Journal of Magnetic Resonant81,136-141 (2001)

. . @®
doi:10.1006/jmre.2001.2357, available onlatehttp://www.idealibrary.com ol DE %l.

COMMUNICATIONS

Conformation of the Glycosidic Linkage in a Disaccharide Investigated
by Double-Quantum Solid-State NMR

S. Ravindranathaty! T. Karlsson®2 K. Lycknert; G. Widmalmj and M. H. Levitt*

*Physical Chemistry Division, anfDepartment of Organic Chemistry, Stockholm University, S-10691 Stockholm, Sweden
E-mail: mhi@physc.su.se

Received September 20, 2000; revised April 11, 2001

Double-quantum heteronuclear local field NMR is performed on  cation of the appropriate Karplus relationshig-{). Carbo-
asample of a 1*C,-labeled disaccharide, in which the two **C spins  hydrate conformation may also be investigated by measurin
are located on opposite sides of the glycosidic linkage. The evolu-  residual through-space spin—spin couplings in weakly oriente
tion of the double-quantum coherences is found to be consistent  ¢g|tions 8-10 or by exploiting cross-correlated relaxation ef-
with the solid-state conformation of the molecule, as previously fects (L1-13. Cross-correlation effects have also been exploitex
determined by X-ray diffraction. The dependence of the double- to assist the assignment of carbohydrate solution spebfja (
quantum evolution on the glycosidic torsional angles is examined However. all solution NMR methods are limited to molecules

by using a graphical molecular manipulation program interfaced ) . . . e
to a numerical spin simulation module.  © 2001 Academic Press with rapid rotational motion and are difficult to apply to many

Key Words: double-quantum NMR; carbohydrates; glycosidic Polymeric systems or large glycoconjugates.
linkage; trehalose; Moleculix. In principle, solid-state NMR, in conjunction with selective

isotopic enrichment of the sites of interest, may be used to e:
timate molecular conformations without restrictions on the ro-
1. INTRODUCTION tational mobility. For example, the conformation of the disac-
charidex, o’-trehalose has been investigated in the glassy stat
Carbohydrates are an important class of molecules that playmagic-angle-spinnintfC NMR. The isotropi¢C chemical
a wide range of functional and structural roles in biological syshifts could be related to the glycosidic conformational angle:
tems (). In order to understand their behavior, one requiregith the help ofab initio quantum calculationslp).
detailed knowledge of their molecular structure. In oligosaccha-It is also possible to estimate molecular geometries by
rides and polysaccharides, the conformation of the glycosiditeasuring the relative orientations of spin interaction tensor
linkage joining neighboring sugar rings is of particular imporin the solid stateX2, 16—27. A particularly promising tool for
tance. The conformation of the glycosidic linkage defines thevestigating carbohydrate conformations is HCCH-2Q-HLF
relative orientation of neighboring rings and hence the thregheteronuclear local field) spectroscop(16—-19. This exper-
dimensional structure of the molecule. iment estimates the angles between pairSGf'H vectors by
There are a number of NMR methods for investigating thsllowing 13C, double-quantum coherences to evolve under the
conformation of the glycosidic linkage. In solution, it is postocal fields generated by neighboring protons. The experimer
sible to estimate distances between pairs of protons on oppas been employed successfully in large molecular system
site sides of the linkage through their mutual cross-relaxatignch as membrane proteidg(18. Since carbohydrates are rich
(2, 3). However, it is difficult to obtain enough distance conin methine groups, the HCCH-2Q-HLF experiment has wide
straints to define the glycosidic conformation accurately. A dipotential applications in carbohydrate chemistry. As reported it
ferent method involves the measurement of three-bond indireatecent papef@), HCCH-2Q-HLF experiments on [1,2C,]-
coupling constants, such &% and3Jcc, followed by appli- labeled glucose are clearly capable of distinguishing betwee
the « and 8 anomers. A successful experiment has also bee
1Present address: Section de Chimie, Universi¢' Lausanne, CH-1015 performed on a.[1'33C2]_|abeled mon.osaCChande’ in which
Lausanne, Switzerland. ’ ' the tvy013C nucle! are separated by a_d|stanc_e of_0.249112)1 (
2 present address: Department of Chemistry, University of Washington, 1NiS Communication reports the first application of HCCH-
Seattle, WA 98195. 2Q-HLF spectroscopy to pairs offC sites spanning the
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CH,0OAc OAc 3. SOLID-STATE NMR
AcO O\ S ACO%OAC All solid-state NMR experiments were performed at ambi-
AcO 1302 §*130‘O CHOAc gt temperature in a static magnetic field of 9.4 T using standar
AcO | o ¢ | 4-mm triple-resonance magic-angle spinning probe and a CMX
H H 400 infinity spectrometer (Varian Instruments). A spinning fre-
quency of 5523 Hz was used throughout. The cross-polarizatio
I interval was 5.0 ms. The RF fields during cross polarization cor

