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Abstract: Double-quantum heteronuclear local field NMR was applied to'ffZe-labeled carbohydrate samples,
[1,2-13C;]-glucose and methyd-b-[1,3-13C;]-glucose. The geometry of the H3C—13C—H moeity was
estimated using the evolution of double-quantum coherences under correlated heteronuclear dipolar interactions.
For [1,243C;]-glucose, double-quantum techniques were used both in solution and solid phases. The measured
H—C1—-C2—H torsion angles in crystalline glucose were 105° for the f-anomer and 40+ 15° for the
o-anomer, in good agreement with reported crystal structures. In the solution phase we give a full analysis of
an experiment in which the cross-correlation effects are isolated by the use of a heteronuclear multiple-quantum
filter. We consider the influence of anisotropic rotational diffusion, chemical shift anisotropy, and proton
proton spin diffusion on the torsion angle estimate. We show that it is possible to determine the torsion angle
and the rotational correlation time independently. The measure@H C2—H torsion angles in solution

differ slightly from the solid-state results: 159 10° for the f-anomer and 57+ 7° for the a-anomer. For
methyla-p-[1,3-3C;]-glucose, the solid phase double-quantum heteronuclear local field experiment was applied
for the first time to a HCCH moiety in which the carbons are not directly bonded. These techniques may be
applied to other structural problems such as the determination of glycosidic linkage conformations and the
conformation of sugar rings in nucleotides.

I. Introduction mass units). Solid-state NMR, on the other hand, has no essential
. . . . restriction to systems of a certain molecular size and is expected

Carbohydrates play an important role in many biological 4 hecome increasingly useful in the study of large biomolecules.

processe$? Examples include (i) polysaccharides, which form |, the NMR of carbohydrates, molecular structural informa-

the structural elements in the cell walls of bacteria and plants; 45 is obtained from (1) chemical shift$, (2) through-bond

(ii) sugars, Whi_ch are important for energy storage and are also\]-couplings‘}’s (3) through-space dipolar couplings, as estimated

one of the main components of nucleotieand (iii) glyco- by cross-relaxation measureméftand experiments in par-

conjugates (combinations of carbohydrates with lipids and yi51y ordered medid; i and (4) the relative orientations of the

proteins), which are important in many processes including pyclear spin interaction tensors, which may be estimated from

cellular recognitiort? various types of correlation experiments in the solid $taté
Insight into the biological and physicochemical functions of and from cross-correlated relaxation effects in the solution

complex carbohydrates at the molecular level requires a precisestgte24-30
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In this paper, we demonstrate the potential of the latter class
of methods for studying carbohydrate conformations and
configurations. In particular, we apply the method called HCCH
double-quantum heteronuclear local field spectroscopy (HCCH-
2Q-HLF) > which is suitable fof3C,-labeled organic materials.
The relative orientation of a pair 8C—'H bond vectors is
estimated through the evolution of th&C, double-quantum
coherence (2QC) under the proton local fields. This method has
been applied to the measurement of &-C—H molecular
torsion angles in solid samples of the membrane protein
rhodopsiA® and also an intermediate of the rhodopsin photo-
cyclel” Other combinations of isotopes have also been used,
allowing the estimation of NC—C—N and H-C—N-—H
molecular torsion angles in solid peptidé€s?® The 2Q-HLF
technique has also been applied to solution NMR, where the
heteronuclear local field correlations are manifested as differ-
ences in line widths of the double-quantum multiplet com-
ponent$4-26 In both solid-state and solution NMR, the evolution
of the 2QCs under correlated heteronuclear dipolar interactions
has been shown to provide accurate estimates of molecular
torsion angles. H

In this paper, we apply HCCH-2Q-HLF spectroscopy to two
13C,-labeled carbohydrate samples, [332,]-glucose and meth-
yl-a-p-[1,3-13C;]-glucose (Figure 1). The former is a relatively
“easy” system, in which the tw&C nuclei are directly bonded,
making it possible to exciteC, 2QC with reasonable efficiency
in both solids and liquids. The HC1—C2—H torsion angle in HO
crystalline [1,213C;]-glucose is estimated for both the and
p-anomeric forms in both crystalline and solution phases. In
the crystalline state we obtain results which are in good
agreement with diffraction data. In viscous solution, the

H

o-[1,2-"C,]-glucose

CH,OH

measured HC1—C2—H torsion angle differs from the solid- OMe
state results by around 20which may reflect increased H
molecular flexibility or the influence of hydrogen bonding. methyl-o-[1 ,3-‘3C2]-g|ucose

In solution we give a quantitative analysis of the experimental
results incorporating anisotropic tumbling of the glucose
molecules, chemical shift anisotropy, long-range heteronuclear
dipolar interactions, and proton cross-relaxafioile give a  the rotational correlation times, a quantitative comparison with
quantitative analysis of the heteronuclear multiple-quantum- spin—Ilattice relaxation rate constantg), and a more detailed
filtered cross-relaxation trajectories, rather than employing the analysis of the importance of minor effects. For [1325]-

Figure 1. Structures of the anomers of [1}2=;]-glucose and methyl-
o-D-[1,3—13C;]-glucose. Thé3C-labeled sites are indicated by asterisks.

ratios of 2D peak amplitudes, as favored by other gréft45s™. glucose, the effect of anisotropic molecuar tumbling is found
The use of full trajectories allows an independent estimate of to be minor.
(17) Feng, X.; Verdegem, P. J. E.; BgeM.; Sandstim, D.; Lee, Y. The methyle-b-[1,3-13C;]-glucose sample is especially chal-

K.; Bovee-Geurts, P.; de Grip, W. J.; Lugtenburg, J.; de Groot, H. J. M.; |lenging because th€C nuclei are separated by two chemical

Le‘(’iltg)"éér';'é JXB_i‘I’Ergg",\;\‘MBRrﬁﬁfn‘flgfr? fgr_ pLuulilriﬁnagr?nH - Eriksson. L. bonds. It is difficult to apply the solution state version of the

Graslund, A.; Antzutkin, O. N.; Levitt, M. HJ. Am. Chem Sod.997, 119, HCCH-2Q-HLF experiment in this case, because'fi@-'"C
12006. o J-coupling is negligible. Nevertheless, the solid-state version
Let(tlg)gggsztgdPQSR'; Gross, J. D.; Hong, M.; Griffin, R. Ghem. Phys.  of the experiment proved to be feasible, and we could analyze
(20) Hong, M.; Gross, J. D.; Griffin, R. Gl. Phys. Chem1997, 101 the results quantitatively in terms of the geometrical relationship
5869. of the two3C—1H bond vectors. To our knowledge, this is the
A1§)241)1\Ll)ve”6ky' D. P.; Dabbagh, G.; Tycko, R. Magn. Reson1993 first time that the solid-state HCCH-2Q-HLF experiment has
(22) Schmidt-Rohr, KJ. Am. Chem. Sod996 118 7601. been applied to a system with nonbond’éf_tz pairs. Thes_e_
(23) Gregory, D. M.; Mehta, M. A.; Shiels, J. C.; Drobny, &.Chem. results prove the potential of 2Q-HLF techniques for obtaining
Phys.1997 107, 28. o ) geometrical information across the glycosidic linkage in polysac-
(24) Reif, B.; Hennig, M.; Griesinger, CSciencel997 276, 1230. charides, in which the carbon sites on neighboring sugar rings

(25) Ravindranathan, S.; Feng, X.; Widmalm, G.; Levitt, M. H. 39th .
Experimental NMR Conference, Asilomar, CA, March 1998; poster 165. are also separated by two chemical bonds.

(26) Griesinger, C.; Hennig, M.; Marino, J. P.; Reif, B.; Ritcher, C.; The results demonstrate that HCCH-2Q-HLF spectroscopy
Schwalbe, H. IrBiological Magnetic ResonancBerliner, L. J., Ed.; Plenum may be applied to complex carbohydrates, nucleic acids, or

Pr?g% Fr\lee“‘i'v I\l(%r_l.('Rlii?%rVg: é?i'eifngder C.: Schwalbe HAm. Chem. glycoproteins which are difficult to crystallize and in which the

Soc.1999 121, 1956. chemical shifts od-couplings are difficult to exploit because
(28) Yang, D.; Konrat, R.; Kay, L. EJ. Am. Chem. Sod.997 119 of limited spectral resolution.
1938.

