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Abstract :

The aim of this article is to assess the ability of cleahshift surfaces to provide structural
information on conformational distributions of disaccharides in glssky state. The validity
of the general method leading to a simulation of inhomogenédischemical shift
distributions is discussed in detail. In particular, a proper ceretidn of extrema and saddle
points of the chemical shift map correctly accounts for the obdefigzontinuities in the
experimental CPMAS spectra. Provided that these basic requierme met, DFT/GIAO
chemical shift maps calculated on relaxed conformations lead te@ry satisfactory
description of the experimental lineshapes. On solid-state trefedosenodel of amorphous
disaccharide, this simulation approach defines unambiguously the most tpdpsiayar
conformation in the glass, and can help in discriminating the valdithifferent models of

intramolecular energy landscape. Application to other molecularerags with broad



conformational populations is foreseen to produce a larger dependenie céltulated

chemical shift distribution on the conformational map.

PACS : 61.43.Bn, 61.18.-Fs , 76.60.Cq

Introduction

The ability of describing quantitatively oligosaccharide confoiomal distribution and
flexibility in solution or in amorphous states has been for long tanehallenge for
computational methods (see for example ref. [1] and referenaesnhdrefined force-fields
and sophisticated computational approaches have been used timeebtp tewaluate the
conformational energy landscape of flexible molecules. However, ear cut could have
been recognized about the general validity of the several faids-favailable, and still very
recently the question about whether conformation of simple segarbe properly described
is matter of debate [2, 3].

Going to larger systems, such as oligo- and poly-saccharidesio$terelevant variables are
undoubtedly the rotational angles about the glycosidic bonds, as long assidima¢ and
topological properties of these molecules mainly depend on thesbleariA scrutiny of the
results on different force-fields indicates an overall consensost aross features of the
contour energy landscape of disaccharide units, but the diffenernice detail of the relative
minima seems still unavoidably related to the specific modsd.usSor long polymers, even
more relevant is the fact that the use of force-fields basethalh siolecules has to be often
stretched to reach the description of large molecules. More hgctamta hyaluronan chain

the coherence with experimental data was reached by usirigrdeefield tuned with NMR

relaxation data [4].



Indeed, some assessed prerogatives of computational methods leavbeait hampered by
the difficulty of producing suitable experimental results, which howegwevided only
thermodynamic averages, leaving unsolved the actual probabilitypdi®on. Thus, the most
practical use of conformational energy surfaces resides @itlzestatistical (thermodynamic
average) evaluation of experimentally measurable propertigs, the identification of the
most probable conformational state associated to the molecalgmént. Whereas the
statistical average and the most probable conformation areyctsadciated to the solution
and the crystalline state, respectively, the actual disiibutf the conformational states and
its relevance in the system properties has been investigated to a muetidassThe solution
of this problem is directly related to the understanding of theocawational disorder in the
amorphous (glassy) state.

With these problems in mind, exploitation is made in the present wwadkrd the possibility
of comparing simulated and experimental data on statisticabioational distributions by
using **C chemical shifts. It is now clearly established thé®) chemical shift and E¥)
energy surfaces calculated in the phase space spanned by atitioaindegrees of freedom
Q are very efficient tools for understanding the obseri&disotropic chemical shifts for
carbohydrates [5-7]. In solution NMR studies, it is often assumed nhalecular
conformations are explored over time with a probability governed (63),Eand that the
measured isotropic chemical shift is equal to the mean value abtaynaveraging the(Q)
surface. This average can be either evaluated by a sttistocel [6], or by exploring the
E(Q) map by molecular dynamics [7]. The accuracy of the resslttherefore highly
dependent on the validity and precision of three parameters: the Rardean map E¥), the
chemical shift ma(Q2), and the dynamical average.

