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ABSTRACT 

PCILO semi-empirical quantum-chemical calculations have been conducted 

on 2-acetamido-2-deoxy-Lu-D-galactose (GalNAc) and the a-D-(1+3)- 

linked di-GalNAc disaccharide component of the Forssman antigen, in order to de- 

termine the favored orientations of their side groups, and the mutual orientations 

of the two pyranoid rings in the latter. For the N-acetyl group. three stable posi- 

tions have been located, in one of which the plane of the amide unit is normal to 

the mean plane of the pyranoid ring. The orientation of the hydroxyl group at- 

tached to the anomeric carbon atom is found to be in accord with the exo-anomeric 

predictions. Furthermore, all of the side-group orientations of GalNAc found in 

the present study are in good agreement with the results of X-ray investigations. A 

grid-search method was used to locate all low-energy conformational regions for 

the glycosidic dihedral angles of 0(2-acetamido-2-deoxy-a-t+galactosyl)-( l-+3)-2- 

acetamido-2-deoxy-D-galactose. Two allowed regions were found, and energy 

minimization was then performed in each of them. For this disaccharide, three sets 

of favored orientations of the (reducing) pyranose ring relative to the nonreducing 

ring were found. One set of glycosidic torsion angles is very close to that found 

from our X-ray diffraction results, n.m.r.-spectral observations, and hard-sphere 

exo-anomeric calculations. 

INTRODUCTION 

The experimental difficulties in the determination of the structure of big 

molecules limit our understanding about their conformational states. Therefore, 

conformational-energy calculations are becoming very effective in elucidating how 
interatomic interactions dictate the stable conformations of biopolymcrs and of 

their intermolecular complexes’-4. 

*Part I of the series “Quantum-Chemical Studies on the Conformational Structure of the Carbohydrate 
Component of the Forssman Anttgen”. 
**Present address: Department of Phystcs, Banaras Hindu University. Varanaw5. India. 
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FIR 1 Prlmxy \tructurc ot the pentaucchardc rrt Forasman antlgcn 

The total energy associated with the different atnmlc configurations of a sys- 

tern is directly evaluated in quantum-chemical computation\. Thcreforc. their rc- 

suits are expected to be more reliable than those afforded I~\, other theoretical 

methods. Nevertheless. such calculations on complete macromolecules are not pas- 

slhle at present. ‘I‘hc information desired is, therefore. obtained on smzlkr units b> 

mentally dividing the molecule into fragments. Stercochcmlcai Intormation on 

these subunits remains almost unchanged for the polymer chains. and helps in prc- 

dieting their three-dimensional model. In the tield of conformational analysi> 01 

oligosaccharides, extenclve calculations have recently hccn conducted by cmplrical 

methods’ ’ ’ ; quantum-chemical studlcs have become avail&k (In tht, conforma- 

tions of ollgosaccharidex’ -. and some calculations on the conf~~rmations 01 car- 

bohydrates. executed on the .MNDO and PC’ILO levels have been ma& ’ I”. 

The main objective of the present series is to provide stercochcmical infor- 

mation on the pentasaccharide component of the Forxsman antigen. c>btainrd b> 

using quantum-chemical methods. The Forssman antIgenI’ consists of a pentasac- 

charade chain (see FIN. 1) and a ceramlde residue linked to cell membrane’” As a 

surface antigen. it regulates cell growth in mamma1s“‘. The pentssaccharidc com- 

ponent, a total synthesis of which ha> been reported by Paul\cn :tnd Bunsch’“. is 

immunologically active. and its segments are also present in man! glycosphin- 

golipids. 

Because, for the tirst quantum-chemical approach to the Foreman pentasac- 

charide. it seemed desirable to have comparable experimental data a\ailahle, we 

first directed our attention to the terminal disaccharide (see Fig. I ). ~rhich alho oc- 



Fig 2. Numbering scheme for atom!, and dihedral angles m 2-acetamido-l-deoxy-ar-I,-galactose (Gal- 
NAc). (Atoms are identified by sequence numbers. Dihedral angles are numbered on the curved ar- 
rows. They are defined an Table I.) 

c -22’ 

Fig. 3. Numbering scheme for atoms and dihedral angles in cl-(1 
numbered on the curved arrows. They are defined in Table I.1 

-3)-dGalNAc. (Dihedral angles are 

curs as a building unit of human blood-group determinants. Results of X-ray and 

n.m.r.-spectral investigations were already available” on the fully acetylated de- 

rivative, which was synthesized, and crystallized, by Paulsen and Biinsch”“. 