(29) Reif, B.; Steinhagen, H.; Junker, B.; Reggelin, M.; Griesinger, C. ||, Nuclear Spin Interactions

Angew. Chem., Int. Ed. Engl998 37, 1903.
(30) Pelupessy, P.; Chiarparin, E.; Bodenhausen).@iomol. NMR 1. Structural Parameters and Reference Framesviost of

1999 14, 277. the experiments described in this paper can be treated in terms
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of framesD andL are randomly time-dependent in a liquid.
The correlation functions of these angles are given below for
the case of anisotropic rotational diffusion.

In a rotating solid, it is more convenient to use an intermediate
reference fram®& for which thez-axis is parallel to the sample
rotation axis (Figure 2b). The Euler angsir = { amrSMr Y MR
are random variables in a rotating powder, but are fixed for
each molecule, assuming that the sample is well-packed and
the molecules are rigid. The Euler angl@x.(t) = {aru(t),
Bruyrl} describe the macroscopic rotation of the sample. The
angleor.(t) is given byod, — wit, whereo?, is a stochastic
variable (in nonrotor synchronized experiments), ands the
angular rotation frequency. The angbg, defines the angle
between the spinning axis and the magnetic field. In magic angle
spinning experiments it is given kg = tar! 22, The Euler
angleygy is arbitrary.

2. Spin Hamiltonian. The spin Hamiltonian for the four-
spin system is a sum of terms acting on thepins alone, the
S-spins alone, and the interactions betweenltbpins and the
Sspins:

H(®) = H,(O) + Hy() + H(t) 1)

The heteronuclear term involves a superposition of all four
heteronuclear coupling terms:

Hs=H, T Hyg+ Hyy+ Hgy )

The high field truncated terms of these interactions are sufficient
for the treatment of magic-angle spinning (MAS) NMR in high
magnetic field and also for the treatment of transverse relaxation
in the slow motion limit. The secular heteronuclear interactions
are given by

Figure 2. The relationship between the different reference frames for

(a) a H-C—~C—H unitin a molecule undergoing anisotropic rotational Hy = 0215, 3

diffusion and (b) a HC—C—H unit in a molecule undergoing magic-

angle rotation in the solid state. In solution, the principal axis system with

of the diffusion tensob is used as an intermediate reference frame. In

magic-angle spinning solids, the rotor-fixed axis systiis used as 2 )

an intermediate reference frame. = Ty + Z bjkDSm(QJF‘fM)DrZTD(QML) 4)
m=-2

of a four-spin-1/2 model comprising the tA#%C spins (denoted ) o . .
asS andS;) and the two directly bonded protons (denoted assuming that the indgxrefers to arl-spin and _|nde>k_ re_fers
andl4), wherely is directly bonded t& andl 4 is directly bonded 0 anSspin. Herej_{-(z andSare spin operatorsy is the |nd|_rkect
to s (Figure 2). The geometry of the four-spin unit is defined J-coupling, andQp,, represents the three Euler angfess,
by several geometrical parameters, including the internuclear Bk ¥} relating the principal axis frame of the through-
distances iy, r23, ras; the two HCC bond angle8;»s and 0234 space interaction betwednand S with the molecular frame
and the H-C—C—H torsional angle denoted hy. The four- M. For rigid systems, the through-space dipadipole coupling
spin unit is assumed to be rigid. A molecular reference frame is given by
M is defined so that itg-axis is along theés,—S; internuclear
vector. The positions of all four nuclei in the four-spin unit are M vivdt ®)
considered fixed with respect td. Ik 4 (r.k)?’

Consider a fixed laboratory frame which is defined such .
that thez-axis is parallel to the external static magnetic field wherer is the internuclear distance.
Bo. In both liquids and rotating solids, the relationship between  In the present paper, we exploit the geometrical content of
framesM and L is defined by three Euler angle@u. = by and QX to access the molecular geometrical information.

{ow,fmeymt, which are all time-dependent. In liquids thisis  The Euler angle€2X,, are related to the geometrical param-
because of random thermal molecular tumbling; in rotating eters of the four-spin system through

solids, the time dependence is due to the mechanical motion.

In both phases of matter it is convenient to describe this time éﬁn =093 (6)
dependence in terms of an intermediate reference frame. In
liquids, a suitable reference frame is the principal axis system g“M =7 — Oy, @
of the rotational diffusion tensor, denot&d(Figure 2a). If the
molecules are rigid, the relationship between framieand D yéﬁ,l - yﬁﬁﬂ = yé,3\,, - yéﬁ,' =¢ (8)

is defined by three fixed Euler angl€%yp = {awp,Smp,Y M} -
The Euler angle®p. = {opL,foL,yoL} defining the relationship The Euler angle&éﬁ,l, etc., are arbitrary.
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The HamiltoniarHs contains the one-spin interactions of the by introducing the 2QC operators:

Sspins
la+4a)=1$SS519): Jo——a)=I¢S, S 15)
Hs=H, +H, ®) o+ ) =15 S D la——p=15S S 1))
which may be written in general as B++a)=11SS519);  IB——0)=111S, S 15)
H =S, (10) BB =S ST 1B--B=11S S 1)
The frequencyw; is given in terms of the chemical shift where thel spin projection operators are defined as
anisotropy (CSA) parameters of sg through I¢= % + 1, (12)
m
_ _iso aniso 2 j ig= 22 j
0= w7+ o HTZz[DOm(QLM) — 176 *(Do(Qpw) + | ]/3 = % + 1, (13)

D?,( Qb)) Dag(Qu) (11
“an($ew)] Dirg(€2) (11) These coherence operators are eigenoperators under commuta-
tion with the high-field spin Hamiltonian:

iso aniso

wherew;™ andw;"""are the isotropic and anisotropic chemical
shift frequenciesy! is the asymmetry parameter, afi,, is a H™m, + 4+m,) = — Oy Iy + M) (14)
Euler angle triplet defining the orientation of the CSA principal
axis with respect to the frandd. The anisotropic chemical shift H®™m, — —m,) = Oy, IMy = —My) (15)

frequency is defined as®™*= —y;Bod™"*, whered™"*is the
CSA in ppm (deshielding convention), aBgd is the magnetic where
field.
In this paper, the experiments are designed to be insensitive ™™ — (g @)+ My(@1 7 @15) + My 039) (16)
to the CSA parameters. However, several papers have shownrhe commutation superoperator is defitfekommQ) = |[[A.Q]).
that correlations in the CSA interactions may also be exploited All terms in eq 16 are time-dependent. The cross-correlations
to derive molecular geometrical informatiéh. 2328 of the different terms are geometry sensitive, which allows the
3. Cross-Correlated Double-Quantum Evolution. The double-quantum evolution to probe the molecular geometry.
heteronuclear coupling terms such g and Hs,, are time-
dependent in a rotating solid and for a tumbling molecule ina | HCCH-2Q-HLF in Solids
liquid, because in both cases the molecular orientational angles

Q. change with time. The modulations of the two different In solids, it is possible to exploit the coherent evolution of

interactions (for exampléd1> andHs,) are in general correlated 2QCs under the correlated heteronuclear local fields. To allow

because the_relevan_t _atoms are locked in a r_igid molecu_larthelgc spins to obtain a clear picture of the heteronuclear fields
framework, with a definite geometry. The correlation of the spin emanating from the protons, it is necessary to supresithe

interactions may be st_udied by utilizing the dyngmics of t_he 1H interactions. This requires the use oft—1H homonuclear
correlated nuclear spin state called 2QC. This was first decoupling pulse sequence during the 2Q evolution interval.
demonstrated for the case of paramagnetic relaxation by WokaunThis scales down the heteronuclear interactions as well as
and Ernsg! suppressing the homonuclear interactions. It is necessary to

For a solid the rotation of the molecules is coherent, becauseintroduce a scaling factor for the heteronuclear couplings as
all molecules are fixed with respect to a rigid crystalline lattice, a fit parameter in the analysis of the experimental results.
which is subject to macroscopic rotation about a fixed axis at 1. Pulse Sequencé&he evolution of the 2QC under correlated
a fixed frequency. The 2QCs experience “coherent” cross- heteronuclear dipolar interactions is monitored by the 2Q-HLF
correlation effects, which can be studied in order to obtain €xPperiment® employing the pulse sequence shown in Figure
geometrical informatioR®2° In a liquid on the other hand, the ~ 3- Thez-magnetization of the 1,25%C, pair is converted into
motion of the molecules is “incoherent”. The 2QCs experience 2QC by the c_:??ép;il;e scherfigOther 2Q excitation schemes
incoherent cross-correlated relaxation. This cros&-correIated?hre alsc_) geasmh_v h". g_h? dz(gc': tarei allowetd tf’rﬁv?.lvi dur;r!g
relaxation can also be analyzed to obtain useful information on € periodry, Which 1S divided Into two parts. the Tirst part 1S
the molecular geomet# 30 However, a quantitative treatment a variable interval, during which the homonuclear decoupling

