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Abstract: A method for relating pyranose ring conformation to experimental measurements is presented. A
three-dimensional conformational spa€g @, P,) based on a torsion angle formalism is projected in two
dimensions , P,) and contours of calculable physical properties are plotted and compared to experimentally
determined values. With this approach, conformations in a continuous conformational space that fit the physical
data can be identified rapidly and the conformational space available to pyranose rings can be visualized
easily. Iduronate, which is part of biologically important glycosaminoglycans such as dermatan sulfate, shows
similar stability in several ring conformations. Thus, we find it is desired to extend the conformational analysis
from canonical chair and skew-boat conformations to a continuous conformational space, when interpreting
biophysical data related to the iduronate ring conformation. When the method is applied to the physical data
available for dermatan sulfate, the results indicate that two familiesiefduronate conformations each can
explain both 2D-NMR and X-ray diffraction data for dermatan sulfate. Further, the mapping technique was
used to investigate the interconversion between different conformations of the iduronate residue. The method
described here offers a systematic search of conformations beyond the canonical chair, boat, and skew boat
conformations and provides a graphical description of the deviations from these ideal conformers. The approach
thus can be extended to ring conformational analysis of other pyranoses.

Introduction ring conformation. Iduronate from the glycosaminoglycan der-
matan sulfate is used as the model system for this methodology.
The problem of assigning ring conformation for six-mem-
bered rings such as pyranoses has long been recognized. On
the basis of the configuration of hydroxyl and carboxylate groups
of pyranose rings, it can be estimated which of the two chair

'forms, 4C; and 1C,, is more stablé. Fourteen of the sixteen
aldohexopyranoses have more bulky exocyclic groups oriented
equatorially in one form compared to the other, and are therefore
redicted to be found exclusively in that conformatié@,(for
-forms, 1C,4 for L-forms)8 Only a-idose andu-altrose show
imilar stability of “C; and 1C4 conformations based on the
quatorial/axial orientation of the exocyclic groups. Conse-
equently, the assignment of ring conformation éer-iduronate
has led to discussioh Force-field-based molecular modeling
and biophysical experiments have been invoked to address this
issue for dermatan sulfate (Figure 1) a polysaccharide with a
repeat unit oN-acetylateds-galactosamines(l,4)-b-glucuronic
acid, which is modified by 43-sulfation of the galactosamine
a(abbreviated Gahc49 and epimerization g8-p-glucuronic acid
to a-L-iduronic acid (abbreviated IdoA). Both reactions most
*To whom correspondence should be addressed at MIT, 77 Mas- often proceed to 8895% conversioff. Energy minimizations

sachusetts Avenue, Building E18-568, Cambridge, Massachusetts 02139indicated very similar energy of tH€,, “Cy, and?S, conforma-
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The topology of oligo- and polysaccharides is determined by
the ring conformations of the individual monosaccharide units
and by the torsion angles of the glycosidic bonds. Much
research on carbohydrate conformation currently focuses on
accurately modeling electrostatic interactions, hydrogen bonds
and anomeric effects to predict the conformation from force-
field-based energy calculatioks? Often, experimentally mea-
surable properties can be explained by the global minimum
structure, or by the time-average of several structures based o
a Boltzman distribution or molecular dynamics calculafioh.
These force field based approaches have favored the use o
Cartesian coordinates in modeling pyranoses; however, in som
cases this may not be optimal for describing ring conformation
and flexibility. Here we investigate an alternative approach to
analyzing experimental data related to pyranose ring conforma-
tion. The conformational search is biased toward the data them-
selves by reducing the energy calculations to simply ensuring
that the conformations are stereochemically accessible, and
torsion angle based approddh invoked to describe pyranose
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62 iduronate ¥Cy, “Cy, ©S,, and?Sp), only three satisfied the X-ray
diffraction criteria (C,, °S, and2Sp).2° Searching conforma-
tional space by energy minimization approaches leads to results
that may be quite force-field dependéntwe find that the
approach of considering the entire stereochemically accessible
domain for conformations that satisfy experimental data reduces
this problem of force-field dependence of the calculations.
The conformational space for pyranose rings has been
described as a sphere, first by Hendrick3band then in a more
explicit form, generalized to any six-membered ring, by Cremer
and Pople? This description is valuable for visualizing the
interrelationship of chair, boat, skew-boat, and other canonical
conformations, and for explicitly describing model and observed
tions of iduronaté®1! Also, experimental results have led to ~ structures without providing atomic coordinates. However,
conﬂicting interpre[ations in terms of the-L-iduronate ring calculation of internal atomic coordinates for a given point in

conformation. Three different helix symmetries of dermatan the CremerPople sphere is complicated, which may have
sulfate (3, 3, and 8) have been calculated from X-ray limited the use of this formalism. Recently, Haasnoot described

CH,OH

o1 |
; o) H4 C‘5 0O5
OSO(‘ \ € 0'1.54/000' \
— Cc1' OH
R _V'
C3' H1'
V2

H3' NHCOCH; OH

Figure 1. The disaccharide repeat of dermatan sulfat§-dulfate
N-acetyl$-p-galactosamine-(1,4)-L-iduronic acid-(1,3). The inter-
residue torsion angles, 11, ¢2, andy, are shown. The nomenclature
of the ring atoms of iduronate used for description of ring puckering
and torsion angles is shown, thus, for examplgc:is the O5-C1—
C2-C3 torsion.

diffraction patternd?-14 All three have long helix repeats,
which were interpreted to indicate*&€; conformation of the

iduronate'? Low proton—proton coupling constants, however,

suggested &C, conformation of the iduronaf#é: 16 Dermatan

a similar formalism for six-membered rings, which is based on
internal torsion angle3. This formalism facilitates calculation
of internal coordinates for a given point in the spherical ring
conformation space.