In the present study, we concentrated on the application of PCILO (Pertur- 

bative Configurational Interaction of Localized Orbitals) to 2-acetamido-2-deoxy- 

a-D-galactose (GalNAc) and cy-( l--+3)-linked di-GalNAc in an effort to gain an un- 

derstanding of the nature of the intramolecular interactions that stabilize their par- 

ticular conformations, which are important as regards the three-dimensional struc- 

ture of the pentasaccharide. 

Nomenclature, conventions, geometry, and details of calculations. - The 

PCILO method”‘*23 was selected for the present study because its successes in con- 

formational-energy caiculations have been very encouraging~.“. All of the calcufa- 



tions were conducted on a CIX CYBEK 175 computer, using QCPE 772. In ordel 

to decrease the number of variables to be optimized. a dcpcndenci optIon-‘.’ was in- 

troduced in the QCPE 271. 

The polarity of all bonds was optimurd during the overall calculations. The 

numbering scheme of atom\ and dihedral angles is gi\cn in F1g4 2 wv.t .? for the 

mono- and di-saccharldeh. respectively. The definition of thr dihcdrnl an+x is 

given In Table I. The atoms in ~L’YICIUC 2 art‘ numbcrccl II! the s;tmc wzv as for rc- 

Gdue 1. except that primed numbers art’ uwd. 

A po4tive rotation k defined as the rotation of ;S mot ing bond-\,cctor m the 

clockwise sense when vieucd from the fixed towards the mwlng bond T‘hix Jrfinl- 

lion is identical to the Klync-Prelog’i definition of qgns of dihedral angles l3ond 

length\. bond angles, and dihedral angles In\vlving the atoms in t tx p> tanoid ring. 

and the pendant oxygen atom\ were taken from standard \,11uc\ tcportccl b\ Ar- 

nott and Scott”‘. The geomctf> around the anomeric carbon atc>m wax selected 111 

accordance with the worI\ of Jcffrcy c’t ni. ‘” A glycosidic bridge-angIL. of 116.5” 

was used. The pbranoid ring mas held In the ‘C’,(D) conforrnatmn rcptlrrvci !J\ .4r- 

nott and Scott’“. The bond Icngth$ and bond angles for the amide group \\crc those 

used by Momany et N/.‘*. l’hc O--H. N-H. and C--H distances ucrc \ct equal to 

0.95. 1 .O. and 1. 1 A. respecti\cl~. The H-O--C anti H--N--C‘ L alcrltv~:~ngle~ were 

made equal to 109.5” and 1 15’. rcspectivel~ 

Stratr,q; of sclrctrrzg .su~rtirl,q c.or!fomlntiorl.s. - During the wholt~ t‘,ilculatwn. 
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bond lengths and angles were kept invariant. The pyranoid rings and the amide 

groups were regarded as rigid bodies. With this proviso, the conformational space 

of GalNAc has six variables; these are the dihedral angles l&6 listed in Table I. For 

the disaccharide. the number of conformational variables increases to 12 (see Table 

I; see also, Fig. 2), including the glycosidic dihedral angles @ and I,Q. 

Supported by the PCILO program-operating mode, the overall strategy was 

to perform the calculation in two steps. First. a systematic variation of a number of 

selected variables was calculated, in order to obtain energy profiles, and second, 

using local minima of step 1 as input, simultaneous optimization of as many 

parameters as possible was considered. 

A systematic and simultaneous variation of all of the variables requires ex- 

tensive calculations; in practice, this is very difficult and expensive. Whenever it 

seemed justified from steric considerations, dihedral angles were varied separately, 

and, moreover, results of previous PCILO calculations” were utilized, if possible. 

