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ABSTRACT 

Several chito-oligosaccharides [a-( l-+4)-linked oligosaccharides of 2-amino-2- 
deoxy-D-ghrcose] have been studied. A semi-empirical treatment of titration and 
rotation data indicates that the glycosidic torsion-angles (d@ and d Y) are all closely 
similar throughout the oligomers and also in the polymer (chitosan), in their fully 
protonated forms. The microscopic, thermodynamic dissociation-constants are 
evaluated from data based on the ‘H-n.m_r. titration of chitobiose at 25”. WC also 
measured the 13C-chemical shifts in chitobiose. With the exception of the C-l and 
C-4’ resonances of chitobiose, the observed chemical shifts are in good agreement 
with those calculated from S (chitobiose) = S (cellobiose) + d (2-amino-I-deoxy- 

glucose) - ii (glucose). The discrepancy is utilized for furtherconformational analysis. 
On the basis of these observations and of the exoanomeric effect, we consider that 
these deviations can be accounted for by a change in the glycosidic torsion angle 
(d Y) of chitobiose from that of cellobiose. 

INTRODUCTION 

Polysaccharides having le,4e-linkages, for example, cellulose and chitin, are 
important structural materials in Nature. For examining the differences in the con- 
formational features brought on by substitution of the 2-OH group in the glucose 
residues in cello-oligosaccharides by the 2-NH 3’ group, we have undertaken con- 
formational studies on several chito-oligosaccharides, p-( l--+4)-linked oligomers of 

2-amino-2-deoxy-D-glucopyranose. Several methods have been exploited for im- 

posing restrictions on conformations in aqueous solution. First, potentiometric 
titration of several chito-oligosaccharides, [D-GlcNH,++( 1 -+4)-D-GlcNH;-/I- 
(1-+4)-11 in which 11 = 1, 2, 3, 4, 5, and 6, was used to analyze the effects of chain 
alterations in the chito-oligosaccharide upon the ionization of its amino group, as 

titration data for chitobiose and its higher oligomers studied here have not been 
reported before. Secondly, by combinin g the proton nuclear magnetic resonance 
(‘H-n.m.r_) titration data, based on the analysis of the pD-dependent chemical shifts 
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of chitobiose, and the macroscopic, overlapping pK values, the microscopic thermo- 
dynamic dissociation constants of chitobiose have been determined. The overall 
shape of the simplest-chito-oli,oosaccharide, chitobiose, in solution is defined by the 
two dihedral angles d@ and d Y_ A schematic diagram of chitobiose is given in Fig 1, 
together with the atom numberins and the torsion angles relevant for this discussion_ 

We also use the term lidxzge confomution, which has been previously defined by 

Rees’-’ to denote a particular pair of values for .4@ and dY_ Next, the molecular 
rotations of chitobiose and higher chito-oligosaccharides have been measured to 

impose certain restriction on the linkage conformations, based on Rees’ method of 
linkage rotation’, and have indicated that the $ycosidic torsion-angles, A@ and AY’, 

per inter-residue seem to be similar throughout the /I-(1+4)-linked oligomers and 
even in the polymer of 2-amino-2-deoxy-D-glucose, in their protonated forms. It 

would be desirable to obtain further information by other methods of spectroscopy, 
and the development of carbon-13 nuclear magnetic resonance (‘3C-n_m_r.) tech- 

niques should be useful in derivin, = approximate values of A@ and AY. Recently, 
13C-n.m.r. spectroscopy has been shown to be applicable to the study of the linkage 

conformation of disaccharides3-‘. We have estimated the average linka,oe-conforma- 
tion of chitobiose by considering how the linkage conformation (or the C-l and C-4’ 

chemical-shift values) is influenced on passing from cellobiose to the configurationally 

related chitobiose. 
In the absence of an X-ray crystal structure for chitobiose and h&her chito- 

oligosaccharides, the conformation based on the data obtained in this study should 

be considered tentative. Nevertheless, all of the results seem to indicate that chito- 
oligosaccharides and chitosan all have highly extended, backbone conformations 

and are constrained to adopt A@ and AY values within the narrow area indicated 

in this paper. 
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Fig. 1. Schematic diagram of chitobiose. Note that the atom numbers in the reducing residue are 
primed. The definition of the two torsional angles about glycosidic linkages is also shown: The 0” 
torsional angle about the C-l-O bond (A@) is represented by the C-I-H-I bond c&planar to the 
O-C-4’ bond with respect to rotation about the C-1-O bond (A@). The 0’ angle about the O-C-4 
bond (Au/) is represented by the O-C-l bond c&planar to the C-4’-H-4’ bond with respect to rotation 
about the O-C-4’ bond. The angles A@ and A ‘P are considered positive For a right-handed rotation: 
when viewing along any bond, the Far bond rotates clockwise relative to the near bond. 
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Fig. 2. Chromatographic separation of chitosan hydrolyzatc [GI~~\‘H:I~JI-(I+?)J,, by gradient ion- 
exchange according to the chain length. The ordinate expresses absorbance at 690 nnl by the nxti~o~~ 
of Park and Johnson (see text for details). 

