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ABSTRACT 

Conformatlons of P-celloblose have been studled by usmg convergent energy 
mmlmlsatlon m a simple force field Parameters for the force field were taken from 
similar studies on TV- and P-D-glucopyranose and @maltose Six local mmlma are 
found on the $&-map, the free enthalpy differences are 1 4, 7 5, 8 5, 10 2, and 
30 1 kJ mol-’ above the lowest, correspondmg to a dlstrlbutlon of 60 34 3 -2 1 0 at 
298 K Each of these minima IS surrounded by a mamfold of mmlmum conformers 
that differ only m exocychc torsions Conformations of the two lowest mmlma are 
close to X-ray structures The path on the 4,t&map of conformatlonal Interchange 
between the two lowest minima has been Investigated, and barrier height and rates 
of converslon have been estimated Fast conversion between the lowest mnuma IS 
supported by optical rotation measurements 

INTRODUCTION 

In the previous paper’ of this series, conformatlons and conformatlonal mter- 
change of p-maltose were described We now present a slmllar conformatlonal 
analysis of j?-cellobrose, through energy mmlmlsatlon m which all internal degrees 
of freedom are allowed to relax 

Nonzenclature In the followmg, P-cellobiose shall mean 4-O-P-D-glucopyrano- 
syl-j?-D-glucopyranose The constitution of &celloblose, glvmg atom numbering 
and the torsional angles 4 and $ for later reference, IS shown m Fig 1, r$ and $ are 
defined by atoms H(C-I’)-C-I’-0-4-C-4 and H(C-4)-C-4-0-4-C-l’, respectively Our 
defimtlon of a torsIona angle follows the IUPAC conventIon* A torsional angle 
A-B-C-D 1s defined through a Newman proJection, It 1s the angle through which 
A-B must be rotated around B-C to cover C-D when lookmg from B towards C, 
the sign IS posltlve If the sense of rotation IS clockwise 

Earher calcrrlatzons. EmpIrIcal calculations of the potential energy of non- 
bonded mteraclons mdlcate that &celloblose has a number of conformatlons which 

*To whom correspondence should be addressed 



26 S. MELBERG, KJ. RASMUSSEPT 

Fig 1 Constrtutlon and atom numbermg for B-cellobrose. 

correspond to muuma on the potenttal-ener,y surface Rees and Skerrett3, selectmg 
one out of three dtfferent types of potentral-energy functtons for the non-bonded 
mteractrons, found mnuma at ($J,+) = (0, -37) and (41, -5) when “Uaygorodsky 
type functrons” were used The relatrve energy difference between the two mmima 
was -0 4 kJ mol-’ 

Semi-emplncal calculattons (the PCILO method) have 
comma e: al 4 They found mmlma at ($,#‘I) = (94, -22), 
(41,--84), and (7S,- 174), correspondmg to energres of - 12 0, 
and 0 8 kJ mol-‘. respectively 

During recent years, Rees and Smrth’, m an emprrrcal 
munmum for /I-celloblose at (&I?) = (30,-25) 

been done by Gra- 
(23,~44), (98,-24), 
-109, -8 4, -0 s, 

framework, found a 

Tne above-mentroned calculatrons have a common feature m that no energy 
mnnmrsatlon was performed, they are simply mappings over the two-chmensional 
+,$-space 

Experrmental stttdres Three X-ray structures are relevant for comparrson with 
calculated conformattons of &cellobrose The fractional co-ordinates taken from 
these X-ray dlffractton structures were transformed to cartesrans, from whrch we 
calculated the mternal co-ordmates The structure of /I-cellobrose has been deter- 
mined several trmes6-*, and the most-refined data are those of Brown’ (R = 0 059) 
and Chu and Jeffrey’ (I2 = 0 037), values for (+,JI) and the glycosrdrc angle C-l’- 
O-4-C-4 were (44,- 12) and 116 7”, and (42,-18) and 116 1 O, respectrvely The 
structure of methyl /.I-cellobloslde methanolate (R = 0 060) was transformed as 
mentioned above, but the J co-ordmates were changed to --z m order to get the 
D forms of the pyranose rings, (+,I,!I) was (25, -48) and C-1’-O-4-C-4 was 115.8”. 