responded to a nutation frequency of 50 kHz. An interval of 90<
FIG. 1. The molecular structure of octa-acetyl,g'-thio-[1,1-*C;]-  was allowed for recovery of thiH magnetization between suc-
trehalose. The glycosidic conformation is defined by the torsional aggtes egsive transients. The proton decoupler field dmsignm
gocsc and¢’ = descor- acquistion corresponded to a nutation frequency of 68 kHz.

glycosidic linkage in a disaccharide. The system chosen is ociay
O-acetyl8, 8'-thio-[1,1-13C,]-trehalose, henceforth referred to
asl (see Fig. 1). The glycosidic conformation is defined by the Figure 2a shows a solid-staf®C spectrum of the isotopically
two torsional anglegocsc (henceforth referred to ag), and diluted sample of. The spectrum shows two strong peaks from
écsco (henceforth referred to as). The substancewas cho- the labeled®C sites as well as weaker signals from the natural
sen because the synthesis is relatively straightforward and Bbundance spins. The small isotropic shift difference of 0.9 ppn
cause the crystal structure has been determined by X-ray diffraetween the two stronC peaks is due to the asymmetry of
tion (28). The X-ray structure corresponds to the conformatidhe molecules in the crystal structus.

(¢, ¢) = (=67.2°, —117.1°), with the two'*C sites separated Figure 2b shows a double-quantum-filtered spectrum of the
by 0.269 nm. The value af is fairly unusual since the CS andsame compound under identical conditions, obtained using th
C'H bonds are almost eclipsed. The eclipsed solid-state cdZ pulse sequenc8%). The duration of the double-quantum ex-
formation may be contrasted with the staggered conformatioitation and reconversion intervals were bagh. = 3357 us.

(¢, ¢') = (—61°, —61°), which molecular dynamics simula- The*C and'H RF fields during the double-quantum excitation
tions have predicted to be heavily populated in solutg).(

The purpose of this study is (i) to verify that HCCH-2Q-HLF
may indeed be applied t6C, pairs straddling the glycosidic
linkage, and (ii) to assess how much information on the gly-
cosidic conformation is obtained by a single HCCH-2Q-HLF
experiment. In particular, it is interesting to see whether the
HCCH-2Q-HLF experiment is capable of detecting the unusual
value of¢’ in the crystalline state.

. One-Dimensional Spectra

2. SAMPLE PREPARATION a

2,3,4,6-Tetra©-acetyle-[1-*3C]-glucopyranosyl  bromide * \ ’ M‘
was prepared fromv-a-[1-13C]-glucose (Omicron Biochemi-
cals, Inc., IN, USA) using the procedure described by Lemieux
(30). The 2,3,4,6-tetrad-acetyle-p-[1-13C]-glucopyranosyl
bromide was combined with 4% to yield octa©-acetyl b
B, B-thio-[1,1-13C,]-trehalose () as described in Ref.3(). N
The13C,-labeled disaccharide was crystallized from ethanol at — —_—
ambient temperature. TH&l NMR spectrum of a solution of -5000 Y
B, B-thio-[1,1-13C,]-trehalose in CDG at 30°'C, recorded on w/2r [HZ]
;‘;EH?EZZEO]_('.\JA ; azsej:fflmzet]e_goslggwsr? dsaf)ltr:;isgygggﬂ:gg%e 2. (a)1c spect'rum of ; crystalline samp_le k?fdiluted toa Ievgl of
3 ) ] ) ! ) ’ 20% in unlabeled material, obtained at a magnetic fielpt= 9.4 T using
Jcn coupling constant of 3.7 Hz. cross polarization at a spinning frequencywgf/2r = 5523 Hz. The weaker

The nonlabeled disaccharide was prepared from nonlabetedks are from naturdfC spins. (b) Double-quantum-filterédC spectrum
materials in the same way. An isotopically diluted samplé ofof the isotopically diluted sample df using conditions identical to those of
was prepared by cocrystallizing th€,-labeled and nonlabeled (®): but using a C7 pulse sequence of duratign = 3357 .S to excite 2Q

. . . 0/cori{/erences and gsepond Cc7 pulse'sequence of identical durat_lon to recover (

substances from ethanol. The diluted sample contained 20 %Qr able magnetization. Phase cycling was used to suppress signals not pass
the13C,-labeled compound. The total mass of the NMR Samp‘ﬁ’ough double-quantum coherence. The spectrum only shows signals from tt
was around 80 mg. introduced"3C; pairs.