The geometry for GalNAc is very similar to that of 2-acetamido-2-deoxy-P- 

D-glucose (GlcNAc), except for the fact that. in the latter, the hydroxyl groups on 

C-l and C-4 are attached equatorially. Therefore, some of the local conformational 
minima of the C-2, C-3, and C-5 side-groups of GlcNAc were considered to predict 

the low-energy conformers of GalNAc. These were (a) three local minima 

* 
- 502,573 
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Fig. 4. The vanation of potential energy as a function of dihedral angles 1 and 4. taken one at a time, 
for GalNAc. (In preparing the profiles, the dihedral angles 2, 3. 5. and 6 were held fixed in their posi- 
tions obtained for the lowest-energy conformation ” of P-o-Glch’Ac.) The zero position m the scale of 

angles corresponds to -60” and - 170” for dihedral angles 1 and 4, respectwely. 
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for the x-nide group on C-2. (h) three for the OH group on (‘-.I, ,mJ t[ ) nmc for 

the CH?OH group. 

The interaction between the axial suhstituent\ on C-l and C-4 was considrrcd 

minimal. Therefore. the complrtc conformatic)nal-entrap protilcs (III IO’ mcre- 

mcnts) for dihedral angles I and 4 Here calculated lndcpendentl~. Lcepmg the 

other sldc groups in their favored orientation\, a?; In Glc\ k Thr rcwllt4 arc 

shown in Fig. 4. 

In order to ascertain the mutual cftects ot the nelghhorlng groups on exh 

other’s orientatwn. the simultaneous optimization of all 4dc groups was cowi- 

dered. The variables i-4 contributed lvith I, 3. 3. 1 , 3. and 3 IOGII minim:i a\ start- 

ing values for the six dihcdrsl angles ot GalNAc. rcsultinr in .I total (I!‘ Xl conlor- 

mations to he 0ptimiLcd. 

The most important :um of a study oi ohgowxharidr conform;ttlnns IS to de- 

termine the most fawrahlc relatwe orientation of successive wy;rr rmp In ;I chain. 

TO locate the favored regions of gI1 cosidic dihedral angb for ft, ( 1 --a.3 J-d1Ga1N Ac. 

@& maps uung the low-encrpy conformers of C;aiNAc (xcc 1 ablr II ) lound in this 

study had to be considered. On inspecting ;i modei ol CU-( I--4)-diG;llN,.k. :md t:~k- 
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Fig. 5. Sterie map for the glycosidic dihedral angles di and + of cu-(l-+3)-dtGalNAc. using the PCILO 
method. [The side groups were kept fixed in the positIons found in the lowest-energy conformation of 
GalNAc (conformer 1, Table II). The enclosed contour IS wlthin 20.9 kJ.mol-’ (5 kcalimol) above the 
global minimum marked “0” in the Rgure. The symbol x marks the @-$ Sets chosen for minimization.] 

ing into account the steric hindrances, it was found that the side groups that come 

into close contact with each other are the N-acetyl groups of both residues and also 

the OH-4 group of the reducing residue. As may be seen from Table II, there are 

three favored sets of values for the N-acctyl group. Thus, nine possible orientations 

of these two bulky groups for cY-(1+3)-diGalNAc should be considered in prepar- 

ing the steric maps for @ and $. 

For quantum-chemical calculations of this type, the consideration of all of 

these conformations is a very expensive and difficult task. Therefore, the classical, 

potential functions were first applied, to ascertain the nine Ce$ steric maps for the 

nine orientations of the N-acetyl groups. The main result of these empirical calcula- 

tions was that, in all cases, the lowest-energy regions were almost identical, and 

very close to those for the conformation obtained from the X-ray investigation. 

From this, it follows that the different orientations of the N-acetyl groups have only 

a minor influence on the glycosidic orientation. We then decided to take only the 

lowest-energy conformation (conformer 1; Table 11) of GalNAc to calculate the 

PCILO @-+ map. As shown in Fig. 5, two allowed regions within 20.9 kJ.mol-’ (5 

kcal/mol) have been found. 

