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Abstract: A simple solution NMR method is presented for pucker determination of five-membered rings
using only residual dipolar couplings obtained in a single liquid crystalline medium, DMPC/DHPC bicelles
(DMPC = dimyristoylphosphatidylcholine; DHPC = dihexanoylphosphatidylcholine). The method was applied
to determine the pucker of the fructofuranosyl ring of sucrose. The results indicate a fructofuranosyl pucker
phase in the 20°—70° range. The pucker phases are in agreement with those from previous NMR and
optical spectroscopic studies and, importantly, do not rely on empirically parametrized Karplus curves.
Furthermore, the analysis implies more than one stable pucker phase and rapid ring interconversion in this
range. The present results suggest that using residual dipolar couplings alone can reveal multiple
conformations present in solution. Hence, when a sufficient number of residual dipolar coupling constants
is measured, the outcome is a robust, reliable, and independent route for determining carbohydrate and
nucleic acid structure by NMR spectroscopy.

Introduction yn andyc are the magnetogyric ratios of hydrogen and carbon

Three-dimensional carbohydrate structure is poorly under- in €.g.s. units, respectively. Dipolar coupling cannot be directly
stood, despite the fact that carbohydrates make up one of theobserved for an isotropically tumbling molecule because the
largest classes of biological molecules. Carbohydrates serve agiveragel3 cog ¢ — 10= 0. In contrast, bicellés* and other
recognition molecules in many biological systems, for example, water-soluble weakly aligning liquid crystalline medi&
in blood groups. They also make up bacterial cell walls and, restrict isotropic molecular reorientation afico$ 6 — 1=
consequently, are used in polysaccharide vaccines. Therefore0. Therefore RDCs can be measured directly from high-
carbohydrate structure determination is crucial for a detailed resolution NMR spectra. These RDCs yield angular relations
understanding of features responsible for binding and subsequenbetween interatomic vectors separated by large distances because
immunity. these vectors can be related to the same coordinate system.

In principle, structural details can be obtained at atomic RDCs have been used to refine protein structdré$and to
resolution using nuclear magnetic resonance (NMR) spectros-find the relative orientation of protein domains with respect to
copy through the nuclear overhauser effect (NOE)practice, one anothe? 10 It is important to note that scalar coupling
solution structure determination of carbohydrates by NMR is constants and RDCs have different origins. Nevertheless, they
difficult because few NOEs between sequence-remote residues
are observedH-H dlpplar couplings can be observed indirectly % égi%%?g' é: é‘_‘; ';fcisvf,%?g& J{-Bgiig:gmios't-rwggzl%i& 81829 gfgg 5155.1'
through the NOE, which depends orf. Unfortunately, NOEs (4) Wang, H.; Eberstadt, M.; Olejniczak, E. T.; Meadows, R. P.; Fesik, S. W.
can only be opserved if the i.nterat.omic distance is Ies; than 5 ) \éa?:ii)ewgé,Nyzl.?%solﬁ,4é?éﬁ)%enborn, A, ML Biomol. NMR200Q
A, thus complicating three-dimensional structural studies. 16, 329-337.

Another method for obtaining structural information is  © fz'%’el'o%ﬁ-?lgé‘;gc“' M. R.; Gronenbomn, A. K. Am. Chem. S0d.998
through residual dipolar couplings (RDCs), which are simply (7) Hansen, M. R.; Mueller, L.; Pardi, Alat. Struct. Biol.1998 5, 1065

: ; ; ; 1074.
scaled dlpOlaI’ coupllngs. The dlpolar coupllng between a carbon (8) Al-Hashimi, H. M.; Valafar, H.; Terrel, M.; Zartler, E. R.; Eidsness, M.

and hydrogen atom is given by K.; Prestegard, J. Hl. Magn. Reson200Q 143 402-406.
(9) Fischer, M. W. F.; Losonczi, J. A.; Weaver, J. L.; Prestegard, J. H.
— 3\ -1 _ Biochemistry1999 38, 9013-9022.
Z (h)/H)/C)(I‘) (3 CO§0 1) (10) Skrynnlkov N. R.; Goto, N. K.; Yang, D.; Choy, W.-Y.; Tolman, J. R.;