——
+5000
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corresponded to nutation frequencies of 38 and 89 kHaconversion intervals of. = 3357 us. Thel3C and'H RF
respectively. fields during the double-quantum excitation corresponded to nt
Figure 2b shows two signals from the labeled sites, witltion frequencies of 38 and 89 kHz, respectively. The MREVE
complete suppression of the signals from isolat¥@ spins. sequence was use2Hj for proton—proton decoupling, with a nu-
The double-quantum filtering efficienc82) is estimated to be tation frequency of 83 kHz. Each experimental point represent
around 8%. This figure is rather disappointing, even for thfe integrated double-quantum-filtered spectral amplitude for
rather long'*C ... *3C distance 0f~0.269 nm. In the present particular value of the evolution interval Thirty-two transients
case, it was difficult to optimize the double-quantum excitatiogere collected for each incrementtgf At first, the experimen-
because of the lontH spin—lattice relaxation time constant oftal amplitudes decrease #sis incremented, but then recover

at least 20 s. Recent experience with new double-quantum &xform a rotational echo whes approaches a full rotational
citation sequence88) suggests that far larger double-quanturperiodr, = |27/ |.

efficiencies should be achievable at tHi€-1C distance. Analysis of the HCCH-2Q-HLF results requires an estimate

of the scaling factok for the MREV8 sequence, as described

3.2. Double-Quantum Heteronuclear in Ref. (12). The scaling factor was calibrated by performing
Local Field Spectroscopy the HCCH-2Q-HLF on a sample gf[1,2-13C;]-glucose, under

The HCCH-2Q-HLF experiment has already been describ 8nditions identical to that used for the sample ekcept for the
elsewhere 12, 16-19. The current experiments employed théouble—quantum excitation and reconversion intervals, whicl
pulse sequence given in Ref2). Briefly, the experiment uses a ada dgratlon Ofexe = 620 . Sllgnulatlons using the knpwn
standard ramped cross-polarization sequeddefollowed by a geometrical parameters f[1,2-"C]-glucose, as described
/2 pulse, to enhance the longitudif3C magnetization, which in Ref. (12), gave a calibrated multiple-pulse scaling factor of
is converted intd3C, double-quantum coherences using a C7 = 0.45.
pulse sequence (32) of duratiag.. The double-quanturf’C,
coherences are allowed to evolve for an intetvahder the het-

eronuclear local fields from the neighboring protons. Homonu-

clear proton—proton couplings are suppressed during the intervayve performed simulations of the HCCH-2Q-HLF experiment
P P ping bp 9 using the dipole—dipole interactions within the four-séilsys-

t1 by applying a suitable pulse sequence on the proton chanrt1 r formed by the twd3C labels and the two attached pro-
The *3C, double-quantum coherences are reconverted into C%E

4. SIMULATIONS

servable sinale-quantum coherences by anolving a second & The chemical shift anisotropies were not included sinci
gie-qu y applying the HCCH-2Q-HLF experiment is highly insensitive to these
sequence of durationyc, followed by an/2 pulse. The exper-

iment is repeated for a small number of evolution intervals interactions {2, 16—19. The homonuclear interaction between
P 2'S  the two13C spins is involved in the excitation of the double-

Figure 3 shows a set of experimental results for the isotopj- - . .
. . o uantum coherences, but does not participate in the evolution «
cally diluted sample of, using double-quantum excitation an

hose coherences during
A graphical package, callddoleculix , was written using
an interactive graphical interfacgq, 37). This package depicts
the three-dimensional molecular structure, and allows torsionz
angles or bond angles to be changed interactively. Chemic:
. shift tensors or other spin interactions may be attached to Ic
cal molecular fragments. As the molecular structure change:
the magnitudes and orientations of dipole—dipole coupling in:
teractions, and the orientations of chemical shift tensors, ar
recalculated dynamically. THdoleculix  package interfaces
- to a selection of NMR simulation routines.
In the present caséloleculix = was used to construct a
0.0 50 100 150 200 graphical model of the moleculeusing the X-ray coordinates
t /s (28). The torsional angle$ and¢’ were then varied, keeping
! bond lengths and bond angles fixed. The recalculated dipole
FIG. 3. (solid circles) Experimental integrated peak amplitudes for théipole couplings were used to perform new HCCH-2Q-HLF
HCCH-2Q-HLF experiment on the isotopically diluted samplel ohormal-  simulations. The simulated curves were fitted to the experimer
ized so that the point fdg = 0 has unit amplitude. The measured error margin§a| results by Sca“ng them Vertica”y using a numerical fa@(pr

of the spectral integrals are less than the size of the solid circles. In practiln%‘(i:‘.ld by muItipIication with an exponential decay function using
instrumental instabilities and systematic errors dominate. (solid line) Best-fit !