’ . e .~ sequence MREVS is applied. Other homonuclear decoupling

of the cross-correlated relaxation requires many assumptions

. ) ulse sequences may also be u¥etihe second part; — t,
as to the nature of the random molecular motion. In this paper, P 9 Y party — 4

th lated relaxation i . luti 112 is occupied by unmodulated high-power proton decoupling
€ cross-correlated relaxation in a viscous sofution o [1.2- under which heteronuclear couplings are suppressed. A series
13C,)-glucose is studied in detail.

of experiments are performed in whiths incremented and
Although the solid-state and solution-state heteronuclear @23 Yy Reson1982 10, 1
. . . . . eener, JAdv. Magn. reson , L.
muIt|pIe-guan.tum local field experiments appear superficially  (33)1 e, v.'K.; Kurur, N. D.; Helmle, M.; Johannessen, O. G.; Nielsen,
to be quite different, they are in fact motivated by the same N. C.; Levitt, M. H. Chem. Phys. Lettl995 242, 304.
basic physics, as emphasized in Figure 2. In a Liouville space (34) Tycko, R.; Dabbagh, Gl. Am. Chem. Sod.991, 113 9444,
i0 both . ientl | d (35) Sun, B. Q.; Costa, P. R.; Kocisko, D.; Lansbury, P. T.; Griffin, R.
representatior; both experiments are conveniently analyzed g j Chem. Phys1995 102 702.

(36) Bielecki, A.; Kolbert, A. C.; de Groot, H. J. M.; Griffin, R. G;
(31) Wokaun, A.; Ernst, R. RMol. Phys.1978 36, 317. Levitt, M. H. Adv. Magn. Reson1989 14, 111.
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Figure 3. Pulse sequence for the solid-state HCCH-2Q-HLF experi-
ment.

— t; contracted so that the total interval remains equal to one

rotor period. This removes the effect B shift anisotropies
on the 2QC evolution. The effect of isotropic chemical shifts is

removed by a suitable choice of the spectrometer reference

frequency. The modulated 2QCs are convertegitagnetiza-
tion by a second C7 sequence and a furtn@rpulse leads to
observable signal.

2. [1,243C,]-Glucose.Figure 4 shows th&C cross-polariza-
tion (CP)/MAS spectrum and the double-quantum filtered
spectrum of crystalline [1,23C;]-glucose. Signals are observed

viRdranathan et al.

Cl(a) C2(a)

C1(B) LJ))

b

A A A
N B e e e e L e e R
150 125 100 75 50 25 ppm

Figure 4. (a) Cross-polarization magic-angle spinning spectrum of
crystalline [1,213C;]-glucose. (b) Spectrum obtained BSC double-
quantum filtration using the C7 pulse sequence. Assignments are from
ref 37.

torsion angle, and the other geometrical parameters of the four-
spin system. The decay in signal amplitudes duktteH spin
diffusion under the evolution intervd is taken into account

by a phenomenological damping constanin generalA, 1,

for both o- and-anomers. The smaller peaks are assigned to and« are treated as empirical fit parameters.

the -anomer and the larger peaks to theanomer. This is

In the simulations shown below, the following molecular

consistent with the isotropic chemical shift difference of about structural parameters were usads = rzs = 0.113 nm 0123 =

4 ppm3” Comparison of the two spectra show that tR€

115.3, and 6234 = 108.7. These parameters correspond to

signals are passed through 2QC with about 37% efficiency. It diffraction measurements on crystalligeglucose3® with the
was difficult to optimize the pulse sequence to obtain higher exception of the direct €H bond lengths, where neutron
efficiency, because the proton relaxation time constant was longdiffraction measurements am-glucose indicate a distance of

(~ 20 s).
The theoretical expression for the signal in the 2Q-HLF
experiment &

f(t) = [Hcosp™(t) + cosb™ () sirf(wagred | (A7)

0.1114 nn?° The effective bond length as measured by NMR
is influenced by vibrational motion. Corrections based on the
combined effect of harmonic and anharmonic stretching and
vibrational rocking, increases the effective value to 0.113
nm_40,41

Figure 5a shows experimental double-quantum signal trajec-
tories for the f-anomer. The experimental amplitudes are

The brackets indicate averaging over all molecular orientations gptained by integration of the signals from the two peaks. The
Quir. waq denotes the orientation-independent double-quantum figyre also shows the simulated curves for several different

nutation frequency during the C7 sequences. For @X
depends on the orientation only through the Euler afigle33
The phase angled®® and ®** correspond to the coherent
evolution phases of the. — —a) and|a. — —f5) 2Q coherences:

DY) = 2"f0tl{ My [w15(t) + @15(0] + Mylw,(t) +
w41} dt (18)

wherem; andm, are the quantum numbers for the proton spin
states. The heteronuclear dipolar interaction frequengiesre
given by eq 4. The torsion angle is determined by fitting
theoretical curves of the form

a(ty) = Af(ty i, ¢)e (19)
to the experimental signal amplitudes. The facdosets the

experimental vertical scaléis given by eq 17 and is dependent
on the evolution time, the multiple pulse scaling factor, the

(37) Pfeffer, P. E.; Hicks, K. B.; Frey, M. H.; Opella, S. J.; Earl, W. L.
J. Carbohydr. Chem1984 3, 197.

torsional angles. In each case, the paramefemnd 1 are
optimized in order to minimize the deviations of simulations
and experimental points. For thifleanomer the best fit to the
experimental data is obtained for a torsion angle of°1The
simulation for a torsion angle of 18®ives a slightly poorer
fit, and the simulation for 160deviates significantly from the
experimental points. All simulated curves employ a hetero-
nuclear scaling factor of = 0.45, which is a reasonable value
for the semiwindowless MREVS.

The high sensitivity of the simulations to the torsion angle
in the region ofp close to 180 has a physical interpretation. If
the geometry corresponds = 18C, the one-bond €H
couplings are parallel and the heteronuclear dipolar fields exactly
cancel out for thgo. — —f), | — —), oo + +f), and | +
+a) coherences. This implies that four out of the eight 2QCs
are completely unmodulated by the strong magnetic fields
emanating from the neighboring protons. The phase angles

(38) Chu, S. S. C.; Jeffrey, G. Acta Crystallogr.1968 B24, 830.
(39) Brown, G. M.; Levy, H. AActa Crystallogr.1979 B35 656.
(40) Nakai, T.; Ashida, J.; Terao, Mol. Phys.1989 67, 839.

(41) Ishii, Y.; Terao, T.; Hayashi, Sl. Chem. Phys1997 107, 2760.
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Figure 5. Signal amplitudes for thg-anomer (a) andw-anomer (b) » ’ —— -
of crystalline [1,2'3C;]-glucose in a double-quantum heteronuclear local 40 80 120 160
field experiment. The symbols indicate experimental integrated signal /
amplitudes as a function of the evolution intertialThe lines are best Qs degree

fit simulations for different torsion angles, optimizing the damping Figure 6. Surface showing the mean square deviation between

factor and vertical scale independently for each curve. experimental and simulated signal amplitudes for gelL,2-13C;]-
of P . glucose and (bj-[1,2-*3C;]-glucose. The mean square deviation is
@ (t;) and @ *(ty) in eq 18 are exactly zero for all values in plotted as a function of the multiple pulse scaling factoand the

this geometrical configuration. This delicate balance is disturbed H—c1-C2-H torsion angle. Dark regions represent minima.

as soon ag deviates significantly from 180The most sensitive

region is close to 180 where the balance of heteronuclear local These contour plots indicate that the determinatiorp a$

fields is only slightly broken. precise in the region close to 180vhich is the case for the
Figure 5b shows the corresponding results forar@nomer. p-anomer (Figure 6a). In this region @f a torsional angle