EXPERIMENTAL 

Materink. - Graded hydrolysis of chitosan (compfetcfy !V-deacetyfnted chitin) 
was employed for preparation of chito-oligosaccharides. Chitosan (2 go), \V~S partially 
hydrolyzed with - 1 f&I hydrochloric acid (500 mL) for 42 h at 53”. The partial 
hydrolyzate was then applied to a column (4 x 31 cm) of pm-equilibrated Dowex 
SOW x 2 (H”), after removal of hydrochloric acid by a rotary evaporator under 
diminished pressure. The column was then efuted with 6 L of a O-Of-3.0x1 hydro- 
chloric acid linear gradient at a ffow rate of - 70 mL/ft_ Fractionation according to 
chain length yielded six discrete peaks. The results are shown in Fiz. 2. The material of 

peak 1 was identified as 2-amino-2-deoxy-u-giucose. The material in peak 2 was 
isolated and characterized by I H- and ‘3C-n.m.r. methods. Experiments wrc pcr- 
formed to determine the chain length of the various con~poncnts: pooled fractions 
were analyzed for GlcN content and for reducin g sugar by the method of Park and 
Johnson’. All other reagents were of analytical grade. 

~Ver/zo&. - Potentiometric titrations were performed under nitrogen in a 
magnetically stirred. thermostatted vessel by using a Radiometer expanded-scale 
pH meter Model PHIM 26 (Radiometer, Copenhagen) fitted with an intcrnalfy 
shielded, Radiometer combination electrode No. GK230fC. The pH meter was 
calibrated with 0.05~1 potassium hydrogenphthafate and 0.05,\1 sodium borate sofu- 
tions at 25” before and after each set of measurements. A solution (2-3111.31, 3.50 rnL) 

in carbon dioxide-free, glass-distilled water was titrated with standard 60111~ sodium 
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hydroxide (carbonate-free) in steps of one-twentieth equivalent by using an all-glass, 
micrometer syringe. The apparent pK values, defined as PI&,, = pH + log(l - a)/a, 

where a is the degree of dissociation, were calculated by fitting the observed data 
to the simple Henderson-Hasselbalch equation ‘. Calculations of pK, and pK, values 
(see Appendix for the definition of K, and K1) of chitobiose from titration curves 

were made by the iterative, least-squares method described previously”. The dissoci- 
ation constants thus obtained were converted into the thermodynamic, macroscopic 
dissociation-constants by the equation: 

where I,,& is the ionic strength at CL = l/4 or the one-fourth-point of the titration 
(that is, for a 2.76mxr titration, Ills is 3.49 x 10m3), and IX,& is the ionic strength at 
‘A = 3/4 (that is, for a 2.76mht titration, Z3,5 is 2.80 x 10m3). The end-point ofthe second 
equivalent in the titration of chitobiose was determined by finding the point at which 
the second derivative of the titration curve was equal to zero. 

‘H-N.m_r. spectra were obtained with a Bruker 270-MHz instrument operating 
in the Fourier-transform mode at a probe temperature of 25 + 1 O_ The concentration 
of chitobiose was 0.1 mht. Chemical shifts are reported relative to the methyl resonance 
of sodium 4,4-dimethyl-4-silapentane-I-sulfonate. The ionic-strength correction was 
app!ied to the pli data obtained from the ‘H-n.m.r.-pD titration of chitobiose by 
using thermodynamic constants, KT and KT, obtained from the potentiometric titra- 
tion_ 

‘3C-N_m_r_ spectra were obtained with a Bruker W H-270 spectrometer operating 
at a frequency of 67.9 MHz. The Fourier-transform mode was used with proton de- 
coupling- r3C-Chemical shifts were measured relative to 1,4-dioxane, but are re- 
ported in parts per million relative to tetramethylsilane. The i3C nuclei of l,4-dioxane 
are 67.4 p-p-m_ less shielded than those of tetramethylsilane. Chitobiose was recorded 
in D,O at a concentration of -20 mg per mL (50rnbj; 11000 accumulations). 

RESULTS AND DISCUSSION 

Potetztiometric titratiotz studies of chito-oligosacchat-ides_ - The chito-oligo- 
saccharides have been prepared’ ‘, but their dissociation constants have not yet been 
reported. The potentiometric titrations were performed at 25 +O. 1 a by the addition 
of carbonate-free 0.0651 sodium hydroxide at an ionic strength identical with that of 
the sample solution_ 

The degree of dissociation, ‘1, defined as the fraction of amino group dissociated, 
was determined for each addition of titrant. Titration data thus obtained are shown 
in Fig_ 3 as plc,,, = pH + log(l - 2)/a vs. r. The dissociation of 2-amino-2-deoxy- 

D-glucose cation may be described by a single dissociation constant (K) as expressed 
by: 

1-x 
pK = pH + log-. 

CL 
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Fig. 3. The depcndencc of the apparent dissociation constant of?-amino-2-deosy-o-glucose (curve I) 
and chito-oligosaccharides (curves 2, 3, 4, 5, and 7 for [GIcNI-f:~-&I -+4J],, having II : 1, 3,4,5, and 
7. respectively) on the degree of dissociation_ IConcentration: LOO. 2.76. 3.13. 3.63.2.56, and 2.43mal 
for ?-amino-2-deoxy-o-glucose, chitobiose. chitotriose. chitofefraose. chitopentaosc, and chito- 
heptaose, respectively.) 