N m r studres, usmg vrcmal 13C-‘H couplmg-constants, mdtcate that the 
conformation of celloblose in aqueous solution 1s close to that m the solld state” The 
same conclusion was derived from optrcal rotatron studtes of ccllobrose’r 

The ‘H-n m r spectrum of cellobiose in methyl sulphouldeL2 shows that the 
rnt=unolccular hydrogen bond 0-3-O-5 which 1s observed m the crystal structures6- * 
1s probably not broken m solution, and rt seems that 4 and $ are mamly determmed 
by intramolecular forces Thrs 1s parallel to the conclusions drawn for j&maltose 
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CALCULATIONS 

The computational methods and programmes used here were developed from 
the CFF system of Llfson and Warshell by NlketlC and Rasmussen14 The mam 
dflerence between our calculations and the earher ones IS that we perform energy 
mnumlsatlon, which means that all degrees of freedom are allowed to relax, z e , 
no internal co-ordinate 1s kept fixed We then relate mmlma on the potential-energy 
surface ;o equlhbrmm conformations 

Forcefield In previous work, we developed a force field for cc- and B-D-ghco- 

pyranose’ ’ 9’ 6, and we found it satisfactory for calculation on /l-maltose1 It 1s a 
very simple and conventional force-field, which uses hsrmomc functions for bond 
and angle deformations, Pltzer terms for torslonal motions, and Buckmgham poten- 
tials for non-bonded mteractlons All mteractlons separated by three or more bonds 
are considered non-bonded 

Bond deformations E, = 2 tK,(b - b,)* 
bonds 

Valence-angle deformations Ee = 2 +Kd(e - O,)* 
angles 

Torsional deformations E, = 2 +K+(l + cos 34) 
tors1o~s 

Non-bonded mteractlons Enb = 1 (A,, exp(-B,, rJ - C,,/rrJ6) 

The 36 parameters needed for these potential-energy functions are given m our 
previous work1 

Inztzal cotzforjnatzo,zs All mltlal conformations of fl-celloblose, where nothing 
else 1s stated, were produced by suitable rotations around the bonds of the glycosldlc 
linkage of the mmlmlsed crystal-structure conformation’ We selected a total of 
22 points on the 4,+map 

-e 

Energy mznzmzsatzon All n-utlal conformations produced m this way had a 
fairly high energy-gradient and some of them were far from a mmlmum The gradlent 
was lowered very efficiently by a steepest descent algorithm followed by a modified 
Newton algonthm l4 The same strategy for mlmmlsatlon as described m our previous 
paper’ was used for #GceIloblose Mmlmlsatlon was consldered fimshed when the norm 
of the gradient became less than lo- 6 kJ mole1 A- ’ 

Conformatzonal znterchange The modified Newton algorithm 1s designed to 
follow the bottom of a valley on the potential-energy surface, and this feature makes 
it suitable m a search for saddle points It 1s thus possible to fmd relevant paths on 
the &&map for the conformatronal interchanges between two mmlma 

RESULTS AND DISCUSSION 

The mznzma Using the experience gamed from calculabons on /?-maltose, and 
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Fig 2 Inmal conformations (0) and final muuma (+) of fl-cellobtose on a q&y+map Total energy 
m kJ mol-1 and energy-gradlent norm m LJ moV1 A-1 (m parentheses) of IntermedIate and muumum 
conformations Results of Rees and Skerretts (AI-A2) Glacomxn er n/A (Bl-B5), Rees and .Srnlth5 
(Cl), Rees and Skerrettla (Dl-D2), and Sarkoxg (El-E?) X-Ray results of Browni (x), Chu and 
Jeffrey8 (Y), and Ham and Wdl~amG’ (2) 

cben-ncai mtultlon together with molecular models, it was possible to exclude a great 
number of m&al conformations as Irrelevant 

All of the relevant mltlal conformations are pictured on a +,$-map m Fig. 2. 
From this, it 1s seen that all the m&la1 conformers were mmmused to SIX different 
local mnuma that are hsted m Table I. 

