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Abstract: The conformation of phenyl-substituted monosaccharides (mannose, galactose, and glucose)
and their singly hydrated complexes has been investigated in the gas phase by means of a combination
of mass selected, conformer specific ultraviolet and infrared double resonance hole burning spectroscopy
experiments, and ab initio quantum chemistry calculations. In each case, the water molecule inserts into
the carbohydrate at a position where it can replace a weak intramolecular interaction by two stronger
intermolecular hydrogen bonds. The insertion can produce significant changes in the conformational
preferences of the carbohydrates, and there is a clear preference for structures where cooperative effects
enhance the stability of the monosaccharide conformers to which the water molecule chooses to bind. The
conclusions drawn from the study of monosaccharide-water complexes are extended to the disaccharide
lactose and discussed in the light of the underlying mechanisms that may be involved in the binding of
carbohydrate assemblies to proteins and the involvement, or not, of key structural water molecules.

Introduction

An extensively studied, but still far from being fully
understood, function of carbohydrates is their ability to mediate
biological processes, such as molecular recognition within living
systems, for example, through the glycan foliage provided by
N-linked glycopeptides.1 Hydrogen bonding is one of the key
components in the machinery of carbohydrate molecular
recognition2-4 and, more generally, in the maintenance of their
preferred conformational structures. Intramolecular hydrogen
bonds within the linked monosaccharide units and between them,
and intermolecular hydrogen bonds between carbohydrates and
neighboring molecules, for example, water or noncovalently
bound biomolecules, can compete or work together in a
cooperative way to stabilize favored conformations. This
“matrix” of neighboring hydroxy groups can also create
cooperative hydrogen-bonded networks,5-8 which can ef-

fectively stabilize and strongly rigidify some conformations and
also play a major role in molecular recognition.3,9-12 Many
studies have identified water not simply as a spectator solvent
but as an active participant in carbohydrate molecular recogni-
tion processes.2,13-23 The influence of this ubiquitous biological
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solvent on carbohydrate conformational landscapes needs to be
understood, if their interaction with biological molecules is to
be properly modeled.

To date, the main approaches to determining the conformation
of carbohydrates have been based on X-ray crystallography and
NMR measurements, and on molecular modeling using empiri-
cal molecular mechanics force fields (FF).24 These approaches
have limitations, most of them related in some way to the
property that makes carbohydrates so interesting and challenging
to study, their conformational flexibility. To validate a force
field, comparison with experimental data in model systems is
necessary,25-28 but comparisons with NMR data may be
compromised by ensemble-averaging, and both NMR and
crystallographic data may be influenced by environmental
effects, associated with the solvent (NMR) or the crystal
lattice.27,29 Vibrational Raman spectroscopy,30 circular dichro-
ism31 (VCD), and Raman optical activity32 (ROA) measurements
in aqueous solution and Fourier transform infrared (FTIR)
measurements in nonpolar solvents33 have provided precious
insights into carbohydrate conformations in solution, but the
role of the solvent on the vibrational frequencies of the solute
has to be understood quantitatively before structural information
can be extracted or modeling methods calibrated accurately. FF
calculations can include environmental effects, but, again,
experimental data are required to validate the parameters used
to describe the properties of the solute, the solvent, and their
mutual interaction.

One way of circumventing these problems exploits conformer
specific, mass-selected infrared laser spectroscopy conducted
at low temperatures in the gas phase, to probe the “vibrational
signatures” of monosaccharides and small oligosaccharides
initially free of the environment and then interacting with it in
a controlled way within well-defined, finite-size hydrated
molecular complexes, coupled with ab initio computational

chemistry to translate these signatures into their molecular and
conformational structures.34 We have already used this strategy
to investigate the conformation of the monosaccharide deriva-
tives phenylâ-D-galactopyranoside35 (âpGal) and phenylâ-D-
glucopyranoside36 (âpGlc), and the disaccharide formed by their
combination, benzylâ-lactoside37 (âBnLac). Two monohydrates
of âpGlc have also been identified, and tentative conformational
and structural assignments were suggested.38 Experimental data
obtained on finite size systems such as these, supported by
quantum chemical theory, could provide a basis for testing and
calibrating carbohydrate FF’s, which in turn could be used with
greater confidence to model larger molecular systems that cannot
be treated with computationally time-consuming, quantum
chemistry calculation. Following this aspiration and motivated
by the particular importance of the monosaccharide mannose,
a key building block in glyco-conjugate structures, we have
conducted the first combined infrared spectroscopic and ab initio
study of the conformational and structural landscapes of
phenyl R-D-mannose (RpMan) and its monohydrate complex
(RpMan-W). We have also investigated the hydrated complex
of âpGal (âpGal-W), a complex that has eluded spectroscopic
detection until now. Prompted by these results, a series of new
ab initio calculations, spectroscopic measurements, and structural
assignments of the monohydrates ofâpGlc (âpGlc-W) have
been undertaken as well as a preliminary computational study
of the hydration of lactose. The structures of the (phenyl or
benzyl tagged) sugars under investigation here are shown in
Chart 1.

The results reveal how water comes into play to “shape” to
its own advantage the conformation of sugars and allow a much
clearer picture to be drawn of the relevant processes. In this
picture, hydrogen bonding and cooperativity are the driving
forces: the near-infrared measurements provide a “spectroscopic
indicator” of their manifestation. Comparisons with carbohydrate-
protein X-ray crystal structures suggest that in some cases
proteins recognize the preferred hydrated carbohydrate confor-
mational structures. The carbohydrate water binding modes
identified here are either conserved, with structural water
molecules present in the crystal at the same positions identified
in this gas-phase study, or the water molecule is displaced in
favor of interactions with the protein at the same sites on the
carbohydrate.
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Methods

The experimental and theoretical tools used in this work have been
described elsewhere.39 Here, we simply recall the basics and give the
details specific to the systems examined.

Spectroscopic Tagging of Carbohydrates.Our experiments rely
on the observation of resolved UV resonant two-photon ionization
(R2PI) spectra of the molecules of interest. For that purpose, the
carbohydrates have all been “spectroscopically tagged” to provide a
near UV chromophore through a linkage to a phenyl group. Synthetic
access to the newly surveyedRpMan system was gained through the
use of a peracetylated mannosyl donor with phenol, followed by
Zemplén deacylation in a highly efficient manner and with excellent
stereocontrol for theR-anomer product.40-42 The taggedâ-saccharides,
âpGal andâpGlc, were purchased from Sigma Chemical Co. and used
without further purification.