Mueller, G. A;; Kay L. EJ Mol. Biol. ZOOQ 295 1265-1273.
where 6 is the angle between the interatomic vector and the (11) Clore, G. M.; Gronenborn, A. MProc. Natl. Acad. Scil998 95, 5891
static magnetic fieldh is Planck’s constant divided by2and (12) %ﬁgfe G. M.: Gronenborn, A. M.: Tjandra, B Magn. Resor.998 131,
159—162
*To whom correspondence should be addressed. Email: freedberg@ (13) De|ag||0 F.: Kontaxis, G.; Bax, Al. Am. Chem. So@00Q 122, 2142—
cber.fda.gov. 214
(1) Neuhaus, D.; Williamson, Mr'he Nuclear @erhauser Effect in Structural (14) Meller J.; Blomberg, N.; Nilges, M.; Griesinger, £.Biomol. NMR200Q
and Conformational Analysis/CH: New York, 1989. 16, 245-252.
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Figure 1. A schematic representation of the fructofuranosyl ring in sucrose
with hydrogen atoms and ring OH groups omitted for clarity. The atoms
are numbered to correspond to column 2 in Table 1.

are observed simultaneously in spectra of oriented molecules.
RDCs can be extracted using the relation RBCY — Jis,
whereJ' is the observed coupling under oriented conditions,
and Jiso is the scalar coupling (observed under isotropic
conditions). The alignment tensor requires at least five
RDCs to fit a given structure to the equation RRGE) =
(Aynyc)(r®) (D43 cog v — 1) + 3,D((sir? 3 cos 2p)). Here,

D, is the axial component of the alignment tensby,is its
rhombicity parameter, angg and ¢ are the polar angles that
define the internuclear vector in the molecular alignment
frame10

RDCs also reflect internal motion within a molecule. A
formalism that accounts for motional averaging of RDCs in
complex carbohydrates and proteins was recently propgséd.
To use this approach, the structures of the smallest rigid
molecular units had to be defin€before they were combined
to define the macromolecule. These RDCs, in turn, were used
to relate the rigid subunits and provide a new framework for
solution structure determination in molecules with few long-
range NOEs.

This paper reports a rapid method for geometry determination
of five-membered rings using only RDCs in DMPC/DHPC
bicelles, and its application to pucker determination in the
fructofuranosyl ring of sucrose (Figure 1). It involves evaluating
the fits of experimentally determined RDCs to 20 possible
structures of sucrose’s fructofuranosyl ring, which differ only
in their pucker phase. Application of this method would simplify
structure determination of d¥, oligo-, and polysaccharides,
where motion is known to complicate structural elucidation.
Structure determination of the fructofuranosyl ring of sucrose
is expected to aid in structure determination of sucrose using
the generalized degree of order appro¥e§This methodology
could also be extended to study the conformation of five-
membered rings in nucleic acids. The method presented here
an alternative to othe$,is more accessible than those which
rely on complex relaxation analysi$2® does not rely on
empirically parametrized Karplus cun&z2and can be applied
to systems in which fewH-'H scalar coupling constants are
available.

Experimental Section

Data were collected for two samples at 315 K: (a) a 75 mM sucrose
sample in 20 mM phosphate buffer in,® at pD* = 7.1; and (b),
identical to (a) with added 22% DMPC/DHPC bicelles. DMPC and

(15) Tian, F.; Al-Hashimi, H. M.; Craighead, J. L.; Prestegard, JJHAm.
Chem. Soc2001, 123 485-492.

(16) Tolman, J. R.; Al-Hashimi, H. M.; Kay, L. E.; Prestegard, J.JHAm.
Chem. Soc2001, 123 1416-1424.

(17) Poppe, L.; van Halbeek, H. Am. Chem. S0d.992 114, 1092-1094.

(18) Neubauer, H.; Meiler, J.; Peti, W.; Griesinger,H&lv. Chim. Acta2001,
84, 243—258.