Here we describe a continuous graphical approach to analyz-
ing pyranose ring flexibility. Physical properties are related to
gauche, consistent with 4C; or 2So but not with alC, the conformational space available to iduronate, using the
conformationt’ However, this interpretation of periodate torsion-based formalism for description of six-membered rtgs.
oxidation data has been questioned by Rees and co-workersContrary to conventional approaches to ring conformational
who maintain that a dynamic equilibrium between a gauche and analysis, we focus on a stereochemically accessible domain in

sulfate is highly susceptible to periodate oxidation, which is
believed to indicate that the G2D3 enolate group must be

a trans conformation (with respect to the-©Q3 enolate) can

conformational space, rather than on minimized conformations.

explain the periodate data, even if only a small subset of the This approach offers a systematic search to fit experimental data

iduronic acid residues are in the gauche conformati@rystal
structures show that iduronate can attd@®u, “C;, or So

for conformations beyond the canonical chair, boat, and skew-
boat conformations, and we find that it provides an informative

conformations when present in oligosaccharides that are bounddraphical description of the deviations from ideality. In the case

to basic fibroblast growth factdf:’® Considering that variations

of dermatan sulfate, we identified conformations that satisfy

in physical conditions among experiments may result in different the apparently contradictory experimental data.

structures for each experiment, it is desired to corroborate all

these results into a consistent picture of the conformational Methods

behavior of iduronate in dermatan sulfate.

To describe the conformational space for the six-membered iduronate

In an earlier contribution, we also relied on an energy criterion ring, we used the spherical coordinates (radysazimuthal®, and

based exclusively on eliminating bad steric contdgttyus

meridianP,) introduced by Haasnoétvhich are related to endocyclic

extend|ng the Conformanonal ana|y3|s beyond the g|obal m|n|_ torsion angles by a truncated Fourier series (eq$07fr0m HaaSnOé):.
mum to the “stereochemically accessible domain”. We searchegPue to the requirement of closing the ring with reasonable bond lengths

the entire range of iduronate conformations by driving three of
the endocyclic torsion angles and the four interresidue torsions
(91, w1, ¢2, andy2), selecting for conformations that would

and bond angles, the conformational space is a flattened shell, which
was approximated by an ellipsoi = 55+ 10(sin#). The spherical
coordinates were used as drivers for exploring physical properties of
the conformational space for iduronate. At each grid pdingg), we

satisfy diffraction data for dermatan sulfate and ring closure cajculated and the endocyclic torsion angles for a homocyclic ring.

criteria without nonbonded overlap. This analysis showed that

of four stereochemically accessible conformations det-
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Physical properties, in turn, were calculated from these conforma-
tional parameters. The proteproton torsion anglegn) is equal to
the endotorsion (C;—Ci—Ci+1—Cit2) plus a constant, which is
independent of the ring conformation. The constants®118.18,
118, and O were used for théw1 nz, drz,Hz, PraHa @andgraps proton—
proton torsion angles, respectivéy The coupling constant&)yy, were
estimated from the proterproton torsion anglegin) for a-L-iduronate
by using the KarplusAltona equation, corrected for electronegativity
(egs 8 and 9 from Haasndgbtwith electronegativity values from
Hugging®). A later parametrization of the Haasnoot equation, based
on empirical electronegativities, has been introdifédaljt the sub-
stituent groups found in pyranoses were not included in the tables of
group electronegativities provided, so we chose to proceed with the
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original parametrizatio® (Using the new parametrization with
estimated values of the missing group electronegati¢itidiel not
change the results significantly.) For each grid point of the confor-

J. Am. Chem. Soc., Vol. 120, No. 9, 12961

05-C1-H1 and C+05—-C5—H5), this formula was used to calculate
the corresponding coupling constantdcéy; and3Jcins). Two-bond
13C—-13C coupling constants for €C—C segments can be correlated

mational mapping, we calculated the four coupling constants and the to the pattern of electronegative substituents relative to the coupled
root-mean-square (rms) of the difference between these and the couplingatoms® The pattern of substituents is expressed as a projection

constants observed for dermatan sulfatéilso, for each grid point,

sum?+3> From the data of Church et &f.this projection sumK) was

the internal Cartesian coordinates for iduronate were generated by usingelated to the two-bond coupling constafik-{,csand?Jcz,c4 by linear

the average bond lengths and bond angles for carbohyéfratedthe
appropriate rotation matrixé%. Values for internal distances and torsion

regression, which resulted in the following expressiotdgi c3= —1.6
+ 2.53(01,(;3) and 2\](;2,04: -3.0+ 2.33(c2,c4) It is only pOSSible to

angles were used without further refinement of the structures. The measure the absolute value of the coupling constants. Church et al.
spherical surface that represents the pyranose pucker conformationabssigned the signs of measured coupling constants based on knowledge

space was projected in two dimensionsxas 6 cos@,) andy = 6
sin(P,) for 6 < 90°, andx = (180° — 6) cosP,) andy = (18C° — 6)
sin(P,) for 6 = 90°, and the calculated values of physical data (rms of
the fit to experimentatJuy values) and geometric properties (©Q4

of the structured? but for the predictions made here, a difference in
sign cannot be measured and hence is of no consequence. Importantly,
the correlations fofJcy and for2Jc c are derived from much less data
than the correlation fotJuy couplings?* As a consequence, predicted

distance and eclipsed endotorsion angles) were contoured by using®Jcn and2Jcc values are expected to be less accurate than predicted

MATLAB (MathWorks, Natick, MA). Importantly, conversion be-

3Juy values.