For the PCILO optimization of the disaccharide structure, two sets of @-$ 

values, namely (60, -60) and (120,0), which fall in the allowed regions were consi- 

dered as starting values. Additionally, we chose two more (@, +) pairs, namely 

(120, -60) and (60,0), in the partially allowed regions. These two were chosen be- 

cause each has one coordinate in the allowed range and the other outside it (see 

Fig. 5). 

As starting conformations contributing from the monosaccharides, the three 

low-energy minima for the N-acetyl group (i.e., three values for variables 2 and 2’) 

and the three minima of the OH-3 group were considered, whereas it was decided 



(A) _‘-A~t~tutn~~f~~-_‘-dros~-c~-r~-~f~iu~~t~~.s~ (Galh'Ar) 

Of the HI starting conformers of u-n-GalNAc (see Strategy section) only the 

22 conformers ha\,ing their cna-gleh within a range of 7.3 k.l.mol ’ (5.5 kcaL’m~,l) 

Lverr considered. Their torsion angles are summarized in ‘l‘ahle II and the xterc‘o 

plot of the lowest-energy conformation (conformer I. ‘T‘altie 11) is depicted in Fig. 

6. From this stereo plot, it is clear that conformer I is stabilized h) thre<: hydrogen 

bonds ot the types OH-3 . O-21. OH-3 . . O-3, and OH-(> 0-J The tar- 

smn angles of the different &lo-groups arc acxt discueed. 

(tj Orierztutior2 01j the N-mvtyl group. -~-- As in the K’I1.0 c:al~ul,~t~on~’ ’ on 

GlcNAc. only one torsion angle. involving atom\ C-l. <'-2. 4-L. i~I~d~‘-31 (xc Fig. 

2) is considered for posit:onlng the 1%‘~azctyl group. becau~ the amide bond was 

held fixed in the planar trarzc pnsltion. and no rotation around the C-2 I X-2 hnd 
was allowed. The hydrogen atom\ of the CH7 group were placed in staggered po\i- 

tions with respect to the C-21 -N-l bond. ‘l‘hrcc set\ of values. namely. ihO_. - Ml”. 

and 60” are found to stabilize the N-acetvl group. ‘Tht, contormaticm ~)f lo\\ce4t 

energy was found to occur at 160’. This conformati~m is stabilized by a hydrogen 

bond between the 3-hydroxyl group and the carbony group of the IvH~‘O(~‘Ii3 

group attached to C-2. The hydrogen-bond distance O-3 . 1 it-Z1 i\ found tn be 

2.568.&. which is shorter in this molecule than in“ . <~lcNAc. In one ot the other two 

low-energy conformer\ (torsion angle 2. ‘.- --t>(P). the amide unit IS tjrltntcd ap- 

proximately normal to the mean plane of the pyranoid ring. 111 both conf01 m,~t~on~, 

the N-acetvl group has minimal contacts with It5 nel#boring ;tt~~r\ in the ring, 01 

with atoms directly attached to the ring. 

A value of 60” for t:>rsion angle 2 was not favored In’ ’ GlcNAc: instead. 120” 

W;~S found to he favor-cd, and thla may bc clue to the fact that 01 t-1 is :r~r;!l in (;,il- 

NAc. Furthermore. 111 the crystal utructurz of CiaINAc (Neumann pi rti.““). :* v;~Juc 

d 82” for this torsion angle uas reported, and. In an X-r;tv in\~,fi~;tti~,n“ on full\ 



Ulhedrul angle Value (degrees) 
-- -- -_ - ._ .- - - - .- - - .__ __ ._ _ _ .-_ _ _ 

2 .-60,60, 160 
2’ -60,60, 160 
3’ 145, 170.70 
- - .--. --.--~ - -. .-... - .--. -. _.~~_ ~~_. -. .- - -- .-. .-~ 

‘All 27 combinations of these &he&al angles were, together with the 4 sets of (0, IL) values, taken as 
starting ~onf~rm~tjons. 

acetylated cr-(l-3)-diGalNAc. a similar value was found. This is surprising, be- 

cause the coformers (see Table II) favoring the 60” value for dihedral angle 2 are 