The best fit is obtained fop = 50°. In this case, the torsion  resolution of £5° can be claimed. The torsion angle is

angle resolution is lower and it is barely possible to distinguish unambiguous in this region if one discounts the sigs,ofhich

the best fit simulation forp = 50° from the simulation withp cannot be determined. The resolution is much lower in the case
= 30°. However, the simulation witlp = 70° is clearly in of the a-anomer (Figure 6b). Furthermore, there is a second
disagreement. minimum aroundp = 120°, making the torsion angle determi-

To study the effect of the scaling facter we carried out nation in this region of¢ ambiguous. Nevertheless, the
simulations for different values afspanning the entire torsion  experiment may still be useful for ruling out some qualitative
angle space. In Figure 6 we show contour plots representingstructural models.
the mean square deviation between the simulated curves and Note that the values chosen for the one-bond internuclear
experimental data. Thevalue corresponding to the minimum  distancesri,, ros, andrss are of little consequence for the
is well-defined for the entire torsion angle range and is 0.45 determination ofp. Within a broad range, the simulations are
for both anomers. This implies that the torsion angle can be only sensitive to the product&r[ze’ and;cr;f, because the spin
estimated without an independent determination of the scaling dynamics are dominated by the nearest neighbor interactions
factork. between eachC and its directly bonded proton. If a different



1108 J. Am. Chem. Soc., Vol. 122, No. 6, 2000

a ci c3

)

A

| T 1—| T T T T T T T T

120 100 80 60 ppm

Figure 7. (a) Cross-polarization magic-angle spinning spectrum of
methyl-a-p-[1,3—13C;]-glucose diluted in unlabeled material. The
weaker peaks are from naturdlC spins. (b) Spectrum obtained by
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Figure 8. Signal amplitudes for methy-p-[1,3—C;]-glucose in a
double-quantum heteronuclear local field experiment. The symbols
indicate experimental integrated signal amplitudes as a function of the
evolution intervalt;. The lines are best fit simulations for molecular

o

13C, double-quantum filtration using the C7 sequence. Assignments geometries corresponding to the and -anomer, optimizing the

are from ref 54.

value is chosen for the one-bond-E& distance, thec value

damping factor and vertical scale independently for each curve.

configurations of the four spins appropriate to the two different

required for the best fit changes but the determined torsion anglegeometries, and in each case alléyw, and4 to vary in order

does not.

The best fit simulations for both the anomers agree well with
the results from diffraction studies of crystalline glucé%e’
For thep-anomer the solid-state NMR determination is 10
5°, which is in excellent agreement with the estimate from X-ray
crystallography ofp = 171°. For thea-anomer, solid-state NMR
gives 40 + 15° which is also in agreement with the neutron
diffraction estimate of 50% However, in this case the NMR

to obtain the best fit with the experimental results. The best fit
to the experimental points is clearly obtained for thanomer

as expected. The best fitvalue for this case was 0.45. These
results indicate that solid-state 2Q-HLF spectroscopy is capable
of determining geometric relationships over a larger distance
range than a single chemical bond. Indeed, the solution state
HCCH-2Q-HLF experiment was conducted to obtain geo-
metrical information over a distance of around 0.7 ##in the

determination of the torsion angle is not capable of high context of carbohydrates, the present results indicate the
accuracy and is also ambiguous, as discussed above. Clearlyfeasibility of examining conformations across the glycosidic
2Q-HLF results should be combined with other experimental linkage in oligosaccharides by solid-state HCCH-2Q-HLF

data, for example internuclear distance measurements, chemica$pectroscopy. Preliminary results of*@-labeled disaccharide

shifts, orJ-coupling information, to obtain reliable definition
of the geometry in this region af.
3. Methyl-a-p-[1,3-13C,]-glucose.In this sample, the labeled

were obtained, and will be presented elsewhere.

IV. Cross-Correlated Double-Quantum Relaxation in

sites are separated by two bonds and are at a distance of 0.24419uids

nm. This makes it more difficult to achieve excitation of the
13C, 2QC. Solution state 2Q-HLF experiments are very difficult
in this compound, due to the negligitflé-c coupling constant
(3Jcc ~ 0 Hz)#?

Figure 7a shows th®C CP/MAS spectrum of the sample of
methylo-p-[1,3-13C;]-glucose (henceforth referred to as 1,3-

In liquids, the Euler angle®Qp, (t) are randomly modulated,
leading to cross-correlated incoherent relaxation of the 2QCs.
Analysis of this cross-correlated relaxation allows determination
of molecular geometry, providing suitable assumptions are made
as to the anisotropy of the molecular tumbling. A range of ex-
perimental procedures were developed to minimize the effect

mag). As described in the Experimental Section, the sample of yndesirable cross-correlation and cross-relaxation 427

was diluted with unlabeled methy-p-glucose in a molar ratio
1:10, to magnetically isolate th&C, pairs. The CP/MAS
spectrum shows two strong signals from A& labels and also

a number of smaller peaks from natufdC spins. The 2Q
filtered spectrum is shown in Figure 7b and displays signals
from the13C; labels alone. Thé3C signals are passed through
2QC with 29% efficiency. Further optimization of 2Q excitation
was impeded by the lontH relaxation time constant of around
10 s at room temperature.

Figure 8 shows the results of the 2Q-HLF experiment on 1,3-
mag. The experimental points are plotted as a function of
evolution intervalt;. Best fit simulations are also shown for
the o and 8 configurations. These simulations employ spatial

(42) Walker, T. E.; London, R. E.; Wahley, T. W.; Barker, R.; Matwiyoff,
N. A. J. Am. Chem. Sod.976 98, 5807.

Typically, this involves taking the ratios of peak amplitudes at
a single mixing interval. Such experiments have been applied
to biological systems including proteins and RNA molecules
in solution?’

In this section, the cross-correlated relaxation in a sample of
[1,2-13C;)-glucose is studied in some detéil.To study the
relaxation processes at long correlation times (which are usually
relevant for biomolecules), we use a concentrated (1 M) solution
of [1,2-13C;]-glucose in glycerol. The strong NMR signal of
this sample also allows us to use a simplified experimental
procedure in which the number of coherence transfer steps is
minimized. We study the trajectory of the coherence transfer
process in detail and investigate the importance of various minor
effects on the transfer curves, in particular motional anisotropy
and protor-proton cross-relaxation. We give a quantitative
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Table 1. Precession Frequencies and Relaxation Rate Constants of
the Double-Quantum Coherences in a Four-Spin System

relaxation
rate

operator frequency/rads constant
0= =0) wae = 05° + 05 + 212+ Jis + Joa + Jad) Rua
low — _ﬂ) Wop = wgo + a)g‘o + ﬂ(-.]]_z + Ji1z3— Jog — J34) Raﬂ
IB= =0 wp=05"+ 05+ a(~Jo— st Joat Ja)  Ru
|ﬁ - _ﬁ) wpg = LUIZSO + a)|350 + Jt(*\]lz — 313 — Joa — J34) R/f/f
o+ 4+0) —wea Roo
lo++B) —wap Ras
I+ +0) —wpe o
B+ +B) —awp Rss

description of the molecular geometry and the molecular

tumbling, and compare the solution and solid-state geometries.

1. Multiple-Quantum Line Widths. In isotropic liquids, the

spin Hamiltonian may be written
H = H'®° 4+ H3"*qt) (20)

where His° is the isotropic part of the spin Hamiltonian
(including isotropic chemical shifts and-couplings). The
behavior of the spin system is characterized by coherent
evolution under the isotropic spin Hamiltonian, combined with
relaxation under the incoherently modulated anisotropic part.
If the random modulation is sufficiently fast (Redfield limtd),
the spin density operatqr evolves according to the Liouville
von Neumann equation

d—’t’ = —i[H%] + o 21)
where[ is the relaxation superoperator.
The matrix elements of are given by*
Ts = (QIT1Q) (22)
= [dr(QI[H*"Yx),[H*"*10).QJ)) (23)

whereQ; and Qs are orthonormal operators, and the superop-
erator bracket is definéd

(Q1Q) = Tr{Q/QJ o,

The experiments described in this paper exploit the relaxation
of 2QC between the spin$ and S;. The 2QCs are eigenop-
erators under commutation with the isotropic Hamiltort#ss,
for example

(%)™Mo — —a) = w4l — —a) (25)
and the coherence frequencieg, are given in Table 1.

