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This paper presents the first ab initio conformational study for analogues of a histo-blood group carbohydrate
antigen, L& (Gal{-1,4-[Fuce-1,3]-GIcNAc). In these analogues, the GIcNAc group of les replaced by

a cyclohexanediol or an ethanediol group. The lowest energy conformers of these molecules were first found
by the MM2*-SUMM conformational search technique. The molecular geometries and energies of lowest
energy rotamers (withia 3 kcal/mol energy window) were further analyzed at the HF/6-31G(d) level of
theory. This study provides a detailed description of the hydrogen-bonding properties of the low-energy
conformers yielded by the MM2* and ab initio methods. The key torsion angles fooFL8-GIcNAc and
Gal5-1,4-GIcNAc glycosidic bonds in Xemostly keep their value in the different environments (solid, liquid,

and gas phase). The ab initio torsion angles agree considerably better with the experimental results than the
MM2* results. Another essential difference between the MM2* and ab initio results is that the latter provide
better differentiation of the rotamers. Complexes with selectins introduced varying levels of distortion of
LeX, with the most tightly bound structure being most distorted. Nonstacked rotamers occur only once among
the rotamers of 1,2-cyclohexanediol analogue, and that rotamer is not particularly at&bte 2.3 kcal/

mol). However, such kind of rotamers are more frequent among the rotamers of 1,2-ethanediol analogue.
This clearly shows that while the conformational space of 1,2-cyclohexanediol analogue is rather similar to
that of L&, the conformational space of 1,2-ethanediol analogue is considerably less similar.

1. Introduction a signaling molecule for some host-pathogen recognitior) Le
) has a relatively rigid structure according to NMREand X-ray
The search for analogues of sialyl'isLe, NeuAca-2,3- experiment. This rigid structure was confirmed by MM2* and

Gal$-1,4-[Fuce-1,3]-GIcNAc, a blood group carbohydrate  HF/6-31G(d) resulté.A detailed description of the intramo-
antigen tetrasaccharide), has two goals: simplification of the jecular hydrogen-bonding network was also provided in ref 7.
structure to small and stable molecules, and preservation of thecarhohydrates are rather difficult tests for MM methods because
biOIOgicaI aCtiVity. The Conformatidf? and the key structural they have dense|y packed h|gh|y po|ar functional groups, and
featured of sLe, required for recognition, were reviewed the conformational energies depend on stereoelectronic effects.
recently? The 2-, 3-, and 4-hydroxyl groups afL-fucose, the  |n this respect our earlier results show that for example the
4-, and 6-hydroxyl groups af-galactose, and the carboxylate  MM2* method provide good qualitative results for the lowest
group of sialic acid play essential roles in the E-, P-, and energy rotamers of monosaccharides. However, it provides an
L-selectin recognition of sl& It has been found that & energetically compressed conformational space with incorrectly
CH,COO™ group on the 3-position of galactose sufficiently ordered rotamers in the higher energy redion? Earlier studies
mimics NeuAc! The next step was to replace GIcNAc. While  have found that the HF/6-31G(d) and cc-pVDZ results provide
this group contains none of the groups critical to binding, it quite good relative energies for monosaccharides that are close
was thought to be important for preorganizing the ste  to the results of the most expensive calculati&h3his is
Experimental results show that a +,@yclohexanediol group  discussed in our previous paper on*IeBarrows et ak4
sufficiently mimics the shape and rigidity of the replaced summarized the performance of the best MM methods for
pyranose ring. Surprisingly, 1,2-ethanediol is almost equally energies ob-glucose rotamers and they have found that HF/
effective as a replacement of GIcNA¢lowever, in derivatives  6-31G(d) method is clearly superior compared to any MM
in which Gal has also been removed, the difference betweenparametrization. Much effort has been made recently to
the two replacements becomes more pronoufd@therwise, parametrize molecular mechanics (MM) methods for saccharides
the link chosen to replace the GICNAc rarely improves the in the gas phase using HF/6-31G(d) restftd8
binding constant and it is believed that the 1,2-cyclohexanediol  The earlier results showed that the HF/6-31G(d) equilibrium
is an energetically neutral substitutin. molecular geometries might differ noticeably from equilibrium
In our previous study, we analyzed the MM2* and HF/6- molecular geometries calculated at correlated (mostly MP2 or
31G(d) conformational space of the desialylated trisaccharide GGA-DFT) levels of theory!14 However, these geometry
Le* (Gal$-1,4-[Fuce-1,3]-GIlcNAcH).” (This molecule is a variations result in small changes in the relative energies. For
stage-specific embryonic marker in cedell interactions and example, when the optimized HF/6-31G(d) geometries of
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Figure 1. Schematic representation and the numbering of the atoms
of the molecules studied in the present paper. The numbers of the atoms
are based on standard carbohydrate nomenclature for glucose rings.
Forl andll, t1gyc = T(C2Fuc7C]-FucfO[lys]linkfcselcNAc): 73cIcNAc =
T(C]-Fuc_o[lyS]ink_CsGIcNAc_C“GIcNAc), TAaicNac = T(C]-Gal_o[1,4]ink_
CAgienac—Cbaienac), Tleal = 7(C26a—Clea—O[1,4]ink—CAgienac). FoOr

N and 1V, tlge = T(CZFUC_C]-Fuc_O[l,1]Iink_C1di0I), and tlgo =
7(Clruc—O[1,3Jink— Clhio— CZiiol). FOrll, 72401 = 7(Clea—O[1, 2]ink—
C24i0—C3yiar), and forlV, 72401 = 7(Clea—O[1,2]ink—C 20— Claio)

— 240. 11lga = ©(C2%a—Clsa—O[1,2]ink— C2ior)-

D-glucose rotamers are subsequently reoptimized using various
correlation methods and basis sets, those initial and final energies
differ by only 0.0-0.2 kcal/mol. However, different methods
and basis sets result in variations of B) kcal/mol or more in

the relative energies of different members of the set of
conformers with or without geometry reoptimizatitnt*

In the present study, we compare the conformational space
of the four molecules shown in Figure 1. The conformational
space oflll (1,2-cyclohexanediol derivative) is considerably
simpler than that of the *¢(531 441 rotamers vs 28 697 814 )
possible rotamers). First, we use the MM2*-SUMM method for ::I;glzlz%:érfgn?jtlcjc(tlgvve:r?f1t'r;nee ?ﬁﬂféflgf '\t/'h'\gz;g%rgo;rrgagg’:; df%rn
the e.Xploratlon of the confo_rm_atlonal space O_f torsion angles standard carbohydrate nomenclature for glucose rings (cf. Figure 1).
(cf. Figure 2). Then we reoptimize the geometries of the lowest the numbers of the torsion angles is shown in the upper structure.
energy structures obtained by the MM2*-SUMM method by n = ¢(C(n + 1)-Cn—0O—R), where R= C or H andn = 1, 2, 3, 4.
HF/6-31G(d) method. Finally, we compare the calculations with Thez5 torsion angle is defined as-@C5—-C6—0, ther6 torsion angle

available experimental evidence. is defined as C5C6—0~—H in Gal. t1ruc = 7(C2ruc—Clruc—O[1, L]inc—
Cliio)), Tldiol = 7(Clruc—OI[1,3}ink—Claio—C2iol), 72100 = T(Clsa—
2. Computational Methodology O[1,2}ink—CZioi—C3tiiot), andrlea = 7(C2a—Clea—OI[1, 2]ink—C2iol).-