tween Cartesian and spherical coordinates requires numeration of the For a given minimized ring conformation, the stereochemically
atoms. According to IUPAC recommendations, the ring oxygen is atom accessible domain for the glycosidic torsions was found fronp e 1-

number 1, ring carbon 1 is atom number 2, etc., thd€,@onformation
of a carbohydraten( or L), which has ring carbon 1 above the plane
and ring carbon 4 below the plane, corresponds tG€sachair (atom

and ¢2,2-maps, as the area where the nonbonded energy was less
than 5 kcal/mol (arbitrarily chosen). The purpose of creating these
maps was texcludeinaccessible conformations from consideration

number 2 above the plane and atom number 5 below the plane) in theand not to predict the most likely conformations within the accessible
generalized notation of Haasnoot, which due to symmetry is identical domain. The torsiongl andy1 are defined as (H+C1'—01'—C4)

to “C; in the diagrams shown in Haasnoot'’s arti¢lén the following,
the conformationsC,, Cy, etc. refer to the traditional carbohydrate
nomenclature. The skew-boat forms are denotéd, °S,, etc.
(according to IUPAC recommendations) as opposed tTae°T,,
etc. used by Haasnodt.The spherical coordinates of the Haasnoot
formalism are closely related to those of Cremer and P8pléhe

and (C1-01—C4—H4), and¢2 andy2 as (Ht-C1-01-C3) and
(C1-01-C3—H3), as shown in Figure 1. The,p-maps were
generated for a rigid pentasaccharide (IdoAwzals|doA-Gaklacas
IdoA), using 10 step size and the Amber force field parametrized for
carbohydrate’d32 (version 1.5, Molecular Simulations), which we
modified to include sulfate and sulfamate groép$Separate maps were

azimuthal angles are approximately equal, and in the Haasnootgenerated fopl,1 and for¢2,2, and in each case, the other set of

formalism, the meridianP,, is shifted about 30higher compared to
¢, of the CremerPople formalism except for ring conformations

torsions were kept fixed at values close to the center of the stereo-
chemically accessible domain. For each grid point, the exocyclic

located close to the poles, where this difference in the meridian can torsions to the acetylate of galactosamine and the carboxylate of iduronic

deviate considerably from 30 Deviations from this correlation
between Haasnoot and Cremdétople coordinates appear to be
unsystematic.

Explicit molecular models were built for selected conformations by
using the Insight Il and Discover molecular simulation packages
(version 95.0 Molecular Simulations, San Diego, CA). R¢+
acetylgalactosamine and for iduronatéd, “C;, and?S, forms, starting
conformations were taken from the literatd#é® These conformations
were minimized by using 500 steps of the Newtdraphson algorithm
and the Amber force fiefd32without electrostatic contributions. Then

acid (in the case opl,p1) or to the 40-sulfate and C6 groups of
galactosamine (in the cased¢i ;p2) were allowed to each sample three
different staggered conformations, and the minimum nonbonded energy
was chosen.

The relationship between the backbone bond lengths, bond angles,
and torsion angles of a periodic polymer, and the resulting helix
parameters (number of disaccharide residues per helix repeat unit)
andh (the axial rise per disaccharide residue) were calculated with the
FORTRAN program NANDH3 Values for interresidue torsions
were varied in steps of 20and sets of torsions that both correspond

the five exotorsions were each varied in three steps to cover all to the observed helix symmetry-0.05 A forn; +0.1 A for h) and fall
combinations of staggered conformations, and the least-energy con-within the stereochemically accessible domain determinegigymaps

formation was selected and minimized again.
structures that corresponded well to experimental data an8gr

For noncanonical were selected. Periodic polymers of dermatan sulfate disaccharides

were built for a given set of interresidue and endotorsions, to verify

starting conformations were found from the spherical coordinates, and that they are stereochemically accessible.

adjusted to account for the heterocyclic oxygen by varying bond angles

and bond lengths within experimentally observed rargemd by
adjusting torsion angles slightly, not to move away from the starting
point in 6,P, space. The resulting conformations were minimized as

Results and Discussion

Graphical Representation of Conformational Space.The

described above, except that a torsion term was introduced to force spherical representation of pyranose conformational space was

the ring to remain close to the starting conformation (force constant
50 kcal mot rad?). 3Jun coupling constants were calculated for the
minimized structures, as described above.

Also 3Jcy and 2Jcc couplings were predicted from the minimized
structures.3Jcy couplings for G-O—C—H segments are correlated to
the torsion anglécocn as3Jcn = 5.7 cod(¢pcocH) — 0.6 cosbeocr) +
0.53 For the two CG-O—C—H torsions in the iduronate ring (G5

(27) Altona, C.; Ippel, J. H.; Westra Hoekzema, A. J. A.; Erkelens, C.;
Groesbeek, M.; Donders, L. Adagn. Res. Chenl989 27, 564—576.

(28) Arnott, S.; Scott, W. EJ. Chem. Soc., Perkin. Trark972 2, 324—
335.

(29) Mortenson, M. EGeometric ModelingJohn Wiley: New York,
1985.

(30) Mulloy, B.; Forster, M. J.; Jones, C.; Davies, D. Biochem. J.
1993 293,849-858.

(31) Weiner, S. J.; Kollman, P. A.; Nguyen, D. T.; Case, DJAComput.
Chem.1986 7, 230-252.

(32) Homans, S. WBiochemistry199Q 29, 9110-9118.

projected in two-dimensiong( P,), to facilitate plotting of
calculated physical properties in a continuous space.
representative plot of thé,P, conformational space is shown
in Figure 2, illustrating the location of canonical chair, boat,
skew-boat, envelope, and half-chair conformations on the
projected sphere. This projection maintains equidistance in the
6 direction, while the two-dimensional representation over-
estimates distances in th® direction by a factor of/sind.