In the ionization of chito-oligosaccharides, additional work is required to ionize the 

chargeable groups against the existing charge(s) on the neighboring residue(s) and 

hence, the intrinsic, macroscopic dissociation-constant may be written a~*~*‘~: 

PK, 
1 -a 0.434 

=pH+log----- 
a RT 

For chito-oligosaccharides or chitosan, the pK,,, value may then be defined as: 

PKI,, = ph’, + = pH + log +_ 

Plots of observed pK,,, against E have been found useful in recognizing conforma- 

tional effects on the overall free-energy change (dGion/L;rl). As shown in Fig. 3 for the 

chito-oligosaccharides, which do not seem to undergo a conformational change 

during titration, pK&,, is” a monotonic, increasing function of U. 

The end effect is clearly indicated from the progressive decrease of the intrinsic 

pKX (namely p& = lim p&,,,) with chain length. The gradual decrease in p& 
z-1 

as the chain length increases is not unexpected, and is no doubt due to the fact that 
the intrinsic pK, value of the internal residues should be lower than those of the 
terminal residues. Fig. 4A shows the plot of p& 1~. IZ for chito-oligosaccharides 
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Fig. 3. (A) Dependence of the intrinsic dissociation constant of a chito-oligosaccharide on the chain 
length; t B) 1 IKo vs. 1 jn for chito-oligosaccharides. 

having chain lengths of 2. 3, 4, 5, and 7. After the hexasaccharide, lengthening of the 
sugar chain appears not to alter the p& value significantly. This observation prompt- 
ed us to the following considerations_ For the 12th macroscopic dissociation-constant 
(K”) of the /r-mer, the following expression may be written: 

1 IZ - 2 1 1 _~-+-+f 
l-c, k I<$ A-, ’ 

where k, k,. and k, are the intrinsic. microscopic dissociation-constants of the 
(II - 2) internal ionizable residues and of the non-reducing and reducing residues, 
respectiveIy_ 

AS 

r;, = mY-,,_ 

then 

and t!lus. a plot of I/& against l/11 would be linear, with slope equal to I/k,,. + l/kR - 
3/k and intercept at l//r = 0 of l/k_ Such a plot is shown in Fig. 4B and may be seen 
to approximate to a straight line having an intercept l/k = 5.45 x 106, corresponding 
to pk = 6.74. The slope of the plot gave l/k, + l/k, - l/k = 3.09 x IO’ which, 
together with the known value of l/k, was used to obtain l/k,V + l/k, = 4.18 x lo’, 
that is: log( I/k, + l/k,) = 7.62. This result may be compared with the second macro- 
scopic, stepwise dissociation-constant of chitobiose, pKT = 7.6 1, which was obtained 
from the potentiometric titration data for chitobiose (Fig_ 5) by a least-squares 
method with an iterative program” on a HITAC 8800/8700 computer_ The agree- 
ment is good, in view of the differences in experimental error. The pk value of 6.74 
should correspond to the pK,, of the polymer (chitosan) at 25”. We have attempted 
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Fig_ 5. Potentiometric titration-cuwc for chitobiose at 25’. Circles, cxpcrimcntal points; solid line. 
the computed curve_ 

to determine the ionization constant for chitosan, but have not yet succeeded because 
the conjugate-base form of chitosan is practically insoluble. 

‘H-N.m_r. titration studicc~ of chitobiose. - It is useful to consider the titration 
behavior of the simplest oligomer, chitobiose, where analysis of experimental data 
involves fewer uncertainties. We have measured the pD-dependence of selcctcd 
proton chemical-shifts in chitobiose. Protonation of the amino group of GlcN was 
found to cause changes in the chemical shifts of the anomeric protons as well as in 
the chemical shifts of H-2. The signals of all three anomcric protons of chitobiose are 
observed individually between S = 4.5 and 5.5 p.p_m_ together with the separate 

signals for the axial protons at C-2. The pH-dependence of these selected ’ H chemical 
shifts reflects the state of ionization of 2-amino-2-deoxy-D-glucose residues in chito- 
biose. The ‘H chemical shifts of the anomeric protons [H-l, H-l’(p), and H-l ‘(x)] 
and H-2, H-2’(3), and H-2’(p) in the unprotonated and fully protonatcd forms of 
chitobiose are listed in Table I [“x“ and “/I” in parentheses denote “9 configuration” 
and “/3 configuration” of the hydroxyl group at C-l ‘I_ 

2-Amino-Sdeoxy-D-glucose is known to exist in aqueous solution almost 
entirely in the 4C1 pyranoid form’“. In 1969, it was reported by Neuberger and 
Fletcher” that the two pyranoid anomers of the protonated forms of 2-amino-2- 
deoxy-D-glucose have different dissociation constants. The x anomer was found to 
be the stronger base. Later16 they explained the difference in dissociation constants 
in terms of the anomeric effect. The dissociation constants of the two anomers of the 
protonated form of 2-amino-2-deoxy-D-glucose are related to the mutarotational 
equilibrium-quotients in the following manner’“: A- (~)/k (p) = K-J/\‘,,, where k (‘A) 
and k (/3) are the two dissociation constants (“‘1’. and “fi” denote the x anomer 
and /3 anomer, respectively), and K,, and Kc2 are the equilibrium quotients for the 
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TABLE I 

CHEMKXL-SHIFf VALUES FOR CHITOBIOSE (SELEmED PROTOs CHEXWAL SHUTS FOR THE DIAMIXO FORM 

ASD DIAXIhlOSlUM CA-I-IOX ARE SH0V.T) 

Proton Cttetnical shift (p.p.nt.) 