2.1. Conformational Searching. The search for stable  por |v, this procedure resulted in 1, 6, 14, and 23 rotamers
conformers in the conformational space of the selected mol- ithin 1.0, 2.0, 3.0, and 5.0 kcal/mol of the global minimum,

ecules (cf. Figure 2) was carried out with the particularly respectively. The global minimum was found more than 22 times
efficient systematic unbounded multiple minimum search tech- iy poth searches.

nique’® (SUMM) available in the MacroModel 5.0 program 5 5 ap |nitio Methods. The minima obtained by the MM2*-
packagé? Energies were calculated with the MM2* force field  gy\mm searches were fully optimized at the HF/6-31G(d) level
in MacroModel, which is a slight variant of authentic MM2. ¢ theory. Al the optimizations were performed in redundant
The most important difference is in the electrostatic equation. jnternal coordinates using the Berny algorifdruilt into the

A recent comparison of a series of molecular mechanics methodsg 5 ssiano® programs. All the time-consuming optimizations
has shown that the accuracy in relative conformational energies,qre carried out on a CRAY C90. Many of the calculations

is apparently equal for MM2*, MM2(91), and MM3(923. were carried out using 2 and 4 CPUs.
During the conformational searches the puckering of the

pyranose rings were not changed. The most st&hl@yranose
ring form for thep-mannose anéC, ring form for theL-fucose
were used in this study. The search was limited to the various 3.1. Molecular Geometries. 3.1.1. Experimental Glycosidic
rotamers of the freely rotatable bonds. The 4000 structures Torsion Angles in LeX. The glycosidic torsion angles play an
generated by SUMM procedure were minimized to yield unique essential role in the conformational shape of théamalogues;
conformers within an energy window of 5.0 kcal/mol above thus, we analyze these torsion angles first. Since the oxygen
the global minimum. Then, a new conformational search was atom in glycosidic bonds connects two carbon atoms, this
started from the global minimum and limited to 2000 structures. oxygen can be identified as part of the glycosidic bond by two
The two resulting conformational spaces were compared. It wasnumbers, each number corresponding to the adjacent carbon
found that the first SUMM search was sufficient fit and atoms (e.qg., for an oxygen in a 1,3 glycosidic bond we use the
IV, and no new low-energy rotamers were found in the notation O[1,3]). In order to compare our theoretical results with
subsequent search. Geometry optimizations were carried outexperiment, we recall the notation reported by Poppe €€al.

with a truncated Newton conjugate gradient (TCNG) technique, the basis of their NMR NOE experiments they define several
with the maximum number of iterations set to 200 and using a H—C—O—C torsions as follows: for the Fue-1,3-GIcNAc
convergence criterion of 0.01 for the gradient norm. Rbr glycosidic bond,®3 = t(H1ruc— Clruc—O[1,3link—C3aicNAc),

this procedure resulted in 1, 4, 15, and 56 rotamers within 1.0, W3 = 7(C1ryc—O[1,3]ink—C3sicnac—H3asicnac); and for the Gal-

2.0, 3.0, and 5.0 kcal/mol of the global minimum, respectively. j-1,4-GlcNAc glycosidic bondp4 = 7(H1ga—Clsa—O[1,4}ink—

3. Results and Discussion
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TABLE 1: Experimental T1ruce, T3sieNAcs Thcicnae, and Tlgy
Torsion Angles in Le and SLe

71ruc 73GIcNAC T4cicNAc 7lcal
X-ray 12 161.3 139.0 —-107.7 169.6
X-ray 22 166.7 138.7 —104.6 160.0
solutior? 168+ 2 142+ 1 —103+ 2 167+ 2
bound B 190+ 3 133+ 2 —88+3 146+ 5
bound P 180+ 10 144+ 6 —103+ 4 166+ 4
bound L° 162+ 11 135+ 3 —96+ 12 1544+ 11

@ Calculated from the Lestructure published in ref 9rlg,e =
T(C2FucfC]-Fucfo[1,3]link7C3GlcNAc), 73GIcNAC = T(C]-Fucfo[]-:S]linkf
CSGICNAC_C4GICNAC), I T(C]-Gal_o[l14]Iink_C4GIcNAc_C%IcNAC).
and 71ca = 1(C26a—Clsa—O[1,4}ink—Cdaicnac). FOr atom numbers
see Figure 1° The published NOE NMR €0—C—H torsion angles
for sLe¢ were transformed to €0—C—C torsion angles using a
function of C-O—C—C vs C-O—C—H derived from ab initio results
(see text for details). To facilitate the overview, the torsion angles
differing more thant6° form the NOE NMR value in the solution are
set in bold.

Cdgicnac), W4 = 1(Clga—O[1,4]ink—Cdsienac—H4aicnac). The
approximate €&C—0O—C torsion angles used in the present
study can be obtained from-+HC—0O—C angles of Poppe et al.
in the following way:

TlFuc: T(CzFuc_ClFuc_O[l’3]Iink_CSGIcNAc) =

0.99P3 + 120¢°
tsGIcNAc = T(C]'Fuc_O[1v3]|ink_C36IcNAc_C4GIcNAc) =

0.93¥3+ 120
Tgienac = T(ClgaOlL,4)ink—Clgicnac—COsienad) =

0.909%4 — 119
Tl = T(C24~Clgy—O[1,4)ink—Clgionad) =

0.9504 + 123

These equations were calculated from our ab initio structures
for LeX.” Their constants are valid only for the smat30°)

ranges given in Table 1. These transformations allow us to use

only the heavy atom €C—0O—C torsion angles to compare
the solid-, liquid-, and gas-phase structures, avoiding the
uncertainties arising from H atom positions in the X-ray

measurements. According to our analysis, these transformations
introduce less than one degree of systematic error. These smal

guantitative errors can be neglected. An alternatived2O—C
type definition, pruc = 7(O5ruc—Clruc—O[1,3]ink—C3sicnac),

J. Phys. Chem. A, Vol. 104, No. 30, 2000115

Table 1 shows the linkage torsion angles of bed sLé& as
measured by X-ray diffractiohand by NOE NMR in both
water solution and as bound to three selectins (E, P, and L).
The error bars of the NMR results are also givefhe NMR
results (noted byt in Figures 3-6) are relatively precise for
the solution structure of skewhile large uncertainties{10°)
occur for two of the bound conformers (cf. Table 1). The X-ray
results yielded two different structures fordie the asymmetric
unit, noted by X-ray 1, and X-ray 2 in Table 1, and notedsby
in Figures 3-6. Comparison of the two X-ray structures gives
an idea about the distortion effects of the crystal field and the
intermolecular interactions. We note that the asymmetric unit
contains nine water molecul@sThe key glycosidic torsion
angles are similar in both structures. In particular, tB&cnac
angles agree (within°). However, larger differences can be
observed in thelgy (6.4°) and fortlsy (9.6°) (cf. Table 1).
The NOE NMR average structure in solution agrees quite well
with the X-ray structures. With the exception @gicnac the
NMR torsion angle values fall between the two corresponding
X-ray values. Even for3gicnac there is only a small difference
(3°) between the X-ray and solution NOE NMR values (cf.
Table 1). Similar results were obtained from the X-ray study
of the complex of sL€ with a modified mannose binding
protein?®