A
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Figure 2. Two-dimensional projection of pyranose ring conformational space. The spherical surface is divided into two hemispheres: Northern for
6 < 90° (A) and Southern fof > 90° (B), with the poles located in the center and the equator at the perimeter of each plt€; Toaformation

is at the North pole and th&C, at the South pole, and the canonical boat and skew-boats are indicated at the equator of both plots. Efvelopes (
= 49.7° and 130.9) and half-chairs§ = 45° and 138) are located between the poles and the equator. Representative structures of chair, boat,
skew-boat, envelope, and half-chair forms are shown (C).

Thus, the representation is most accurate at the center of thewe find that there is a need for a method for explicit, informative
plot, where the canonical chair forms that are often observed description of model and observed structures of sugar puckers,
for carbohydrates are located, and least accurate at the equatoshort of providing Cartesian coordinates. The torsion angle
(6 = 90°). Ring closure can be optimized for each valuedof  formalisn? and its graphical projection presented in this paper
and P, by varying Q, but using the ellipsoidal approximation represent such a method.

for calculatingQ as a function o9 (see Methods) conserves Mapping of NMR Data in the Conformational Space.
the reproducibility of the mapping technique. We found that ysing this representation of the pyranose pucker conformational
choosing spherical approximations wighvalues in the 56 space, we mapped the agreement betveeesiduronic acid ring
65° range did not significantly change the results for relating conformations and the experimentally observed coupling con-
ring conformation expressed solely fhandP; to NMR data. stants for dermatan sulfateexpressed as rms of the difference
It can be debated how to best describe various domains within between calculated and experimental coupling constants (Figure
the pyranose conformational space. The frequent us€pf 3). Structuresa (0 =~ 110, P, ~ 190C°), b (6 ~ 17C°, P, ~
4Cy, and®Sy implies that these are singular conformations, while 350), andc (6 ~ 90°, P, ~ 33(°) on the “Southern” hemisphere
the most illustrative way to describe the domains may be as are the conformations that individually satisfy the coupling
“1C,-like” or ““Cy-like”, to indicate that each of these is a group constants best. No conformer on the “Northern” hemisphere
of similar conformations. For each of the conformations has rms lower than 2, and thus ntCji-like” conformers can
reported asC,, ?So, etc. by different groups, there are often individually satisfy the NMR data. For structue which
differences in the exact conformation, manifested in the vari- corresponds to 8, s form, steric overlap between C6 and O2
ability of the calculated coupling constadfs’®3°® This may could not be eliminated, but the other two conformations were
reflect differences in the methods of generating model structuresstereochemically accessible. Minimized molecular models of
of each laboratory. Also, “distortetC,” structures have been  conformationsa and b, which each represent an area in

reported, along with calculated physical properte®. A conformational space, are shown in Figure 4. Minimization
distorted'C, conformation is a deviation from the loc&C, changes the properties only slightly from the symmetrical
minima. From the reports, it can be unclear how & structures used for calculation 88,44 for the contour plot

conformation is distorteé® or if it is distorted in a similar or (Figure 3). The minimized conformatiosandb fit experi-
different fashion than other “distorte®C,”.*° Consequently, ~ mental data to within 0.6 and 0.8 Hz, respectively. The
Karplus—Altona equation was regressed to experimental data

27&392)7'3""0’ V. S. R Balaji, P. V.; Qasba, P. Glycobiology1995 5, with an rms of 0.48 H2* 3,3 of dermatan sulfate is 6.0 Hz,

(40) Torri, G.; Casu, B.; Gatti, G.; Petitou, M.; Choay, J.; Jaquinet, J. WhiCh isin arange (557-9 Hz) that is very poorly represen.ted
C.; Sinay P.Biochem. Biophys. Res. Commi885 128, 134—140. in the sample of experimental data used for regres¥ion.
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P,=90°

A 3

P2=270° P2=270°
Figure 3. Mapping of3Juy in iduronic acid ring conformational space. For each point in the conformational space, tR&focoupling constants
were calculated as described, and the root mean square (rms) of the difference between calculated and experimentally observed coupling constants
for dermatan sulfaté was determined. This rms is contoured at values of 0.5, 1, 1.5, 2, 3, and 4, in a 2D-projection of the conformational space,
similar to Figure 2 (Figure 3A is the Northern and Figure 3B the Southern hemisphere). Stracthresmidc are located in wells of these rms
contours, and thus represent conformations that individually satisfy the coupling constants best.

these parameters can potentially be used to discriminate between
structurea and b. Unfortunately, however, such data are to
a our knowledge not available for dermatan sulfate. From the
minimized structures af-L-iduronic acid ina, b, 1C,, 4C4, 2o,
and ©S; conformations, estimates of three-bone & (3Jcsp
and3Jcins) and two-bond €&C (2Jci,cs and?Jcz.cq coupling
constants were calculated as descrified* These values are
reported in Table 2 along with distances between H1 and H3
and between H2 and H5 of the iduronate ring, which may for
some ring conformations result in intraring NOE cross-péaks.
From Table 2, it is clear thallcy values cannot be used to
b distinguish betweem, b, 1C4, and2S,. Further, the absolute
values of2Jcc are very close fora and b, but they could
potentially be used to distinguidks, from 2S,, since these two
conformations show a difference #icc values of about 1 Hz.
Figure 4. Stereoview of the minimized structuragandb. For clarity, Finally, the differences in HtH3 and in H2-H5 distances for
hydrogens are not shown. The picture was generated by using Insightiqyronic acid in conformatioa andb are predicted to result in
Il (Molecular Simulations, San Diego, CA). measurable differences in NOE values. Therefore, these
. calculations suggest that NOE measurements, buJagtor
Further, the compounds used for regrestievere exclusively 2Jcc measurements, could be used to distinguish between the

monomers, while dermatan sulfate is a polysaccharide. Thesetwo conformationsa andb, in dermatan sulfate.