The potential surface as presented on the q!+map consists of two valleys 
located approximately at $ = 0” and $ = 180”, separated by high mountam ranges 
The valley contammg mmlma 1 , 2, and 3 IS rather flat, meaning that the energy 
barriers between these mmlma are low (Fee below) Mmlma 4, 5, and 6, on the other 
hana, are separated by high energy bamers In this connection, It should be mentIoned 
that rrlmmum 6, although energetically unfavourable, IS not an artlfact m the same 
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TABLE I 

GLYCOSIDIC TORSIONAL AND VALENCE ANGLES, FREE ENTHALPY (T = 298 K), TOTAL EhERGY, AND 

ENERGY CONTRIBUTIONS FOR SIX EQUILIBRIUM CONFORMERS OF j%CELLOBIOSE 

Mmrmum 4 Y c-I’-o-4-c-4 GO 

(degrees) (X-J mol-1) 

ET Eb Et3 EO Elrb 

1 51 0 113 4 881 35 1 82 242 6 58 005 -7 23 
2 -10 -29 114A 882 75 3 94 248 793 006 -6 53 
3 164 5 1157 888 a1 5 47 2 83 10 38 005 -7 79 
4 21 172 116 1 889 80 7 82 2 97 1248 004 -7 67 
5 67 -157 1170 391 53 11 63 3 05 14 13 003 -5 58 
6 - 179 -155 120 8 91142 26 74 3 70 27 92 003 -4 91 

sense as mnumum 5 of maltose’ Changmg the parameters K,(C-O-C) from 602 1 
to 209 2 kJ mol-’ rad-’ does not have any srgruficant mfluence on the 4,$-posmon 
of the SIX mmrma 

Evaluating statistical sums over all of the mternal degrees of freedom”, we 
find at 298 K an equrhbrrum drstrrbutron based on drfferences m free enthalpy of 
mmlmum 1 mnnmum 2 mmlmum 3 mnnmum 4 mmlmum 5 mnnmum 6 = 
60 34 3 2 1 0 

As pointed out for maltose’, we do not attempt to find the global munmum, 
which would mean muumrsmg a vast number of mitral conformatrons drffermg only 
m torsions around exocychc C-O bonds Therefore, m th.s work, we present only 
the skeletal minima, because rt 1s known’ l5 that with any local energgy mmrmum 
there IS associated a mamfold of mnnmum conformatrons correspondmg to different 
va.ues of exocychc torstonal angles Concernmg the two -CH,OH groups we have 
adopted tkc geometrical positrons from the crysta; structures7*8 

Comparmg Frg 2 with Frg 2 of our prevrous paperl, rt IS seen that the mam 
features of the potential surface are repeated, partrcularly the mnnma located rn the 
area around (#,#) = (0,O) Because of the opposite absolute configuratron at the 
anomenc carbon atom of the non-reducing D-glucosyl group, thus does not mean 
that the structures of the two drsacchandes are very much alike Thus has conse- 
quences for the polymers Thus, amylose, an a-linked polymer of o-glucose, has a 
helical structure, whereas cellulose, whuzh 1s p-linked, 1s an extended-chain polymer 

Conzpavson wrtfz crystal-structure data Table II shows a comparison of our 
calculated internal co-ordinates for mnumum 1 with the X-ray data from the crystal- 
structure determination of /Gcellobrose ’ Deviations (calculated mmus measured 
values) of bond lengths and angles are shown. For bond lengths and va!ence angles, 
maxrmum, mean, and mean square-root devratlons are hsted these internal co- 
ordinates are reproduced very satisfactorily, as well as those reported earlier’ “*I6 
For endocychc (contammg only rmg atoms) and hybrrd torsions (contammg three 
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TABLE II 