3.1.2. MM2* and ab Initio Glycosidic Torsion Angles in
Le*. According to earlier MM3 molecular mechanics studies,
the Fuce-1,3-GIcNAc glycosidic torsion angles in steor-
respond to one of the two minima for the corresponding
disaccharidé® However, the fucosegalactose interaction forces
the Galg-1,4-GIcNAc glycosidic torsion angles out of the
minima related to the corresponding disaccharide (the MM3
energy surfaces are published ref 26). The most stable confor-
mation of L& predicted by the earlier molecular mechanics
studies is close to that obtained by NMR experiméhtshe
experimental and calculated glycosidic angles correspond to a
so-called “stacked” conformation for free’Ldn this arrange-
ment the plane of the fucose ring is nearly parallel with the
plane of the galactose ring. The hydrophobic side of the fucose
(the C6 and O5 side) turns toward the galactose (cf. Figure 2).
Databases of MM2* and HF/6-31G(d) equilibrium structures
of I andll are published in ref 27. Other rotamers can occur in
the interactions with receptors, but they have considerably higher
pnergy in the gas phase.

Figure 3 shows the distribution of the MM2* results for the
11 most stable rotamers of L&l , in thetlryg T3cicnAc T4GIcNAG

is also possible. The value of this angle can be obtained using@nd7lca conformational space from our earlier stidnd the

the @ruc = tlruc — 240° equation. A similar equation is valid

for @ca. Yruc = T3cicnac @aNd Yea = T4cicnac COrresponds to
the notation used in ref 25.

experimental results. The four different NOE NMR results are
noted ast soln., E, P, and L for measurements in water solution,
and when bound to E-, P-, and L-selectins, respectively. Figure

Once the torsion angles are on a common basis, the essentiaf Shows the corresponding HF/6-31G(d) results and the same

differences between the solution (NMR), solid phase (X-ray), experim.ental results. The g(_)od agreement between the solid-
and gas phase (our isolated models) can be considered. In th@nd liquid-phase structures is supplemented by a rather good
liquid and solid phases, the solvent and crystal field constitute @greement with the MM2* torsion angles (cf. Figure 3) and by
strong intermolecular forces that can influence the molecular @n even better agreement with the HF/6-31G(d) torsion angles
geometry. An important difference is that the calculations are (cf. Figure 4).

able to identify the various rotamers of the conformational space, Comparison of MM2*, X-ray, and NOE NMR solution
while NMR experiments provide only average structures. If there torsion angles provides good agreementrfty,c. For t3gicnac,

is agreement between the solid-, liquid-, and the most stablethe MM2* values are about 20arger than experimental values
gas-phase structures, it is likely that the structure is rigid relative (cf. Figure 3). The agreement between MM2* and experimental
to the forces that distort the molecule in the condensed phasesvalues oft4gicnac IS @gain very good. Fotlgy, the MM2*
Analysis of the bound structures can reveal some details of thevalues are too large again175° (cf. Figure 3). The ab initio
binding, and again the degree of discrepancy between the freetorsion angles agree considerably better with the experimental
and bound structures may provide hints about the forces thatresults (cf. Figure 4). Another essential difference between the
distort the molecule in the bound state. MM2* and ab initio results is that the latter provide better
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Figure 3. Distribution of the 11 most stable rotamers o¥lle in the
T1rue T3aienac Thaienac @aNdTlcy (deg) conformational space calculated
with the MM2* method (noted by, cf. ref 7). Twoe denote the
corresponding torsion angles in the X-ray structures (cf. ref 9).ffhe
denote the corresponding torsion angles in the NMR structures (ref 5),
soln., denotes the free sl.and L, P, and E denote the Sl@ound to

Csonka and Sosa

value (166.7) (cf. Figure 4). In two of the other low-energy
MM2* and HF/6-31G(d) rotamers the value ofg is about
185°. This value corresponds to the preferred exoanomeric
position and it is between the experimental values for sloeind

to E- and P-selectins. However, in the same low-energy rotamers
the calculated3gicnac ~ 18C°. This value is quite different from

the bound NMR values of 133-144°. In this latter orientation,

the fucose moiety is rotated toward the galactose moiety,
resulting in a forced “stacked” arrangement. This structure is
not stable in the free Xg(vide infra).

In sLe bound to E-selectin the G@+1,4-GIcNAc and Fuc-
o-1,3-GlcNAc linkages are distorted considerably (together with
the NeuAce-2,3-Gal$-1,4 linkage’ not studied here). Linear
dependence forlgy vs 73cicnac Can be observed in Figure 4
(cf. ab initio resultsz3gicnac ~ 1.1371k,c — 47°). This suggests
that the glycosidic linkage conformation found in the StE&-
selectin complex, characterized by, ~ 19C° and t3gicnac
~ 133, is not particularly stable in the unbound $L&he ab
initio calculations suggest torsion angle pairsrbf,c ~ 190°
andr3gienac & 168 or Tlrc~ 160° andt3gicnac & 133 torsion
angle pairs. The distortion of the Gai1,4-GIcNAc linkage is
so large that the corresponding central points are outside the
ranges of Figures 3 and 4. The $ligrelatively strongly bound
to E-selectin according to the measurement of the equilibrium
binding-constantp ~ 0.72 mM at 300 K. This strong binding
distorts the glycosidic linkages considerably relative to the free

L-, P-, and E-selectins. The ellipses represent the uncertainties in the(gas or liquid phase) structures.

NOE NMR results.
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Figure 4. Distribution of the 11 most stable rotamers o¥lle in the
T1rue T3aienac Thaicnac, @aNdTlcy (deg) conformational space calculated
with the HF/6-31G(d) method (noted hy, cf. ref 7). Twoe denote

the corresponding torsion angles in the X-ray structures (cf. ref 9). The
+ denote the corresponding torsion angles in the NMR structures (ref
5), soln., denotes the free sl.and L, P, and E denote the glmound

to L-, P-, and E-selectins. The ellipses represent the uncertainties in

the NOE NMR results.

differentiation of the rotamers. For example, most of the MM2*
torsion angle values forlg,. are clustered around 165 3°

(cf. Figure 3). The ab initio values show a larger variation. One
group (four rotamers) is clustered around 1602°, very close

to tlgycin the sLé L-selectin complex, and to one of the X-ray
values (161.3. Another group of points is clustered around
172 + 3°, close to the solution structure and to the other X-ray

In sLe bound to P-selectinKp ~ 7.8 mM at 300 K); the
conformations of the two glycosidic linkages ofl&ange only
slightly, mostly in therlg, torsion. TheKp value shows that
the binding is very weak between sland P-selectin. This weak
interaction is not sufficient to distort the relatively rigid ‘Le
part of sL& very much.

In sLe bound to L-selectinkp ~ 3.9 mM at 300 K); the
orientation of the Fuex-1,3-GlcNAc linkage of L& does not
change relative to the most stable gas-phase structures (cf. Table
1 and Figure 3). Considerable distortion of the @dl;4-
GIcNAc linkage can be observed; however, the extent is smaller
than in sLé& bound to E-selectin.