(19) Carlomagno, T.; Felli, I. C.; Czech, R.; Fischer, R.; Sprinzl, M.; Griesinger,
C.J. Am. Chem. S0d.999 121, 1945-1948.

(20) Felli, I. C.; Richter, C.; Griesinger, C.; Schwalbe, H.Am. Chem. Soc.
1999 121, 1956-1957.

(21) Duker, J. M.; Serianni, A. SCarbohydr. Res1993 249, 281—-303.

(22) Stevens, E. S.; Duda, C. A. Am. Chem. S0d.991 113 8622-8627.

DHPC, purchased from Avanti Polar Lipids (Alabaster, AL), were used
without further purification. Bicelles = 3) were prepared as
previously reportett?in a 20 mM phosphate buffer inJD (pD* =

7.1). The samples were placed in Shigemi (Alison Park, PA) microcells,
degassed under reduced pressure, and the tops were tightly wrapped
with Teflon tape and then Parafilm.

Two-dimensional HSQC and long-range quantitathepectra were
taken at &H frequency of 500.13 MHz and*&C frequency of 125.76
MHz on a Bruker Avance 500. Spectral widths were set to 8 and 20
ppm in thetH and**C dimensions, respectively, and the carriers were
placed on HOD fofH and 58 ppm foi3C. All two-dimensional*H-
13C correlation spectra were acquired using gradients for coherence
selectior?® One-bond coupling constants for both samples were
measured from frequency differences itHa3C constant time HSQC
spectra acquired without decouplidg’s during *3C evolution, with
1536 complex points in th&H dimension, 200 complex points in the
13C dimension in natural abundance, and a recycle delay of 1.8 s. Long-
range*H-13C coupling constants were measured in natural abundance
from quantitativeJ spectra in a manner similar to Grzesiek and co-
workers, except that the reference peaks used were the auto-correlation
peaks in the long-range quantitatiVespectre®?” These spectra were
acquired with 404 complex points in thid dimension and 200 complex
points in the!*C dimension and a recycle delay of 3.05 s. Coupling
constants were determined according to

J=(2aA) "t x

(sin([sin(27A"J)] \/ [VidT, 1T, WVaud 1 — expaTY))
where 1J is the *H-13C one-bond coupling constant measured from
HSQC spectra) is the INEPT delayy andVaoare the peak volumes

for the correlation peaks and auto-correlation peaks in the long-range
spectra, respectivelyi,"*c is the T, for *H’s attached td=C, T, is
the T, for H’s attached td2C, 7 is the recycle delay, an@ is the'H

T, for a given resonanc& T, andT,'* were obtained from a program
that calculatedH relaxation times from the spectral densities using 90
ps as an overall correlation for sucrg8e.

A fully 3C labeled sucrose sample (Isotec, Miamisburg, OH)
provided*3C-'3C coupling constants, which were measured from one-
dimensional®C data acquired with homonuclear decoupling at 125.76
MHz. Decoupling was accomplished using an RF bridge to simulta-
neously deliver two independent RFs, and the pulse program was
modified so that irradiation took place while the receiver was gated
off between data pointdH-'H coupling constants were measured from
COSY spectra taken at 800.13 MHz using ACME.

The geometry of the fructose ring was evaluated with only RDCs,
utilizing singular value decompositich.The initial structure of the
fructofuranosyl ring that was used to generate different pucker
geometries was taken from the neutron diffraction sucrose stru@ture.
The fructose ring pucker pha8avas set to ® and then varied in 18
increments to generate a total of 20 structures using a pucker amplitude
of 40°.33 The geometry of each pucker form was optimized (CHARMM)
with ring torsion restraints using an adopted basis Newfaphson

(23) Howard, K. P.; Opella, S. J. Magn. Reson., Ser. B99§ 112 91-94.

(24) Ottiger, M.; Bax, A.J. Biomol. NMR199§ 12, 361—372.

(25) Kay, L. E.; Keifer, P.; Saarinen, 7. Am. Chem. S0d992 114, 10663~
10665.

(26) Dingley, A.; Masse, J. E.; Peterson, R. D.; Barfield, M.; Feigon, J.; Grzesiek,
S.J. Am. Chem. S0d.999 121, 6019-6027.