Dianrntotritrtn form (&cation) R Diantino form (neutral) b 

H-l 4.55 4.36 
H-2 3.13 2.63 
H-l’(x) 5-M 5.19 
H-l’(P) 4.96 4.58 
H-Z’(z) 3.34 2.74 
H-T(P) 3.06 (1.65) 

aValues at pD 4.16. Walues at pD 9.3 1. 

tautomeric equilibrium, /I anomer ti c* anomer and for the equibbrium, protonated 
/I anomer s protonated z anomer, respectively. 

To furnish experimental evidence for the anomeric distribution at equilibrium 
for the amino sugars, we investigated the effect of dimerization and protonation on 
the anomeric equilibrium-quotient_ We have shown that dimerization and protona- 
tion both give rise to significant increases of the amounts of the r~ anomers. It has 

been shown” that, in GlcN, the ‘R anomer is preponderant in acid solution. From 

the ‘H-n-m-r_ data for GlcN, the predominant forms are the u and /? anomer in 
acidic and basic solutions, respectively, and we estimated the degree of predominance 

as [R(P)]/[&@] = 1.22 and [R(x)]/[R(P)] = 0.58 at 25” from the data at pD 

5.52 and 9.52, respectively. These values are close to the corresponding values of 
1.14 and 0.414 obtained from titration data for 2-amino-2-deoxy-D-glucose hydro- 
chloride by Neuberger and Fletcher. Similar ’ H-n.m.r. measurements for chitobiose 

at pD 4.16 and 9-31 have also shown the z anomer to be the preponderant form in 
li -r--t 

acid solution: [NR(a)]/[NR(P)] = 2.33 and [NR(rl)]/[NR(fi)] = 0.87 at 25”. 

Incidentally, it is known ” that both the z- and /I-(1 +4)-linked oligomers of glucose 
resemble D-glucose in their anomeric ratio at equilibrium. However, a quite different 
behavior is shown by the protonated form of chitobiose; namely, the relative pro- 
portions of ~3. and p isomers of the reducing-end varies on proceeding from monomer 

to dimer, and the x anomer is greater in protonated chitobiose than observed in 
GlcNHj. We suggest that the increase in proportion of the r anomer in the dimer, 
relative to the monomer, is the consequence of steric constraints introduced by the 
neighboring GlcN residue. Chito-oligosaccharides [D-GlcNHi-/?-(1 -4)ln having 
n >= 3 resemble the cationic form of chitobiose in their anomeric ratio at equilibrium, 
but differ from GlcNHz. 

The chemical shifts of H-l ‘(a), H-l’(p), H-l, H-2’(a), H-2’@), and H-2 of 
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chitobiose as a function of pD are shown in Fi g. 6. The pD dependence of the chemi- 

cal shift is due to the fohowing reactions: 

k,W) = k*(/?) and k12 C(Y) = ki2(/3) 

Three sets of apparent, microscopic pK values, (i) ~k”,~‘(z) and ~h-;~;(v.), (ii) PX-‘;~‘(/Z) 
and pko,b;s(p), and (iii) pk;bS(Q) and pk;F(x,/l), are observed for the ammonium 

i-t 
groups on going from NR to NR through a pair of isomers of monoprotonated 
species, when the H-l’@) [or H-2’(3)], H-l ‘(rl), and H-i [or H-2) chemical shifts 
are monitored, respectively. Actually, from plots of apparent pK against the degree 

Fig_ 6. pD-Dependence of the chemical shifts of (a) H-l’(a); (b) H-l’@?); (c) H-~‘(Z); (d) H-2’(B); 
(e) H-l; and (f) H-2. 
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of dissociation, it is evident that the proton chemical-shifts of 8H-IVC8j and ~5u-~,(~) 
both reflect the ionization of the amino group of the reducing end over the pD range 
4-9. Also, within esperimental error, the same apparent microscopic pk value (7.84 

+O_Ol ) is observed from each of the two curves as pkybs(cc) and pk;p’(cr). Similarly, 
plots of apparent pK values, based on 8,,-, and 6,-2, KY. degree of neutralization, gave 

pk?Jbb’(z$) = pk;b,‘(z/J) = 7.03 +0.05. Finally, the data based on Sn_, e(I) and ~_5n_~,(~) 
yield pk;bs(/3) = pk;y(P) = 7.41 to.03 (See Appendix). 