In amorphous (glassy) carbohydrates, molecular conformationsaticaléy distributed, and

the CPMAS spectra often display heterogeneous line broadening, hdraical shift



distributions reflecting the underlying conformational distribution428-Those broad lines
often exhibit discontinuities and asymmetric features, and trergfrovide much more
information to be confronted to structural models, than a singlegaaichemical shift value
as measured in solution. Moreover, since dynamical average iequoted in solid state, in
principle the accuracy of calculations can be improved, this sofieeor vanishing. Hence,
one can expect that the application of simulations based e{®)H=(Q2) maps could provide
considerable insight on the actual local structure of glassy ocattaihs. Despite the large
interest on the structural and dynamical features of sugaseglaand their practical
implication in many fields, including the potential involvement in theptatection, to the
best of our knowledge this kind of investigation is almost absent nmatlire. Indeed, the
scarceness of such conformational solid state studies [Htherrsurprising, and might
perhaps be ascribed only in part to the prohibitive CPU time required &drialtio studies.
Therefore, the main aim of this paper is to investigate thengialiey of chemical shift
surfaces coupled to molecular mechanics conformational optimizatplgedato solid state

NMR studies of glassy sugars.

3C Chemical shift calculations on disaccharides

Experiments and methods

Trehalose samples.

Amorphous (glassy) trehalose samples were prepared by Blalgmig of anhydrous
trehalose ({f) during 30 hours in a planetary grinder PULVERISETTE 7 (Hritguc.). DSC
thermograms were recorded after grinding in order to verifyttit@ character of the

amorphization via the glass transition and the subsequent amorphous state [8].



NMR Experiments.

The *C CPMAS experiments were carried out at 100.6 MHz on a Bruker Agdfid-state

NMR spectrometer. Linear amplitude modulation of the rf field duttregcontact pulse (typ.

2 ms), and tppm heteronuclear decoupling during acquisition were empl@®adldRdelays
ranging between 200 and 450 s were used. Rotation speed was set to 5 kHz. A standard digita
filter was used for acquisition, and the spectra were obtainetnpesFourier transform of

the induction decay, without data apodization.

Molecular modelling.

Molecular modelling was achieved using the Hyperchem Pro 7 (elype, Inc.) software
package. All conformations were generated by constraining two direetlyldsh andy. For
trehalosep=(0s-C1-04-C’;) andy=( C;-0;-C’1-O’s), with the convention 0j=18C, y=180C
for trans conformation. For fixedl andy, all other conformational degrees of freedom were
optimized using the molecular mechanics package provided in Hypercimeluding
equivalent implementations of the AMBER and CHARMM empiricalcéoffields. The
parameters versions used will be denoted in the text by BIO8BgiREL3]), CHARMM27
(Foloppe and MacKerell, [14]) and AMBER99 (Cornell, [15]). In ordetate into account a
mean-field contribution of the surrounding molecules in a condensed nsattgule, a
standard screening procedure of coulomb interaction was used, throufflectineescaled
dielectric constant. The 1-4 Scale Factors were equilibratecebrt@oulomb and Van der

Waals interactions.



Conformational energy maps.

All calculations were started from the molecular coordinateaimdd by x-ray structure
determination on single crystal [16]. The starting crystal siracwas relaxed by molecular
mechanics in order to identify the lowest energy molecularocordtion (LMC) in a given
force field. For each different force field here used, an ad@Baimachandran map Jg()

was calculated by classically mapping the whajgy) space by 324 (=18 x 18) points
separated by 2Gsteps [5-7]. For each §,y) point in the map, minimization started from the
LMC coordinates, then the andy values were set and restrained by setting a high value of
dihedral angle spring constants. All other degrees of freedom ten relaxed using the

same force field parameters as for determining the LMC.

Isotropic C chemical shift maps.

NMR chemical shift calculations were carried out for each studlisaccharide on the
previous 324 relaxed conformations generated by molecular mechdmics.each
conformation, the isotropic magnetic shielding of each carbon of ther svap evaluated
using the GIAO method on a density functional theory (DFT) basisnglemented in the
Gaussian 03 software (Gaussian, Inc.) [17]. The 324 single point atadas! resulted for
each sugar in two magnetic shielding maps, that were dedvarto chemical shift maps
o6(Cy,0,y) and o(C’1,0,y). The conversion from rough magnetic shielding into a scale
comparable to the experimental chemical shift was carriedyositriple linear transformation

0=A4.Scaic+B.



Simulation of the CPMAS spectrum.