(27) Freedberg, D. I., manuscript in preparation.

(28) Zhu, G.; Renwick, A.; Bax, AJ. Magn. Reson., Ser. 2094 110, 257—

261.

(29) Rundld, T.; Venable, R. M.; Pastor, R. W.; Kowalewski, J.; Widmalm,
G.J. Am. Chem. So0d.999 121, 11847 11854.

(30) Delaglio, F.; Wu, Z.; Bax, AJ. Magn. Reson2001, 149, 276-281.

(31) Losonczi, J. A.; Andrec, M.; Fischer, M. W. F.; Prestegard, Jl.Hlagn.
Reson.1999 138 334-342.

(32) Brown, G. M.; Levy, H. AActa Crystallogr., Sect. B973 29, 790-797.

(33) Altona, C.; Sundaralingam, M. Am. Chem. S0d.972 94, 8205-8212.
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P . 1 Table 1. Scalar and Residual Dipolar Couplings for the
> & - Fructofuranosyl Ring of Sucrose
o ¢ o':é + 00 peak number  atom pair Jiso J RDC
~ [ 1 C3f—H3f2 143.1+0.1 129.9+ 0.1 -—13.2+0.2
0e0 ¥ 2 C3f-H4f® —2.1540.03 —1.6540.02 0.5+ 0.05
4 3 C4f-H3f® —3.59+0.05 —2.22+0.05 14+0.1
4 C4f—H4f2  138.4+0.1 130.0+ 0.1 —8.4+0.2
C5f—H4fe  —1.24+0.2 —-0.6+0.2 0.6+ 0.4
| e o 5 C5f—H5f2  147.1+ 0.1 128.9+ 0.1 —18.2+0.2
g_ o A H3f—H4f¢  8.63+0.1 8.2+ 0.1 -—0.43+0.2
= H4f—H5f¢ 84+0.1 5.8+ 0.1 —2.6+0.2
o Clf—c2f 51.6+0.15 52.1+0.15 0.5£0.3
= 0 8 0 C2f—C3fd 43.6+0.15 47.0£0.15 34+03
0 § 0 0 C3f—C4fd 38.8+0.15 39.9+0.15 1.1+ 0.3
o b+ 0 Caf—C5fd 39.9+0.15 40.3+£0.15 0.4+ 0.3
< 0 33 g . Csf—C6fd 41.5+0.15 41.0+0.15 -0.5+0.3
2 ' aObtained from data 2-BH-13C (constant time HSQC) spectra collected
using gradient coherence selecfiowith the 'H decoupling pulse omitted
during 13C evolution. RDCs for Hf C1f and H6fC6f are not reported
w 10 Q0o because their hydrogen atoms have overlapgihghemical shifts at 500
w0 o B MHz. b Obtained from long-range quantitatidespectra by using gradient
‘ T T coherence selecti8hwith INEPT delays of 25 ms (isotropic) and 19.5 ms
80 70 (oriented). Values for C5fH4f were measured with an INEPT delay of
13e ppm 41.05 ms (isotropic and oriented). Spectra for the 41.05 ms INEPT delay

Figure 2. Partial spectra from typical NMR experiments used to determine
RDCs. The spectra were taken at42under isotropic conditions in .

are not shown. Peak volume ratios were used to quantify coupling constants
in the fructofuranosyl ring and obtain reliablés and RDCs ¢ Measured
from 1H-'H COSY experiments at 800 MHz and fitted with ACME.

Peaks in the spectrum are labeled with a number which corresponds to a® Measured from frequency differences #C spectra acquired withC

peak number listed in Table 1. Peaks with asterisks (*) are auto-correlation
peaks in the long-range quantitatidespectra. (a) A constant-timigi-13C
HSQC without decoupling, using gradients for coherence selection. The
doublets are well resolved, and their frequency difference yields reliable
measurement dflcy values. (b) A long-range constant-tirig-13C HSQC

using gradients for coherence selection. Coupling constants were determined

from ratios of the cross-peak to the auto-correlation peak volume in the
spectrum, except for C5H4f (see footnote in Table 1).

