem mass spectrometry
(MS/MS) have been mainly used. Recently, Von Seggern and
* Corresponding author. Tel.: +39 06 49913497; fax: +39 06 49913602,  Cotter have studied noncovalent complexes of biologically inter-
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Scheme 1.

They have shown that the structure of the saccharides influenc@s Experimental

the number and strength of intermolecular hydrogen bonds.

A number of noncovalent complexgs0-12] including those The electrospray experiments were performed using a com-
between carbohydrates and proteih3], have been character- mercial LCQ-Deca ThermoFinniganiontrap mass spectrometer,
ized by ESI-MS/MS. Wang, Kitova and Klassen used ESI inequipped with an ESI source and a syringe pump. Operating con-
conjunction with a Fourier-transform ion cyclotron resonanceditions for the ESI source were as follows: spray voltage, 4.5kV;
analyzer (ESI-FT-ICR), to measure the affinity of a carbohy-capillary temperature in the 150-190 range; sheath gas (He)
drate toward a proteifi4]. They showed that a good correlation flow rate, ca. 0.75 L/min). The experiments were conducted in
exists between solutiofi5] and gas-phase affinity data. The the positive ion mode. Reported spectra represent the average
geometrical isomers of aliphatic and cyclic diols have beerpf about 150 scans, each requiring 0.1 s. The selected gas phase
differentiated by Tabet and coworkers through formation ofcomplexes were generated by electrospraying water/methanol
FeCl*-bound adducts with an enantiomerically pure saccharidéolutions containing equimolar amounts of the hydrazine and
[16]. The kinetic method developed by Cooks has been alsthe monosaccharide, 1.5 mM each. The sample was infused via
applied in the quantitative analysis of chiral spedikg-19] a syringe pump at a flow rate of8/min. In the full scan MS/MS
Enantiodifferentiation of glucose, mannose, galactose and riboggode, the ion of interest was firstly isolated by broadband ejec-
was obtained by collision induced dissociation (CID) of theirtion of the accompanying ions and then subjected to collision
noncovalent complexes containing a reference modified aminimduced dissociation (CID; colliding gas: He; collision energy:
acid and a bivalent transition metal if20]. 0.5-1.0eV (laboratory frame)).

The present study is aimed at providing more insights into The geometrical structures of the proton-bound monosac-
the correlation between the structure and the stereochemistpparide/hydrazine clusters have been optimized with a density
of underivatized monosaccharides (S) and their interactionginctional theory (DFT) approach using a medium size basis
in proton-bound complexes with suitable acceptors. &he  set by using the Gaussian 03 pack$®@®g]. The DFT Hamil-
fructose fru) was selected, together with the followingp-  tonian is Becke’s three-parameter hybrid functional with the
glucopyranoses: glucosglt), mannoserfian), galactosegal), Lee, Yang, and Parr correlation functiofia]; the basis set is
talose fal), tagatose thg), sorbose gor), and fucose fac)  the 6-31G(d,p). The final lowest-energy geometries were con-
(Scheme ) After a long search of the most appropriate accepfirmed as a minimum on the molecular potential energy surface
tor, the choice fell on bH,4 for two reasons: (i) its proton affinity by normal-mode vibrational frequency calculations that pro-
(PA =203.9 kcal mot?) [21] is comparable to those estimated duced all real frequences. Zero-point vibrational energies and
for underivatized monosaccharid@®]; and (ii) it reveals suit- ~ statistical thermodynamic properties at 298.15 K and 1 atm were
able for their structural discrimination (vide infra). The approachcalculated at the B3LYP 6-31G(d,p) level of theory. All calcula-
used is based on the CID of the correspondingH&N2H4]* tions were performed using a IBM SP5 supercomputer at Cineca
adducts in conjunction with theoretical calculations. (Bologna, Italy).