The scientific background leading to the formulation of the simiil&@ CPMAS spectrum
is discussed in detail in the next section, and leads to equationhidg, the numerical
evaluation of ${) requires an integration of the chemical shift contours in thea(@,¢,v)

of a given G carbon, properly weighed for the conformational probability demsityy).

Since the actual resolution of this map is limited t® &ular steps in the present work, an
interpolation method is needed in order to smooth the integration conewaramethods
have been proposed in the literature [7, 18], including series expansionsigonametric
basis. In the present work, reliable data have been provided by sisaple cubic spline
interpolation of the contours, with the advantage of being easiyemented following
standard procedures of elementary linear algebra. The simulBMdAE spectrum $) was
evaluated by sampling a sufficient number of data points (1024dfitié values), each one
corresponding to one numerical integration over an interpola{&,¢,)=6 contour,
evaluated by standard Romberg integration method. The gradientrtezquation (1) was

calculated by finite difference approximation usixigrAy=0.01° angular steps.

The last step of data processing is the convolution &f\V¢h a lorentzian function, in order
to account for the homogeneous CPMAS linewidth. This was achievéavesse Fourier
Transform of &) to a free induction decay S(t), then multiplication of S¢tah exponential
function and back Fourier Transform taB (A typical line broadening imposed in this work

was 1 ppm HWHM (half width at half of the maximum intensity).

Selection of an accurate chemical shift evaluation method



A first step towards correct modelling of conformational deperelenic*C isotropic
chemical shifts in solid state is to isolate a reliablewation. Althoughab initio GIAO
strategies have often proven their efficiency and are begpmbre and more popular, their
spreading in routine applications is still hindered by a conditee@mputational expense,
and other semi-empirical methods have been alternatively proposed [19V@¢sted the
ability of one semi-empirical and ongé initio method to reproduce the isotropic chemical

shifts observed for some disaccharides crystalline structures.

Figure 1 shows the correlation between calculated and expesifi@NMR shifts obtained
either by TNDO/2 (as implemented in the HyperNMR module of HigperChem Pro 7
software package) or by the DFT/GIAO method at different $egktheory. The calculations
of the *°C isotropic chemical shifts were carried out on the crysgedishic molecular
structures [16, 21-23]. On Figure 1 (a), it is clear that the dveakelation (dashed line) is
poor in case of TNDO/2. The results in (a) can be divided in thege groups : the highest-
field resonances (exp. 60-75 ppm), intermediate ones (exp. 70-90 ppm), danddbifield
resonances (exp. 90-110 ppm). For the two first groups, it is stillg@gsi identify some
partial correlation between calculated and experimental shdtel (ines). This suggests that
TNDO/2 can describe to some extent some structural featutee oarbons of the pyranose
or furanose rings, and of the primary alcohol groups. However, the mearesieviation for
the calculated lowest field resonances (encircled), assigneldet@arbons linked to the
bridging oxygen, is more than 10 ppm. This very high value rules out tB®©T2Nmethod for
investigating this region of the CPMAS spectrum. These observations suggesnpirically
adjusted methods are able to account for first order contributiohs whemical shift (nature
of the chemical group), but not for second order ones (distortion of lgvecezorbitals due to
bonding geometry), and therefore cannot be employed in conformational sstoflie

disaccharides in the solid state. Figure 1 (b) shows the geshtliined with the DFT/GIAO



method on the same molecules. The linear regression factoede®e®.99 (m.s.d. less than
3 ppm) for all hamiltonians or base length tested, and the slope dfesst linear fit ranges
from -0.85 to -0.92. The largest deviations are observed for carbons areidmplied in
intermolecular hydrogen bonds (according to the x-ray structurb&hwannot be accounted
for in single molecule calculations. It is interesting to note éhanoderate base length (3-
21+g**) was found sufficient to reproduce correctly the CPMAS speaf crystalline sugar
structures. Finally, the B3PW91/3-21+g** method was chosen, in agreentanpravious

works on glucose derivatives [24].