21 kJ.mol ’ (-5.0 kcal/mol) higher than the lowest conformer 1. wherein torsion 

angle 2 is stabilized around a value of 160”. However, it may be noted that in none 

of the crystal structures is the aforementioned OH-3 . . - O-21 hydrogen bond ob- 

served. The three values for the torsion angle of the N-acetyl do not change signif- 

cantly after optimization at the di-GalNAc level (see Table IV), 

(ii) Orientation of the C11,Of$ group. - Nine distinct locai-energy minima 

have been found for torsion angles 5 and 6 of the CH20H group, of which only the 

three values for torsion angle 5 need detailed discussion. The positions found, 

namely, -6O”, +60”, and i-1130”. are customa~l~ denoted ~uuc~~-~~~c~~ (gg). 

gauche-tram (gt), and tram-gauche (tg). 
Close inspection of Table II suggested that all three orientations are almost 

equally probable. The lowest-energy conformer (No. 1 in Table II) is found to be 

gauche-gauche, allowing the hydrogen atom of OH-6 to form an intramolecular hy- 

drogen-bond to the oxygen atom of the axial OH-4 group (see, also, Fig. 5). In- 

terestingly, the gg orientation was also found in the X-ray Structure2 of GalNAc. 

whereas, in our crystal structure of acetylated di-GaiNAc, this orientation was 

found in the first residue, but, in the second residue, the tram-gauche orientation 

was observed. In the X-ray structures of cy- and /3-D-gaiactose3”~“‘, the tg and gt 

orientations are present. 

Originally, the gg orientation of the primary alcohol group was considered 

less likely for gala&o derivatives. In Jeffrey’s 1978 review article”” on carbohydrate 

structures, it was concluded, from the experimental results so far obtained, that gr 
and tg orientations predominate. In the gala&o case, the only gg examples cited 

were GalNAc and the D-galactopyranosyl group in planteose dihydrate33. In both, 

this unusual orientation is stabilized by an intramolecular hydrogen-bond between 

O-6 and O-4. 

Our present PCILO results agree totally with the experimental findings. For 

the gg orientations, a hydrogen bond between O-4 and O-6 is also calculated and. 

as the results in Table II suggest, the ga and tg orientations are elsewhere equally 

probable. It should, however, be noted that, even in the absence of hydrogen 
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bonds, the gg orientation may also occur, as is shown by the X-ray results for the 

fully acetylated a-( l-+3)-diGalNAc. 

(iii) Orientation of the OH groups. - The orientation of the hydroxyl groups 

is found to be strongly influenced by the neighboring CH20H and NHCOCHs 

groups. As already discussed, in the lowest-energy conformation. the OH-3 group 

forms a hydrogen bond with the carbonyl group of the acetyl group on N-2. This 

hydrogen bond provides an extra amount of energy of stabilization, and is probably 

one of the principal reasons for the conformation to have the lowest energy. In ad- 

dition to a value of -145”, two more values, namely, 170” and 70”, have been 

found for torsion angle 3. These values are in agreement with earlier observations’3 

on GIcNAc. It is again interesting that, in the X-ray investigation by Neumann et 

al.“, a value of 165” for torsion angle 3 was reported, which is very close to the 

value of 170” found in the present study. 

As stated earlier (in the Strategy section), separate energy-profiles were pre- 

pared for locating the low-energy regions for torsion angles 1 and 4. These profiles 

are shown in Fig. 4, from which it is clear that the minimum lies at about - 170” for 

dihedral angle 4, responsible for the orientation of the axial hydroxyl group at- 

tached to C-4. Another minimum that is -4.2 kJ.mol-’ (-1.0 kcal/mol) less stable 

than the lowest one is at -7o”, which is 240” away from the first minimum. It may 

be mentioned that, in the crystal structure of GalNAc given by Neumann et ~1.~‘. 

a value of -20” was obtained. However, for the orientation of -170” the OH-4 

group forms a hydrogen bond with O-3. as is clearly seen in Fig. 6. 
A most interesting observation made in the present study concerns the orien- 

Fig 7. A distribution of low-energy conformers of a-(l-+3)-diGalNAc obtained in the present study. 
[The symbol x stands for the lowest-energy conformation (conformer 1. Table IV), whereas 0 stands 
for the other low-energy conformers within 21.0 kJ.mol ’ above the global minimum obtained in this 
study.] 