Fortunately, the perturbation introduced by addition of the chro-
mophore (at the anomeric position O1; see Chart 1) appears to be benign
because calculations indicate that the conformations of the mono-
saccharides are virtually the same whether they are tagged or not, and,
as importantly, the relative energy ordering of the most stable
conformers does not appear to be affected. Calculations of the
conformational landscape of (unsubstituted) glucose by ourselves and
others43 identified the same conformations for the most stable minima
as were found earlier forâpGlc.36 Additional calculations onR-D-
mannose andâ-D-galactose (without the phenyl ring) have also
confirmed the negligible influence of the phenyl chromophore on their
conformational structures and preferences. It should be noted, however,
that tagging introduces some extra complexity, because a single
conformation of the sugar moiety of the molecule may be associated
with more than one orientation of the phenyl ring.

Gas-Phase Single and Double Resonance Spectroscopy.The
monosaccharides were evaporated from an oven, located in a vacuum
chamber at the exit of a pulsed supersonic expansion valve. The oven
temperature, optimized for each system, was typically set between 110
and 150°C for the observation of bare molecules and between 150
and 200°C for the study of water complexes. The carrier gas, argon,
was maintained at a backing pressure of∼4 bar for the experiments
on the bare molecules and∼6 bar for the water complexes. Sugar
molecules entrained in the expanding jet were cooled to rotational
(vibrational) temperatures of∼10 (50) K. Hydrated complexes were
formed when the carrier gas was seeded with water vapor prior to the
expansion (∼0.25% H2O in Ar).

The molecules entered the detection chamber through a 1 mm
diameter skimmer and were ionized via R2PI in the extraction region
of a time-of-flight mass spectrometer. The ions were then accelerated
toward a multichannel plate detector to provide mass-selected S1rS0

R2PI spectra of the (phenyl tagged) neutral molecules or their hydrated
complexes. Individual conformers were separately identified through
a double resonance UV-UV hole burning (UVHB) scheme.39 A similar
IR-UV hole burning double resonance scheme (IRHB) generated the
corresponding electronic ground-state IR spectrum of each species.

Computational Strategy. In the previous study of the glucose
monohydrate (âpGlc-W),38 alternative structures were constructed by
adding the water molecule systematically to low-energy, thermally
populated conformers of the bareâpGlc molecule at favorable insertion
geometries (where the water participates in two hydrogen bonds). This
procedure left open the possibility of bias in the structural survey and
was particularly problematic if the conformation of the observed
hydrated sugar was not derived from a populated low energy conforma-

tion of the nonhydrated molecule. To ensure that the conformational
landscapes of each sugar, both free and hydrated, had been adequately
sampled, subsequent exploration of their potential energy surfaces was
performed with conformation searching using the Monte Carlo Multiple
Minimum (MCMM) method as implemented in the MacroModel suite
of programs (version 8.5).44 The MMFF94s molecular mechanics force
field45 was used for 10 000 steps. All structures generated with energies
within 25 kJ mol-1 of the minimum were examined, and, from these,
multiple conformers were selected for higher level, electronic structure
theory calculations (based on relative energy and the desire to explore
a diversity of conformers); 55, 39, 15, and 22 structures were selected
for âpGlc-W, âpGal-W, RpMan, andRpMan-W, respectively. Some
of these only differed from each other by the orientation of the phenyl
chromophore and/or the orientation of the water OH group acting as
an H-bond acceptor from the saccharide. Fewer conformers ofRpMan
and its hydrate were considered as these systems presented only a single
stable chromophore orientation, making their potential energy surfaces
somewhat simpler than those theâ-monosaccharides,âpGlc andâpGal,
which featured two positions of the phenyl of similar stability.

The higher-level electronic structure theory calculations were
performed using the Gaussian03 software package,46 following the well-
established procedures described elsewhere.39 Optimized structures,
transition states, and harmonic frequencies were calculated using hybrid
method density functional theory at the B3LYP/6-31+G* level of
theory. The low-lying structures, whether “bare” or hydrated, invariably
adopted a4C1 ring conformation. Relative total energies,∆E0, given
in what follows are from single-point energy calculations performed
on the B3LYP-optimized geometries at the MP2/6-311++G** level
of theory and include B3LYP/6-31+G* zero-point energy corrections.
The harmonic frequencies of all of the OH stretching modes were scaled
by a factor of 0.9734, an empirical scaling factor, which has been used
in previous studies of carbohydrate conformation.35-37

Assigning Conformers and Structures.The spectral, conforma-
tional, and structural assignments are based upon a combination of
several factors, which collectively “home in” either on a unique
assignment or on a limited set of alternatives that best fit observation.
These include the overall qualitative match between the patterns of
observed and calculated vibrational spectra, the correlation between
the relative conformer populations (estimated from the relative intensi-
ties of their R2PI spectra) and the ordering and magnitude of their
calculated relative energies, and, finally, the near universal rule that
the most populated conformers/structures correspond to those which
the ab initio calculations have located as those of lowest zero-point
potential energy.

In the case of the structural determination of the hydrated complexes,
the prediction of the vibrational frequencies for the stretching modes
of the OH groups involved as donors in intermolecular H bonds between
the carbohydrate and the water molecule turns out to be less satisfactory
than for the OH groups involved in intramolecular interactions within
the carbohydrate or for the free OH of the water molecule. Several
possible sources of error can be identified: the difficulties in properly
describing intermolecular interactions, the use of a single scaling factor
for all OH stretches, and the influence of basis set superposition error.
Nevertheless, even though the absolute accuracy of the prediction may
sometimes be found wanting, the vibrational patterns featured by these
modes are generally well reproduced, and, together with the other
criteria mentioned above, assignments can be made with a degree of
confidence.

To name the various conformers and structures consistently and as
simply as possible, we have adopted a convention slightly different
from that followed in our previous publications.35-38 The three ring
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hydroxy groups can interact together in a clockwise47 chain of
intramolecular H bonds OH2fOH3fOH4,48 which we will label “c”,
or in a counterclockwise47 chain OH4fOH3fOH2, which we will
label “cc”. The conformation of the hydroxymethyl group is labeled
according to the previous convention adopted in ref 38. The labeling
convention is exemplified in Figure 9.

Results and Conformational Assignment

rpMan. Bare Molecule. The R2PI and UVHB spectra of
RpMan shown in Figure 1 reveal three distinct conformers,
labeled as A, B, and C. Conformers A and C clearly exhibit
similar vibronic structures dominated by a strong peak, followed
at ∼50 cm-1 to higher wavenumbers by a doublet, highlighted
in red in Figure 1.49 Comparison with the previous studies of
âpGlc and âpGal identify this pattern as the typical UV
spectroscopic signature of an individual conformer of a phenyl-
monosaccharide.35,36,38 According to ground-state frequency
calculations, the doublet most likely corresponds to torsional
motions of the phenyl ring (which probably do not change much
in the electronic state S1). This would explain why the vibronic
structure is apparently insensitive to the molecular conformation
of the sugar. Assuming similar transition moments for the three
conformers, A is by far the most strongly populated.