If all the coherences of a particular order are well-resolved
(oo # wop Z wpa #= wpp in the case of 2Q evolution), then

the cross-relaxation of coherences into each other may be
neglected. Only the diagonal elements of the relaxation super-

operator need be taken into account. The relevant matrix
elements of the relaxation superoperator are

(43) Slichter, C. PPrinciples of Magnetic Resonanc®pringer: Berlin,
1989.

(44) Ernst, R. R.; Bodenhausen, G.; Wokaun Pinciples of Nuclear
Magnetic Resonance in One and Two Dimensidhsford: New York,
1987.

J. Am. Chem. Soc., Vol. 122, No. 6, 20009
Ry, = —(o — —alot — —a)) = (o + +a|To + +0a) (26)

where Ry, is the relaxation rate constant for the coherence
oo — —a).

If the molecules undergo anisotropic rotational diffusion, the
stochastic variation of the angl€3p_ leads to the following
correlation function for the Wigner matrix elemerits:

My, (o (0))D"_y (R (2))* =

1 L
L) L) (L)
Cn Coopexpl—b, "t} (27)
2L + L:ZL non

wherec,(L) are the eigenvectors aigiL) are the eigenvalues
of the rotational diffusion operator. For slow rotational tumbling
in a liquid (3rc > 1, wherews is theS-spin Larmor frequency
andz. is the motional correlation time), the general form of the
relaxation rate constants is

2
lem4 - é{J21,21+ ‘]24,24+ J31,31+ J34,34} +

8
oot dad +

4
5{321,31+ o434t AMMy (I 51+ Jag 3+
Joaz1 T Jo13d} —

8
§{2m1(‘J21,2+ Jo13t Jgot 331,3) + 2m4(J1411+
Jiazt Jaan T 334,3)} +

16
§3213 +

onad
ut’

(28)
wherem, and my represent quantum numbers for the proton
spin states an Oﬁidtakes into account nonadiabatic longitu-
dinal cross-relaxation (see below). For example, the relaxation
rate constaniR,s may be derived by insertingy = 1/2 andm,

= —1/2 in the equation above. The subscripts with two spin
labels denote a dipolar interaction and subscripts with a single
spin label denote a CSA interaction. For example, the t&1m
represents the spectral density for the cross-correlation of the
dipole—dipole interactions between spii®% and I3, and the
chemical shift interaction of spi,, evaluated at frequency

=0:

1o Y2V (ani
J21,2:§(E 3 )62”'S°y280x (29)
21
2 2 2
Z rZ ’Z Dg)zp)(glzv}w Dézn)(QMD) X
y==2nnN=-2pp=—2
M2
{192 - o5 + 0 5] »
o @ (@)
Dp’n’(QMD)W

Here 7, is the asymmetry parameter of the chemical shift
anisotropy of site 2. The terndy; 31 represents the spectral
density for the cross-correlation of the dipolar interaction pairs,

(45) Grant, D. M.; Brown, R. A. IrEncyclopedia of NMRGrant, D.
M., Harris, R. K., Eds.; Wiley: New York, 1996; Vol. 6, p 4003.
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S—I; andS—1;, evaluated at frequenay = O:

Q

h h
Iy o= 1 Mo Y2Vl Ho VaV1 (30)
’ S\ rgl rgl
2 2 2 /g
S 35 oR@Rfe. - Eo80d = @ -
v==2nNN=-2 pp=-2
@ @ S "985 = @ = —
@ 31 o) vn “v—n' \N
DOp’(QPM)Dp’n'(QMD)T 3 T 1 1 1 ) 1 1
b}’ -20.2 -20.0 -19.8 -19.6

- _ g wi /27 (kHz)

Similar equations apply to the other spectral densities. The

spectral densities depend in general on the molecular geometrical

parameters (through the Euler angi@s,, QL‘?M) and also on b

the orientation of the principal axis system of the rotational M

diffusion tensor with respect to the molecular frame (through &

the Euler angle®p). E
The case of isotropic rotational diffusion with correlation time ™~ -9.40 D <> L

7 may be treated by usirigg) = 7, andc®? = 6,0, whered,o 5 -9.45 & = o .
is a Kronecker delta function. ~
The presence of cross-correlation results in different relaxation 3 T T T T T T
rate constants for the four lines of the 2Q spectr&’p, ¢ Rus -19.4 -19.2 -19.0
# Rgo = Rgp). This is observed experimentally as differential w1 /27 (kHz)

: i : 26
line widths in the 2Q spe_ctruﬁ‘}. . . Figure 9. Sections of the 2D double-quantu¥C spectrum of the
For an accurate analysis of the relaxation, one must take intosc, giucose solution. (a) Contour plot of the spectral region containing

account the low-frequency nonadiabatic contributio ;Kid signals from the C1 carbon of tizanomer. (b) Contour plot of the
in eq 28). These terms correspond to the longitudinal cross- spectral region containing signals from the C1 carbon oftamomer.
relaxation between the two protons in the four-spin unit, and The slices parallel to the; axis show the peaks corresponding to the
also longitudinal cross-relaxation processes involving other four 2QCs. The slices are taken at tire coordinates indicated by
protons in the same molecule. These processes are significanf/TOWs- The frt_aquencies are specified relative_to the Larmor frequ_ency
even in the case of slow molecular rotation, because they involve ©f the most shielde#C peak of glycerol. The signs of the frequencies
small differences in proton Zeeman energies. In the calculations2® specified as in ref 60.
given below we incorporate the following nonadiabatic correc- g3 g forB-glucose and 0.6& 0.02 s fora-glucose, where
tions: the indicated variation indicates the spread ofalues for the
different 13C sites. Thesd; values correspond to rotational
correlation times ot = 9.5 ns (for3-glucose) and. = 8.4 ns
g g 1 (for a-glucose), assuming that the rotational tumbling is isotropic
R;%na =R = §314,14+ Rext (32) and dominated by short-range heteronuclear dipolar interactions.
Both correlation times satisfyvgrc| > 1, wherewy is the 1°C
where Larmor frequency. This supports the validity of eq 28 under
the conditions used here.
1 3. 2Q Spectrum of [1,213C,]-Glucose.Figure 9 shows two
Rt = 5|= 4(J1Ll| +Jaa) (33) spectral regions of the 28C spectrum of [1,23C]-glucose,
’ corresponding to the C1 signals of theanda-anomers. The
The termJy4 14takes into account the cross-relaxation between C2 spectral regions have a similar appearance (not shown). The
spinsl; andl4, whereas the termey involves a sum of cross- 2D spectrum was obtained using the standard 2D-INADE-
relaxation probabilities between spin or spin 4 and other ~ QUATE pulse sequenég(Figure 10a). The proton decoupling
protonsl; in the same molecule. Note that the cross-relaxation Was turned off during the evolution period in order to resolve
between spins; andl4 leads to differential line broadening of ~ the four 2Q coherences. Figure 9 shows sections of the 2D
the double-quantum multiplet components, mimicking the cross- SPectrum, displaying signals from tfieanomer (Figure 9a) and
correlation effects. This term must therefore be investigated the a-anomer (Figure 9b). Each slice parallel to the-axis
carefully. contains four peaks, corresponding to the four 2QCs. The
Long_rangej_coup|ings between thégc Spins and distant d|ﬁerent|a| peak broadening in these multlpletS is ViSUa"y
H nuclei in the same molecule also lead to broadening of the Obvious.
2Q multiplet peaks. However, evolution under long-range 4. Heteronuclear Multiple-Quantum Filtered 2Q Spectra.
J-couplings is suppressed in the experimental strategy chosenSeveral groupd:2-3° have developed methods in which the
in this paper (see below). cross-correlation effects are estimated through the ratios of peak
2. Estimate of Rotational Correlation Times.The labeled ~ amplitudes, after allowing the 2Q coherences to evolve over a
g|ucose was dissolved in a viscous solvent (g|ycer0|)’ SO as to constant time interval which is assumed to be small. This
impede the rotational tumbling of the molecules. The rotational @Pproach simplifies the analysis but tends to obscure the
correlation time was estimated by measuring the -sfittice influence of minor perturbations of the cross-correlated relax-
relaxation time constant3) for the ring carbons of unlabeled (46) Bax, A.; Freeman, R.; Frenkiel, T.; Levitt, M. 5. Magn. Reson.
glucose, under identical conditions. The results were @67 1981 43, 478.