Oﬁﬁ rvit'?nf’ taxﬁnntogethert,i Srlﬁg?sg t?rit tthiexﬁf?egvﬁ%'a“on An alternative explanation of the NMR data for dermatan
ot the Karplus-Altona equation for dermatan suftate € sulfate has been suggestéd? It invokes the existence of a

CJEE?;;Z?(” (g.iferljtg’l gggt?ﬁggﬂb %rﬁir']n gos(i)r? E;?:trgi?é Oleldynamic equilibrium between two or more families of confor-
P ’ PP 9 9 mations, with the observed coupling constants reflecting a time-

Iﬁirsthaen(gb-slic?surci)tni;ngf%rg?:tlfgeg ?ﬁ;{n::alne ;::fa:\t/\% anr(c))(;ZI average of the coupling constants for these conformers. For

structures Wiifhin the stereochemically accessible domain Cancor_nparlson! we evaluated how QOOd a fit CO.Uld be obtalne_d by

individually satisfy the NMR data for dermatan sulfate. Geo- a simple weighted average of pairs of canonical conformations.
: Model structures for each of the four conforméeiG,( *Cy, 2So,

: i 42 __lilea” i “10 _lilea” :
et o o 2 1 ANGPS0) Tt have e nvoked n e IeraEi e
9 y and the coupling constants for each conformer calculated, as

i 1
for the canonicafS, andC, (Table 1). described above (Table 1). The best fit to the NMR data was

The two model structurea and b are expected to behave . 220 S4 2
differently with respect to periodate oxidation. Structareas Iggii;?,/ro)w e\ll\?r:}tcid g\i/\f}eragzﬁjg? g‘? CZSF)/E?];VIIQOHC;ZLBSO that

the 0.2_03 en_ola_te group equat(_)rl_a}l and a s_hort (2.9 A)_OZ compare to the experimental values with an rms difference of
03 distance, indicating susceptibility to periodate oxidation,

consistent with experimental observations for dermatan sulfate. = (42) Mikhailov, D.; Mayo, K. H.; Viahov, I. R.; Toida, T.; Pervin, A.;

- Linhardt, R. J.Biochem. J1996 318,93—-102.
In contrast, structur® has the enolate group axial (Table 1). (43) Ferro, D. R.; Provasoli, A.. Ragazzi, M. Torri, G.: Casu, B.; Gatti,

Also 2Jcc and 3Jcy couplings have been correlated t0  G.; Jacquinet, J.-C.; Sinaf.; Petitou, M.; Choay, . Am. Chem. Soc.
conformational paramete?$;*>41and experimental values for ~ 1986 108 6773-6778.
(44) Ferro, D. R.; Provasoli, A.; Ragazzi, M.; Casu, B.; Torri, G.;
(41) Podlasek, C. A.; Wu, J.; Stripe, W. A.; Bondo, P. B.; Serianni, A. Bossennec, V.; Perly, B.; Sinal.; Petitou, M.; Choay, Larbohydr. Res.
S.J. Am. Chem. S0d.995 117, 8635-8644. 199Q 195,157-167.
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Table 1. Conformational Parameters and Calculated Coupling Constants for Model Structwerasldéironaté

Haasnoot CremetPople coupling constants (Hz) distance (A)

structure 6 P, Q %] 1) Q Ji2 Jos Jaa Jus rms 02-03 01-04
a 106 186° 59° 102 155 0.66 2.4 7.0 3.2 3.6 0.6 2.94 4.96
b 17r 310 56° 168 297 0.57 3.7 5.0 35 23 0.8 3.69 4.57
1Cy 173 185 55° 175 134 0.55 25 3.0 3.3 11 1.9 3.63 453
iCy 3 32 57 0° 318 0.57 7.8 9.2 91 49 41 2.86 5.51
S 93 180 65° 90° 148 0.75 5.2 9.9 50 41 2.4 2.80 5.08
0s, 9I° 4° 63° 92° 332 0.73 1.0 5.1 12 8.7 3.1 3.65 5.14
73%1C4, 27%Cy N.A. N.A. 3.9 4.7 4.9 2.1 1.2 N.A.
57%1C4,43%°So N.A. N.A. 3.7 6.0 4.0 24 0.6 N.A.
dermatan sulfaté N.A. N.A. 3.0 6.0 35 3.3 N.A. N.A.

a Structuresa and b are described in the text. The canonié@l, “C;, 2So, and©S,, as well as two examples of weighted averages of these
canonical conformations, are included for comparison.

it is interesting that the variation in G104 distance is highly
asymmetric around the poles. For instance, iduronate confor-
mations that map betweé@, and®S; (0 = 90°, P, = 0°) have
01-04 distances, which increase significantly foralues close

to 180 (1Cy), but for conformations that map betweky, and

Table 2. Predicted Two-Bond and Three-Bond Coupling
Constants and Intraring Hydrogen Distancesder-lduronate in
Conformationsa andb (Described in the Text), as Well as in the
Canonical ConformationiC,, “Cy, 2So, and©S,2

H1-H3 H2-H5

3 3 2 2 i i
structure (Jﬁ52+)|1 (Jﬁle)F’ gﬁlz§3 gﬁzzg“ dls(f)f)nce dls(}f)nce 25 (6 = 90°, P, = 180°), the O1-04 distance does not increase

a 6.5 o4 22 31 33 28 above 45 A ur)UB is below 120 (Figure 5). 'Th|s immediately

b 6.8 67 )29 ()28 43 49 suggests that |f we segrch for.a conformatlon clqse to the South
ic, 6.8 6.8 ()24 (-)2.3 4.3 39 pole (C,) that is consistent with the long axial rises observed
iC, 1.6 1.6 4.5 3.9 2.6 4.1 for dermatan sulfate fibers, the conformation should be perturbed
250 5.7 6.6 3.4 3.5 2.8 24 in the direction oS, (P, = 0°). Otherwise, the conformation
°S 0.5 19 )26 ()21 4.2 4.8 has to move all the way to the equator or to the Northern

hemisphere. Thus, the ide¥T, conformation cannot explain
all the fiber diffraction data, but if one changes the conformation
from 1C, in the direction of°S,, the calculated properties of
the iduronate moiety correspond much better to the observed
data for dermatan sulfate.