DE~~~~SOFCALCU~TEDFRO~~MEASURED~IEFT~RNALCO-ORD~NA~~~R~~~~~ 1 ~F/~-cELLO~~IOSE 

Mawmum Mean Mean square-root 

Bond lengths, A 0043 0006 0 015 
Valence angles, o -33 -01 18 
Endocyclrc mx-smns a 62 38 
Hybnd torsions, o 88 54 

.E~oc~cllc rorslons, a 
C-4-C-S-C-6-0-6 96 
C-4’-C_=,‘_C_6’()_6 96 

Zntercyclrc lorslons, o 
0-5’-C-1’-0-+c-4 
c-3-c404c-1’ 

65 
13 -7 

ring atoms and one side-atom), maxlmum and mean square-root devlatlons are 
listed they are shghtly Iarger than m the case of /3-maltose The devlatlons for two 
exocychc (contammg two nng atoms and two side-atoms) and the two mtercychr 
torsions (correspondmg to 4 and $) are also shown 

In addltlon, for mmlmum 1, we calculate the glycosldlc angle C-l ’-0-4-C-4 
and the two endocychc valence angles, C-5-O-5-C-l and C-5’-0-5’-C-l’ to be 113 4, 
112 6, and 112 6”, respectrvely From the X-ray data*, these angles were 116 1, 
1135,and 1125” 

Conlparlson NH/~ earher calculations In addmon to our results, Fig 2 shows 
all eqmhbrmm conformers found by mappmg m a semi-emplncal or emplrlcal 
framework as mentloncd m the Introduction In addltlon, a few mmlma for ce!Iulose, 
found by emplrlcal work3 l8 lg, are included It IS seen that the present work not 
only includes the mmlma of the previous mvestlgatlons but also specifies new ones 
(mmlma 4 and 6) The potential-energy surface for /I-celloblose shown m Fig 2 IS, 
to a first approxlmatlon, very slmllar to those given by Glacomml et al 4 and Rees 
and Smith’ for celloblose, and Rees and Skerrett3 I8 and Sarko lp for cellulose 

A more-careful comparison of the minima shows that the PCILO calculatlon4 
gave mrmmum conformations far from our mmlma, only one of the five PCILO 
mimma was in the region around mmlma 1 and 2 On t_Fe other hand, the emplncal 
calculations on celIoblose3J*‘8 and on ceIIuIose3*‘8*1g found mlnlma near our 
mmlma 1, 2, and 3 and the saddle pomt (see below) 

Patti of conformatzonalmterchange. As mentioned already, our modtied Newton 
algorithm can be used to explore the potential-energy surface. III this way, we can 

find the way m which a conformatlona1 change between two equlhbnum conformers 
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Fig 3 q&y-map of /3-cellobloce around mmlma 1 zmd 2 Total energy In kJ mol-l and energ- 
gradlent norm m k.J moP1 A-l (m pareuheses) of IntermedIate and mm~mum conformatIons The 
saddle-pomt conforrnatlon IS located around (4,~) = (26, -23) 

may occur m the chosen force-field Here, we shall be cor,cerned with the path for 
conformatlonal change between mmlma 1 and 2 

Fig 2 gives some Idea of the appearance of tne potential surface, and Fig 3 
shows a sectlon of the +,$-map m the region contammg these two mmlma together 
with a few more mmlmlsatlons From the calculations, It was evident that the path 
of interchange from mmlmum 1 to mmlmum L must be somethmg like a change m 
both 4 and $ from (51,0) to about (20,--O), followed by a change In 4 from 20” 
to - 10 o with ti kept fixed at -30” In Fig 4, ORTEP stereo-drawmgs of mmlmum 1, 
the approximate saddle-point conformation, and mmlmum 2 are shown 

Since the form of the potential surface 1s very sensltlve to the ener,v para- 
meters, the height of the barrier between the two mmlma of Fig 3 should be taken 
as only an appro=matlon to the real barrier. Wlthm this lzutatlon, the barrier 
height from rmmmum 1 to mmlmum 2 maj be Bven aa -3 kJ mol-’ and m the 
reverse direction as -2 kJ mol-l. 