tation of the anomeric OH group. As is clear from Table IT. a value OL -70” 1s al- 

ways found tor dihedral angle I. According to the exe-anL>rncrrc eftcct” for u 

anomers. torsion angle I should have values in the r,lnge of h0 tc9 70’. .A\ is clea9 

from Fig. 1. the CIICYJ? profile of torsion angle I has only one (de*p) mimmum. at 

-70”. Also. all of thf. .-,ptlmlzed conformers in ‘1‘~hlc II aLrggcst onI> c9ne ~aiu,. <it 

-70”. for torsion angle I ‘l‘his finding in the preent imestlgation is EII uricclIent ag- 

rcement with the v,tiue of 73” obtained ITI the N-ra\ YtuJv b\ Nc‘urn~tnn t’i cii “‘. 

Also. in earlier studlcs”’ on GlcNAc. cery gclod agreemeni was c9twrvcd hctwi?_?n 

quantum-chemical calculatic9ns and t’xo-anomeric przdictic9na 

(N) O-(17-Ac~t~r~~ido-3-~It1~~.~~-~-rf-guln~~to.s~I)-( I- ~_~)-3-rlr~rrrtrllirio-~..~i~~[J \~-t)-,gcric~c~- 
tosr [Cl!4 I4)-tiiGalNAr~! 

The optimization of IOX conformations (as d~scusscd in the Strategy sectIon) 

led to many low -energy conformers lying very close to each other. and it is difficult 

to include all of them in 2 Table. Therefore, onto ~OITIC of the rcprc‘scnt:ltlve of 

these conformers. K it hin -2 1 k.I. mol ’ (-5 kcalimol) abovc the glob~rI minimum 

found in this study. are lirtcd in Table IV. Also, III order to pr~itlc ;L graphical 

view. a @ wr.ws rl/ distribution plk9t for the lo%-Ivine-energy ~~nnf~9rmcrs is shown , - 
in Fig. 7. Table IV and Fig. 7 show that the different values tor (dj. t/j) ot~tatncd 

after optimization fall into three regions having their enters at appro\im:Itely (60’. 

-40”) (X0”. --3(F). and (I()()“. -lV). J%e wt (@ = SO . ci, = --30”) is III c~Ycellcrlt 

agreement with the findings ok ;I n.m.r.-spectral and X-ray Investtg:lti~ln.‘i I_(<~u- 

ever. in the lowest-energy conformation (conformer 1. Table IV). the ((Ia IL) \alut~~ 

tire found to be (~3’. --37’). A comparison ut Figs. 5 and 7 suggest5 that simultanc- 

ous optimization of all c9t the aide-group dihedral-angles dues not affect tllu favc9red 

values of @ and $,_ Except for somt: min<>r differences, Fie\ 5 ,~ntf -T probide the 

same orirntstional features t,9r the gl?cosidic ImLape. 

In most GWS, the sldc groups ot each conformation of N-( l----,! MIG~IN;A~ 

;Ire in almost the same posittons 2s found for the 1~9~4 minim;~ of Cralh’Ac. I’hcre 

;ue, however. certain final conformations in which some of the s~dc groups do dc- 

part significantly from their 9nitral positions. These art’ those that affect the oric‘nta- 

tlon of the ;V-acetyl group4 , ;knd, thereby. tlic reLiti\ c orientatic~ri\ 191‘ thr: pkr;rnold 

rings. Such changes are not:iblr in contormers 3 and 1 119 T&IL, I\‘. ‘l‘hc ;aluc of 

torsion angle 3 is, after optlmkation. -- 170” from the initial value ot - II.!- in con- 

former 3. whereas, in conl~>rrncr 4. iis initial calue of 173‘ 9~ changed tc9 ;I finit! 

-135”. It may also be seer1 tram Table IV that. in agreement Mith thta tinding lor 

GalNAc, torsion angle 3 t’;i\(9rs only three values. ni_in9cly, - I-t?. 131’. ;~ncl 70 . 
also at the diGalNAc level. 