Having established the relationship between iduronate con-
formation and end-to-end distance in the entire ring conforma-
tional space, we then included the effect of interresidue torsions

aFor2Jcc the predicted values may be positive or negative, but only
the absolute value can be measured.

0.6 to 1.2 Hz (Table 1). The two structurasindb, described
above, each fit the NMR data as well as the best linear
combination of canonical conformations. This does not elimi-
nate the possibility of a dynamic equilibrium between two or
more conformations, but merely suggests that two individual
conformations each can explain the data. for alimited number of iduronate conformations. We fixed the
Mapping of Repeat Distance in the Conformational Space. iduronate ring in one of the six conformatiors b, 4Cy, 1Cj,
Having analyzed how coupling constants vary in the confor- 25, and©S,) and searched the entire 4-dimensional glycosidic
mational sphere, we turn to the question: Which area of ring torsion angle space for disaccharide conformations that satisfy
conformational space would satisfy the experimentally deter- each of the three observed helixes, @, and 3). For each of
mined helix parameters, andh?738 In addition to the sugar  the six iduronate ring conformations, we generated @1 and
pucker, the interresidue torsions are also important in determin-a ¢2 12 map of the nonbonded energy of a dermatan sulfate
ing the helix symmetry, adding four degrees of freedom to the oligosaccharide at the level of 5 kcal/mol, to represent the
conformational space. To simplify the problem, we map the stereochemically accessible domain (Figure 6). The combina-
01-04 distance i)—P; space, and then focus on a limited tions of glycosidic torsion angles that satisfy experimental
number of conformations, for which interresidue torsional space helixes for each iduronate conformation were then compared
can be searched for conformations that satisfy diffraction data. to the energy maps, and values that did not map within the
The O1-0O4 distance is important, because the axial repeat stereochemically accessible domain were excluded. Finally,
Iength f) observed for dermatan sulfate is long (9_.2 Afar 8 plots of the ¢1,1 and ¢22 maps for each iduronate
helix, 9.4-9.7 A for 2, helix, and 9.5 A for 3 helix)!2 4 conformation were prepared and the location of disaccharide
compared to that of heparin (8:8.7 A) even though the  conformations that satisfy the,Bs, and 3 helixes, respectively,
repeat unit backbone of dermatan sulfate (Id@A3-GalNAC)  ere indicated. From Figure 6, it is clear that the stereochemi-
contains only 9 bonds compared to 10 for heparin (lddAd- cally accessible domain is very similar for all six iduronate
GIcNAc). When'C, of o-L-iduronate Table 1) is combined  conformations. This indicates that the general shape of the
with 4C; of -p-galactosaminé? no combinations of interresidue  gomain is determined by the nearest neighbor atoms (e.g., C2
torsions can provide a helix of the observed axial repeat length 5nq O5 of IdoA for thep2,12 linkage), the positions of which
for 2, and 3 helixes (Figure 6). Therefore, in general, short gre independent of iduronate ring conformation for a given value
01-04 distances for iduronate conformations are inconsistent ¢ glycosidic torsions. For iduronate structuteandC,, only
with the diffraction data for dermatan sulfate. Figure 5 shows ihe 8 helix could be satisfied within the stereochemically
the contour maps of the G104 distance in the Northern and  5ccessible domain, and only at a few points. On the other hand,
Southern hemispheres. The €04 distance is much shorter 5 wige range of combinations of glycosidic torsion angles lead
(<4.5 A) for’C, (0 = 180°) than for‘C, (6 = 0°) (5.5 A), and to helical parameters that satisfy the 8, and 3 helixes for
the other four iduronate conformations. T@ conformation,
despite having the longest ©D4 distance (5.51 A), does not
have the widest range of values of glycosidic torsions that are

(45) Nieduszynski, |. A.PolysaccharidesTopics in Structure and
Morphology Atkins, E. D. T., Eds.; VCH: Weinheim, Germany, 1985; pp
107—-139.
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Py=90° Pp=90°

A

0= 150°

=

-

P,=270° P,=270°

=0°

P2=l °

4.5 X 4.75

Figure 5. Mapping of the O+ 04 distance in iduronic acid ring conformational space. For each point in the conformational space, Cartesian
coordinates for the ring atom glycosidic oxygens were generated as described. Tt @iktance is contoured at 4.50, 4.75, 5.00, 5.25, and 5.50
A, in a 2D-projection of the conformational space, similar to Figure 2 (Figure 5A is the Northern and Figure 5B the Southern hemisphere).
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Figure 6. Mapping of the combinations of glycosidic torsions, which satisfy one of the helices (eitt§©),28; (+), or 3, (x)), and which fall

within the stereochemically accessible domath,{nondea< 5 kcal/mol indicated with contour). For each conformation of iduronate,(*Cy, 1Ca,

2So, and®s,), two plots are showngs,y: and ¢,,y2. For each of the energy plots (edy,y1), the values of the other set of glycosidic torsions