114 G. Giorgi, M. Speranza / International Journal of Mass Spectrometry 249-250 (2006) 112—119

3. Results 10 H OH 2129 (@)
[Glucose*H *NH ,NH,]* HO e}

The ESI-MS spectra of S, hydroalcoholic mixtures are :2 eors Ho ! HJﬁO/HH
characterized by the presence of abundant signals correspon o ° NHAH,
ing to the [SHeN,H4]™ adducts. These noncovalent complexes 6o l* B —T
are very persistent under the experimental conditions adoptet o e o
whereas they undergo distinctive and specific decomposition | -
when colliding with He inside the ion trapig. 1la—d illustrate the %0 <P
0.7 eV (laboratory frame) collision MS/MS spectra of the non- 0 1629
covalent [SHeNyH4]* (S =glu, man, gal, andtal) complexes. 10
Those of the noncovalent §6leNyH4]* (S =fru, tag, sor, and 0 : : L
fuc) complexes, taken under the same conditions, are shown i 120 130 140 150 160 170 180 190 200 210 220
Fig. 2a—d, respectively. The energy-resolved MS/MS diagrams 100 3 annosesH sNH NH,* s on mib)
of [SeHeN2H,]* (S =glu, man, gal, andtal) (E¢o =0.5-1.0eV, 90 Ho o
lab frame) are reported iffig. 3. Those of [SHeNyH4]* 80 miz 213 »Eﬁ:,{@ﬁ*
(S=fru, tag, andsor) are given inFig. 6S of the Supplemen- 70 ° " o
tary Information 60 |* -NHNH,

All the [SeHeNoH4]* complexes, except that with Sec 50 © -H,0
(mlz 197), have the samei/z value {n/z 213). Their low- 40 -NHNH,
energy CID spectra are invariably characterized by the loss o 2 <« 0
hydrazine and several water molecul&g6. 1 and 2 How- 20 163.1 m:*’” 195.1
ever, the mode of release of these molecules is found to deper ~ '° M A |
upon the nature and the structural features of the S componer A e A A e
Thus, while the complex witkal (Fig. 1d) eliminates predom- 100 . 2129
inantly neutral NH,4 at all collision energiesRig. 3d), that % J[GalactosesH ®NHNH.J" o on W ()
with glu (Fig. 1a) mainly eliminates one or twod® molecules 8 ora “H HJQ(H
at low collision energies, the loss of,N4 being appreciable . ° v Mow
only at Eco > 0.7eV (ig. 3a). The elimination of MH, is L 0 l*
prevented in the complex witpal as well Figs. 1c and 3¢ £ 5 o
Indeed, in this systems. N4 is released only from the rel- g
evant [(SHeNzH4)—H,O]* fragment in competition with the § “ NHNH, 1950 -H,0
loss of a further HO molecule. Finally, the complex witihan § ZZ o O Lo
(Figs. 1b and 3pis able to release indiscriminatelyoN4 and < ~
one or two HO molecules. A distinctive feature of the CID 10 A ﬂ L
spectra of the [8HeN2H4]™ (S =fru, sor, andfuc) complexes OB T30 140 1% 160 170 180 180 200 230 220
is the exclusive loss of a single water molecH&( 2a, c and 190 3 Talose H NH,NH,* 1809 ()
d). No appreciable departure of eithesH\; or a second KO 90 Ho OH
molecule is observed. In contrast, low-energy CID spectrun g e 213 H sl
of the complex withtag (Fig. 2b) somewhat resembles that of 70 ° HoN Sy
the complex withglu (Fig. 1a), characterized by the exclusive 60 l*’ " o
release of a KO molecule. In both complexes, the loss giHy 50 o « O | o NHNH:
is detected only aEq > 0.7 eV Fig. 3a andSupplementary “NHoNH,
Informatior). :Z ‘ o o

The B3LYP/6-31G(d,p)-calculated minimum-energy struc- -+ .,
tures ofthe [SHeN2H4]* (S =glu, man, gal, tal, andtag) poten- 0 1949 L
tial energy surfaces are illustrated kig. 4a—e, respectively. o . ‘ . s ‘771(" . A . . .
The corresponding total energy corrected for the zero-poin 120 130 140 150 160 170 180 190 200 210 220

m/z

vibrational energies (ZPVE) are given iable 1S of Supple-

mentary Informationin the most stable [8-|0N2H4]+ (S :glu) Fig. 1. Low-energy collision MS/MS spectra of noncovalent complexes of
structure, the hH4 molecule is proton-bound to both tReOH ~ [SeHeN2Hal™ (S=glu (@), man (b), gal (c), andtal (d); Econ=0.7€V (lab
(bond length: 1.74) and®OH (bond length: 1.78) groups of frame)).