In summary, in the strongly bound st-eE-selectin complex,
both glycosidic linkage (four glycosidic torsions) were distorted
considerably. In the less strongly bound %té-selectin
complex, only the GaB-1,4-GIcNAc linkage (two glycosidic
torsions) was distorted. In the weakly bound stB-selectin
complex, only a single glycosidic torsion anglelg,) was
slightly distorted (by~10°, cf. Table 1).

3.1.3. MM2* Torsion Angles in Le* Analogues. The
linkages connecting the cyclohexanediol and the 1,2-ethanediol
to fucose and galactose are characterized1pye, 71giol, 72401,
and 7lgy torsions. The definitions oftlg,c and 7lgy are
maintained in L& analoguesll andIV. However, because of
the missing components of the GICNAc residue, tBeicnac
andt4gicnac torsions of L&, [l must be redefined aslyio and
724i01 torsions in L& analoguesll andIV: 7lgo = 7(Clryc—
O[1,1]—Cl4io—CZio1). 72diol = T(Clear—OI[1,2]—C24i01— C3tiio)
in Il (cf. Table 2), and 201 = 7(Clga—O[1,2]—C2ji01— Clgiol)

— 24Q in IV (cf. Table 3).

Figure 5 shows the distribution of the 10 most stable rotamers
of Il andIV in thetlryg 7lgiol, T2di0l, @aNdTlsa conformational
space, as calculated with MM2* (cf. Tables 2 and 3). The above-
mentioned experimental results shown in Figure 3 are also
shown in Figure 5 for reference. Databases of MM2* and HF/
6-31G(d) equilibrium structures offi andIV are published in
ref 28.
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TABLE 2: MM2* Energies ( E), Relative Energies AE), and C—C—0O—R Torsion Angles in the Most Stable Conformers of the
MM2*-SUMM Conformational Search for Il

C—C—0O—R torsion C—C—0O—Rtorsion C—C—0O—R torsion
angles (deg) in angles (deg) angles (deg)
E AE cyclohexanedidl in Gak in Fuc
no. (kJ/mol) (kcal/mol)  7lgoP 72401 7lgad 726al 73cal T4ca t5ca  T6ca  Tlru®  T2ruc TR  Thruc
1 —255.31 0.00 176.4 —106.9 178.3 —176.7 —170.4 —-165.8 —56.2 —446 -—-178.0 —57.6 1685 1675
2 —251.10 1.01 1724 -115.3 —-178.3 —-176.4 —-170.5 —-168.5 504 -71.2 —177.3 59.2 —95.9 170.6
3 —248.91 1.53 162.9 —98.5 164.3 —177.4 —170.4 —-163.5 —64.5 —-455 174.0 53.8 —89.3 169.7
4  —247.55 1.85 149.0 —-92.6 171.4 —175.4 -169.6 —166.2 —56.2 —41.0 161.2 —77.3 171.8 168.2
5 —-245091 2.25 —62.2 —-110.6 175.8 —174.8 —170.3 —163.8 —58.4 —60.3 155.2 176.9 167.1 166.9
6 —245.63 2.31 176.7 -110.1 175.6 —177.0 —169.7 —167.8 59.2 173.6 —179.1 —-76.8 172.6 167.9
7 —245.24 2.41 152.8 —100.8 173.6 —1745 —-169.7 -167.8 53.3 —50.2 163.6 —79.0 170.3 168.8
8 —244.97 2.47 175.2 -112.4 1774 —-176.5 —170.0 —167.8 53.2 —71.0 —-177.3 162.1 176.7 168.3
9 —244.32 2.63 1679 —-112.2 -179.9 -—-174.8 —-170.4 —-168.0 479 —24.9 179.4 —72.1 170.7 167.4
10 —244.32 2.63 173.3 —111.8 176.2 —176.7 —170.0 -168.1 54.0 —70.3 —178.9 52.7 36.0 29.2

@ The numbers of the atoms are based on standard carbohydrate nomenclature for glucose rings (cf. Figerer(@Q(n + 1)—Cn—0O—R),
where R=C or Handn =1, 2, 3, 4.75 = 1(0O—C5-C6-0), 76 = 7(C5—C6—0—H) (cf. Figure 2). To facilitate the overview, the torsion angles
differing more thant-6° from the value in the first row are set in boRirLgior = 7(Cleuc—OI[1,3ink—Cldio—C2i01)- € 720101 = 7(Cloa—O[1,2ink—
C2di0I_C3di0I)- d loa = T(C2GaI_C1GaI_O[112]ink_C2dioI)- 1l = T(CzFuc_ClFuc_o[ly1]ink_C1di0I)-

TABLE 3: MM2* Energies ( E), Relative Energies AE), and C—C—O—R Torsion Angles in the Most Stable Conformers of the
MM2*-SUMM Conformational Search for IV

C—C—0O—Rtorsion C—C—-O—Rtorsio C—C—O—Rtorsion
angles (deg) angles (deg) angles (deg)
E AE in ethanedicl in Gak in Fue
no. (kJ/moI) (kcal/mol) ‘[ldi0|b T24i0l® TlGa|d T2Gal 73cal T4cal 75cal 76Gal Tlru® T2Fuc T3Fuc T4y
1 —281.50 0.00 —-174.3 —109.0 179.2 —176.2 —170.3 —166.0 —55.3 -44.1 1764 -58.9 169.6 167.4
2 —276.10 1.29 —67.6 —86.9 1744 —-1745 —-170.3 —-164.1 —-58.0 —59.2 1614 —179.6 167.2 167.3
3 —275.54 1.42 1774 —-1179 -—-177.2 —-1765 —-170.5 —-167.9 51.3 —-71.6 178.2 59.2 —95.1 170.3
4 —275.50 1.43 —79.9 -715 167.0 -52.1 —36.3 61.0 —62.3 63.6 150.0 —83.9 170.2 168.8
5 —273.20 1.98 —85.4 —80.4 166.4 —174.2 -170.0 —168.3 57.7 —71.0 1543 —-79.5 168.9 168.7
6 —273.18 1.99 167.0 —100.3 167.0 —177.2 —170.5 —-163.5 —64.4 —44.7 1749 53.8 —88.9 169.8
7 —271.33 2.43 153.0 —91.3 172.3 —1749 —-169.6 —166.3 —55.8 —40.9 1645 —77.4 1716 168.3
8 —271.19 2.46 —175.8 —1129 177.0 —176.7 —169.6 —167.8 60.3 173.3 1755 —77.1 171.2 168.1
9 —270.45 2.64 —-177.7 —115.3 1789 —-176.2 —170.0 —-167.7 54.1 —-71.9 1779 160.7 175.6 168.4
10 —270.12 2.72 —178.7 —114.6 177.8 —176.4 —-170.0 —168.0 55.2 —71.0 176.6 52.5 35.9 29.4

a2 The numbers of the atoms are based on standard carbohydrate nomenclature for glucose rings (cf. Figerer(@Q(n + 1)—Cn—0O—R),
where R=C or Handn =1, 2, 3, 4.15 = 1(O—C5-C6-0), 76 = 7(C5—C6—0—H) (cf. Figure 2). To facilitate the overview, the torsion angles
differing more thant6° from the value in the first row are set in bolir Lo = 7(Clruc—O[1,3}ink—C ldio—C2io1). € 724i01 = T(Clea—O[1,2]ink—
C2io—Claio) — 240°. 9 7lga = 1(C2a—Clea—OI[1,2]ink—CZ2iol)- © 71lruc = 7(C2ruc—Clruc—OI[1,1]ink—Claiol)-