In general. when the N-acetyl group is kept at ;t value <9f either -ho” OI- 

+60. the OH-3 group IS found to be nrientcd at -170’, irrcspectivc of uhcttier illtZ 

starting positions were at - 145. t9r 170 However. the initial \al~le ol ?!I’ for this 

torsion angle remains almost the same after optimization. ,md this fcaturc- is found 

to be the same for all three oncntations of the N-acetyl group. The cnntormers h,:\ - 

ing torsion angles 2 and 7’ 01 -.- --ho” and torsion angle 3 ;it 711” wcrc found to hr 
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Fig. 8. The stereoplot of the lowest-energy conformation (conformer 1, Table IV) of a-( I-+3)-diGal- 
NAc. 

A B 

Fig. 9. A comparison of the crystal structure (A) and one of the low-energy conformatmns (R) (con- 
former 2, Table IV) of a-(1+3)-diGalNAc. [The crystal structure was determmed’” for acetylated (Y- 
(l-+3)-dlCialNAc.1 

-33.5 kJ.mol-’ (-8 kcalimol) less stable than the lowest conformer 1, and they are 

not listed in Table IV. 

Similarly, the dihedrat angle 4’ also favors a value of -150” (as against its ini- 

tial value of -173” in some of the final conformations). Tnterestingly, such a 

change for dihedral angle 4 is observed for all three positions of the N-acetyl group 

in residue 2. However, no such change has been noted for torsion angle 4, except 

in conformer 15 (see Table IV), wherein a value of -173”. as against its initial 

value of 70”, is favored. 

The stereo plot of conformer 1 (see Table IV) is depicted in Fig. 8. As is clear 

from the stereo plot, there exists a hydrogen bond between the carbonyl group of 

NHCOCH3 and the OH-3 group in residue 1. A similar hydrogen bond was also 

found in the conformation of GalNAc of lowest energy. Interestingly, this hydro- 

gen bond is still present in the lowest-energy conformer of tr-(l-+3)-diGalNAc. Be- 

cause the OH-3’ group is involved in the glycosidic linkage, no such hydrogen-bond 



formation is possible in the second residue. Nevertheless. the N-:rce~yi group in the 

second residue is still retained at - 160”. On the other hand. in ionformcrs 2 and 

3, the N-acctyl group id \tahilized at -60; in the first residue. and therefore the 

aforementioned hydrogen tx)nci does not exist. but the c>xygcn atom of the 

NI-iCOC113 group of the first ruslclur IS i~lvolved in hydrogen-hod f<>rmation with 

the (If%-3 group of the second residue. It seems that. t~causc ot thlk inter-residue 

hjdrogen-bond formation. contormtx~ 2 and 3 art‘ VUIL clew to Conformer 1 (.‘on- 

former 2, together with the molecule ohtalncd trom the cr\<tal-strncturc‘ dctcrmi- 

nation. is depictcd in Fig q. As I\ evident tram thi: Figure. a (.Ik\*;e rcscnihlanctz 

exists between the S-ray and PC’I1D results. 

In our carher quantum-chemical studit’st’ on /3-( l-m 4bdtGkNAc, a con- 

former having ;I hydrogen bond bct\\cen the carbony oxygen atclm ld’ SHCOC’H4 

and the I-hvdronyl group was aiso found tc> have fhe lowest enera. l‘urthermc~re, . - 
according to Scheraga and co-workersii. in their extensive cmplricai conforma- 

tional-energy calculation\ I~I enzyme- substrate Complrxe:, of Iycor!nie, such ;I type 

of hyirogen bonding is quite feasible. and would be even more likeI> to occur in 

the absence of ncighhoring hydrogen-bonding moleculc~. 