minimization and previously reported force-field parameté#8 Fits
to the data were based g# which is defined asfcaic — Dexp)?/(Den)>

Results and Discussion

Overall, values for the one-bond RDCs measured ftbn
13C two-dimensional (HSQC) spectra (Figure 2a) are of reason-
able magnitudé® with the largest observed for H5C5f (Table
1). Three additional long-rangéH-13C RDCs were obtained
from long-range quantitativd spectra (Figure 2b), taken of

decoupling. The sample was unifornii§C labeled.
500 —
400 —

300 -
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-100 0 100
fructofuranosyl pucker phase
Figure 3. Plot of y? vs fructofuranosyl ring pucker showing the goodness

of fit for different fructose puckers. The plot is magnified to show the
minimum y2 values occur at puckers of 4836°, 54°, and 72.

sucrose at natural abundance. Peaks in the spectra were well-

resolved and easy to interpret (Figure 2bjurthermore, the
guantitative J method employed here for measurement of
heteronuclear coupling constants was not limited by digital
resolution and provided reproducible and reliablalues (Table
1)27 Table 1 also lists twéH-'H RDCs measured froffH-tH
COSY spectra at 800 MH%and five13C-13C RDCs measured
from one-dimensional decoupling experiments. Thus, four

of D, for these four puckers are nearly identical. Poor fits were
obtained for puckers in the NW, SW, and SE quadrants of the
pseudorotational wheel. Thus, Figure 3 shows that RDCs are
sensitive to molecular geometry and, hence, ring pucker. This
analysis cannot rule out the presence of multiple fructofuranosyl
conformations.

Scatter plots of experimental versus calculated RDCs for

independent data types were measured, which minimizes thePucker values of 18 36°, 54, and 72 show that RDCs are

systematic error in the final fits of RDCs to structure.
Pucker of the Fructofuranosyl Ring of Sucrose A total of
13 RDCs, including'H-13C, H-'H, and13C-13C RDCs, were

well reproduced for these four puckers; in contrast, the remain-
ing puckers show lower correlations between experimental and
calculated RDCs (Supporting Information). On close examina-

fit to each of the 20 structures generated as described in thetion, the scatter plots of experimental versus calculated RDCs
Experimental Section, and the goodness of fit results are plotted©r the 18—72° range reveal that most calculated RDCs agree
for each pucker in Figure 3. The best fit structures are located with experimentally determined RDCs within experimental error.

in the NE quadrant of the pseudorotational wheel (defined as Calculated RDCs for C4fH3f, H3f—H4f, and H4FH5f do
0°—90°), 22 with puckers of 18, 36°, 54°, and 72: indeed, values not reproduce experimental RDCs as well. This implies that
the calculated errors for these pairs of atoms may be underes-

timated. Alternatively, the errors may arise from strong coupling
artifacts3”

(34) Ha, S. N.; Giammona, A.; Field, M.; Brady, J. Warbohydr. Res1988
180, 207-221.

(35) MacKarell, A. D.; Wiorkiewicz-Kuczera, J.; Karplus, M. Am. Chem.
S0c.1995 117, 11946-11975.

(36) Tjandra, N.; Bax, ASciencel997 278 1111-1114.