Comparison of the MM2* results in Figures 5 and 3 shows methylene groupz6 andz6) are also shown in the Tables 2
that the lack of the NAc group close to the fucose moiety and 3. The 12 torsion angles shown in the Tables 2 and 3
changes the distribution of the rotamers in thg,c— 7140 SPace uniquely characterize the rotamers of thé aralogues. In order
considerably. Inlll and especially inV, the preferred exo-  to simplify the overview, we use letter codes for the values of
anomeric positionilr,c &~ 180°) is much more populated by  the torsion angles. The typical interaction-free values for a
the low-energy rotamers, and only a few, one or two, rotamers torsion angle are 60 —60°, and 180 and we use for these
take therlryc ~ 165° position (populated in Lg cf. Figure 3). values the ¢, g—, and t letter codes, respectively. Interaction-
Figure 5 also shows an approximate linear dependence betweeffree values rarely occur in sugars; however, withif5® we
T1ruc and tlgior Similar to 71rc Vs 73cinac dependence (cf.  use the same letter. For the three interaction-free values of

Figures 3 and 4). 75(05-C5—C6—06) torsion angle of the hydroxymethylene
Inspection of the torsion angles in Table 2 shows tiab, group, we use capital letters: 4 G—, and T, respectively

values fall in groups with centers of 176 rotamers, the most  (other authors use two letter gt,,gand tg codes for this single

stable rotamer is included), 18%two rotamers), 150 (two orientation)? For all the other torsions, we use lower case letters.

rotamers), and-60° (single rotamer). The latter value (not Inthe most stable rotamers for the galactose and fucose residues
shown in Figure 5 and occurring in rotamer 5 in Table 2) signals of Le* and L& analogues, long intramolecular chains of
a large departure from the stacked conformation observed inhydrogen-bonded hydroxyl groups are formed in counterclock-
II. This nonstacked rotamer occurs only once among the wise or clockwise directions as viewed from thdace of the
rotamers ofll , and it is not particularly stableME = 2.3 kcal/ anomeric carbon atom. Similar patterns were found for monosac-
mol, cf. rotamer 5 in Table 2). However, such rotamers are more charides earlier by French et al., and Tran and B¥adging
frequent forlV (e.g., rotamers 2, 4, and 5 in Table 3 with center molecular modeling techniques, by Cramer and Truhlar using
of —=70°—80° for 7lryg). This clearly shows that while the = AM1 and PM3 method& and by Polavarapu et &l.at the HF/
conformational space dfl is fairly similar to that ofl andll, 4-31G level of theory forp-glucose. In the fucose and in
the conformational space &V is rather different. galactose residues of ¥eonly the anomeric OH group is
Besides the already discussed glycosidic torsion angles, thesubstituted, and thus the remaining OH groups might show the
orientation hydroxyl groups (from2 to t4) and the hydroxy- typical orientations characteristic for the most stable monomers.
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Figure 5. Distribution of the 10 most stable rotamerslbf noted by

x and IV noted byO in the t1ry, Tldiol, 72400, and tlca (deg)
conformational space calculated with the MM2* methotl in IlI
andIV corresponds ta3gienac in 1. 7240 in 1l and IV corresponds
to t4aienac in |1 . Two e denote the corresponding torsion angles in the
X-ray structures (cf. ref 9). The- denote the corresponding torsion
angles in the NMR structures (ref 5, cf. Table 1).

Torsion Angles in the Galactose Moiefyhe most stable
rotamer of the Gal can be codedtagt G— g—in Il andIV
(cf. rotamer 1, Tables 2 and 3; feb we use capital letters).
The order of the letters follows the order of the torsion angles.
The first t denotes the anti (180position of the first, torsion
anglerl in galactose, etc. In the most stable MM2* structure,

Csonka and Sosa

Torsion Angles in the Fucose Moiety-Fucose has the
following conformation in the most stable MM2* rotamers of
Le* analogues: tg tt (cf. rotamer 1 in Tables 2, and 3). This
clockwise direction of the hydroxyls corresponds to the pattern
found in the most stablC, L-fucose monomet?13Due to the
strong donor interaction with the oxygen atom of the NAc group
the 72 torsion angle for the second OH group of the fucose
moiety deviates considerably from60° in LeX’ In the
analogues, this interaction is missing arflis not far from
+60° in some of the most stable rotamers (cf. Tables 2 and 3).

In a recent study on carbohydrate force fields, it was pointed
out that the use of MM torsional energies for glycosidic bonds
is still difficult.32 In order to circumvent this problem French
et al. have proposed HF/6-31G(d) calculations of all linkage
torsional energies on simplified analogues of complete disac-
charides®® This shows the potential value of the ab initio results
in carbohydrate chemistry.

3.1.4. HF/6-31G(d) Torsion Angles in the L& Analogues.
Our aim is to explore the ab initio HF/6-31G(d) conformation
space oflll andlV, and compare the results to those obtained
for I andll .7 Comparison of the torsion angles in Tables 2 and
4 shows that the HF/6-31G(d) and MM2* results agree with
each other within few degrees for the first three rotamers. Similar
qualitative agreement in the geometry was observed between
the MM2* and HF/6-31G(d) results for K€ In the most stable
MM2* structures ofl andll, the hydrogen-bonded chains of
galactose (in counterclockwise direction) and fucose (in clock-
wise direction) are not connectédhis is similar to the present
results for the most stable *analogues. In contrast, the relative
stability of a given rotamer varies considerably depending on
the method usedvide infra). For example, the most stable HF/
6-31G(d) structure of Lehas a long chain of seven ordered
hydrogen bonds including a @§H — OS3r,c interaction (with
clockwise hydrogen-bonded chain in galactose and fucose).

the hydroxyls of the hydrogen-bonded chain of galactose point This latter long chain of hydrogen bonds cannot be found in
in the counterclockwise direction. 19 out 20 most stable rotamers the analogues due to the missing GIcCNAc moiety.

of lll andIV show this counterclockwise pattern (cf. Tables 2
and 3). The only exception is rotamer 4 Idf in Table 3. In
this rotamer, the hydroxyl groups of galactose point in the
clockwise direction (the corresponding code:-t g— g+ G—

g+). The orientation of the hydroxymethylene group changes
without large influence on the relative energyde infra). The
orientations of the hydroxymethylene group in Tables 2 and 3
are the following: G- g—, G+ g—, G+1t, G— g+. The latter
occurs only once in rotamer 4 ¢V .