To obtain the thermodynamic dissociation-constants, activity corrections must 

be applied to the foregoin, a data by using the thermodynamic, macroscopic, stepwise 

dissociation-constants, i\‘T and Kf, and the equilibrium quotients, K,, and K,,, for 
T-i- 

the equilibria NR(B) * &R(z) and NR(B) + NR(g)_ First, the thermodynamic 

values, k:,(z), k:,(p). and kTZ(cA,lj), may be obtained from estimates of the ionic 

strength at the limit of the degree of neutralization being unity. The steps in the 

calcuiation are as follows: 
Letting d, be the correction term for the activity function, the foregoing, 

observed constants may be related to the thermodynamic constants by 

pk;Y(rr) = p/C,(U) + d,, 

pk$(/3) = pkl, i/3) + d 1, 

and pk”$(~$) = pk;2(a,/I) t d r_ 

The second, macroscopic dissociation-constant, Kz, may be written as 

This equation may be written in the form: 

and thus 

Similarly, by using the correction term de (at lower pD where the degree of 
dissociation approaches 0), for pk:b’(rA), ~k:~~(/?), and pk;bp’(x,/3), the thermodynamic 
constants may be written as 

pk”,b’@) = pk;(oc) + d,, 

pk;b’(b) = pk;(P) + d,, 

and pkOps(rrJ?) = pk~~~,jI) -I- d,. 
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TABLE II 

MICROSCOPIC, THERMODYNAMIC DISSOCIATIOS-CONSTANTS OF CHlTOBlOSE AT 2.5” AND SOME RELATED 

DATA FOR 2-AMINO-2-DEOXY-D-GLUCOSE AND CHITOBIOSE 

Dissociation constant PX-rT( d = 7.28 p/C.‘(z) = 7.74 
Plil”‘(8> = 6.85 pl;‘r@) = 7.41 
ph9a,/?) = 6.47 
pA-~c~(“(a$) = 6.89 
p/&l’(a) = 7.70 

phT(/T) = 7.27 

pK,"' = 6.38 
p &’ = 7.61 

Anomcric quotient 
2. -r 

= &&I&~)] = 2.33 
:; = [NR(a)]/[NR(/?)] = 0.87 

K 11 = [R(rx)]l[R(P)] = I.22 
K t, = [R(or)jj[R(j9)] = 0.58 

The corresponding equation is: 

A,, = - pK; - log 
ls,,[k;b”(U) + k;bb’ti,fi)] + /<‘lb’(/J) + k;bb”@p) 

1 + K,, 

With the information concerning KT, Kz, Jr/,,, and K,,, and the va!ues given here, 
the microscopic, thermodynamic dissociation-constants have been obtained as listed 
in Table IL Related data for 2-amino-2-deoxy-D-glucose and chitobiose are also 
presented. 

The additional work required to add Hi against the repulsive forces of the 

neighboring residue may be estimated as Apki”l,i.,i, = pk:, - pk: = 0.42 kO.04. 
This experimental value of X r/X2, rT -T for chitobiose leads to a value of 7.6-5.1 /% for the 
distance separating the ammonium ion from the amino group”. This value appears 
reasonable_ The value estimated for a fully extended molecule is about S A, and the 
present pK determination suggests an intramolecular hydrogen-bond between O-5 
and H-3’ in chitobiose. The r3C-n.m.r. evidence also supports this view (as discussed 
in the following sections, independent evidence for a consistent conclusion are avail- 
able from ‘3C-n.m.r. spectroscopy and optical-rotation measurements). It should be 
noted that the value of log(l/X-, + l/k,) = 7.62, as determined from a plot of 
l/K, against l/)2, is entirely in agreement with the second, macroscopic dissociation- 
constant of chitobiose, pKT = 7.61. This result indicates that, in chito-oligosaccharide 
homologs, the ammonium groups of the neighboring sugar residues are sufficiently 
removed from each other as to have a negligible electrostatic effect on its dissociation. 

Optical rotation of &to-oiigosaccharide.~. - Evidence has accumulated in 

recent years that the short-range, favored conformation of a polymer is close to that 
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of the related dimer or oligomers”. Thus, conformations generally accepted’*” for 
such homopolymers as cellulose and chitin are quite close to those of the corre- 
sponding disaccharides’.” _ There is as yet a paucity of crystal data on oligomeric 
structures related to polysaccharides. Although the crystalline conformations of 

cellobiose” and N,N’-diacetylchitobioseZ3 have been described, the structure of 
chitobiose has not yet been reported. Chitobiose has an equatorial-equatorial 
/I-( 1 *$)-linkage between 2-amino-2-deoxy-D-glucose residues, as with cellobiose. 
Like cellulose, chitosan may be expected to adopt an extended-ribbon conformation 
with a two-fold screw axis, and adjacent GlcN residues may be joined by hydrogen 

bonds to each O-5. 
In characterizing the linkage conformation of chito-oligosaccharides we have 

first utilized the relationship, suggested by Rees’, between the optical rotation at a 
single wavelength, say, at the sodium D line (5S90 A), for a series of chito-oligo- 
saccharides, and the conformation at the glycosidic linkage as expressed in torsion 
angles about the C-l-O and O-C-4’ bonds. The projections given in Fig. 1 describe 

the torsion angles around the glycosidic bonds, C-1-O and O-C-4’ (for the atom 
numbering, see also Fig. 1). The angles H-l-C-l-O-C-4’ and C-I-O-C-4’-H-4’ are 

denoted in this paper as the conformational angles _4@ and d’Y according to the 
convention of Rees; these define the relative orientation of contiguous residues_ 

Within the context described by Rees, the “linkage rotation”, [A],,, at 5S9 nm 

may be defined by: 

[Alo = CMsJn - WLJ, + CM&), 

eere CMNRID7 lNlcNID~ and CM,], are the molecular rotation of chitobiose, the 
methyl glycoside of the non-reducing (N) residue having the same anomeric con- 
figuration as the disaccharide, and the reducing group (R) at the sodium D line. The 

rotations of the reducing, higher chito-oligosaccharides may be treated in the same 
way as that of chitobiose. Thus, for a chito-oligosaccharide, the linkage rotation may 
be defined by: 