four-spin simulation for the X-ray geometry (¢') = (—67.2°, —117.1°). a decay rate constamt(lZ). . . . .
(dashed line) Best-fit four-spin simulation for the putative solution-state ge- 1he geometry of the four-spin unit was defined using the
ometry ¢, ¢') = (—61.0°, —61.0°). bond angle®y_c_s = 10993, 6s ¢y = 109621°, and the

SighalAmplitude
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bond lengths C—H= 0.113 nm, C-S= 0.1781 nm, and S— 180
C = 0.1784 nm. The distance between th spins was
0.269 nm, independent of the torsional angleand¢’. The 120
value of 0.113 nm for the effective C—H bond length is consis-
tent with the librational averaging of tH&i-'3C dipolar inter- 4 60
actions 88). As discussed in Ref1@), the precise values of the £
one-bond'H-13C dipolar interactions are unimportant for the & B
torsional angle estimation. 3
The fit of the simulations to the experimental data was asS 60
sessed by computing the statistic, defined by 120
(o 180
x=)_ @" -8 /0% [1] 180 -120 -60 0 60 120 180
=t ¢’ Idegree

Whereai_SIm andaiexp are the S_imUIated and experimental _points FIG. 4. Contour plot of x2 against the two torsional anglegs and ¢'.
respectively, and the sum is over &l experimental points. park regions represent low values pf. The X-ray conformationd, ¢') =
Since the experimental errors are dominated in this case by (r67.2°, —117.1°) is indicated by a star.
strumental instabilities rather than thermal noise, the variafce
was defined according to the recommended procedure in Press
etal.(39), These plots show that the HCCH-2Q-HLF experiment is ca-
y pable of ruling out certain geometries but is not capable of
. " tying down the glycosidic conformation by itself. This is not
o® = Z (a‘beSt - a"e p)/(N - M. [2] surprising since the spin dynamics are mainly sensitive to the
= angle subtended by the two diréd€C—H vectors, and there are
whereaP®st Smrepresents the simulated points at the global bdBany combinations af andg’ that provide the same intervector

fit, and M is the number of fit parameters. In the present cayld'e-
N = 14 andM = 2. With this definition, the confidence limit on

a fit parameter may be estimated by taking the parameter range
for which x2 is less than il — M)v/2 = 12¢/2 (39).

The solid line in Fig. 3 shows the best fit simulation for the
X-ray geometry ¢, ¢') = (—67.2°, —117.1°). The match with
the experimental data is good, except for a single data point,
which was possibly disturbed by instrumental instabilities.

Molecular dynamics simulation29) predict that the major
conformation in solution is expected to be symmetrical, with
t_ors_lonal Qngles cIc_Jse te (o) =_(—61.0°, —61.0°). The be_st- _ 280 120 60 0 80 120 180
fit simulation for this geometry is shown by the dashed line in qﬁ’ /degree
Fig. 3. The fit is significantly poorer than for the true crystal
geometry.

A contour plot ofy? against the torsional anglg¢sand¢’ is
shown in Fig. 4. This plot shows that the X-ray conformation
(¢, ¢') = (—67.2°, —117.1°) lies close to aregion of minimal
and that many feasible geometries, including the region around
(¢, ¢") = (—60°, —60°), are clearly excluded. However, this
plot also shows that there are many possible geometries that fit

the experimental data equally well. 0 r . , \ .
This pointis emphasized by Fig. 5, which shows the variation -180 -120 60 0 60 120 180
of x2 against eithes or ¢’, with the other torsional angle kept ¢ /degree

fixed. These curves display multiple minima and several broad
=1G. 5. (a) Plot ofy? (arbitrary units) against the torsional anglewith ¢’

regions in which the simulated data are insensitive to the geo ef:

. . ixed at—117.1°. (b) Plot of x2 (arbitrary units) against the torsional angle
rical parameter. The dashedline shows the thresb%ld 12\/2 with ¢ fixed at—67.2°. In both plots, the X-ray conformation is indicated by a

below which the deviations between experimental and simulatgfld circle. The lingg2 = 122 iis indicated by a dashed line. Below this line,
curves are statistically insignificant. deviations between experimental results and simulations are not significant.
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5. CONCLUSIONS drates: Development of a Karplus relationship,Am. Chem. Sod20,
11,158-11,173 (1998).
We have performed for the first time a HCCH-2Q-HLF angu-6. D. Uhrin, A. Mele, K. E. Kévér, J. Boyd, and R. A. Dwek, One-dimensional
lar determination experiment across the glycosidic linkage in a invers_e—detected methodg fqr measuremen_t of long-range proton-carbc
disaccharide. The experiment is able to rule out certain molecu- €2UPIing constants. Applications to saccharidesMagn. Reson. A08,

: . i . . 160-170 (1994).
lar conformations, but a single experiment of this type prowde§ LT

highly ambi naular information and is not ex tedtob varoska and F. R. Taravel, Carbon-proton coupling constants in the cor
ghly a guqus angula ormaton & S notexpected 10 b€ ¢ mational analysis of sugar moleculéglv. Carbohydr. Chem. Biochem.
very useful on its own. 51,15-61 (1995).

Much more detailed information on the molecular geometry. T. rundet, C. Landersj; K. Lycknert, A. Maliniak, and G. Widmalm, NMR
may be obtained by (i) combining the HCCH-2Q-HLF experi- investigation of oligosaccharide conformation using dipolar couplings in an
ments with analyses of the chemical shifts, of the type described adueous diluteliquid crystalline mediuiagn. Reson. Cher85,773-776
in Ref. (15), or (i) combinations of many different HCCH-2Q- (1998)', , , _

HLF measurements using a selectiorﬁﬂz pairs at different 9. G. R. Kiddle and S. W. Homans, Residual dipolar couplings as new con:

L. E le if th . ffici . | h i formational restraints in isotopical{?C-enriched oligosaccharidesEBS
pOSItIOI’lS. or exampie, | there Is sufficient Sigha strengt , 1t Lett. 436,128-130 (1998).

should be possible to use a sample labeled at only-&eosi- 10. P. J. Bolon and J. H. Prestegard, COSY cross-peaks HéfH dipolar

tion. Double-quantum coherences could be excited between thecouplings in NMR spectra of field oriented oligosaccharidegm. Chem.

labeled site and naturdfC spins in the rest of the molecule.  Soc.120,9366-9367 (1998).

This would provide a wealth of complementary angular infortl. B. Reif, M. Hennig, and C. Griesinger, Direct measurement of angles

mation. between bond vectors in high resolution NM&gience276,1230-1233
Experiments of this type are likely to be useful for obtain- (1997).

ing molecular geometrical information on complex system sucfy S: Ravindranathan, X. Feng, T. Karlsson, G. Widmalm, and M. H.
Levitt, Investigation of carbohydrate conformation in solution and in

as polysaccharides and glycoproteins. Although the sensitivity ., ers by double quantum NMR, Am. Chem. Sod22, 1102-1115
achieved in this first experiment is relatively poor, advances in (2000).
dipolar recoupling methodology are likely to improve matterss. p. pelupessy, E. Chiarparin, and G. Bodenhausen, Simultaneous determir
in the future 82, 33, 40—42 The conformational distributions tion of Psiand Phiangles in proteins from measurements of cross-correlate
that are likely to be encountered in complex systems will create relaxation effects). Biomol. NMR14, 277-280 (1999).
complications, but these might be resolved in an informative wag- S- J- FI \gncgm a”dA C. Zwah"le”v 'IDf'PO'e—Id'Po'eth%i;COféer:a“d‘?’S@t

e natural abundance. A structural tool for polysacchari m. em. S0cC.
by combining several types of_ complementary NMR data. For 122,8307_8308 (2000).
example, the full two-dimensional HCCH-2Q-HLF spectrum .

. | iful inf . h f . | distri 15. P. Zhang, A. N. Klymachyov, S. Brown, J. G. Ellington, and

c_ontalns plentiful in Ormf’mon on t_ e con_ormathna dI_StI’IbU- P. J. Grandinetti, Solid-staléC NMR investigation of the glycosidic link-
tion, through the correlation of the isotropic chemical shifts and age inw-o’ trehaloseSolid State Nucl. Magn. Resd2, 221225 (1998).

the 2Q evolution curves. 16. X. Feng, Y. K. Lee, D. Sandsirii, M. Ecn, H. Maisel, A. Sebald, and
M. H. Levitt, Direct determination of a molecular torsional angle by solid
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