(37) Wu, Z.; Bax, A.J. Magn. Reson2001, 151, 242—252.
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To evaluate potentially erroneous fits of the data, RDCs were NE quadrant. Additionally, fitting two puckers to one set of
removed one at a time from the input matrix. For each RDC experimental RDCs would require at least 10 experimentally
removedy? versus pucker profiles are similar to those obtained determined RDCs, five for each pucker. Because thirteen RDCs
from fitting all the RDCs. The evaluation indicates that fitting are measured for the fructofuranosyl ring, the significance of
the complete set of dipolar couplings to different puckers of the fit would be in question since only three degrees of freedom
fructose is a sound way to analyze the conformation of the would be left. Furthermore, fitting two puckers would require
fructose ring of sucrose. Interestingly, exclusion of ¥#@-13C knowledge of the populations of each. Since these are not
RDCs, which left only eight RDCs, also yielded a best fit in available and their estimation is difficult, the simplest approach
the NE quadrant of the pseudorotational wheel. The best puckerss preferred.
were found to be 18 36°, 54°, and 72, in agreement with fits Motion in the Fructofuranosyl Ring of Sucrose. That the
which used 13 RDCs. Potentially erroneous fits were evaluated RDCs yield acceptable fits for more than one structure may be
in the same manner as above by removing one RDC at a timeinterpreted as a poorly defined fit. Alternatively, a good fit to
and repeating the fit. In all but one case, the fits obtained yield more than one pucker of the fructofuranosyl ring in sucrose
similar x? versus pucker profiles for the fructose ring. In the could reflect more than one possible pucker. The good fit of
one exception, when H5fC5f (RDC = —18.2) is removed, the RDCs to multiple fructofuranosyl puckers is interpreted here
the best fits were found in the NW quadrant of the pseudo- as suggesting the presence of multiple puckers in solution.
rotational wheel. Such behavior is expected since the RDC for Similar conclusions were reached in a recent study of furanose
H5f—C5f is large and thus strongly influences fitting. This result dynamics in Dickerson’s dodecanf@Veints et al. show that
shows that even when the number of RDCs is reduced to eight,fitting solid-state?H NMR line shapes anéH relaxation data
the results agree with those obtained from 13 RDCs. Neverthe-is more consistent with a continuous diffusive process, rather
less, removal of one RDC at a time from the data set with only than an activated exchange between two conformers. They
eight RDCs suggests that it is desirable to include as many RDCsfurther show that the diffusive process takes place on the
as possible. Thus, thEC-13C RDCs were included in the fits  nanosecond time scale (9910 Hz). Taken together, the low
presented here. Inclusion of tRéC-13C RDCs is extremely  barrier predicted from furanose rings in DRfand the good
relevant because examples of partially and fdfg labeled fits of multiple fructose conformations in solution from RDCs

polysaccharides anéfC, >N RNA have been reported:3° are interpreted as suggesting the presence of multiple puckers
Hence, the method presented here has wide applicability becausén solution.
it can be extended to study other classes of biomolecules. The above results contrast with recent analyses of sucrose,

As stated earlier, this work reports a means of structure also known as saccharose, and raffinose, which contains sucrose
determination on the basis of RDCs alone and is an alternativeas a substructur®. In this study, RDCs, well-parametrized
to other method&82021.404IAn argument can be made for using  Karplus curves, and NOEs were combined to determine the
well-parametrized Karplus curves to determine the fructose ring structure of the above sugars. Interestingly, only one pucker
pucker from scalar coupling constants. However, Duker and phase of the fructofuranosyl ring was found in each carbo-
Serianni previously noted that there are only two measurable hydrate. This was taken to mean that the fructofuranosyl ring
1H-1H scalar couplings measured for the fructofuranosyl ring in each of these molecules is present in only one conformation.
in sucrose! These authors combineldH-1H couplings with A solution NMR study based okC relaxation finds support
heteronuclear coupling constants measured from partially labeledfor a rigid fructofuranosyl ring® However,'C relaxation could
sucrose samples and fitted them to Karplus curves. Still, this not detect interconversion between multiple pucker phases if
approach implied that a pucker localized to the NE quadrant of the motion in this ring was in the 10 ns to 108 regime in
the pseudorotational wheel was most consistent with the data,solution (a little slower than in the solid state, perhaps due to
but only a small number of scalar couplings were actually interactions with water) because overall molecular tumbling,
measured! Thus, RDCs and the well-parametrized empirical not fructose ring pucker motion, would be the major source of
Karplus relation independently yield the same fructose pucker, relaxation. Thus, the molecule and the fructofuranosyl ring
demonstrating that the latter is not necessary to obtain thiswould appear rigid, even though motion is taking place.
pucker. A combination of RDCs and well-parametrized Karplus ~ Duker and Serianni reported increasing valuesX@f—as
curves does not significantly change the above conclusion. Thus,andJuas—nst upon going from free fructose to fructose as a part
using!H-13C in addition to'H-'H and!3C-13C RDCs to obtain of sucrose, which implies that the five-membered ring is
molecular structure offers an alternative to COSY and NOESY nonrigid and can easily change conformatiéfurthermore, it
techniques. is well established that five-membered rings are flexible and