[l:Illo = CWJD - 101 - ~)CM~e~,cx~li+l~ + CM&), 

where [M&, is the molecular rotation for the chito-oligosaccharide, and II is the 
chain length (n 2 2), [Mh,cG,~NH3_ J,, _ IS t h e contribution of methyl 2-amino-2-deoxy- 
D-glucoside, and [MK]o is the rotation of the reducing residue. For the present, we 
assume that mutarotational equilibrium is the same for all chito-oligosaccharides 
used [see p_ 9]_ 

The linkage rotation may be related to the parameters, d4 and d Y, defined in 

Fig. I, for the conformation in solution by the relationship2 

[/llD = (I2 - I)(105 - 12O(sind@ f sind!P)). 

Equating this relation to the foregoing equation, we have: 

[M,& = [M& + 12O(sind@ -I- sind!P) - 58 - n(120(sind@ + sindY) - 58). 
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[M& = 185 - 21.~i ” 

2 = cl.66 I 0.07 

(Z=sinAT + SI~AP) 

, 
-60 0 40 .120 

AWdeg ) 

Fig. 7. :Molecular rotation of chito-oligosaccharides as a function of the rlcgrec of polymerization, 
pH 4. 

Fig. 8. Restriction of chitobiosc conformations by the relation sinAUJ -i sinLl!P = 056 r-L 0.07 
(The curves of iso z = sin/l@ + sinA !f’arc given by solid curves). The limits of O-S... O-3’ hytlrogcn 
bonding, assuming that this requires the O...O distance to be 2.5-2.8 A, arc shown by dotted 
curves. The energy map for ccllobiose5~’ is shown in terms of the 5 kcaI.moI-l contour for comparison 
(broken line)_ The crystal structure of P-cellobiosc”’ is marked as @_ 

Thus, a pIot of [M,& a&ainst the chain length (II 2 2) would be linear, with the slope 

equal to IZO(sind@ + sindP) - 58. This correlation has been observed for a series 
of chito-oligosaccharides; and it is therefore likely that the linkage contributions to 
optical rotation would be additive in the chito-oligosaccharidc system’$_ From the 
results shown in Fig. 7, the value ofsind@ + sinA@ = 0.66, with standard deviation = 
kO.07, was obtained_ This would seem to impose certain restrictions on the solution 

conformations_ In other words, the conformations at the glycosidic linkage appear 

to be restricted to within the angular range that fulfils the requirement of sind@ + 
sindIP = 0.66 10.07. The range of possible d@ and d’l’ values for, say, chitobiose 
is represented in the d@Dd Y map (Fig. 8). This map also includes for comparison 
the energy map for cellobiose as reported by Rees and Smith” and the likelihood of 
hydrogen bonding between O-3’ and O-5. 

A part of the area restricted by the interrelation between d@ and d YJ also 
satisfies the allowed range in the conformation map constructed” by energy calculn- 
tions for cellobiose. The crystal conformation of /3-cellobiose”’ is within the 5 kcal. 
mot- * contour. As judged from the conformational map shown in Fig. S, the freedom 

of rotation is comparativeIy higher around the C-1-O bond (namely, a wider range 
of A@) than around the O-C-4’ bond (a limited range of accessible A Y). On changing 

*The results are also consistent with the fact that there is no chromophoric complication in the 
chito-oligosaccharide series, in contrast to such chromophoric sugars as oligo- and poly-(acctamido 
sugars) and -uranic acids’. 
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TABLE III 

T- 

CARBOS-13 CHEMICAL SHIFTS OF CHlTOBIOSE(XR). h IS P.P.M. 

- 

Carborr 
utom no. 

1’ 59.74 93.43 1 98.57 
1’ 55.00 57.54 3 56.77 
-.I 

;? 6S.SO 77.41 77.51 71.16 -1 3 72.77 70.45 
5’ 70.55 75.41 5 77.20 
6 60.91 61-12 6 61.12 

d@ from i-30” to +65”, dY’ changes from t 10” to -15”. Also, when d<l, = t50” 
and dry = -6”. the distance O-3’ _ _ _ O-5 is -2.9 A and this decreases to 2.7 8, 
ford@ = +40”anddY’= -lS”_Throughtheranged@= +40”to+55”anddY’= 
+I” to -9”: the distance O-3’ . _ _ O-5 decreases from 3.1 to 2.7 A. In the latter 
conformation, there is still a weak, intramolecular, hydrogen bond between O-5 
and the -3’-hydroxyl group. 

It would also be interesting to determine optical rotation for chito-oligo- 
saccharides in their free amino form. Unfortunately, unprotonated forms of 2-amino- 
2-deoxy-glucose oligomers and the corresponding polymer are too insoluble for 
studying the rotations as a function of degree of polymerization_ 

By using the value of sind@ i- sind{Y obtained here, it is possible to make a 
rough estimate of the expected rotation of chitosan from the relationship, lim[z,]n = 

lim[M,], x 100/162n. The limiting value thus obtained is - 13_2”, in fair agreement 
” - % 
with the observed specific rotation of chitosan, - 17”. Both the linear relationship 
between molecular rotation and degree of polymerization for a series of chito-oligo- 
saccharides and the similarity in the observed and estimated values of b] n for chitosan 
indicate that the linkage conformation (the glycosidic torsion-angles) is nearly the 
same for oligo- and poly-[&-(I -+$)-linked 2-amino-2-deoxy-o-glucose hydrochloride] 
in aqueous solution. Thus, there seems to be no additional interaction in chitosan 
that is absent from chitobiose. 