The similarity of the HF and MM2* rotamers is not general
for rotamers ofll andlV . Qualitative differences between the
HF and MM2* results can be observed for several rotamers of
[l andIV in Tables 4 and 5. Some of the rotamers found by
the MM2*-SUMM conformational search are not stable ac-
cording to the HF/6-31G(d) results. During the HF geometry
optimization, the rotamers 4 and 9 bf were transformed to
rotamers 1 and 7, respectively (cf. Table 4). Similarly, during
the HF geometry optimization, rotamers 7 and 8/\6f were

TABLE 4: HF/6-31G(d) Energies (E), Relative Energies AE), and C—C—0O—R Torsion Angles in the Most Stable Conformers

of the MM2*-SUMM Conformational Search for Il

C—C—-0O—R torsion

C—C—-0O—Rtorsion

C—C—0O-—R torsion

angles (deg) angles (deg) angles (deg)
E AE in cyclohexanedidl in Gak in Fug

no. (hartrees) (kCaI/moI) Tldiolb 724i0l° T]-Gald 12Gal 73Gal T4cal 75cal 76Gal T1r& T2Fuc T3ruc  T4ruc

1 —1523.70664 0.00 167.6 —103.8 170.4 —178.6 —170.2 —168.3 —53.7 —48.9 —178.1 —60.3 173.4 167.0
2 —1523.70463 1.26 167.1 —-113.3 1749 -178.9 —-171.6 —-167.3 545 —-77.9 —-173.3 61.3 —97.3 1675
3 —1523.70540 0.78 158.7 —100.3 156.4 —178.2 —169.9 —167.2 —59.9 —452 1759 49.3 —92.7 164.8
4—1 -—1523.70664 0.00

5 —1523.70218 2.80 —67.6 —88.8 173.7 —177.7 —168.8 —165.1 —53.7 —59.9 1546 169.3 165.4 165.6
6 —1523.70566 0.61 —-125.5 —-97.2 1639 —178.0 189.4 —169.1 63.0 —89.2 1625 —73.3 169.2 169.1
7 —1523.70495 1.06 146.3 —98.7 164.4 —175.7 —170.6 —169.6 58.7 —56.5 164.2 —78.2 167.3 170.0
8 —1523.70161 3.16 169.0 —108.2 164.2 —179.1 —170.5 —168.8 59.7 =755 —-177.3 167.8 173.3 169.7
9—7 —1523.70495 1.06

10 —1523.70225 2.76 170.0 —109.8 165.8 —179.4 188.9 —189.7 59.3 —70.4 1796 50.6 381 36.1

a2 The numbers of the atoms are based on standard carbohydrate nomenclature for glucose rings (cf. Figerer(@(n + 1)—Cn—0O—R),
where R=C or Handn =1, 2, 3, 4.75 = 1(O—C5-C6-0), 16 = 7(C5—C6—0—H) (cf. Figure 2). To facilitate the overview the torsion angles
differing more thant6° from the value in the first row are set in boRirLyio) = 7(Clruc—O[1,3}ink— C ldio—C2io1). € 72i01 = T(Cloa—O[1,2]ink—
C:2di0I_C3di0I)- d Tlga = T(CZGaI_ClGaI_O[l,2]ink_C2dioI)- etlpyc = T(CzFuc_ClFuc_o[l,1}ink_C1dioI)-
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TABLE 5: HF/6-31G(d) Energies (E), Relative Energies AE), and C—C—0O—R Torsion Angles in the Most Stable Conformers
of the MM2*-SUMM Conformational Search for IV

C—C—-O-—R torsion angles C—C—-0O—Rtorsion C—C—-O—Rtorsion
(deg) angles (deg) angles (deg)
E AE in ethanedidl in GaP in Fuc

no. (hartrees) (kcal/mol) Tldio|b T24i0l° TlGald 72Gal 73gal T4cal 75ca  T6ca  Tlru® T2ruc  T3ruc  T4ruc
1 —1368.72015 0.00 —174.9 —110.2 —179.8 —178.2 —170.3 —168.1 —51.7 —50.3 175.4-52.3 164.0 167.0
2 —1368.71890 0.79 —74.8 —95.4 173.5-177.9 —169.2 —166.0 —54.9 —54.6 171.8 168.2 166.3 166.3
3 —1368.71701 1.97 173.8 57.3 178.6 —178.7 —171.7 —167.2 55.3 —78.9 —177.9 61.0 —95.3 167.3
4 —1368.72448 —2.72 —-87.3 —87.0 167.2 —-50.9 —-42.1 40.3-65.1 75.2 160.1-87.0 170.9170.6
5 —1368.72413 —2.50 —97.2 —-92.7 165.1 —176.7 —170.8 —169.4 63.0 —84.8 156.9 —80.2 167.5 169.5
6 —1368.71808 1.30 166.6 —105.4 161.7 —178.5 —170.0 —167.2 —60.1 —44.8 176.7 49.7 —94.8 165.5
7—1 —1368.72015 0.00
8—5 —1368.72413 —2.50
9 —1368.71531 3.04 —176.0 —113.4 169.7-178.7 —170.5 —168.8 61.0—-76.7 176.6 164.3 173.6 170.2
10 —1368.71603 2.59 -174.9 —-114.8 171.2-179.0 —170.9 —169.4 60.7—-71.0 1739 494 383 36.0

@ The numbers of the atoms are based on standard carbohydrate nomenclature for glucose rings (cf. Figerer(@Q(n + 1)—Cn—0O—R),
where R=C or Handn =1, 2, 3, 4.75 = 1(0O—C5-C6-0), 76 = 7(C5—C6—0—H) (cf. Figure 2). To facilitate the overview, the torsion angles
differing more thant-6° form the value in the first row are set in boRirLgior = 7(Cleuc—OI[1,3ink—Cldio—C2i01)- © 720101 = 7(Cloa—O[1,2ink—
CZ2io—Clgio) — 24C°. 9 11ga = 7(C2a—Clga—O[1,2)ink—C2i0l)- € T1ruc = 7(C2ruc—Clruc—O[1, 1]ink—Claiol)-
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Tpye il
185 Figure 7. Comparison of the most stable conformations ftr
SLX " (variable gray) andV (dark gray) calculated with HF/6-31G(d) method.
175 X Some of the rotamers show a nonstacked structure (e.g.,
3 o |. ° rotamers 5 and 6 in Table 4, and rotamers 2, 3, 4, and 5 in
- " o Table 5). Half of the rotamers ¢¥ are nonstacked. The most
@ o x| stable HF rotamer dfV is nonstacked (cf. rotamer 4 in Table
y 5). Figure 7 shows the overlap between the most stable HF
155 conformers oflll andIV. The nonstacked rotamer 5 bf is
oA e not particularly stableAE = 2.8 kcal/mol, cf. Table 4). Another

nonstacked rotamer off , rotamer 6 is the second most stable
Figure 6. Distribution of_ the 10 most stable rotamerslbf noted by (AE = 0.6 kcal/mol, cf. Table 4). The HF geometry optimization
x and IV noted byO in the 71k, Tldiol, 724, and rlga (deg) of this rotamer was started from the MM2* structure which

conformational space calculated with the HF/6-31G(d) methgh . - . )
in Il and IV corresponds tar3geac in II. 72 in NIl and IV shows the typical stacked conformation. During the HF geom

corresponds t@4aienac in 1l . Two « denote the corresponding torsion  €try optimization therlgio torsion angle was rotated from the
angles in the X-ray structures (cf. ref 9). Thedenote the correspond-  initial 176.7 to the final —125.5 value (cf. Tables 2 and 4)
ing torsion angles in the NMR structures (ref 5, cf. Table 1). resulting a nonstacked structure. In the final HF rotamer an
02y H — Obgy interaction is present as illustrated in Figure
transformed to rotamers 1 and 5, respectively (cf. Table 5). Such8. The preference for hydrogen bonds such ag,®2— O5g
qualitative differences were not observed in our previous work is a general feature of HF/6-31G(d) method, and this interaction

for the MM2* and HF rotamers of andll .” is also present in the most stable rotamer 4\of Again, the
Figure 6 shows the distribution of the 10 most stable rotamers HF conformational space ol is more similar to that of and
of Il andlV in thetlrye 71giol, T24i0l, andTlsa conformational II, than it is to the conformational space Ivf.