Rgco)(nadz R}r;znad: " (31)
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a proportional to
72 — — — — — — — —
Ph?=5 S =11S S IG+IIS S 1+ 1S, S 15+
15513 (34

brc P Fuc e omitting inessential constants. At the end of the evolution

S interval (time point®), the —2Q part of the spin density
—[I—D—H H\/\/\AN._ operator will have evolved into

I

Texc t t 67 =11S, S; 15exp(R,t) +13S; S; 1iexp(Ry4ty) +
s s 12eXP(—Ry,ty) + s S Igexp(_Rﬂﬂtl) (35)
bot A /2 pulse is applied at thtH Larmor frequency at the end
b \ of the intervalt;. This pulse generates heteronuclear multiple-
I [[Il ] guantum coherences, through transformation properties such as
1 U

o _iT \yeayd i 1 i
i exp[ |2I1X}I1exp{|zllx} 2 2I| +511 (36)
2C :“ 3C 4C

T TT 1
| I I I . | M” exp{—|§l4x}lﬁexp{|zl4x}—§+EI4—zl4 (37)

The part of the spin density operator containing coherences of

Tex : :
‘ b D el 2 order (2) for the3C spins and orderf1) for the'H spins at
A 2 time point® is therefore
I v, 0
v, : L R S ITS S
= C =SS S S S ST
— 2 e e
S \X/ = \X/ \\ 1 11S, S5 1) x {expERt) — expERygty) —
N7 1 exp(—Rg.ty) + expRyt)} (38)

Figure 10. (a) Pulse sequence for the 2D double-quantum NMR . . .
experiment. WALTZ-16H decoupling is applied during 2QC excitation Signals passing through4Q are selected out by cycling the

and signal acquisition. (b) Pulse sequence for the heteronuclear multiple-"2di0 frequency phases of pulse sequence elements before and

quantum-filtered experiment and corresponding coherence transferafter time point® (see E?(perimental Section).
pathway diagram. The narrow rectangles indicat2 pulses and the The heteronuclear multlple-quantum coherences are converted

broad rectangles indicate-pulses. into antiphase!*C double-quantum coherence by applying a
secondr/2 pulse at the proton Larmor frequency. The effect of

ation trajectories. In this paper, we describe the full trajectory this can be calculated through transformation properties such

of the cross-correlated double-quantum relaxation as a functionas

of time, allowing a detailed study of the molecular dynamics

and the geometry. The effects of dipel@ipole cross-correlation ex }| eXF{ fad | } =1, +il, (39)

are isolated by using a heteronuclear multiple-quantum filter. 2 2%

The approach is similar to the multiple-quantum filtered nuclear

Overhauser enhancement spectroscopy (NOESY) experimen

which measures cross-correlation effects in longitudinal

i 7-50 Simi H
relaxationt”*0 Similar approaches have been used for extracting (-2) _ 1S, S;1AexpER, b)) — eXp(—Raﬁt ) -

cross-correlation effects in the relaxation of single-quantum
coherence8!:52 exp(—Rg,t) + exp(=Rg4ty)} + other terms (40)

The radio frequency pulse scheme for obtaining heteronuclear
multiple-quantum filtered 2Q spectra is shown in Figure 10b.
A standard three-pulse sequence of duratiggis applied to

the 13C spins to create-2Q coherences. Th&2Q coherences
are allowed to relax for a variable intervialduring which the

The antiphase{2Q) coherence at time poif® may therefore
be represented by

which is converted into in-phase-2Q) coherences via the
heteronucleatdcy scalar coupling during the following interval,
which has durationcy = (2Jci) 2. Product operator calcula-
tions>® lead to the expression for in-phase2Q) coherence at

precession under chemical shifts airdouplings is refocused time point®:
by am pulse so that only the relaxation under the stochastic )l o
Hamiltonians is operative. p5? = 2> S{eXPER L) — expERygty) —
The —2Q part of the spin density operator at the beginning exp(-Ry,ty) + exp(-Ryt,)}

of the evolution interval (time poinfD in Figure 10b) is

neglecting the decay of the coherences during the refocusing

(47) Dalvit, C.; Bodenhausen, Gdv. Magn. Reson199q 1, 14. interval. This expression is the same as eq 34, except for the

(48) Boulat B.; Bodenhausen, G. Chem. Phys1992 97, 6040.

(49) Miller, N.; Bodenhausen, Gl. Chem. Phys1993 98, 6063. additional numerical factors which depend on the differential
93(57%)ggi Bari, L.; Kowalewski, J.; Bodenhausen, & Chem. Physl99Q coherence decay during the intertalA final /2 pulse gives
Y(51) Pékar, J.; Leigh, J. 9. Magn. Reson1986 69, 582. (53) Sgrensen, O. W.; Eich, G. W.; Levitt, M. H.; Bodenhausen, G.;

(52) Kay, L. E.; Prestegard, J. H. Am. Chem. Sod.987 109, 3829. Ernst, R. R.Prog. NMR Spectrosd 983 16, 163.
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Figure 11. (a) Double-quantum-filtered (2QF) spectrum of [£32;]-
glucose solution obtained using pulse sequence in Figureti6aQ).
(b) Heteronuclear multiple-quantum-filtered 2QF spectrum of 32
glucose solution obtained with the pulse sequence in Figuret16b (
0.01 s). The vertical scale in (b) is 10 times the vertical scale in (a). b

the observable signal which is detected in the presence of proton
decoupling. As in the usual INADEQUATE experiment, the 0
form of the spectrum is a pair of antiphase doublets. For a series
of experiments performed at different valuestgfthe experi-
mental signal amplitudes are given by

0ty = ZA(—e et + g Rl 4 g Rt — g (42)

The differential relaxation effects may therefore be probed by
measuring the amplitude of the total signal, rather than by
measuring differential spectral peakwidths. This is convenient 3 4
but reduces the signal by a factor of 2. X '

When the CSA values of the spii$s and S; are small, the N A 75
terms involving CSA in eq 28 can be neglected. The relaxation R o €Xp
rate constants of the 2QCs are then related throRgh= Rgs) -6 T T T
# (Rys = Rga). The expression for signal amplitude becomes 0 15 30 45

t1 /ms

Figure 12. Signal amplitudes as a function®ffor 5-[1,2-°C;]-glucose

. : . -[1,2-3C;]-glucose (b) in a solution-state heteronuclear
In this case, the heteronuclear multiple-quantum filter selects (&) and fore-[1,2-2Co]-g . : ( .
' pe-q multiple-quantum-filtered 2Q experiment. The lines are best fit theoreti-

the (_jlfference o_f the Inner and outer components of the ZQ_C cal curves calculated at different torsion angles. The vertical scale is

multiplets. The signal amplitude depends_ on the cross-cor.relatl.on‘,irbitrary but consistent between (a) and (b).

of the pairs of through-space couplings and the sign is

determined by the slowly decaying component, and hence on The form of the curves depends on (i) the geometrical

the geometry of the four-spin unit. parameters in the four-spin unit, i.e., the bond lengths, the bond
This is illustrated for the solution spectra of [11%;]-glucose angles, and the torsion angpe(ii) the chemical shift anisotro-

in Figure 11. Figure 1la shows the double-quantum-filtered pies and the orientation of the principal axes in the molecular

spectrum of the [1,23C;]-glucose solution, without the het-  frame; (iii) the principal components of the rotational diffusion

eronuclear multiple-quantum filter. All doublets have the usual tensor and the orientation of the rotational diffusion tensor in

“down-up” configuration. Figure 11b shows the spectrum with the molecular frame; (iv) long-range heteronuclé&c-H

the heteronuclear multiple-quantum filter. The signals for the interactions; and (v}H—H cross-relaxation, as manifested

o-anomer are inverted. This spectrum provides a clear distinctionthrough nonadiabatic line width contributions given in eqs-31

between the different geometries at the site of the anomeric 33.

carbon, without reference to the values of the chemical shifts We investigated the influence of all of these effects on the

Signal Amplitude

at) = %A(—e_R““tl + Rty 43)

or J-couplings. heteronuclear multiple-quantum-filtered trajectories. Figure 13a
5. Multiple-Quantum-Filtered Signal Trajectories. The shows sets of simulated curves, using increasingly sophisticated
experimental dependence of the signal amplitudes @ the models for multiple-quantum relaxation. The geometry and

two 13C,-labeled glucose anomers is shown in Figure 12. Both chemical shift anisotropy values are appropriate for theOd—
curves take the form of a rapid build-up in signal amplitude C2—H unit in s-glucose.