(p2,y2) are kept constant close to the center of the stereochemically accessible domain. For the calculation of helix symmetry, each point that
satisfies a given helix is defined by all four glycosidic torsions. The points that are indicated in one plgk,te.pare thus linked to a point in

the other plot ¢,,1,). The glycosidic torsions are defined gs= H1'—C1—01'—C4, y; = C1'—01 —C4—H4, ¢, = H1-C1-01-C3, andy:

= C1-01-C3—H3 (see Figure 1).

consistent with the helix parameters. In fact, ogllyvalues in 230, andOs,) results in the largest range of glycosidic torsions
a narrow range from-20° to 3(° (except for a single point at  that can satisfy the diffraction data. Thus, for a given helix
¢1,p1 = 100,-20) are consistent with one of the three helixes. symmetry, these iduronate conformations may be entropically
It appears that a G104 distance b5 A (e.qg., for structures, favored compared tb, 1C4, and“C;.
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P,=270°

Figure 7. Mapping of eclipsed intraring torsion angles in a 2D-projection of the iduronic acid ring conformational space, similar to Figure 2. The
contours Ofpcica ¢pcoca andgcscaequal to zero are shown in regular linggsos andgosc: equal to zero are shown in broken lines, to indicate low
energy barriers to interconversiopeacs equal to zero is shown with a thick line, to indicate a large barrier to interconversion. Figure 7A is the
Northern and Figure 7B the Southern hemisphere.

With the iduronate monomers in the conformation of structure substituted endotorsions have to pass through eclipsed forms.
b, which satisfied NMR dafd and had a somewhat longer ©1 Further, ¢cacs is the only endotorsion for which two heavy
04 distance than the ide&C, (6 = 18C°), only the shortest  exocyclic groups (04 and C6) are eclipsed when the endotorsion
helical rise (9.2 A for g helix) could be explained satisfactorily. s eclipsed. Thus, eclipseftscsrepresents an extra high energy
However, all three helixes {23;, and 8) could be satisfied barrier for interconversion. In Figure 7 the contours of eclipsed
for structurea, which also fits the NMR data for dermatan endotorsions are mapped with broken lines indicating the lower
sulfate well. Winter et al. determined solid-state 10-NMR energy barrier associated with unsubstituted endotorsions being
data and diffraction data fahe samedermatan sulfate sam- eclipsed and fat lines indicating the high energy barrier for
plelé They found that the NMR data were similar to solution endotorsiongcacs being eclipsed. The most likely path of
NMR data obtained previousf,and that the diffraction pat-  interconversion goes frorfC, at the South pole to a region
tern was consistent only withs&ymmetry, not with 2 or 3; betweerPS, (90°, 0°) and3S; (90°, 6C°) at the equator, or from
symmetry. Therefore, the iduronic acid of their dermatan sul- 4C; at the North pole to a region betweé®, (90°, 180°) and
fate sample could be in a conformation similar to either structure 1S; (90°, 240°) at the equator. It is anticipated that intercon-

a or b we describe here. Our results, however, indicate that versions between equatorial states are faster than interconver-
only structurea, or conformations closer to the equator or at sions between poles and the equator, because they maintain bond
the Northern hemisphere, can explain the 2-fold and 3-fold lengths and bond angles unstrained, as opposed to interconver-
helixes observed for dermatan sulfate. Thus, it is of interest to sions between poles and the equéfoiThis analysis indicates
analyze how conformations on different hemispheres can that there is a special relationship betw&8y3S, andC, and
interconvert. betweerfSo/'S; and*Cy, in that these skew-boat forms represent

Paths of Interconversion. When a pyranose ring changes bridging points for interconversion between equatorial and polar
from one domain in conformational space to another, either due conformations of iduronate.

to a change in environment or due to random thermal motion,  pMolecular dynamics (MD) represents a more sophisticated
it passes through a range of intermediate states, here called th%pproach to investigate conformational dynamics. &ar-
path of interconversion. The literature anL-iduronate in iduronate, Forster and Mulldyerformed 200 ps MD calcula-
dermatan sulfate and heparin has recently invoked a dynamictions from three different starting conformatiod€4, “Cy, and
conformational equilibrium between several local minimum 23,). For the two chair forms, the calculations showed
points in conformational spacé:**4* Addressing the issues  considerable flexibility around the poles, with the Cremople
of kinetics or pathways of interconversion quantitatively is very gzimuthal angleq) varying by 30, and for the skew-boat, there
difficult because of the necessity to model #iesoluteenergies was extensive pseudorotation along the equator, and one
of interconversion accurately. However, one can qualitatively ~onversion to the polafC; conformation after 171 p&.
investigate the most likely path of interconversion by a simple Engelsen et al.performed similar simulations for ethg-
evaluation of the relative magnitude of the energy barriers of |5ctoside, and observed a shift from the pole to the equator
different paths. To change from a polar conformation to an guring a 200 ps simulation. These MD calculations suggest
equatorial conformation, three endocyclic torsion angles must that the equatorial interconversion is more facile than equatorial
pass through the eclipsed form. This is associated with an+t, polar interconversion and, in the case of iduronate, that the
energy barrier, partly due to steric overlap between exocyclic ghift from equatorial conformation t¢C; occurs wherP, =
groups, which will also be eclips&d. This energy barrier will 180 (Cremer-Pople ¢, = 15C°) corresponding to théSo
be lowest if the eclipsed endocyclic torsion angle involves the conformatiort This supports the conclusion of our analysis
unsubstituted ring oxygenp¢sos anddoscy). Thus, the most  that an equatorial conformation close to the skew-BBamay
likely path of interconversion is the one where the fewest pe 3 the starting point for the interconversion path between the
(46) Hamer, G. K., Perlin, A. SCarbohydr. Res1976 49, 37—48. equator and the North polé).