The IRHB spectra of each conformer are displayed in Figure
2 and compared with those calculated for each of the four lowest
lying computed conformers.

Conformer A is the most abundant, which immediately
suggests its assignment to the global minimum energy confor-
mation, cG-g+, an assignment that is supported by the observed
IR spectral pattern. The apparent dip in the band at 3620 cm-1

is the result of decreased IR power due to atmospheric water
absorption at this wavelength. The asymmetrically broadened

absorption feature centered at∼3640 cm-1 suggests a contribu-
tion from two overlapping absorption features, and the calculated
spectrum predicts two bands of medium intensity in this region,
although the calculated splitting is somewhat greater. The
relative intensity of the band at the highest wavenumber,
centered at 3670 cm-1, is enhanced by the power of the IR
source, which increases toward higher wavenumbers.

The IR spectrum of the minor conformer B displays all four
predicted IR bands, and their pattern accords well with the
calculated spectrum of the second lowest lying conformer, ccG-
g+; it is located at an energy at 3.2 kJ mol-1 above the global
minimum, see Table 1, consistent with its low relative abun-
dance.

Comparison of the IRHB spectrum associated with the second
minor conformer, C, with calculated spectra strongly suggests

(47) The “clockwise” (c) and “counterclockwise” (cc) directions are defined
using the orientation of the standard representation of monosaccharides
where the ring oxygen is at the right top corner of the sugar ring as shown
all along this report (see Figure 9). For example, the conformation labeled
previously “ttt” in âpGlc andâpGal becomes “cc”, while “ggg” becomes
“c”.

(48) The carbon atoms of the sugar ring are numbered as indicated forRpMan
in Chart 1. OHn is the hydroxy group attached to the Cn.σn is the stretching
vibration of OHn.

(49) The fact that the pattern cannot be easily seen on the UVUV spectrum of
conformer B is due to the weakness of the signal associated with the doublet.

Figure 1. Resonant two-photon ionization (R2PI) and UV hole-burning
(UVHB) spectra ofRpMan isolated in the free jet expansion. The UV
spectroscopic signature of a phenyl-monosaccharide is highlighted in red.49

Figure 2. Experimental IRHB spectra of the three observed conformers
of RpMan together with the calculated structures, relative energies, and
spectra of the proposed conformational assignments. For conformer C, the
calculated spectra of both possible conformational assignments are shown.
The full and empty sticks correspond to the cTt (structure shown) and cTg-
(structure not shown) conformations, respectively, which only differ by the
torsion depicted by the arrow; their vibrational modesσ2 and σ3

48 are
superposed. The intensity of the bandsσ2 of conformer A andσ3 of
conformer C is affected by atmospheric water IR absorptions. Larger size
structures can be seen in Figure 9.

Table 1. Relative Total Energies (∆E0 in kJ mol-1) of
Monosaccharide Conformers, Calculated at the MP2/
6-311++G**//B3LYP/6-31+G* Level of Theorya

RpMan âpGal âpGlc

cG-g+ 0 (1) 6.6 (4) 9.7
ccG-g+ 3.2 (2) 15.3 0.3 (2)
cTt 3.7 (3) 20.0 13.4
cTg- 5.2 (4) 21.1 16.3

ccG+g- 5.7 (5) 0 (1) 0 (1)
ccTg+ 7.4 4.8 (2) 4.5 (3)
ccG-g- 8.7 6.0 (3) 10.5

a ZPE corrections have been calculated from the B3LYP/6-31+G*
frequency calculation. The numbers in parentheses indicate the energy
ordering of the lowest lying conformers.
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assignment to a cT conformation because of the presence of
the strongly shifted band at 3575 cm-1. The two best candidate
conformers, cTt and cTg-, are shown here. The spectra predicted
for either possible assignment do not allow a clear choice
between them, and, given the small calculated energy gap
between the two (1.5 kJ mol-1), a definitive assignment to one
or other of the possibilities should be resisted. These two
conformers differ only in the orientation of the OH6 group; the
H-bonded network remains the same in both cases. They are
separated by a first-order saddle point, which generates a
calculated zero-point potential energy barrier of only 1.4 kJ
mol-1 (going from cTg- to cTt), but because the measurements
were performed on molecules vibrationally cooled by collisions
in the supersonic expansion down to temperatures of a few tens
of Kelvins (1 kJ mol-1 ≈ 120 K), the barrier is high enough
for the conformers not to interconvert freely at these temper-
atures, despite their very minor structural difference.

In addition to the harmonic frequencies and IR absorption
intensities, the calculations also provide the normal-mode
analysis, which allows the assignment of each observed vibration
as being predominantly due to the stretching motion of a
particular OH group. The influence of hydrogen bonding on
the vibrational mode can be recognized by considering the OH
groups that are acting as donors. The easiest effect to measure
is a shift of the OH stretching mode toward lower wavenumber,
the strongest interactions leading to the largest shifts. Hydrogen
bonding can also be revealed through increased intensity and
line-width broadening (although power saturation of the vibra-
tional transitions as well as fluctuations of the IR source power
may obscure these effects). The feature labeledσ4, for example,
appears as a narrow band at a high wavenumber in conformer
A, where the clockwise orientation of OH4 handicaps its
interaction with either of its neighbors, O6 or O3. In conformer
B, however, the OH4 group flicks from a clockwise to a
counterclockwise orientation, facilitating its closer interaction
with O3 and a consequent shift inσ4 by ∼40 cm-1 to lower
wavenumber. In conformer C, the band shifts even further, by
∼85 cm-1 to lower wavenumber, and it displays the enhanced
intensity and width associated with hydrogen bonding. In either
of the two possible assignments for C, the rotation of the
hydroxymethyl group from a G- to a T orientation, coupled with
the return of the neighboring OH to a clockwise orientation,
brings OH4 and O6 into close proximity, creating a stronger
OH4fO6 interaction. This evolution of the spectral shift of the
vibration σ4 with the conformation is consistent with the
calculated distances between H4 and the oxygen atom with
which it interacts. For conformer A, the distance H4-O6 is
3.2 Å, in conformer B the distance H4-O3 is 2.5 Å, and in
either possible assignment of conformer C the H4-O6 distance
is 2.0 Å.