(for t; < 20 ms), followed by a relatively slow decay. The The simulations were performed for isotropic rotational
heteronuclear multiple-quantum signal amplitudes have oppositediffusion, with a rotational correlation time of 9.5 ns, as
signs for the two anomers, as remarked above. estimated fron3C T; measurements (see above). The principal
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Figure 13. Multiple-quantum-filtered 2Q signal amplitudes as a
function oft; calculated using eq 42, with = 1. (a) Simulations for
B-[1,2-13C;)-glucose; (b) Simulations fam-[1,2-13C;]-glucose. In each
plot, the curves are as follows: “a”: simulation including only short-
range heteronuclear dipolar interactions. “b”: simulation using short-
range heteronuclear dipolar interactions &@ICSA. “c”: simulation
including *3C CSA and all heteronuclear dipolar interactions. “d":
simulation including®*C CSA, all heteronuclear dipolar interactions
and cross-relaxation between protbnandl,. “e”: simulation including

13C CSA, all heteronuclear dipolar interactions, and all pretproton
cross-relaxation terms. Curves “a” and “b” are nearly superimposed in
both plots.

values and orientations of the chemical shift anisotropy tensors

were estimated from the single crystal study of mefby-
glucose?*%% The chemical shift anisotropies are of the order
~20 ppm.

Curve “a@” in Figure 13a shows the signal trajectory taking

into account only the short-range heteronuclear dipolar interac-

tions (1—S and [,—S3). In curve “b” the effect of chemical
shift anisotropy is included. The effect is very minor in this
case. In curve “c” all heteronuclear dipolar interactions within
the four-spin unit were included as well as the CSA. Again the
curve is very similar. The small difference between curves “b”

and “c” indicates that long-range heteronuclear dipolar interac-

tions only have a minor effect in this geometry.

In curve “d”, the nonadiabatic cross-relaxation between proton .

I; andl, is also taken into account (the term proportional to

(54) Liu, F.; Phung, C. G.; Alderman, D. W.; Grant, D. M. Am. Chem.
Soc.1996 118 10629.

(55) Sastry, D. L.; Takegoshi, K.; McDowell, C. ACarbohydr. Res.
1987 165 161.

J. Am. Chem. Soc., Vol. 122, No. 6, 20003

J14,14in €q 32). This simulation usesla—|4 distance of 0.303

nm, as estimated from the crystal structéf@he I;—14 cross-
relaxation has a minor effect on the signal trajectory. The cross-
relaxation between spirlg andl,4 and the remaining protons in
the molecule, on the other hand, has a rather strong effect (curve
e”). The hydroxyl protons were omitted from this analysis,
because they are expected to be in rapid intermolecular
exchange.

In Figure 13b, analogous calculations are shown for the
a-anomer of [1,2L3C;]-glucose. The curves “a” and “b” are
almost superimposed, indicating that chemical shift anisotropy
has a very minor effect in this case too. However, curve “c” is
displaced strongly from curves “a” and “b”, indicating that the
long-range heteronuclear interactions within the four-spin unit
are relatively important. In particular, the dipeldipole cross-
correlation termsJjz 13 and Jz3,34 Which involve one “long-
range” dipolar interaction and one “short-range” dipolar inter-
action, are comparable to thk 34 cross-correlation term in
this geometry. The inclusion of cross-relaxation terms has little
further effect, as seen from curves “d” and “e’

These simulations indicate that the main effect on the
multiple-quantum-filtered signal trajectories is the dipedigpole
cross-correlation between the one-bond heteronuclear interac-
tions, which has a simple geometric interpretation. However,
there is significant interference from several additional terms,
such as long-range dipotelipole cross-correlation terms, and
cross-relaxation effects.

Griesinger and co-workers developed methods which involve
taking the ratios of peak amplitudes to isolate the most
informative cross-correlation effect261n a recent paper, the
effect of proton-proton cross-relaxation within the four-spin
unit was minimized by exploiting the zero-quantum relaxation
as well as double-quantum relaxat®nin addition, these
methods employ proton detection and heteronuclear polarization
transfer in order to enhance the sensitivity.

Although these new methods significantly reduce the influ-
ence of protor-proton cross-relaxation and other undesirable
effects, all methods based on cross-correlation (including the
methods described in the present paper) are still sensitive to
anisotropic molecular tumbling, as discussed further below.

6. Molecular Torsion Angles and Rotational Correlation
Times in Solution. In Figure 12, the experimental heteronuclear
mutiple-quantum-filtered signal trajectories for the two anomers
are compared with best fit simulations for several molecular
torsion angleg. The geometrical parameters foiglucose are
given above; foi-glucose the geometrical parameters used in
the simulations are;» = ras = 0.113 nm,f1,3 = 109.1°, and
0234 = 106.9. These parameters correspond to the neutron
diffraction structure®? except for the short-range-H distances,
as discussed previously. The simulations assume isotropic
rotational diffusion with correlation times. = 9.5 ns (for
B-glucose) and. = 8.4 ns (fora-glucose). The simulations in
Figure 12 neglect chemical shift anisotropy and long-range
heteronuclear interactions, but inclulté—1H cross-relaxation.
This was done by using the crystal structures to estimate
intramoleculartH—1H distances, excluding hydroxyl protons.
In principle, thelH—1H cross-relaxation rates depend on the
geometrical parameter. However, this dependence is expected
to be weak and the cross-relaxation rate constants were fixed
in each set of simulations.

Figure 12 shows the best fit simulated curves, obtained by
optimizing separately the vertical scale paramétdor each
torsion anglep. The H-C1—C2—H torsion angle is determined
to be 160 + 3° for the f-anomer and 60+ 10° for the
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Figure 14. Surface showing the mean square deviation between
experimental and theoretical curves in the heteronuclear multiple-
quantum-filtered 2Q experiment, f8¥[1,2-*3C;]-glucose (a) and.-[1,2-
13C;]-glucose (b). The mean square deviation is plotted as a function
of the rotational correlation time and the H-C1—-C2—H torsion angle

¢. Dark regions represent minima.

a-anomer. These estimates are modified when rotational ani-
sotropy is taken into account (see below).

The effect of the rotational correlation time on this determi-
nation is studied in Figure 14. The figure shows contour plots

viRdranathan et al.

is lower, aboutt10°. The plots also show that the estimated
torsion angle is ambiguous in the range5020°.

The surface fop-glucose, shown in Figure 14a, has a global
minimum for a correlation time of; = 9.4 ns andp = 15%.

The determined correlation time is highly consistent with the
value of 9.5+ 0.4 ns obtained from th&; measurements.

The surface plot of the mean square deviation for the
o-anomer is shown in Figure 14b. This time the surface shows
two prominent minima, with the same values of the rotational
correlation time,r. = 8.3 ns, but at the torsional angles°60
and 100. The left-hand minimum is close to the+HC1-C2—H
torsion angle for crystalline--glucose, determined by neutron
diffraction to be 50.6.3° The determined correlation time is
highly consistent with the value of 84 0.3 ns, obtained from
T, measurements for nonlabeled glucose under identical condi-
tions.

These results indicate that the geometrical estimation does
not require independent knowledge of the rotational correlation
time.

A potential source of error in the geometry determination is
the rotational anisotropy of the molecule. It is known that cross-
correlation effects are sensitive to rotational anisoti®gy so
an interpretation in terms of isotropic rotation could be
inaccurate. We have therefore assessed the influence of aniso-
tropic rotational diffusion on the torsion angle estimation.

It is difficult to take into account anisotropic rotational
diffusion because the principal values of the rotational diffusion
tensor DxDyy,Dz7) and the orientational angleQwp, are
unknown. Nevertheless, it is possible to constrain the possible
values by using the measured splattice relaxation time
constants for the ring carbons. We proceeded by selecting a
large number of diffusion tensor orientatiofp, by varying
each Euler anglewp, Smp, andymp in steps of 10. For each
of these orientations, the paramet&sg, Dyy,, and D,, were
optimized to obtain the best fit to tHR values of the ring3C
sites in glucose. The parameter sets giving the best fits to the
T, data were selected (root mean squard 03 or less). For
each of the parameter sets which was consistent with the
experimentalT, data, we analyzed the results of the hetero-
nuclear multiple-quantum-filtered 2Q experiment by generating
coordinates corresponding to a range of torsion angles and
optimizing the parameteh in eq 43. The mean torsion angle
determined for several orientations of the diffusion tensor was
159 with a standard deviation a£10° for -glucose. For the
a-anomer, the mean torsion angle is°5&ith a standard
deviation of£7°. This analysis indicates that rotational anisot-
ropy adds some uncertainty to the torsion angle estimation in
solution. Nevertheless, it is still possible to obtain accurate
torsional angle information, at least in this case.