space calculated with HF/6-31G(d) method (cf. Tables 4 and Torsion Angles in the Galactose Moiety. the most stable
5). The above-mentioned experimental results are also shownrotamer oflll the torsion anglesl—16 of the galactose moiety

in Figure 6 for reference. Comparison of the HF/6-31G(d) and can be coded asttt G— g—. This is in agreement with the
MM2* results in Figures 5 and 6 shows that the HF results are most stable MM2* structure (cf. rotamer 1 in Tables 2 and 4).
somewhat closer to the experimental results. Comparison of theThe OH groups of the galactose point in the counterclockwise
HF/6-31G(d) results in Figures 4 and 6 shows that the missing direction. Of the 16 rotamers ofi andIV in Tables 4 and 5,
pieces of the NAc group close to the fucose moiety cause 15 show this counterclockwise pattern. The only exception is
substantial changes in the distribution of the rotamers in the the rotamer 4 ofV in Table 5. In this rotamer the OH groups
1ruc—71lgiol SPace. Inll and especially iV, the 1y torsion point in the clockwise direction. This rotamer can be coded as
angle is considerably larger than the corresponaBignac in tg— g— g+ G—g+. The essential difference between the
Il. This difference is larger for the 1,2-ethanediol derivative MM2* and HF/6-31G(d) results is the relative stability of this
V. rotamer ¢ide infra). The orientations of the hydroxymethylene
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Figure 8. Comparison of the equilibrium geometry of rotamer number
6 of lll calculated with MM2* (variable gray) and HF/6-31G(d) method
(dark gray).

group in Tables 4 and 5 are the following:—-&—, G+ g—,
and G- g+. The latter occurs only once in rotamer 4 Ibf.

Csonka and Sosa

fucose position is differentrlry,c ~ —70°). The MM2* and
the HF structures agree qualitatively for this rotamer (cf. Tables
2 and 4).

The MM2* and HF results are qualitatively different for
rotamer 6. The O2H — O6ga, O5:a, interresidue interaction
in the MM2* equilibrium structure changes to @1 — O2rc
in the equilibrium HF structure. Meanwhile, the valuer@f,
changes from 177to —126° (cf. Tables 2 and 4).

MM2* rotamer 7 agrees well with the most stable rotamer 1
of I, and the OgaH — O[1,1]ink Occurs in this rotamer. The
MM2* and the HF structures agree qualitatively for this rotamer
(cf. Tables 2 and 4). The remaining rotamers in Table 2 show
no new type of interresidue interaction. The MM2* rotamer 9
is not stable according to the HF method and it was transformed
to rotamer 7 (cf. Table 4).

The MM2* and HF structures agree qualitatively for the
rotamers oflV except for the rotamers 7 and 8 (cf. Tables 3
and 5). These latter rotamers are not stable and they were

The Gt t rotamer of the hydroxymethylene group is missing changed considerably during the HF geometry optimization.
from the HF conformational space in Tables 4 and 5. We started Typical intermoiety interactions are the following: Q& —

the geometry optimization from the MM2* structure witht-G

O6ga, OScal, O6caH — OZrue O[1, Ljink; and OFuH — Obgar

position, and during the HF geometry optimization this rotamer The essential difference between the rotamers$l oind IV is

was always transformed to-45g—.

The three most stable rotamers of the isolgtemtgalactose
molecule according to HF/6-31G(d) rest#t&*are (in the order
of decreasing stability)ttttT g+, ttttG+g—, g+ g— g—
g+ G— g+ (within 1 kcal/mol energy range). Thus, the most
stable, T g- hydroxymethylene, orientation of tifiep-galactose
monomer does not occur in Ler in its analogues. The second

that inlV the O2,H — O6ga, O5:a interresidue interactions
occur three times with a rather different fucose position
(tlpyc & —70°—80° instead of 180).28 Such rotamers do not
occur among the most stable rotamerd aind Il .27

3.2. Relative Stability of the RotamersFigure 9 summarizes
the relative energies of the rotamerslbflll , andIV . Figure
9 reveals that the MM2* relative energy differences are small

and third most stable rotamers do occur, however, in somewhat(less than 1 kcal/mol) for the first 11 most stable rotamers of

distorted forms due to the interresidue interactions.

Torsion Angles in the Fucose Moieffhe L-fucose residue
has similar conformations in the most stable MM2* and HF
rotamers of L& analogues: tg tt (cf. Tables 4 and 5). This

II. The HF/6-31G(d) method yields more than 4.5 kcal/mol
energy difference for the same rotamerdlofin this respect,
the MM2* and HF/6-31G(d) relative energies of the first four
conformers off-p-galactose differ by 3 kcal/mol. The origin

clockwise direction of the OH groups corresponds to the pattern ©f this large energy difference is not different optimized

found in the most stabléC,; L-fucose moleculé®13 The

geometries, because the equilibrium MM2* and HF geometries

interresidue interactions influence the rotamers of fucose residue 2gree gualitatively. This geometric agreement supports the use

This will be discussed in the next section.

3.1.5. Interresidue Interactions.In our previous study on
LeX, O6gaH — O[1,3]ink and O2,H — O=Cgcnac interactions

were observed in the most stable MM2* rotamers. The
clockwise (fucose) and the counterclockwise (galactose) chain
of hydrogen bonds are not connected any other way in those
MM2* rotamers. In the most stable HF/6-31G(d) rotamer, both
chains of the hydrogen bonds point in the clockwise direction

and the two residues are connected by arsdPb— O3ryc

interaction. The longest continuous chain of eight OH interac-

tions occurs in rotamer 9 of (O6gicnacH — O264, ObgaH —
O3, and 02 ,H — O=Cgiecnac donor— acceptor interresidue
interactions occur in this rotamet).

In LeX analoguedll and1V, the interactions are different
than inll or | due to the missing pieces of the GIcNAc residue.
The MM2* and HF structures agree well for the first three
rotamers ofll (cf. Tables 2 and 4). The following interactions
occur: in rotamer 1, Q2H — O6ga, O5za; In rotamer 2,
O6gaH — 02k, O[1,1)ink, and OFydH — O4g4; in rotamer 3,
0ZyH — Obga

MM2* rotamer 4 of [l has no interresidue interaction.
However, during the HF/6-31G(d) geometry optimization this
rotamer was transformed to the most stable rotamer [l of
(cf. Table 4).

In MM2* rotamer 5, the interresidue interaction is similar to
that of in rotamer 1 (ORH — O6ga, O5c4). However, the

of MM2*-SUMM conformational space as a starting point for
further HF/6-31G(d) or higher level studies. The HF/6-31G(d)
energetic order foll is 4, 1, 9, 2, 10, 6, 3, 5, 7, 8, 11, which
differs considerably from the energetic order obtained by the
MM2* method. Thus, investigation of large number of MM2*
rotamers is necessary in order to find the global minimum.