There is a striking difference between the most stable
conformation adopted byRpMan,50 cG-g+, where the OH2
group is at an axial position, and byâpGlc andâpGal, ccG+g-
(see Figure 9),35,36 where the OH2 is equatorial. In these two

cases, the equatorial position of OH2 and theâ-anomeric
configuration (O1 equatorial) favor an interaction between OH2
and O1, provided OH2 is oriented counterclockwise. The axial
position of OH2 and theR-anomeric configuration (O1 axial)
in RpMan prevent this arrangement. Instead, the peripheral OH
groups switch to a clockwise conformation to facilitate the
cooperatively interacting chain, OH2fOH3fOH4. The G-g+
orientation of the hydroxymethyl group, as adopted by con-
former A ofRpMan, is clearly stabilized by its role in elongating
this clockwise H-bond chain.

rpMan-W Complex. The R2PI spectrum recorded by
monitoring the ion signal in the mass channel of theRpMan-W
complex shown in Figure 3a continues to display the charac-
teristic vibronic structure discussed earlier (an intense band
followed by two of lesser intensity∼50 cm-1 above the band
origin). Its simplicity suggests the primary population of only
a single hydrated conformer structure in the supersonic expan-
sion, and IRHB measurements confirm this; each of the major
UV features selected by the “probe” laser generates the same
IR spectrum, shown in Figure 3b. The other, weaker UV bands
are too weak to allow reliable IRHB measurements to be made,
and there is evidence for associating some of these bands with
larger clusters that fragment following ionization.

Although the IR spectra of each of the three most stable
calculated structures ofRpMan-W could all match qualitatively
the observed IRHB spectrum, the relative energies of the second
and third are calculated to lieg5 kJ mol-1 above the global
minimum, see Table 2, high enough to make their population
unlikely and consistent with the observation of a single

(50) In a very recent computational investigation of the conformation of mannose
(without the phenyl chromophore) [Appell, M.; Willett, J. L.; Momany, F.
A. Carbohydr. Res.2005, 340, 459-468], the conformer tg-ggTt has been
identified as the most stable conformation of theR anomer, but the authors
did not consider the tg-ggG-g+ conformer- the unsubstituted analogue
of the g-ggG-g+ conformer ofRpMan reported here (labeled cG-g+). Using
the same level of theory (B3LYP/6-311++G**), however, we find the
tg-ggG-g+ conformer to be more stable than tg-ggTt, by 2.5 kJ mol-1.

Figure 3. (a) R2PI spectrum ofRpMan-W. The lines highlighted in red
are those for which IRHB measurements have been made. (b) IRHB and
calculated spectra and structures ofRpMan-W. σwb and σwf refer to the
bound and free OH stretching modes of the water molecule; the symmetric
and asymmetric stretching modes of the groups involved in the inter-
molecular hydrogen bonds are labeled “s” and “a”, respectively. Arrows
indicate additional weak absorption bands, not predicted by the calculations.
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conformer, only. In addition, the spectrum calculated for the
most stable structure reproduces the experimental one best,
reinforcing its assignment to the insertion complex, A_ins4 (cG-
g+_ins4). The conformation of the mannose sugar in this
minimum energy structure is virtually identical to that of the
lowest energy conformer of unhydratedRpMan. In bareRpMan,
the bandσ4 appears at the highest wavenumber (see Figure 2)
because of the structural restraints, which makes the interaction
between OH4 and OH6 the weakest of those present in this
conformer. In the monohydrate, the water molecule inserts
between the OH4 and OH6 groups and replaces this poor
interaction with two “better” hydrogen bonds,51 andσ4 is now
located at the low wavenumber end of the IR spectrum. The
bound OH group of the water molecule is the second “better”
H bonded group, and its vibration is coupled withσ4. In
consequence, the two strongly perturbed bands observed at 3462
and 3504 cm-1 are associated with the symmetric and asym-
metric modes of these coupled stretching vibrations. Similar
vibrational couplings are observed in the IR spectra of most of
the sugar-water complexes presented hereafter; their pattern
provides a general “signature” of a hydrated insertion structure.
Some additional weak absorption bands, which are not predicted
in the calculated spectrum of the A_ins4 structure or indeed of
any other of the computed conformational structures, are
indicated by the arrows in Figure 3b. Similar bands have also
been observed in the IR spectra of other bimolecular systems38,52

and are often associated either with combination bands between
OH stretch and intermolecular low frequency vibrations or
combination/overtone bands made stronger by resonances with
the OH stretching modes. It is also possible that the extra lines
originate from other conformers of the complexes where the
water molecule inserts at the same position but with a slightly
different orientation. Only the vibrations of the modes involved
in intermolecular hydrogen bonds would be sensitive to such
minor differences.

âpGal. Bare Molecule. The conformational landscape of
âpGal is quite different from that ofRpMan. Two conformers
were observed and identified in an earlier investigation.35 The
most abundant, conformer A, was assigned to the most stable
ccG+g- structure. In the course of the present study, another
minor conformer, C, has been identified in the R2PI spectrum,
see Figure 4a, and assigned to the conformer cG-g+ (which

corresponds to the most stable structure inRpMan). Its
experimental and computed IRHB spectra and structure are
shown in Figure 4b along with the computed and observed
spectra of all of the populated conformers.

Their assignments correspond to three of the four lowest lying
conformers listed in Table 1, and their relative populations
reflect the rank order of the relative energies. The minor
conformer C is assigned to the structure cG-g+, which corre-
sponds to the major, lowest energy conformer inRpMan.
Because the OH4 group has an axial orientation inâpGal, the
cG-g+ conformation in conformer C brings OH4 and OH6 into
close proximity substantially enhancing the OH4fO6 interac-
tion; theσ4 mode is substantially shifted to lower wavenumber
and is associated with an intense and broad absorption band.

Figure 5a compares the R2PI spectra ofâpGal,RpMan, and
âpGlc. Strikingly, the spectra of all of the observed conformers
in which there is a hydrogen bond from OH2 to the phenoxy
oxygen of the chromophore are located above 36 830 cm-1

(indicated by a vertical dashed line), whereas those lacking this
interaction are all found at lower wavenumbers. This correlation
can (and will) be used to support structural assignment of other
hydrated sugar conformations.

âpGal-W Complexes.The R2PI spectrum of hydratedâpGal
is shown in Figure 5b, where it can be compared with the spectra
generated by each of the other two hydrated sugars,RpMan-W
andâpGlc-W. It is much more congested than that ofRpMan-W
or âpGlc-W, which suggests the population of a number of
hydrate structures generating several overlapping R2PI spectra.53

(51) To appreciate whether one H bond is “better” than another, we consider
both the Hdonor-Oacceptordistance and the directionality of the noncovalent
interaction, which are provided by the DFT-optimized geometry.