The foregoing optical-rotation procedure (namely, the Rees method) alone 
cannot, however, yield a precise determination as to which particular part of a 
resrricted area is likely to be favored. One parameter, namely, z = sinA@ + sindY, 
is of course insufficient to determine the two independent quantities, A@ and AY. 
Further restrictions of the conformations of chitobiose would be desirable by com- 
bining this optical-rotation approach with other methods utilized for study of the 

conformational properties of oligosaccharides in solution_ Additional information 
necessary to derive approximate values of A@ and AY may be obtained by ‘3C-n.m.r. 

spectroscopy. 
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TABLE IV 

CALCULATED CHEMICAL SHIFTS” AND CHEXIICAL-SHIFT DIFFEHESCE (-11))” IS CHlTOBlOSE 

1’ 89.8 -to.1 93.5 ;0.1 1 100.3 T 1.7 

2 55.1 1-O-l 57.9 -i 0.4 2 56.9 -to.1 

3’ 69.0 GO.2 71.6 d-O.4 3 73s 0.0 

4 79.4 f 2.0 79.4 -i- 1.9 4 70.4 -0.1 
-, 

;* 71.1 60.7 -t-o.2 -0.2 75.3 60.7 -0.1 -0.4 5 6 76.9 61.3 -0.3 0.2 -L 

- 

Q = d (cellobiose) + d (2-amino-2-deoxygh!cose) - (3 (ghIcOse). ‘a~lrT = rl (calculated) - d (obscrvcd). 

13C-N III I’. studies of chitobiose. - Previous investigations have determined - . 
the applicability of 13C-n m-r. spectroscopy to the study of problems of conforma- . 

tional analysis3-7-2”-‘8, and have furnished a basis from which the linkage COII- 

formation of disaccharides may be estimated”. The method of chemical-shift diffcr- 

ences may be particularly useful in indicatin g the linkage conformation in oligo- 

saccharides, if the linkage conformation of a related rcferencc compound is known. 

We have therefore measured the 13C chemical shifts in chitobiose (Table III). WC 

are particularly interested in examining the influence of the glycosidic torsion-angles 

on the C-l and C-4’ chemical-shift values in chitobiose as compared with those in 

cellobiose. 

Assigtment of sigrds. - The signals may be assigned to various carbon atoms 

from the spin-spin coupling constants, from the configuration of the substituents. 

and from the nature of the glycosidic bond between the GlcN monomers_ Except for 

the C-6 signal at 61.12 p-p-m_ and C-6’ signals at 60.91 (CL) and 61_ 12 (/I), which have 

been assigned independently by the appearance of a pair of triplets of relative in- 

tensity 1 :2: 1 in the undecoupled spectrum, and the anomeric signals, the other 

signals may be readily assigned by comparison of chemical shifts with those previously 

assigned to the corresponding carbon atoms in the monomeric units (2-amino-2- 

deoxy-D-glucose” and o-glucose3’) and in cellobiose3’. The chemical-shift changes 

that occur upon replacement of I-OH by Z-NH,‘ ’ in cellobiose arc of similar magni- 

tude to the changes found in the monomer level. with the exception of the C-l and 

C-4’ resonances of chitobiose. These observations may result from slight changes in 

steric constraints imposed on the glycosidic linkage as a result of replacement of the 

2- and 2’-OH groups by the protonated amino group (-NH:). 

In accordance with the previously established evidence in hexoscs3’ and the 

hexosamines3’, the chemical shifts of carbon atoms in the reducing group have been 

found to be dependent on the anomeric configuration, this dependence being specifi- 
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tally large in the rins carbon atoms (C-2’, C-S’, and C-5’). Here, the r3C chemical 

shifts of chitobiose may be calculated empirically by assuming the substituent effects 
on the chemical shifts to be additive: 

Table IV gives a list of the calculated chemical shifts and the chemical-shift difference. 
The 13C chemica! shifts predicted for chitobiose show excellent agreement with those 
observed for most of the carbon atoms. The only significant differences in chemical 
shift between those observed and calculated are exhibited by upfield shifts of the 
carbon atoms involved in the interglycosidic linkages, namely, the C-~‘(U), C-4’(/3) 
and C-l resonances by 2.0, 1.9, and 1.7 p.p.m., respectively, relative to the predicted 

chemical shifts (Fig. 9). 
Substantial deviations in 45 from i-O.4 p-p-m_ may thus be used to diagnose 

any significant alterations in the interglycosidic torsion angles, A@ and AY (particu- 

larly A Y) on passing from cellobiose to chitobiose. Deviations are in general rather 
small (within to.4 p_p.m_) at all carbon atoms other than C-l and C-4’_ The utility 

of these chemical-shift data to determine the linkage torsion-angle AY in chitobiose 
is considered. Lemieux and Koto have shown that C-l chemical shifts depend on the 
glycosidic torsion-angle A’P in a series of substituted cyclohexyl %- and /?-D-gluco- 

1 

Oo bserved dpredicted 
mm. 