Interestingly, the c~y,gcn atom of the CN~OFT group IS again gcrllr-l7l~-~ctlrr~7;, 

to both the C-5-0-5 and the C’-SC-4 bond In both residues in the lobest-energy 

conformation aixo at the tiisnccharitk ievcl: how~cr, the ,~~~Iz~~-1rr777~ orientation 

(conformer -1. Table IV) I\ Ao equally probable. but. in oi:r X-r‘11 in\extigution. 

the guuche-prtchr poaitlon for the oxygen atom of CIi,OH IS t:t\orr’d tc)r the lirat 

residue , ;I tm~z~-,~u~~cIz~~ for the frond”. Again In c‘cmnectiort \\rt h our carllel 

work, the PC’TI.0 studies“ l)il the dlowed Cohformatmn3 !(?I- /3-i I --A)-ciiGlcNAc. 

n irutwLgfiuche orientation &as tavored for both residue\. dntl ;‘NII(&,-~~uK~ and 

pcruchr-Kalcc,lzr wet-c rclatlvcly le\~ fnvorcd. 

It should be noted that the three stable positions 01 the &‘-aietyI group. 

namely, at 160”. -HI*. and hO’, found in the monomer. remain ;llmt>ct unchanged 

after minimiratian at the tii(lalNAc Icvrl. i~owe~~~. in \cmic of the cc?ntormers. 3 

change of 10 to 20” is cjbservd. particularlv in the second r&dues. III t\lc lowest- 

energy conformation (conformer 1. ‘Table IV) both NFfCCMII13 groups favor 

values of -*IhO”. Howcv~r. in conformer 2. which is onlv 2.1 i\.l.mt~I ’ (0 5 Cal,’ 
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mol) less stable than the first, torsion angle 2 is -50”. whereas torsion angle 2’ is 
again stabilized at -160”. Dihedral angle 3, which is responsible for the orientation 

of the OH-3 group, is stabilized at about -145” in the lowest-energy conformer 1, 

as well as in most of the other conformers. In this orientation, it makes a hydrogen 

bond with the carbonyl group of NHCOCH3 when the latter is held at 160”. 

Moreover, when dihedral angle 2 is initially set at about -60” or +60”, torsion 

angle 3 favors a value of -170”, as against its initial value of - 145”. 

Furthermore, almost no change is noted in the initial value of 70” for dihedral 

angle 3 after optimization. On the other hand, when torsion angle 3 is 70”. torsion 

angle 2 is stabilized at -5o”, as against its initial value of 161” in conformer 6 (see 

Table IV). 

As is clear from Table IV, irrespective of the starting values of 120 or 60” for 

@, the optimized conformations mostly favor values between 60 and 90”. Only in 

some exceptional cases do the values also reach to 10”. In order to ascertain 

whether or not the PCILO method really provides values for dihedral angles that 

are in agreement with the exo-anomeric effect, we tested a further set of conforma- 

tions by assigning to di negative values, from -60 to -120”, as starting values for 

optimization, although, as is clear from the @ and $ map (see Fig. 5), negative 

values of Qi are not possible. Where the optimization of starting positions with 

negative @ values was attempted, the resulting conformers were -4-8 MJ.mol-’ 

(-1000 to 2000 kcal/mol) higher than the lowest-energy conformer 1 (see Table 

IV) in this study. 

A close inspection of Table IV suggests that, on each residue of (.y-( l-+3)-di- 

GalNAC, the groups that are not potentially available for direct inter-residue in- 

teractions can be placed in any of the appropriate local GalNAc minima for either 

set of @ and Cc, values. Only their interactions within the monomer determine their 

positions. 

Concluding remarks. - Such theoretical studies as the present one are actu- 

ally valid for free molecules, because the interactions of the latter with their sur- 

roundings are not taken into account. Therefore. the reliability of the present 

PCILO results is open to discussion. There is little doubt that crystal-field effects 

or the effects of solvents have an influence on the overall conformational properties 

of crystalline materials, as compared to the compounds in aqueous solution or in 

the gas phase. However, in theoretical studies, it is generally presumed that the ef- 

fect of solvent or crystal fields (or both) and other external factors may be expected 

to alter the relative importance of the conformational features, rather than to lead 

to entirely new minima. Comparison of the theoretical results with available ex- 

perimental data makes possible an estimate of the extent to which the conforma- 

tions observed corresponds to the intrinsically favored ones, and of the extent to 

which they are influenced by environmental forces. Moreover. theoretical confor- 

mational computations provide an amount of information that, from many points 

of view, is larger than that available experimentally, in the sense that they yield 
energy distributions instead of conformations favored in a given environment. It 
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