glu (Scheme BndFig. 4a). These interactions are accompanied

by the intramoleculaf?O-Heee®)O bonding (bond length: and®OH center (bond length: 1.74 (Fig. 4b). Similar multi-
1.78A). The presence of the axial hydroxyl group at fR€  ple interactions are prevented inef3eN2Hg]* (S =glu) by the

of man allows the corresponding most stablef®N2H4]*  opposite configuration of th&)C center. In contrast, the very
complex to acquire a structure wherein thgH¥ molecule is  similar total energies of [@1eN2Hs] ™ (S =glu andman) (see
proton-bound to both the GP)OH group (bond length: 1.78)  Table 1S in Supplementary Informatjosuggest the possibility
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20
10
0 e —.. [SeHeN2H4]™ (S =gal) hinders the establishment of the intense
120 180 140 150 160 170 180 190 200 210 22/0 proton-bonds present in the d8eNoH4]* (S =glu andman)
m/z

complexes. In this case, theN4 molecule is best coordinated
Fig. 2. Low-energy collision MS/MS spectra of noncovalent complexes ofby theOH (bond length: 1.74) and CH®OH (bond length:
[SeHeNzH4]™ (S=fru (), tag (b), sor (c), andfuc (d); Eco1=0.7€V (Iab 1 80A) of gal (Fig. 4c). The [SHeNyH4]* (S =tal) exhibits
frame). the same kind of intermolecular interactions osf®NoH4]*
(S=man). Both structures are characterized by two proton-
bonds between HHz and the CH®)OH and@OH groups of

the monosaccharidé-ig. 4d). The only difference arises from
the presence of the additional H-bond between hydrazine and
the axial”OH group of the monosaccharide inelSeNoH4]*
(S=tal) which is absent in [@HeN2H4]* (S=man). This
additional interaction is established to the expenses of the
specific proton-bond with th)OH center (cfr. N-Heee(2O

that NbH4 may interact with th€)OH and®OH of man as well,
much like in the [SHeN2H4]" (S =glu) complex. Indeed, the
second most stable ¢65leN2H4]* (S =man) structure exhibits
the NoHs molecule proton-bound to both tH&OH (bond
length: 1.728) and WOH (bond length: 1.78) of man (see
Supplementary InformatignThe presence of the axial hydroxyl
group at®)C and of the equatorial hydroxyl group &C of
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(d) (e)

Fig. 4. Lowest-energy B3LYP/6-31G(d,p)-optimized structures eH{&\2H4]* (S =glu (a), man (b), gal (c), tal (d), andtag (e)).

bond length: 1.8 (S=tal), 1.74A (S=man)). Finally, the ~ ®)NH group of hydrazine and the GFYOH groups ofag (bond
[SeHeN2H4]™ (S =tag) structure presents a distinctive feature, length: 2.01A).

relative to the other structuresieig. 4. Indeed, it is the only one

with the pyranose ring in the boat conformation. This is due tot. Discussion

the factthatthe bH4 molecule establishes energy favoured mul-

tiple proton-bonds with both tH&)O (bond length: 1.8@), and The observation of significant amounts of thedk®BN2H,)
the axialOH (bond length: 1.84) (Scheme JandFig. 48). —nH0]" (n=1,2) and [($H)-mH.0]* (m=0,1) fragments
These interactions are accompanied by H-bonding between tliom the CID of the [SHeN2H4]* complexes indicates that
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0]
-H,0

Scheme 2.