(52) Gerhards, M.; Unterberg, C.; Gerlach, A.; Jansen, A.Phys. Chem. Chem.
Phys.2004, 6, 2682-2690.

(53) The broad absorption indicated by the red dotted line below the resolved
R2PI features shown in Figure 5b probably includes further unresolved
vibronic progressions associated with P,U or additional, more weakly
populated hydrate structures.

Table 2. Calculated ∆E0 (kJ mol-1) of the Monohydrated
Structures Discussed in the Text (Numbers in Parentheses
Indicate the Energy Ordering for the Most Stable Structures)

RpMan-W âpGal-W âpGlc-W

cG-g+ ins4 0 (1) 14.0 0 (1)
ins6a 5.8 (2) 0.9 (2) 6.2
ins6b 7.9 (3) 0.3 (4) 6.7

ccG+g- ins 2 19.3 0.6 (3) 0.9 (2)
ins6a 22.9a 0 (1) 1.1 (3)
ins6b 25.7a 1.5 (5) 1.2 (4)

a These conformations feature a phenyl ring orientation stabilized by the
presence of the water molecule. In all of the most stable conformations of
RpMan andRpMan-W, the phenyl ring is perpendicular to the sugar ring
(Figures 2, 3, and 9), but in the ccG+g-_ins6a/b complexes, the water
bridges between OH6 and the phenyl ring, which is parallel to the sugar
ring.

Figure 4. (a) R2PI spectrum ofâpGal. The arrows mark the lines associated
with the newly identified conformer C. (b) IRHB of the three observed
conformers ofâpGal and calculated spectra of their respective conforma-
tional assignment.
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This is consistent with the closely spaced relative energies
calculated for the low-lying structures ofâpGal-W, five of which
lie within 1.5 kJ mol-1 of the global minimum (see Table 2). A
similar situation was encountered previously in an investigation
of the hydrated clusters of tryptophan,54,55 where the spectral
overlap was so severe that it prevented the resolution of their
individual spectra through UV (or IR) hole-burning spectros-
copy. In the present case, however, it has proved possible to
conduct IRHB measurements on the five strong and sharp lines
highlighted in color in Figure 5b.

The three blue lines (Figure 5b) all generated the same IRHB
spectrum, labeled P (Figure 6), while more complex IRHB
spectra, labeled P+ U, were generated from the R2PI features
highlighted in green (Figure 5b). They reflect blended features
in the R2PI spectrum, which generate overlapping contributions
from P and from a second hydrate structure, U.

The calculated IR spectra of the five lowest lying structures
of âpGal-W are shown in Figure 6 along with those associated
with the experimental IRHB spectra, P and P+ U. Spectrum P
displays three strong and broad absorption bands at the lower
wavenumber end of the spectrum, at 3423, 3456, and 3563 cm-1.
They indicate three OH groups acting as H donors in three good

hydrogen bonds. The only low lying structures that allow this
are C_ins6b or 6a, formed by insertion of the water molecule
between OH6 and the ring oxygen in the cG-g+ conformer (the
weakly populated conformation C in bareâpGal); they each
generate a strongly H-bonded chain, OH4fOH6fOHwfOring,
and their calculated IR spectral patterns are both in fairly good
agreement with the observed spectrum. The most strongly
shifted band,σ6 in âpGal-W (C_ins6a/b), is the least shifted
band in the cG-g+ conformer of bareâpGal, which provides
another illustration of the conclusion drawn from the analysis
of RpMan andRpMan-W: the water molecule seeks to replace
the weakest intramolecular hydrogen bond of the bare molecule
by two strong intermolecular hydrogen bonds.

The IRHB spectrum of the second hydrate, U, is partly
contaminated by absorption bands associated with the hydrate
structure P because of the R2PI spectral overlap. Nonetheless,
five of the six predicted IR bands of U can easily be
differentiated from those of P, and they are identified in Figure
6 by the full squares. The sixth IR-active OH stretching mode
could well be associated with the blending of two overlapping
bands associated with structures P and U at 3626 cm-1

(identified by an empty square in Figure 6). This spectrum
agrees well with the spectra calculated for either of the two
low-lying hydrate structures, A_ins6a or A_ins6b, formed by
insertion of the water molecule at the same position as in P,
but this time into the lowest energy conformation of bareâpGal,
ccG+g-. (Another possible explanation for the “missing line”
could be the blending of two absorption bands of the same

(54) Carcabal, P.; Kroemer, R. T.; Snoek, L. C.; Simons, J. P.; Bakker, J. M.;
Compagnon, I.; Meijer, G.; von Helden, G.Phys. Chem. Chem. Phys.2004,
6, 4546-4552.

(55) Snoek, L. C.; Kroemer, R. T.; Simons, J. P.Phys. Chem. Chem. Phys.
2002, 4, 2130-2139.

Figure 5. R2PI spectra of (a) the bare monosaccharides and (b) their
hydrated complexes. The vertical dashed line marks the separation between
the spectral origins of conformers associated with (above the line) and
without (below) an OHf Ophenoxyhydrogen bond.

Figure 6. Experimental and calculated IRHB spectra ofâpGal-W. P and
P+U are the IRHB spectra associated with the lines respectively highlighted
in blue and green on the R2PI spectrum in Figure 5b. The lines marked by
squares on the spectrum P+U are discussed in the text.
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conformer; in this case, the structure A_ins2, which still involves
the ccG+g- conformer, would provide a better fit.)

The R2PI lines leading to the IRHB spectra P and P+U
(Figure 5) lie on opposite sides of the empirical line that
separates the conformers with an OHfOphenoxyinteraction (lying
above the line, conformer U) and those without this interaction
(lying below the line, conformer P). This supports further the
assignment proposed here from the IR spectral interpretation;
two families of structures dominate the conformational popula-
tion of âpGal-W: one in which the water binds to conformer
A of the bare molecule, and a second one in which conformer
C (very weakly populated in bareâpGal) seems promoted by
the complexation with a single water molecule. However,
recognizing the experimental and theoretical difficulties associ-
ated with the study ofâpGal-W, a more definitive assignment
of structures within the families is not justified.