Another possibility is that two or more conformers may be that multiple puckers may be present due to the low pseudo-
interconverting to yield one set of averaged RDCs or, similarly, rotation barrieft*-%6 Nevertheless, conformational flexibility of
J couplings. If these conformers differed in pucker phase, the the fructofuranosyl ring in sucrose is limité#22 Using solely
large Juar—rar and Juar—pst values would be reduced. That they RDCs, the fits indicate that the ring pucker is localized to the
are still large implies that any interconversion is limited to the

(42) Meints, G. A.; Karlsson, T.; Drobny, G. B. Am. Chem. So2001, 123
10030-10038.

(38) Vann, W. F.; Freese, $4ethods in EnzymologyAcademic Press: San (43) Effemey, M.; Lang, J.; Kowalewski, Magn. Reson. Chen200Q 38,
Diego, 1994; Vol. 235, pp 304311. 1012-1018.

(39) Batey, R. T.; Battiste, J. L.; Williamson, J. R.Methods in Enzymology (44) Fuchs, B. InTopics in Stereochemistrizliel, E. L., Ed.; John Wiley and
James, T. L., Ed.; Academic Press: San Diego, 1995; Vol. 261, pp 300 Sons: New York, 1980; Vol. 10, pp-195.
322. (45) Brameld, K. A.; Goddard, W. A. J. Am. Chem. Sod.999 121, 985-

(40) Manuel-Pastor, M.; Bush, C. ACarbohydr. Res1999 323 147-155. 993.

(41) Reif, B.; Steinhagen, H.; Junker, B.; Reggelin, M.; GriesingeAr@ew. (46) Kilpatrick, J. E.; Pitzer, K. S.; Spitzer, R. Am. Chem. Sod 947, 69,
Chem., Int. Ed1998 37, 1903-1906. 2483-2488.
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NE quadrant of the pseudorotational wheel, most likely in the
20°—70° range. The results obtained here are in excellent
agreement with results obtained in previous rep88Optical

The results presented in this report rely solely on RDCs and
define a pucker range for the fructofuranosyl ring of sucrose
without relying on the Karplus relation. They also are in

rotation studies show that the best fits are obtained when theagreement with more than one pucker phase. The puckers are

pucker is 18—54°,22while the neutron structure shows a pucker
near 0.32 That all three methods find puckers in the NE quadrant

accessible due to the low potential energy barrier in five-
membered rings. It can also be concluded that RDCs may be

demonstrates the strength of using RDCs to determine the over-used to detect motion not observable'8@ relaxation measure-

all geometry of the fructofuranosyl ring of sucrose. Additionally,

ments. This study also stresses the great sensitivity of RDCs to

the range of good fits implies that four pucker states may be molecular structure and requires only a single liquid crystalline

present in the five-membered ring.
Conclusions

The fitting results obtained from RDCs rule out many of the
pucker possibilities for the fructofuranosyl ring of sucrose and
suggest that puckers in the 2070° range are virtually
indistinguishable. This is in accord with molecular dynamics
simulations!” which show a flat potential in the minimum
energy regiof® It is also noteworthy that the barrier to
pseudorotation was calculated to b€ kcal/mol#® allowing
facile interconversion from one pucker phase to the next.
Evidence for this type of motion was found in a recent solid-
state?H NMR study of Dickerson’s dodecam& Fits of the
fructofuranosyl ring in sucrose in the present study indicate
potential rapid interconversion in the 2070° range.

(47) Venable, R. M.; Widmalm, G.; Brooks, B. R.; Egan, W.; Pastor, R. W.
Biopolymers1992 32, 783-794.
(48) Venable, R. M., personal communication.

2362 J. AM. CHEM. SOC. = VOL. 124, NO. 10, 2002

medium. Consequently, this robust methodology can be applied
to oligo- and polysaccharides containing five-membered rings
and to sugar rings in nucleic acids.
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