Relating observed chemical shift distributions to structural information on

amorphous disaccharides

Variation of chemical shift

Amorphous forms of disaccharides often display large distributiors®twbpic chemical shift
in their CPMAS'C NMR spectrum, especially for the carbons of the primary alagriooips
and for two carbons involved in the glycosidic bond. The general waylafing the
experimental chemical shift distribution assigned to one partiti@aratom to a distribution
of molecular conformations in the amorphous (glassy) statarfimies the identification of
all structural paramete@=(01,0,, ...,0n) (bond angles, bond lengths, dihedral angleghat
significantly influence the magnetic shielding around tHi8, nucleus. Spanning this N
dimensional parameter space over all the corresponding moleoufarroations affords the
N dimensionals(Cy,01,02, ...,0n) chemical shift maps to be constructed for eagltatbon.
For the two carbons implied in a glycosidic bond of disaccharidés,cammonly accepted

that only two Q=(d,y)) or three Q=(¢,y,»)) dihedral angles defining the local geometry of



the glycosidic linkage are sufficient to describe the observed chesiiift values (N=2 for
all disaccharides except those linked 1-6, for which the third eotatigives N=3). Whether
this approximation may be satisfactory or not is question of deatt@resently it represents
a convenient computational route for complex saccharidic moiettesvidl be checked out in

this section.

For a simple 1-4 linked disaccharide, two 2D chemical shift sesfa¢C,,¢,y) and
o(C’4,0,v) should be enough to account for the two observed chemical shifbutisins of
the non-reducing residue carbon atom &@d of the reducing residue carbon atorp, C
respectively. Under these circumstances, comparison of CPMASndatagive a significant
opportunity to reach a structural information on the local distributimooformations around
the glycosidic bond in the non-crystalline state of sugars. Thenueesd symmetry in the
structure of trehaloseufo-glucopyranosyl-(1,1-p-glucopyranoside, Figure 2), introduces
some further simplification, at least as it concerns the amourdalglation. For this
disaccharide, only one 2D chemical shift surfac€S,,$,y), because Cand C; become

indistinguishable.

Figure 3 shows the evolution of the magnetic shielding of thes@ function of one dihedral
angle ¢ in the figures 4 & 5pnd leaving constant the other an@jeis set to 60.8. For all
points in figures 3a and 3b, the NMR parameters were calculaied the DFT B3PW91
hamiltonian, and the 3-21+g** basis set. In Figure 3a, the differentspafer to calculations
carried out on molecular conformations with same figeghdy, the ring geometries being
optimized using very different methods, from semi-empirical (AMIhtinitio, and different
basis sets (up to 6-311+g**). Hence, different results find theirrogger in molecular

geometrical parameters other than the conformation of the gliycdmind, or in the level of



theory employed. Only by translating the different curves by aseb#dapted to each case,
we see that they all collapse into a mastercurve, within a confidence irdealaut:1 ppm.
Figure 3b shows a similar evolution of the chemical shift of thasGa function o$. The two
curves refer to calculations carried out by using the BlO8%fbetd, one constraining the
pyranose ring in the rigid geometry of the LMC, the otherxmetpall ring parameters. The
results clearly show that the dihedral angls a determinant parameter for the cbemical
shift (of course, a similar evolution is verified also for thangle). It is also noteworthy that
all other ring parameters, which are completely relaxed duhiegptimizations (whatever
the method), have a smaller contribution (less than 1 ppm). This obseryattifies the
mentioned assumption that the knowledg€sfd,y) can be sufficient to account for the
shifts of G (and C,) of trehalose to a reasonable level of accuracy. Even mpueriant, at
least for the glycosidic linkage of trehalose, the results guirEi3 suggest that the values of
6(Cy,0,y) (and o(C’1,¢,v)) do not seem significantly affected by the force field used t
evaluate the molecular geometry. Hence, to a good approximation it should be dlde pmss
calculate independently thed,y) and the Ef,y) maps. Relying on this observation, the aim
of this section is to demonstrate that &{é,y) map, calculated with a given but sufficiently
accurate force field, can be considered as universal and can &ethersed to compare the
ability of different conformational energy landscape modelsyB(to fit the experimental

CPMAS data.