âpGlc-W: A Conformational Reassignment.âpGlc was
the first carbohydrate monosaccharide to be investigated under
jet-cooled conditions in the gas phase, allowing its three most
stable conformers to be separately resolved and conformationally
assigned.36 Subsequently, R2PI, UVUV, and IRHB spectra of
the monohydrated complexes ofâpGlc were reported and two
distinct structures were identified.38 Their definitive conforma-
tional and structural assignment was handicapped, however, by
the lack of convincing theoretical support. The theoretical
conformational search in this original study was restricted to
complexes involving only those conformations of the bare
molecule that had been detected experimentally, but the present
investigation ofâpGal-W has revealed that water binding can
stabilize alternative conformations that are unpopulated or only
weakly populated in the bare monosaccharide. In view of this,
the conformational landscape ofâpGlc-W has been reinvesti-
gated using the unrestricted conformational searching strategy
described earlier. This has led to the prediction of a global
minimum conformational structure that had been missed both
in our original investigation38 and, subsequently, by others.56

In the newly identified most stable structure ofâpGlc-W, the
sugar adopts a cG-g+ conformation, which in the bare molecule
is calculated to lie at an energy 10 kJ mol-1 above the global
minimum structure, ccG+g- (Table 1). Not surprisingly, the cG-
g+ conformer was not detected in experiments on nonhydrated
âpGlc.36

Newly measured IRHB spectra of hydratedâpGlc, recorded
in the mid-IR using the radiation provided by the free electron
laser FELIX,57 are shown in Figure 7 together with the near-
IRHB spectra reported earlier38 and a series of calculated spectra.
The agreement between the computed spectrum associated with
the (newly identified) global minimum structure ofâpGlc-W,
cG-g+_ins4,58 and the experimental spectrum associated with
the principal conformer P is very good over the whole range of

the IR we have inspected, thus encouraging its confident
assignment. The reliability of the (harmonic) DFT frequency
calculations in the mid-IR (between 900 and 1700 cm-1) is
reinforced by the very good agreement between the calculated
and experimental IRHB spectra of bareâpGlc, shown in Figure
8, following the same conformational assignments made earlier
on the basis of near-IR spectra observations.36 Most significantly,
the assignment again demonstrates that water binding can
drastically change the preferred conformation of the sugar.59

The observation of a substantial population of the cG-g+
conformer ofâpGlc-W, a conformation not identified in similar
experiments on the bare molecule and calculated to be quite
high in energy (∆E0 ) +9.7 kJ mol-1 in the bare molecule;
see Table 1) and thus not significantly populated even at the
relatively high temperature of the oven, suggests that significant
conformational change may occur during or after formation of
hydrated complexes in the jet. Although the binding of a single
water molecule may provide enough energy to alter the
saccharide conformation, it is also possible that larger hydrated
clusters are formed early in the expansion and the singly
hydrated clusters result from evaporative cooling coupled with
conformational reorganization.

The structural assignment of the less abundant conformer,
U, of âpGlc-W still remains ambiguous despite the new, more
thorough theoretical survey and the extended mid-IRHB mea-
surements that have been made since its first observation.38

(56) Momany, F. A.; Appell, M.; Strati, G.; Willett, J. L.Carbohydr. Res.2004,
339, 553-567.

(57) Oepts, D.; van der Meer, A. F. G.; van Amersfoort, P.Infrared Phys.
Technol.1995, 36, 297.

(58) In a purely computational study of the unsubstituted monohydrate, Glc-W
[Momany, F. A.; Appell, M.; Strati, G.; Willett, J. L.Carbohydr. Res.2004,
339, 553-567], structures where the water binds to OH1 (a ccG-g+_ins1
structure) were identified as the most stable, but the cG-g+ type structure
reported here was not considered. Optimization ofâGlc-W without the
phenyl ring in the cG-g+_ins4 configuration, conducted at the same level
of theory used in that report (B3LYP/6-311++G**), leads to a structure
lying at a relative energy 4.8 kJ mol-1 below the ccG-g+_ins1 structure.
This result supports the view that the phenyl ring does not change, or indeed
bias the conformational preferences of hydrated Glc.

(59) The conformational landscapes of amino acids can also be severely affected
upon complexation with one water molecule as already shown in the case
of phenylalanine [Lee, K. T.; Sung, J.; Lee, K. J.; Kim, S. K.; Park, Y. D.
J. Chem. Phys.2002, 116, 8251-8254] and tryptophan [Snoek, L. C.;
Kroemer, R. T.; Simons, J. P.Phys. Chem. Chem. Phys.2002, 4, 2130-
2139].

Figure 7. Experimental and calculated IRHB spectra ofâpGlc-W recorded
in the mid- and near-IR. As the density of IR-active modes in the mid-IR
region is large, the calculated spectra are presented as convolutions of the
stick spectra with a Gaussian line shape function of the same width as the
bandwidth of the free electron laser, that is, 1% of the central wavelength.
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Either of the two low energy structures, A_ins2 or A_ins6a,
could provide a reasonable (although not quite satisfactory in
either case) fit to the experimental spectra (in the mid and near-
IR), and, given the small calculated energy difference between
them (Table 2), a definitive assignment cannot be justified. It
is always possible that there exists another structure that has
eluded the conformational search; however, despite the com-
putational effort to find other stable structures ofâpGlc-W,
better candidates for the conformational assignment of the minor
hydrate U have not been found. The location of the R2PI band
origin of the hydrate P (with a cG-g+ conformation) below
36 830 cm-1, while that of U is located above it, provides further
support, albeit empirical, for assigning U to a hydrated
counterclockwise conformer.

Discussion

Cooperativity and Conformational Selectivity: Mono-
saccharides.Given the variety of conformational landscapes
presented by each of the bare monosaccharides, their clear
preference for the cG-g+ conformation when hydrated by a
single water molecule is remarkable. In the case ofRpMan, the
preference might have been expected because the cG-g+
conformation is also preferred in the bare molecule. The
situation is quite different, however, forâpGal andâpGlc. The
cG-g+ conformer ofâpGal (identified here for the first time)
is calculated to lie∼6 kJ mol-1 above the global minimum and
is only very weakly populated. In the case ofâpGlc, its relative
energy is even higher,∼10 kJ mol-1, and its population has
not been detected. In the monohydrated sugarsâpGal-W and
âpGlc-W, the structures incorporating the cG-g+ conformation
are among the most stable and are the most populated. The
binding of a single water molecule to the monosaccharides
significantly changes their conformational landscapes and
preferred structures. Figure 9 summarizes the conformations and
structures identified in the present work. It is interesting to note

that the conformational landscapes of the hydrated complexes
appear to be simpler than those of the bare molecules and to be
more uniform from one monosaccharide hydrate to another.