the gas-phase basicity (GB) of the S component as well as The predominant elimination of a water molecule from the
of its dehydrated form is comparable with that of hydrazinelow-energy CID of [$SHeNyH4]* (S=gal) can be accounted
(GB=196.6 kcalmotl) [21,22] Although no attempt was for by the HDOeeeH*eeeN,H, interaction which favours the
made to ascertain the origin of the eliminateg{ these con- loss of the relevant D molecule, anchimerically assisted
siderations allow us to advance some hypotheses about possiltlg the adjacent C-H bond in the antiperiplanar position
structures for the dehydrated p8)—-mH,0]* (m=0,1) frag-  (Figs. 3c and 4x]25,26] In the resulting [(SHeN2H4)—H,01*
ments. fragment, the hydrazine moiety is weakly interacting with the
Among the [SHeN>H4]* structures ofFig. 4, that with  CH>(®)OH group ofgal and, thus, it is located far away from the
S=glu is the only one wherein the GF¥)OH group does not formed G=2OH" group. The consequence is that further water
act as proton-bond acceptor from hydrazifég( 4a). This elimination is not as easy as in the case 0b{8N2H4)—H>01*
means that the C#f)OH group ofglu is able to act as pro- (S=glu) and, therefore, release ohN, efficiently competes
ton acceptor from the adjacent4DeeeH"eeeN,H, Ssystem  with the second water los&ig. ).
and, therefore, to catalyze the loss of theGHmolecule from The assistance of the GR)OH group ofgal andglu in the
the(®C of the saccharide. The release of th&Hnolecule may  multiple dehydration of the correspondingsfBeN,H4]* com-
be assisted by 1,2-hydrogen shift with formation of the correplexes is outlined by the absence of the same process in the CID
sponding ketone coordinated to the hydrazine molecule througbf the complex witlfuc, where the same positionis occupied by a
the G=®)OeeeH*eeeN,H, bonding (path (i) oBcheme 2 This ~ CHz group Fig. 2d). Itis plausible that, in [(@HeNoH4)—H,0]*
hypothesis is consistent with the pronounced basicity of substiS =fuc), further fragmentations are hindered by the large energy
tuted cyclohexanond®1] and is corroborated by the following required for the unassisted departure of the firgDhholecule.
consideration. The loss of a further water molecule from the The prompt elimination of a water molecule from the low-
[(SeHeNyH4)—H,O]* fragment requires the establishment of aenergy CID of [SHeNyH4]* (S=tag) is attributed to the
relatively strong proton-bond betweemnty and the residual H®OeeeH"eeeN,H, interaction which promotes the loss of
OH group of the [(8H)—H20]* moiety which will be involved  the H,O molecule from thé?C center, assisted by the adja-
inthe dehydration. This condition can be reached by allowing theent antiperiplanaf®C—H bond igs. 2b and 4e A similar
N2H4 molecule to establish multiple interactions with both theprocess takes place indHeN2H4]* (S =man). Here, it is the
C=C)OH* and the vicinal?OH group of [(SH)—H,0]". This  H@QeeeH"eeeN,H, interaction which induces the elimina-
cooperative proton-bond arrangement is suitable for promotingon of the HO molecule, possibly assisted by the adjacent
the release of a further water molecule by a mechanism simild?)C—H bond Eigs. 3b and 4pb This process is accompa-
to that of the first water loss (paths (ii) and (iii) 8€heme Z2nd  nied by the release of M4, whereas the elimination of the
Fig. 3a). same molecule from [@1eNoH4]* (S =tag) is observed only
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Scheme 3.

at collision energies above 0.65 eNig. 30 andSupplementary 1 74A; Fig. 4b). This is due to the opposite configuration of the
Information). A possible explanation for such a difference may(4)c center in the corresponding saccharidgshemes 3 and4
be found in the observation that, in the §(®sN2H4)—H20]"  This situation somewhat reduces the efficiency of the elimina-
(S=man) fragment, the NH4 molecule can hardly interact tjon of the O molecule from thé?C site of [SSHeNoH4]*
simultaneously with the CH)OH and®)O centers and the (s =tal; Scheme § if compared to that of the same process in
incipient G=®)OH* one. In the [(SH)—H,0]* (S =tag) frag- [SeHeN,H4]* (S =man; Scheme % The result is that the CID
ment, instead, the €JOH*, CH,("OH, and®O centers are  of [SeHeN,H4]* (S =tal) proceeds almost exclusively via the
adjacent each others and, therefore, suitable for multiple integ|imination of NoH4 (Figs. 1d and 3y
actions with the NH4 molecule. Accurate analysis of the energy resolved MS/MS spectra
As pointed out before, the proton bond betweepHN  of the [SsHeNoH4]* (S =glu, man, gal, andtal) complexes
molecule and thé)OH center of S in [SHeN2H4]* (S=tal)  (Fig.3), reveals that their 50% survival yield ($¥) corresponds
(bond length: 1.82; Fig. 4d) is appreciably weaker than the to collision energies close to 700 meV, except for the complex
same interaction in [@HeNzH4]" (S=man) (bond length:  with the S =tal epimer which shows a S¥; value below 650

Scheme 4.
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