Previously, we showed that the MM2* relative energies do
not reflect consistently the structural changes between the
rotamers (i.e., no correlation was found between the MM2*
relative energies of conformers bfandll (R? = 0.274))7 In
contrast, the HF/6-31G(d) method reflects consistently the
structural changes between the rotamers. Comparison of the
seven rotamers of and Il obtained from the HF/6-31G(d)
method shows the same energetic order for rotametsaoid
Il and a good correlation for the energy differences €
0.994)7

Comparison of the HF relative energies of rotamerdlof
shows that replacing the @BnacH — Ob5cicnac intraresidue
interaction by an OficnacH — O2za interresidue interaction
destabilizes the molecule by 1.8 kcal/mol (cf. rotamers 4 and 9
of Il in Figure 9). This result shows that the interresidue
hydrogen-bonding interactions are not required for the stability
of the stacked conformation (observed in the X2rayd NOE
NMR?® experiments) in the gas phase.

Tables 2 and 3 show the energies, relative energies, and the

torsion angles that identify the various rotamers obtained from
the MM2*-SUMM conformational search for compountls
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4 rP— rotamers). A similar large difference between the equilibrium
) ,
s BHF6316() values ofrlg, can be found in rotamer 6 ofi (cf. Tables 2
and 3). This suggests a larger mobility for the fucose residue
in agreement with the experimental results. Our results show
that the most stable rotamer BF (regardless of method) has
0 a stacked conformation, similar to andll . Rotamer 7 oflll
deserves special attention. This rotamer is very similar to the
(stacked) rotamer 1 df . This rotamer is not particularly stable
2 according to MM2*, but it is according to the HF/6-31G(d)
2 3 4 3 S oamere 8 9 o n method (cf. Table 4 and Figure 9). Rotamer 7 is so stable that
rotamer 9 oflll was transformed to it during the HF geometry
am optimization. This close similarity of the most stable structures
5 of I, Il, andlll might explain the similar biological activities
of I andlll .
— This is not applicable tdvV because according to the HF/6-

. 31G(d) method the nonstacked rotamers 4 and 5 are the most
stable. These rotamers are more than 2.5 kcal/mol more stable
2 3

Relative Energy (kcal/mol)

Rel. En. (kcal/mol)
~

; than the stacked rotamers (cf. Figure 9) that resemble the most
Rotamers ' stable rotamers df andll .

4 Our ab initio structures and energies might provide a good
2 test set for any MM force field claimed to yield good results
for sugars. Although the HF/6-31G(d) method usually provides
excellent relative energies for the monosaccharides, it remains
to be proven that it is also good for oligosaccharides. However,
it is too expensive to obtain good quality, optimized molecular
geometries with correlation effects for molecules of this size.

(]

—

=3
4

Relative Energy (kcal/mol)

"

4. Conclusions

The following conclusions can be drawn from our analysis:
3 1. The experimental and calculated glycosidic torsion angles
2 3 4 S m1 w8 9 10 corrt_espond to a so-called “stacked” conformatipn for fre¢ Le
In this arrangement, the plane of the fucose ring is nearly parallel

. . with the plane of the galactose ring. The key torsion angles for
conformational space df,” Ill , andIV calculated with MM2* and L
HF/6-31G(d) metalods. The rotamers are numbered according to theFuca-l,S-GIcNAc and Gap-1,4-GIcNAc egCOS|q|C bond§
MM2* energetic order (the energy of the first rotamer is used as (71Fuc 73GieNac, T4cicnac: @NdTlsa) Mostly keep their value in
reference- 0 kcal/mol). Two numbers separated by comma signal that the different environments (solid, liquid, and gas phases). The
the given MM2* rotamer (first number) is not stable according to the ab initio torsion angles agree considerably better with the
HF/6-31G(d) method, and it was transformed to a different rotamer experimental results. Another essential difference between the
(second number) during the geometry optimization. MM2* and ab initio results is that the latter provide better
andIV, respectively. Tables 4 and 5 show the corresponding differentiation of the rotamers.

HF/6-31G(d) energies and relative energies. Comparison of the 2. In the strongly bound skeE-selectin complex, both
MM2* relative energies fotl , Il , andIV provides a consider-  glycosidic linkage (four glycosidic torsions) were considerably
ably larger (nearly 3 kcal/mol, cf. Figure 9) range of energy distorted relative to the ab initio results. In the less strongly
for the 10 lowest energy rotamersldf andlV than for the 11 bound sL&—L-selectin complex, only the Gdli-1,4-GIcNAc
lowest energy rotamers df (less than 1 kcal/mol). Comparison linkage (both glycosidic torsions) was distorted. In the weakly

'
o

Figure 9. Relative energies of the lowest energy rotamers in the

of the rotamers ofll and lll shows that rotamer 1 ofil bound sLé& P-selectin complex, only a single glycosidic torsion
corresponds to rotamers 6 and 11 Ibf rotamer 4 oflll angle g1k, was slightly distorted.
corresponds to rotamers 2 and 71bf and rotamer 7 ofll 3. The linkages connecting the cyclohexanediol and the 1,2-

corresponds to rotamers 1 and Slaf”26The other low-energy  ethanediol to fucose and galactose are characterizeddy
rotamers oflll do not occur in the conformational spacelbf 14io1, T24iol, @aNdTlgy torsions. Inlll and especially iV, the
and vice versa. The above-mentioned rotamer paits bave preferred exoanomeric positiomlg,. ~ 18C°) is much more
identical fucose and galactose rotamers. The difference is inpopulated by the low-energy rotamers, and only a few, one or
the hydroxymethylene rotamer of GIcNAc residue. According two rotamers take thelg,. ~ 165 position populated in e
to the HF results the & g+ rotamer is about 2.0 kcal/mol more 4. An approximate linear dependencerf,c Vs 73cicnac OF
stable than the correspondingt@— rotamer. 140 Was observed in the ab initio structures tbrand Il .

As noted before, equilibrium MM2* and HF geometries of According to the ab initio results the glycosidic linkage
Il agree qualitatively. However, this is not generally true for conformation found in the ske-E-selectin complex, character-
the equilibrium MM2* and HF geometries &f andIV . Thus, ized by tlr,c ~ 190° and3gicnac & 133 is not stable in the
the large relative energy differences between the MM2* and unbound sL& The ab initio calculations would suggesty,.
HF method are caused by the qualitatively different molecular ~ 190° and t3gicnac &~ 168 or tlrc ~ 160° and t3gienac ~
geometries in several cases. The rotamers 4 andIB aind 133 torsion angle pairs.
the rotamers 7 and 8 ¢¥ are not stable according to the HF/ 5. Nonstacked rotamers occur only once among the rotamers
6-31G(d) method (cf. Figure 9). The essential differences of Ill , and that rotamer is not particularly stablsF = 2.3
between these rotamers are in the positions of the fucose parkcal/mol). However such rotamers are more frequent among
of the molecule (cfzlr,in Tables 2-5 for the corresponding the rotamers ofV (e.g., rotamers 2, 4, and Blr,c~ —70°—
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