The strong conformational selectivity can be understood in
terms of cooperative interactions, which augment the strength
of a hydrogen-bonded network of linked OH groups. Consider-
ing the OH groups as polarizable dipoles, their hydrogen
bonding, which is dominated by the electrostatic dipole-dipole
interaction, will be enhanced by the inductive interaction
between the dipole of the acceptor OH and the induced dipole
of the donor OH. As the number of interacting OH groups
increases, and with the increased strength of some of the
individual H-bonds resulting from insertion of a water molecule,
cooperativity acts to enhance the strength of the entire hydrogen-
bonded network. In each monosaccharide, it is the cG-g+
conformation that provides the longest uninterrupted chain of
hydrogen bonds in their monohydrated structures and the water
molecule binds preferentially to this conformation to maximize
the cooperative effect. The resulting hydrate structures can be
considered as “locked” by cooperative hydrogen-bonded net-
works including both intra- and intermolecular hydrogen bonds.
In the hydrates ofRpMan andâpGlc, where the water inserts
at position 4, the chain includes the sequence OH2fOH3f
OH4fOHwfOH6fOring; in âpGal-W, the water inserts at
position 6 to generate the sequence OH2fOH3fOH4f
OH6fOHwfOring.

Cooperativity and Conformational Selectivity: Disaccha-
rides. The conformation adopted by the isolated disaccharide
benzyl â-lactoside (âBnLac) provides a further example of
conformational “locking” by cooperativity. As shown in Figure
10a, its seven OH groups form an uninterrupted hydrogen-
bonded network that circles around the molecular framework,
locks the orientation of the OH groups, and, most significantly,
generates a rigid scaffold across the glycosidic bond through
the linked pair of inter-ring hydrogen bonds.37 To achieve this,
the Gal and the Glc components of the disaccharide each adopt
the cG-g+ conformation, also favored in their monohydrate
structures, allowing inter-ring hydrogen bonding and stabiliza-
tion of the cis configuration (with respect to the two hydroxy-
methyl groups). This is illustrated in Figure 10d, which
superimposes the most stable structures of hydratedâpGal and
unhydratedâBnLac. The water molecule inâpGal-W plays the
same role as the OH6 group of the Glc component ofâBnLac,
in stabilizing the cG-g+ conformation of the galactose unit. The
intramolecular (Gal) hydrogen bond geometries are very similar
in âpGal-W andâBnLac, and their OH2, OH3, and OH4 groups
superimpose almost perfectly.

Ab initio calculations of methylâ-lactoside, which has a
conformational landscape similar toâBnLac (revealed at a
reduced computational cost), see Figure 10a,b, and its mono-
hydrate generated the lowest energy hydrate structure shown
in Figure 10c. The next most stable hydrate (not shown) is
significantly higher in energy (∆E0 ) +6.1 kJ mol-1). The clear
preference identified in the hydrated monosaccharides, for a
bound water molecule to replace the weakest intramolecular
hydrogen bond by two strong intermolecular bonds, applies also
to the disaccharide, and perhaps to oligo-saccharides in general;
the water molecule inserts between the most loosely H-bonded
groups, in this case between the OH6 and Oring sites on the Glc
moiety of the disaccharide (Figure 10c). The disaccharide

Figure 8. Mid-IRHB spectra of the three conformers of bareâpGlc.

A R T I C L E S Çarçabal et al.
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structure retains the fully cooperative cis configuration (enthal-
pically favored in the nonhydrate) of its two hydroxymethyl
groups, and the two strong hydrogen bonds connecting OH3(Glc)
to OH2(Gal) and OH6(Gal) to OH6(Glc) are still retained.

Indicators of Cooperative Hydrogen Bonding. Having
presented a qualitative theoretical view of cooperativity and its
structural consequences, is there clear experimental evidence
of its manifestation? The experimental IR spectra ofâBnLac,
and of âpGal-W andâpGlc-W, each bound in their cG-g+
conformation to a water molecule inserted respectively at OH6
and OH4, are displayed for comparison in Figure 11. The most
striking difference is the position of the absorption band
associated with the stretching modeσ3 of Glc, which is displaced
from 3622 cm-1 in âpGlc-W to 3492 cm-1 in the disaccharide.
This large shift reflects the strong bonding across the glycosidic
linkage, OH3(Glc)fOH2(Gal); in the water complexâpGlc-W,

the interaction OH3(Glc)fOH4(Glc) is much weaker. The two
remaining bands in the water complexâpGlc-W, σ2 and σ6,
are also displaced toward lower wavenumber in the disaccharide,
although the shift is very much smaller. The H-bonded groups
in âpGal-W display a similar pattern of behavior: bandsσ2-
(Gal),σ3(Gal), and the coupled, strongly hydrogen bonded pair
σ4/σ6 all shift to lower wavenumbers in the disaccharide.

In the hydrated monosaccharides, the stabilizing chain only
incorporates five interacting OH groups, but the disaccharide

Figure 9. Comparison of the conformers discussed in the present work. The green arrows circling around the structures of the hydrated cluster schematically
represent the cooperative H bond networks that stabilize the structures and favor fully cooperative conformations (structures A_ins4 ofRpMan-W, C_ins6a
of âpGal-W, and cG-g+_ins4 ofâpGlc-W). The two conformers ofâpGal-W and conformer A_ins6a ofâpGlc-W are representative of the conformational
families to which they belong and that have been identified and discussed in the text.

Figure 10. Most stable computed structures of (a) benzylâ-lactoside (the
unique conformation observed in the gas phase),37 (b) methylâ-lactoside,
and (c) its monohydrate. (d) Superposition of the most stable structure of
benzyl â-lactoside (colored) and the C_ins6 conformational structure of
âpGal-W (green).

Figure 11. Comparison of the IR spectra ofâpGal-W in the C_ins6
conformation (upper),âpGlc-W in the cG-g+_ins4 conformation (lower),
and âBnLac (middle) where both the Gal and the Glc groups adopt the
cG-g+ conformation.37 The normal modes ofâBnLac are labeled by the
monosaccharide to which the corresponding OH belongs and its number
within this monosaccharide. The lines in the spectra of the monosaccharide-
water complexes marked by a cross correspond to stretching modes of OH
groups that are not present in the disaccharide.
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is stabilized by a hydrogen-bonded chain of seven interacting
OH groups. Consequently, the universal shift to lower wave-
number of all of the OH stretching vibrations would appear to
reflect a stronger cooperative effect in the disaccharide than in
the monosaccharide-water complexes. In particular, in the
absence of any additional cooperativity, the bandsσ2(Gal) and
σ3(Gal) would be expected to remain at the same wavenumbers
in the disaccharide and the monohydrate, because they are
involved in the same intramolecular hydrogen bonds in both
cases; see Figure 10d. This is a particularly interesting and
valuable result because such observations could be used in other
systems to provide a direct experimental signature of cooper-
ativity. The potential for providing such experimental evidence
demonstrates the advantage of observing well-resolved vibra-
tional spectra of rotationally cold molecules, isolated, hydrated,
or complexed, in the gas phase. Measurements in the near-IR,
of the spectral shifts, bandwidths, and absorption intensities of
OH (or perhaps NH) stretching modes, can be analyzed to
understand how hydrogen-bonded networks operate to stabilize
(or rigidify) particular structures and to probe directly the groups
that play an active role in these networks as hydrogen bond
donors and/or acceptors.