Numerical procedure for calculating chemical shift distributions

The procedure for calculating the CPMAS spectrum associatedavgiven carbon atom,C
is detailed in this section. First, a Ramachandran méE(s calculated over 324 relaxed

disaccharide conformations in a given molecular mechanics faetd. fSecond, the



correspondings(Cy,0,y) map is evaluated over the same 324 conformations. The choice of
the DFT B3PW91/3-21+g** Hamiltonian/basis provided the computation of this map in about
10 CPU days for trehalose (and less than three CPU wee&thtardisaccharides). The two
maps of E¢,y) and o(Cy,d,) are shown in Figure 4 for trehalose. As discussed in the
previous section, the chemical shift surface will be in the foligvgonsidered as independent
on the force-field and method chosen for relaxing the conformations.

The energy surface (Figure 4a) compares well with other simigos for trehalose [5, 25].

For sake of comparison, however, it should be necessary to takacodont that literature
works often refer to solvated trehalose and specifically addattention to the effect of
solvent (water) on the conformational energy map [26]. Nonethelessnitbe easily
recognized that the most recent potential of mean force suéf@rarnd the previous quantum
mechanical calculations at high level of theory [5, 25] show thatéméormation of the
global minimum structure for the isolated trehalose moleculdagsn the region of 50<

¢, <100. Both these works and other previous results also indicate the existence of other
relative minima that may become relevant under specific imiecular interactions (either

with solvent or with other trehalose molecules).

The DFT chemical shift surface is very similar to the oneiobtawith a Hartree-Fock
method [5], although the latter calculations refer to a model mielétetrahydropyran-dimer)
resembling trehalose. For this analog, also the energy suidémdated in ref [5] presents
substantial similarities with that shown in Figure 4. These obsanggustify the correctness
of the choice of Grandinetti et al. in favour of a simpler mokacahalogue of trehalose and
furthemore confirm that local interactions dominate across theoglic linkage. More
difficult appears the visual comparison that can be made with Hémical shift results

reported by Moyna and coworkers in form of three-dimensional plot2Bl8However, it is



enough clear from all the above discussed data that the grase$eiatthe chemical shift of
the populated region do not show significant changes, a fact that suppedrtdependence of
theos(Cy,0,y) map from other structural details.

In the amorphous state, quenched disaccharide conformations coexidgiyteid over the
(b,w) space according to an occupation probability deng(tyy). This function alone
entirely carries all the information that, in principle, can B&aeted from experimental
CPMAS data on the structurally disordered glass. In amorphous forms witls ci@asacter,
the function y(d,yy) can be in first approximation considered reminiscent of the
conformational space that is dynamically explored in the undercoddedt |state at
temperatures aboveyTIn other words, it is assumed that the ergodic equivalences exist
between the time average of conformational liquid states and th&l spaerage of
amorphous state. Obviously, a Boltzmann statistic is the simplelstat relatey(¢,y) to a
model of conformational energy landscapé@,tzj. Such an equation is dependent o, )
(single molecule property), assuming that the internal enenglgt¢ape is explored thermally
without intermolecular correlation. In order to check this pointeast partially, other simple
models fory(¢d,y) will be also discussed in this paper. It is however importanbte that the
procedure described in this section can also be applied to moigticeaodels for both
x(d,w) and E,y), that could in the same manner be confronted to experimental results.
The inhomogeneous broadening of the NMR lineshape resulting from quenched
conformational disorder in glassy disaccharides can be descritsedg®ctral function of the
chemical shift &Y). This function reflects the spectral density of tf@ resonances lying in
e=[, 6+dd], and can be evaluated as the angular density of statesaties) ine weighed by

the occupation probability densigyé,y) of these states, and can be written :



s(5)=4 | %a@dv/ (1)

The integral in equation (1) runs along the contour of constant chemitad s 6 in the map
o(Cy,9,y). Discrete approximations of this equation have been used indfauite either for
solid state studies [5] or in time average calculationsdiution studies [7, 18]. It is however

to point out that only the presence of the gradient term of theichleshift surface can
induce discontinuities in §) for angular contributions where this gradient vanishes. Such
spectral discontinuities are often observed in CPMAS spectraesemee of inhomogeneous
broadening, and provide basic features easily measurable. Force)stguation (1) can be
directly used for calculating chemical shift (CS) anisotrppwder patterns, by replacing the
conformational ¢,y) angles by the Euler angle8,§) locating the orientation of the CS

tensor, ang (b,w)=sin@®) (the Jacobian of the transformation to spherical coordinates).