Cozzsequences of conformatzonal znterchang~ From these barners, the rates of 
conformational Interchange between muuma 1 and 2 may be calculated, assummg 
an Arrhenms expressIon with a frequency factor correspondmg to a glycosldlc 
torsional frequency of the order of 100 cm-’ 
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FIN 4 ORTEP stereo-drawmgs of rn~nl~llurn 1, (4.y) = (51,O) (upper), approximate saddle-pomt 
conformation, i&y) = (26, -23) (mIddIe), and mmlmum 2, (+,y) = (-10, -29) (lower) 
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k 12 = 100 cm-l - 3 x 10’ cm set-’ exp(-3000/S 3143/298) w 9 GHz, 
k 21 w 13GHz 

Such rates, comparable to those found for j&maltose, are fast on the n m r tlme- 
scale, being of about the same order of magmtude as the molecular tumblmg or 
probably even faster Therefore, the conformatrons of j&cellobiose which can be 
derived from n m r and other measurements must be weighted averages of, m 
prmclple, six (in practice, maybe essenttally only three) equthbrlum conformattons, 
modified by thermal vrbrations 

As mentioned before, expenmental studres on cellobrose show that the con- 
formation m solution IS very similar to that m the crystal structure” l2 Furthermore, 
Rees and Thorn”’ found that the optical rotation was dependent on solvent and 
temperature, mdicatmg that cellobiose m solution IS not locked m the crystal con- 
formation but oscillates m the nelghbourhood of this structure. Thrs conclusion is 
m good agreement with what 1s found for the interchange between mmlma 1 and 2 

The distance between H(C-1’) and H(C-4) was 2 29,2 16, 3 52,3 57,3 56, and 
4 01 A for muuma 1-6, respectively The weighted average, usmg the distribution 
calculated earlier, is 2 32 A If, because of the high ridges, only muuma 1,2, and 3 are 
considered, the average IS 2 28 A, which IS hardly a sigmficant difference* 

Vrbrational spectra would be superpositions of the spectra of the species 
present Normal co-ordinate calculatiom -13 show that thost spectra are very much 
ahke, and a distmction would be impossible 

Materzal avazlable Internal and Cartesian co-ordinates, and stereo drawings, 
of all equil~brmm conformers may be obtained from the authors 

CONCLUSION 

In a previous paperl, we described how it is possible, given proper muumisation 
techmques and a reasonable force-field, to calculate reahstlc structures for such 
flexlbie molecules as disaccharides, exempltfied by &maltose 

For j&celloblose, we now find SIX local minima on the +&map, each of which 
IS surrounded by a manifold of muumum conformers that differ only m exocychc 
torsions 

The multidimensional energy-hypersurhce is explored, predlctmg mtra- 
molecular dynamics in the given Force-field The path on the $,$-map for conforma- 
tional Interchange between mmima 1 and 2 is given, together with approximate 
barrier-heights These are very low, because of change m all internal co-ordinates 
m the saddle-pomr conformation This means that those non-bonded interactions 
that would cause a very high and unfavourable, non-bonded energy contribution, 
rf bond lengths and valence angles were kept fixed, can change m such a way that 
E, and EB ~111 Increase slightly while a larger increase m Enb 1s avoided 

* Proton relaxation measurements give results*l of 2 l-2 2 A 



Our results on &celloblose are m agreement unth the avaslable, experimental 
evidence and can be used as a gmde m expkumng the different structures of cellulose 

The entire work on /3-maltose and fl-celloblose cost less than 8 h on an IBM 

37qxi5, mxx&Zmg als mmimisa~ions, u~%ra&naI anaIyses, and thermodynamic 

calculations 
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