(47) Morrison, R. T.; Boyd, R. N.Organic Chemistry Allyn and
Bacon: Boston, MA, 1973. (48) Crippen, G. MJ. Comput. Cheml992 13, 351-361.
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Conclusions and Significance as the canonic&So and*C; conformations, are consistent with
the 2-fold and 3-fold helixes observed at different conditinkt

We suggest that the iduronate residue is inherently flexible,
é'nanifested in the many possible conformers we found in our
exhaustive searcf. Thus, the ring conformation state may be
best characterized as a broad, stereochemically accessible
minimum, with the location of the global minimum being
determined by environmental parameters. This is supported by
crystal structures of basic fibroblast growth factor (bFGF) bound
to heparin-like oligosaccharidé%®the different ligands bind

60 the same site on the growth factor, however, the ring
conformation of their iduronic acids varies considerably. The
iduronic acid of synthetic di- and trisaccharides appeared as a
4Cy conformer Q, 8, P,) = (60°, 3°, 97°),18 as opposed to the
two iduronic acids of a heparin-derived hexasaccharide, which
were in’So (Q, 0, Py) = (70°, 91°, 187) andC4 (Q, 0, Py) =

(58°, 170, 156°) conformations, respectively. Thus, the
conformational flexibility of iduronate allows it to attain a
variety of conformations when bound to bFGF, a property that
is highly unusual for pyranoses. Members of the glycosami-
noglycan (GAG) family of acidic polysaccharides, such as
heparin, heparan sulfate, and dermatan sulfate, contain iduronate.
These GAGs are ubiquitous components of the extracellular
matrix. Among other function® they bind to proteins and
modulate their activity;>%51which has implications in signal
transductior?? in the coagulation cascadeand in leukocyte
trafficking.>* These GAG-protein interactions often are specific
for sequences of modified disaccharide residues of the GAG.

map, in conformational space, calculable data of experimentally Furthgr, the fing conformational erX|b|!|ty qf iduronate, the
observable quantities. This graphical mapping technique, based“oqe“ng of Wh'|Ch. Wi‘; have _a(_:idresseqf_ln_ thlsfp(z;per, may play
on a two-dimensional projection of the spherical conformational E.n é’.“porta“t role in determining specificity of GAprotein
space, was used to analyze the experimental data fau-the inding.

iduronate ring in dermatan sulfate. Earlier interpretation of the
experimental data (X-ray fiber diffraction and NMR) for
dermatan sulfate, using energy minimized conformations, led
to conflicting results for the iduronate moiety. The solid-state

and solution NMR were identical for dermatan sulfate in the 8 . . . ) .
. L . to Biosym Technologies and Biosym-MSI for making available
helix state, indicating that one conformational state should : . - .

. . : ; at the Department of Chemical Engineering at MIT the Insight
explain both NMR and diffraction daf& The mapping . .
technique enables a combined analysis of the physical data tha{I and Discover software packages, and to Dr. Pattabiraman for

q y phy providing the NANDH program. Parts of this work were

applies to this iduronate ring conformation, and allows identi- . . .
fication of two possible solutions. Both the solution NMR data presented at .the 211th National Meeting of the American
Chemical Society.

and the diffraction data for thez8nhelix can be explained
individually by two stereochemically accessible iduronate JA9721850

structures. One conformation (structoeis located close to (49) Poole, A. RBiochem. 11086 236,1-14

1 H H H oole, A. R.blochem. ,1—14.,

C4 on the most _I|kely path of |nterconv_er3|on betwe(_en 6e (50 Jackson, R. L.; Busch. S. J.. Cardin, A.Bhysiol. Re. 1991 71,
polar conformation and th&S, equatorial conformation; the  4g81—5309.

other conformation (structum is located close t8So and has §51§ Varki, A. Glycobiology1993 3I.I97—|130.

i i i ihili 52) Rapraeger, A. CCurr. Op. Cell Biol.1993 5, 844—853.
equatorial O2 03 enolate suggesting high susceptibility to 258 g i & i ok “UBiochem. 11993 289, 313330,
periodate oxidation, consistent with observatibhsOnly (54) Norgard-Sumnicht, K. E.; Varki, N. M. Varki, ASciencel993
structurea or different domains in conformational space, such 261,480-483.

We find that the torsion angle formalism introduced by
Haasnodt is advantageous due to the conformational signifi-
cance of the torsion angles that are used as the basis for th
internal coordinates, and due to the ease of calculating internal
coordinates from a point on the conformational sphere. Both
the Haasnoot and the Cremd?ople formalisms allow devia-
tions from canonical conformations to be described explicitly
with the spherical parameterQ,( 6, and P./¢;), without
providing atomic coordinates. The conformational mapping and
plotting techniques presented here represent a new approach t
relate individual sugar pucker conformation to calculable
parameters, and visualize the domains of good fit to experi-
mental data. It offers a rapid way of mapping a given parameter
in a continuous conformational space and eliminate geometries
that are not accessible or do not fit physical data. Also, it
provides a pictorial description of the pyranose ring conforma-
tional space, which can be useful in appreciating the problems
of assessing ring flexibility. This approach to analysis of
pyranose ring flexibility may be extended to conformational
mapping of any other physical data that can be explicitly
modeled from internal coordinates, such as NOE data-e€C
and C-H couplings, and can thus be useful for identifying a
single conformation that satisfies several sets of data. Applied
to other hexoses, it may help identify the role of ring flexibility
for carbohydrate-binding proteins or for enzymatic conversion
of carbohydrates.

We have used the torsion angle formaltsim continuously
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