Energy landscape models below T, in amorphous trehalose

Provided correct chemical shift maps are known, the comparisondresiraulated CPMAS
spectra obtained by equation (1) and observed NMR data provides vahtdher a given
modely(¢,y) of occupied conformations in the glass is compatible with the empeti The
maximum value of such a compatibjd,y) population is a major information for it
represents the most probable molecular conformation (LMC) in tlte $ble position ¢o,yo)

of this maximum should therefore coincide with an energy minimutheoénergy landscape
of the glass. Also the detailed featureg @f,y) are important, inasmuch can be related to the
shape of the energy basin aroud o) through a partition function depending onpi)

(Boltzmann statistic for instance). The global method exposed ing¢begng sections can in



fact be used to confront energy landscape models to the experifiesttsthe model can be
tested in a structural approach beloy Where chemical shift distributions correspond to
static conformational distributions. Second, the energy landscape casdapinsically a
dynamical model, that can also be tested at temperatures afowbere the experimental
lineshapes begin to be dynamically averaged. Note that these coad{iTy) can be
matched either by increasing temperature or by increasingcmal mobility through the
addition of a proper plasticizer. Under such circumstances, dagentation is expected to
completely average the NMR lineshapes. This fast-reorientation liméliesly been subject
to abundant literature coupling NMR and simulations (see e.g. [29, r&D]references
therein).

The energetic model describing the partition of conformations insaygkolid is restricted to
intramolecular degrees of freedom. For simple disaccharides dltemdy been discussed in
the previous sections that this approach can be reduced to a two dimepbkas® space,
leading to the definition of a Ramachandran magyg( Within this approach, amorphous
disaccharides are described as the sum of individual molecules in differemrintatibns, and
intermolecular correlations are neglected. It has been showtinaibihis approach can lead to
a good description of the observed NMR spectrum in case @ftahalose analog, when the
E(¢,y) surface is calculated with the samie initio method as for the(Cy,¢,v) chemical
shift surface. The use of a simple molecule as a model fualtge may have been dictated
by the necessity of limiting the computational time, but alsobleasn based upon the likely
hypothesis of the negligible effects of long-range molecular Idegiill, this all ab initio
method is so much time consuming that it would be ruled out for routickeston more
complex molecules. In this section, additional results for trehadssa test molecule are

presented, by calculating thediyf) map with more simple molecular mechanics force fields,



and keeping amb initio standard for NMR calculations. Choosing molecular mechanics

allows the E¢,y) map to be evaluated within a couple of hours only on standard machines.

Figure 5 compares the simulat&t CPMAS spectra of trehalose calculated according to
equation (1) with different choices for thdd,y) conformational population. Figure 5 (a)
presents simulations using Boltzmann partitions aspyg(maps calculated by some popular
force fields. It is clear that different parameters sees (lifferent E,y) maps) produce
different results (as repeatedly reported in literature), taat only the parameters BIO85
seem to provide a suitable NMR lineshape simulation. However, rscrugf the
Ramachandran maps obtained with these force fields (see Figurevéa)s that the more
relevant difference occurs in the positiofy,{o) of the lowest energy minimum (most
probable molecular conformation - LMC). The position of the LMClier BIO85 parameters
is near (60,60°), which is very close to the crystalline conformations of trehalose.
Comparatively, the LMC positions found with CHARMM27 and AMBER99 feietd
parameters are close to {3W°) and (60°,60°), respectively. In the CHARMM?27 force-field,

the preferred conformational population gets closer to gauche conifamg)awhich is
evidently not consistent with the observed CPMAS spectrum. This coational aspect of
trehalose has already been long debated, and our observationsagreement with theb
initio investigation of Frenchr al. [25]. One should, however, also reminds the suitability of
the above reported force fields to simulate carbohydrates irf-sna#e matrix without
solvent. In order to confirm that the origin of the disagreemenwvdest simulated and
experimental CPMAS spectra in the case CHARMM27 force felwhainly due to the shift
of the LMC position, simplistic gaussiatid,y) functions of same isotropic width have been
used. Two gaussian partitions with the same amplitude (HWHMglexen in Figure 5 (b) :