The influence of rotational anisotropy on the torsion angle
estimation might be much larger for extended molecules such
as oligonucleotides. The only sure way to eliminate this effect
is to immobilize the molecules by freezing and then employ

of the mean square deviation between the theoretical curvesthe solid-state version of the experiment as described above.

and experimental data, as a function of torsional angle and
rotational correlation time. Small values of the mean square
deviation are indicated by a dark shade. For each valug of
and ¢, the vertical scale factoh was adjusted for the best fit.
For -glucose the calculations span the region of the torsion

The H-C1—-C2—H torsion angle for glucose in solution may
be compared with those obtained by diffraction measurements
in crystals. For thex-anomer, neutron diffraction of crystats
gives a value of 50%6and HCCH-2Q-HLF NMR in solution
gives a value of 57+ 7°. For theS-anomer; X-ray diffraction

angle space leading to positive peak amplitudes, whereas forof -glucose gives an estimate of £ whereas HCCH-2Q-
o-glucose the calculations span the regions leading to negativeHLF NMR in solution gives an estimate of 15% 10°. The

peak amplitudes. The contours indicate that the angular resolu

tion is highest for torsion angles in the vicinity of 18®eing
about 5 or better. For thei-anomer the torsion angle resolution

(56) Werbelow, L. G.; Grant, D. MAdv. Magn. Reson1977, 9, 189.
(57) Werbelow, L. G. InEncyclopedia of NMRGrant, D. M., Harris,
R. K., Eds.; Wiley: New York, 1996; Vol. 6, p 4072.
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slight structural differences in the two phases may be due to was crystallized from the solution by addition of a seed crystal of
flexibility of glucose molecules in solution, or possibly a slight methyla-glucopyranoside.

twist due to hydrogen bonding with the solvent. 2Q-HLF Experiment. The experiments were performed on a CMX-
400 infinity spectrometer at a magnetic field of 9.4 T. A standard 4
V. Conclusions mm triple-resonance probe was used. Experiments were carried out at

ambient temperature. For the experiments on [i(2}-glucose, the
We demonstrated the potential of experiments involving sample spinning frequency was,/2r = 5223 Hz and a cross-
evolution/relaxation of 2QCs under correlated dipolar interac- polarization time of 1.0 ms was used. The double-quantum excitation
tions for providing molecular geometrical information on interval was 547us. For each increment df, 32 transients were
carbohydrates in both the solution and the solid phases. Thesetollected with a waiting interval of 100 s between each experiment.
experiments distinguish different anomers by aiming directly For the experiments on 1,3-mag, the sample spinning frequency was
at their geometrical differences. The basic strategy is very similar Set 0 5416 Hz and the cross-polarization time was 3.0 ms. The double
in the solid state and in solution. In both cases the torsion angle 42Ntum excitation interval was 268. For each increment of, 32
SR . S S transients were collected, separated by a waiting interval of 50 s between
resolution is particularly high in the vicinity of a trans geometry

. . . . each transient. In both cases, tH€ reference frequency was set to
for the H-C—C—H moeity. The determined torsion angle iS 16 mean of the isotropic Larmor frequencies of the two labeled sites.
ambiguous and the resolution is lower in the range aroufid 50 The intervalt, was increased from 0 tg in steps ofrurevs/4, where
— 120. Tmrevs IS the duration of a full MREVS8 cycle.

We conducted solid-state HCCH-2Q-HLF experiments onthe 2. Solution NMR. The solution experiments were carried out on a
two glucose anomers and obtained values which agree well with 1 M solution of [1,233C;]-glucose in glycerol with BO as external
crystallographic determinations. We also demonstrated that thelock. The temperature was regulated to 303 K. The viscosity of the
solid-state HCCH-2Q-HLF experiment is applicable to HCCH solvent was 934 mPa at 298 K. ,
moieties with carbons which are not directly bonded. These 2P Double Quantum Experiment. Experiments were performed
solid-state experiments may be used to obtain Iong-rangeon a Varian unity INOVA spectrometer at a magnetic field of 9.4 T

structural information such as the relative orientations of bonds using a standard 10 mm high-resolution probe. The double-quantum
’ excitation intervakexcwas 10.9 ms. This corresponds to J4g), where

ring pucker, and the determination of conformations across Jec = 46 Hz is the one-bond carbergarbon coupling constant between

glycosidic linkages. the two labeled sites. Proton decoupling was turned off during the
We also performed a detailed analysis of cross-correlated evolution interval. Proton decoupling during excitation of the 2QC and
double-quantum relaxation in solution. The determineddi— signal acquisition was achieved by employing WALTZ*6The
C2—H torsion angles for ther- and 3-anomers of glucose in  decoupler frequency was set to the center of the proton spectrum. A
solution differ from solid-state angles by about°10rhe 2D signal matrixs(ty,tz) was built up by using 512 increments of

rotational correlation time of the molecules was obtained The 2D data sets, 512 7808 points were zero filled to 4 k 16 K
independently from the decay curves. For glucose, rotational b_efor_e l_:ou_rler t_ransformathn. Ab;orptlon phase spectra with frequency
anisotropy only has a small effect on the torsion angle estimate, discrimination in thew. dimension were obtained by the Time
. . - Proportional Phase Incrementation (TPPProcedure. The desired

These _experlm_ents are feasible routes for obtaining geo- coherence transfer pathways were selected by employing the phase
metrical information on macromolecular carbohydrates and cie 4, = floor(q/4)21/2, ¢ac = floor(q/8)2/4, dac = 0, pac = 271qy
glycoconjugates. The solid-state HCCH-2Q-HLF experiment has 4, whereq = 0,1,2... is the transient counter. The post-digitization
been applied to a 41 kD membrane prot€iap macromolecular phasé® ¢q, was adjusted to satisfic — 2¢ac + dac + ¢aig = 0. Floor-
carbohydrate systems and nucleic acids of this size should alsqx) denotes the largest integer which is not larger thaithe basic
be within reach. The solution state HCCH-2Q-HLF experiments 32-step cycle is followed by an overall phase cycle of four steps for
are also applicable to macromolecules, once the sensitivity of quad image supression. _ _
the experiment is enhanced by implementing additional coher- ~Heteronuclear Multiple-Quantum-Filtered 2Q Experiment. The
ence transfer stepé.However, the solution state experiments PUISe sequence is shown in Figure 10b. ExcitatioftBQC is achieved
are limited to molecules which have correlation times less than S described above. The interval; was 3.5 ms. This corresponds to

. . . 1/(2)cH) whereden = 143 Hz is the carbonproton coupling constant.
around 10 ns in solution, and the accuracy of the torsion angle Extensive phase cycling was employed to select the desired coherence

estimates may be degraded by the possibility of rotational {ansfer pathways. The phase cycling employeshis= 27¢/4, ¢ =

gni_sot_ropy. The solid-state experiments do not have thesefioor(q/4)27/4, ¢oc = floor(q/16)27/8, dsc = floor(q/128)21/8, dac =

limitations. 0, andeaig = —2¢1c + ddac — 221 — 4epsc. A total of 1024 transients
We are planning to use the techniques described in this papemwere accumulated for eathincrement.

to investigate carbohydratearbohydrate interactions, as part
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The sample of methyd-p-[1,3-C;]-glucose (1,3-mag) was prepared haka A 1. Keel “Frenkiel T-F =
as follows. A sample of [1,33C;]-glucose was obtained from Omicron 19é538)525 5‘:"35"’“ -J.; Keeler, J.; Frenkiel, T.; Freeman) RMagn. Reson.

Biochemicals, IN. The magnetically diluted sample of 1,3-mag was (59) Marion, D.; Wighrich, K. Biochem. Biophys. Res. Comma8s3
prepared by refluxing 15 mg of [1,8€;]-glucose and 145 mg of 113 967.
unlabeled glucose in 4 mL of acidified methanol. Tdx@nomeric form (60) Levitt, M. H.J. Magn. Reson1997, 126, 164.

1. Solid State NMR. SampleThe sample of [1,23C;]-glucose was