Protein Binding, Hydration, and Selectivity. The present
work identifies some general trends in the preference for water
to bind to “weak spots” in carbohydrates and points at
cooperativity as an important phenomenon at the origin of the
conformational choice/selection of monohydrated sugar mol-
ecules. With these results obtained on systems in conditions
fairly remote from the biological medium, it would be fair to
raise the question of the relevance of such studies: “How do
these findings translate to larger scale systems, and can they be
used to explain biological processes?” These questions are
addressed here through some examples.

Inspection of the 14 known X-ray crystal structures of proteins
that contain bound simple monosaccharideR-mannosides as
ligands60-70 reveals the “weak” OH4-OH6 binding site as a
primary point of recognition in many carbohydrate-binding
domains60-62,65,67,69-71 (although in some cases, e.g.,Escherichia
coli FimH71 and Jacalin,60 the binding sites are deeper than

others and other binding modes are also employed, e.g., OH3-
OH4,63 O2-O3,68,72Ca(II)-O3-O4,63 O2-Ca(II)-O3-Ca(II)-
O466). Interestingly, disruption of the OH4-OH6 weak spot (as
well as primary binding at OH2-OH3) also leads to a G+
OH6-W-Oring hydration mode in snowdrop lectin,68 akin to
one of those seen inâpGal-W (A_ins6a/b). In the same way
that monosaccharide hydration modes aim to generate cooper-
ativity, nature also appears to exploit similar facets of globally
cooperative hydrogen bond recognition in its ability to bind
simple monosaccharide ligands.

Other sugars also show hydration trends in nature that cor-
relate with those found here. A strong water-mediated hydrogen
bond between O6 and Leu86 plays an important role in the
binding of galactose to the lectin fromErythrina coralloden-
dron;20 the Gal OH6 site identified through our hydration studies
is one that nature has also selected. In the structure of peanut
agglutinin with bound Gal-â(1,3)GalNAc (the Thomsen-
Friedenreich Antigen structure),21,22the Gal moiety binding and,
indeed, the molecular origin of specificity are mediated by a
network of critical protein-bound water molecules within which
the terminal Gal moiety adopts a G+ conformation, an orienta-
tion of OH6 we observe in both nonhydrated and singly hydrated
âpGal. In the recently published X-ray structure ofErythrina
cristagalli lectin, in which only the galactose moiety of lactose
is bound as a ligand, there are no direct hydrogen bonds between
the lectin and disaccharide;23 instead, interactions are mediated
by a set of structural water molecules. In this structure, Gal
adopts a G+ conformation that allows the OH6 to hydrogen
bond to a key binding water molecule.

In the structure of the archetypalR-mannoside binding
protein, lectin conconavalin A (ConA),67 methyl R-manno-
pyranoside is bound by the protein through direct hydrogen
bonding primarily to OH6 and OH4, thus unpicking the weak
intramolecular hydrogen bond of mannose, while the remaining
hydroxyls remain largely exposed to the solvent. ConA thus
achieves selectivity for mannose and glucose, in part by virtue
of the fact that it replaces the weakest of the intramolecular
hydrogen bonds in those saccharides (OH4-OH6) with bene-
ficial interactions with the protein, much as water does in mono-
hydrate complexes determined here for the first time. Our hydra-
tion studies thus appear to be a predictor of potential protein
binding modes. If the point of first hydration represents the first
vulnerable point that a given binding protein unpicks to recog-
nize its cognate ligand, the second hydration point the second,
and so on, the implications of such a model are profound and
suggest that recognition of carbohydrates by proteins is not
simply a case of matching hydrogen bond donors and acceptors
and hydrophobic patches on sugars with those in proteins but,
instead, should be considered in reference to the solvated ligand
and the associated equilibria. This idea has been clear for some
time, but until now there has been no direct experimental
evidence to point to preferred hydration points on the ligand.

We would tentatively suggest that two general modes of
carbohydrate binding are therefore exploited by nature: those
in which carbohydrate-bound water molecules are replaced by
direct hydrogen bonds and those in which the bound water
molecules are preserved. Although our initial data are too limited
to draw definitive conclusions, it would appear that in either
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strategy nature seeks to “unpick” weak hydrogen-bonding
interactions first: these weaker elements can be identified
through our selective hydration method. The initial inspection
of bound monosaccharide structures in proteins suggests that,
although complete intramolecular hydrogen-bonding networks
are rare in liganded form, the stronger interactions remain and
the weakest are “unpicked” first. Hotspots for “unpicking”
include those identified here by hydration: the OH4-OH6
region of mannose and the OH6-Oring region of galactose.

Concluding Remarks

The structural investigation of a series of singly hydrated
monosaccharides, isolated in the gas phase, has revealed the
role of cooperativity in achieving the selective population of
specific carbohydrate molecular conformations. The selectivity
is created through maximizing the sequence of interacting
hydrogen-bonded OH groups surrounding the carbohydrate; their
cooperative interaction enhances the strength of the hydrogen-
bonded network, stabilizing the conformation. The conclusions
reached through the study of monosaccharides also apply to
the disaccharide lactose and may be translated to larger systems
in the future.

Cooperativity is already known to be an important factor in
molecular recognition processes of large molecular assem-
blies.3,4,12,73To date, the water-mediated binding of carbohy-
drates by lectins has been considered in the context of
structurally conserved water molecules associated with protein20

rather than the evolution of proteins to recognize the given water
shroud that each carbohydrate bears. From the early results
gained here, this might equally be considered as being a function
of the sugar rather than the protein. If the complete water shroud
of a sugar can be determined, this might provide a general and
broadly applicable method of ligand-fitting analysis of carbo-
hydrates into proteins, something that to date has not been
possible due to the unclear role played by water intermediaries
in many structures.

Taken together with our previous studies on a nonhydrated
lactoside,37 which showed the usefulness of considering non-
hydrated structures as models for deeply bound ligands in
carbohydrate-binding proteins, these results suggest that certain
selectively hydrated structures, such as those determined here
for mannosides, may provide good models for the recognition
of partially solvated structures by proteins that have shallow
binding sites (as is found in most typical lectins). Thus, through
simple increase in hydration levels, we can begin to explore
minimalist models of ligands in both deeply bound (desolvated)
and shallowly bound (part or even fully solvated) environ-
ments, and better understand the binding modes that nature
employs.
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