the first function is centered close to the lowest energy minimobtained with the BIO85



parameters, whereas the second function is diagonally shifted liainpasition (a shift of
20° has been applied to both torsional angles). It turns out clearly that the gaussian
distribution centered on (700°) gives the best fit of the experimental lineshape. The small
shift from this optimal position is sufficient to induce extra features inithelated spectrum,
that are unambiguously inconsistent by simple comparison with thereepéal lineshape. It
can be concluded that either a Boltzmann partition on the BIO85omapsimple gaussian
give equally acceptable results. This result has many implieanings: on one side, it give
confidence to the calculation that match an overall correct bgdiaibution of most
probable conformations; on the other side, it seems not possibleitinigerclearly the detail
of the expected realistic shape of the conformational distribution for thicnteieystem.
Another information that is reached through this simulation is thegeexxtent of the(¢,y)
distribution in the ¢,y) conformational space. Either gaussian or Boltzmann (BIO85)
approaches agree that the HWHM of the conformational distribigiabaut 50. This value

is expected to be independent om,k{, but highly dependent as(C,/C’1,0,y). Therefore, a
correct evaluation of the actual conformational range explored igléiss is submitted to a
very accurate definition of the chemical shift map. An additiomethroent seems rather
necessary here. The single symmetric energy basin occurrirghalose is rather uncommon
in biomolecules; other sugar dimers and especially peptides amaomo explore several
distinct minima, with the result of increasing the distribution @fformations exhibiting
likely different chemical shifts. Indeed, and very important, foraoales showing several
minima displaced over the whole conformational angles, a simpleor@hisomeric state
(RIS) approximation could probably suffice.

Although clear evidence is given in section 10 that the DFT B3PWHEIHg** basis is
sufficient to reproduce relative carbon resonances in differemhichke environments, no

experimental criterion does exist up to now that would validate tthatbasis is able to



correctly describe the second order conformational dependence ohdhecal shift. The
range of 50 found in our work is significantly greater than the one proposed by Zhang et al.

[5]. This probably overestimated value suggests that the B3PW91{3*21basis
underestimates the,(y) dependence of the chemical shift. Indeed, more systematic stlidies
the influence of theb initio basis length should be undertaken, at the expense of CPU time.
The temperature value that must be injected in the Boltznaanhinking the BIO85 Ef,y)
andy(¢,y) is also very high (about 1800 K), and carries poor physical medrisysuggests
that the potential basin is not correctly described by molecutehanics (overestimation of
potential barriers), or that intermolecular correlations, ttenhat considered in the presented
simple approach, result in the stabilisation of relatively high energy coafmms in the glass
[5]. Apart from these reserves, the conclusion can be safelhe@abat the coupling of
molecular mechanics to GIAO calculations provides a precise, higaous and model
independent determination of the most probable conformation of trehal@sglassy solid
state form, and that it can be used to selectively discrimipeteeen different energy

landscape models.

Conclusion

The aim of this article was to work out and exploit the caimelabetween simulated
chemical shift surfaces and the distribution of the conformationatddis in glassy solids,
such as disaccharides, in relation with conformational energy Epelssodels. The working
hypothesis was based on the possibility that the chemical shiticeus(Cy,d,yv) for

disaccharides is primarily dependent on the dihedral anghesly defining the geometry of

the glycosidic bond.



The present results show that:

1) There is a universality character conferred to the chenmhdalssirface, making it almost
independent on the method chosen for optimising the molecular conformati@teso |
implies thatab initio methods are not always necessary for defining the conformational
potential basin. Indeed, the calculations based on the coupling betwekscular
mechanics and DFT/GIAO provide reliable results within a redderemount of CPU

time.

2) Furthermore, it has been shown that a rigorous numerical tneiatmest be followed in
order to properly account for the observed discontinuities of the CPINMIS spectrum.
This requires a correct integration of the extrema and saddles mdithe chemical shift
surface, through a gradient term in the simulated spectral tgef§i). A detailed
comparison of the results obtained by different elementary stalichodels is presented,
showing that the comparison between simulated and experimentabspetihalose is
highly discriminative of the most probable molecular conformatiotheglassy state.
This information is of considerable importance for a better uratetstg of the
guenching of the intramolecular degrees of freedom below the dtassition
temperature. On the other hand, the detailed shape of the endilgygyound the most

probable conformation seems to have less influence on the simulated NMR lineshape.

3) As a further conclusion, the use’dE CPMAS spectra simulation based on chemical shift
surfaces provides a unique opportunity to confront energy landscape robtlesglass
to experimental data. In particular, dynamical models shouldimpared to the partially
motionally averaged NMR spectra near the glass transitiopetature. Application of
the method detailed in the present paper to other disaccharidediffeitant bond or ring

types is currently in progress.
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Figure Captions

Figure 1 : Calculated (Gca) isotropic 13C chemical shift (a) or magnetic shielding (b) of
crystalline trehalose dihydrate, anhydrous trehalose, lactose monohydrate and sucrose
versus experimental chemical shifts (Gexp). The results for all carbons of the four dimeric
sugars are presented together. Calculations were carried out on isolated sugar molecule,
with atomic coordinates taken from crystallographic data and hydrogen atoms placed at
positions corresponding to energy minima of the BIO8S5 force field: (a) Semi-empirical
TNDO method; (b) ab initio density functional theory with GIAO method at levels

b3lyp/6-31g+(d,2p) (e), b3lyp/3-21+g** (o), and b3pw91/3-21+g** (V).

Figure 2: Snapshot of a trehalose conformation showing the relevant angular
parameters and the symmetry occurring in this dimeric sugar (in this conformation,

angles are set to ¢ =y = 60°. Hydrogen atoms have been omitted for clarity.

Figure 3 : (a) GIAO Magnetic shielding calculated at the B3PW91//3-21g+** level of
theory, on different molecular structures of trehalose. Except for (M), these structures
were obtained by fixing the glycosidic dihedral angles to (¢ =x ; v =60.8°), then
optimizing the other degrees of freedom using : AM1 (®), B3LYP//3-21+g** (O),
B3PW91//6-311g+** (V¥), B3PW91/3-21+g** (A). For (M), the structure was first fully
optimized using B3PW91//3-21+g**, then kept rigid after fixing (¢ =x ; v =60.8°) prior

to the NMR calculation. (b) GIAO Magnetic shielding calculated at the B3PW91//3-



21g+** level of theory, on different molecular structures of trehalose. First, the
structure was fully optimized using the BIO8S empirical force field, then either kept
rigid after fixing (¢ =x ; v =60.8°) (O), or reoptimized using the same force field for

each couple of values (¢ =x ; y =60.8°) (®).

Figure 4 : (a) : Adiabatic Ramachandran map E(¢,y) of trehalose calculated with the
CHARMM-type BIOSS force field parameters. The fluctuations of the calculations have

been averaged following the symmetry of the trehalose molecule:

E(¢,(//): %[Emlc' (¢,y/)+ E;,C'(qb,y/)]. The lowest energy was found for ¢=y=80° and was

conventionally chosen for origin E=0. (b): B¢ isotropic chemical shift of trehalose C,
carbon calculated on the same conformations as (a) by GIAO method on a DFT

b3pw91/3-21+g** basis. A similar average as in (a) was applied, using the symmetry

property o(Cy,0,y)= G(C’lad)a\V)T-

Figure 5 : Best fit simulations of the glycosidic region of the *C CPMAS spectrum of

trehalose compared to the experiment (thin solid line). The simulations were carried out

. . . , B E(¢.v) :
according to equation (1). Upper line (a) .;((¢,t//)—Exp Yk with E(¢,y)

calculated with the following different force fields : BIO8S5 (bold solid line) and T=1800

K, CHARMM?27 (dashed line) and T=600 K or AMBERY99 (dotted line) and T=750 K.

(6=6,)" +(v—w,)°
20°

Lower line (b) : y(¢,y )= Exp[— J , with 6=50°, and (¢, \y¢)=(70°,70°)

or (90°,90°), respectively.
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