2’d 

2% 

- 6-d 
6.6’0 

2-d 
2 
23 

-60 
6-d, 6% 
6 

3’d. 
-. S*d4 

3’0 
3 

. 

.‘P 

%3 

* 

+70 

-80 

Fig_ 9. Observed 13C-n.m.r. chemical shifts (left) of chitobiose are shown, together with the predicted 
Iocation of resonances (right)_ 
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Fig. 10. 13C Chemical shift of C-l in substituted cyclohexyl b-o-glucosides I’S_ &lycosidic torsion 
angle d’P*. a, cyclohexyl F-D-.&coside; b, 2-methylcyclohexyl @-o-glucoside; c. G-methylcyclohcsyl 
/?-n-glucoside; d, 2,6-dimethylcyclohexyl /?-n-glucoside (data are taken from ref. 3). [*Based on the 
convention of Reese; the torsion angle, A’P, is related to the ‘Yc-2’ - 120” and rl@ = rl,o-s -+- 120”] 
the solid line has no theoretical significance. 

pyranosides3. They have argued the glycosidic torsion-angle (d Y) plays some role 
in 13C chemical shifts of C-1. Grant and Cheney first suggested the possible importance 
of hydrogen-hydrogen nonbonded interactions as an explanation for upfield shifts 
for a variety of spatiahy perturbed methyl groups’s_ The simplified model indicated 
that the steric effects may be explained with a slight charge polarization in the H’“C 
bond25V’6_ Thus, for the jIL,olucosides, the more compressed the anomeric hydrogen 
atom, the more shielded the anomeric carbon atom. A plot of r3C chemical shift 
VS_ the glycosidic torsion-angle A’P assessed 3 by computer calculations according to 
the hard-sphere procedure, by keeping A@ at a fixed value of 55” is shown in Fig. 10 
and demonstrates that a monotonic, empirical correlation may be drawn relating the 
chemical shifts and the torsion angles of substituted cyclohexyl /k@ucopyranosides*. 
The compression of the anomeric hydrogen atom with H-4’ may also be suggested 

~_ --_-. 
*It is believed that the exoanomeric effect: 1~33.34 plays a dominating role in establishing the favored 
orientation of an aglyconic carbon atom relative to the anomeric hydrogen atom, namely, the drl, 
torsion angle. In the absence of exceptional steric complications, P-o-glucopyranosides in solution 
may be expectedsess to adopt d@ angles near -!-SO”. On the basis of the exoanomeric erect, the 
favored conformation for a glycosidic linkage may be considered to arise mainly from rotation only 
about the aglyconic carbon to glycosidic oxygen bond, that is, the d !I’ torsion angle. 
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as an explanation for shieldin g effects on the anomeric carbon atom (C-l) in a /?- 

linked disaccharide system such as chitobiose and cellobiose. 
If, indeed, a simple correlation as shown in Fig. 10 exists between A Y and the 

C-l chemica1 shifts, with other factors playing a minor role, then these shifts may in 
turn be utilized to define the conformation of chitobiose in solution. We have noted 
a substantial upfield shift (1.7 p-p-m_) of the anomeric carbon (C-l) signal in chito- 
biose as compared with the expected C-l resonance estimated from the data for 
cellobiose, cellulose, and 2-amino-2-deoxy-D-&rcose. The simple, empirical correla- 
tion shownt in Fig. 10 would suggest a AY torsion angle of O-5” when we used the 

AY valueI - 13.7” and (ref. 22) - 18’ for cellobiose as reference points. Thus, less- 
negative values of AY are favored for chitobiose. This behavior is presumably due 

to the electrostatic repulsion between the ammonium groups (see p_ 29). 
It should be realized that the procedure for estimating dYJ by using the K-1 

VS. AY plot is only empirica1, and the value derived is simply a rough estimate. 
Nevertheless. this treatment would seem to impose further restrictions, as there is 
no other precise method yet available for the present data. 
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APPENDIX 

The following scheme representin, = the dissociation of chitobiose dication, 
i+ 

NR, involves initial dissociation at one of the two protonated 2-amino-2-deoxy-D- 

glucose residues_ This step is followed by.the second dissociation t#J form NR. 

The reducing residue, R, of all species involved in this scheme is subject to the 
equilibrium, CA anomer * /3 anomer. The macroscopic, stepwise dissociation-constants, 
K, and KZ, defined in the above scheme are thus 

t f i i 
K, = dCNW41 + CNWB)I + WW41 + CNW)I) 

+i- if 

and 

?We make no claim for a linear correlation between the C-l chemical shifts and d ‘p, and the solid 
line in Fig. 10 is only tentatively drawn. 
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Kz = --- 
~u(CNW)l + CNWW 

--___ ----- , 

& R(a)1 + &WI + P&41 + CN &Ol 
where nu is the activity of the hydronium ion, and the square brackets represent the 
stoichiometric molar concentration of the species involved. 

The microscopic ionization scheme of chitobiose may be represented schemati- 

cally as 

Letting the molar fractions of the four species in the mixture be PG$, PGK, Psi, and 
P NR, for the CC anomer, these fractions are written as: 

[NR(a)] + CNR(or)l + CNR(cc)l + CN R(a)] 

P’ 
Cl; WI1 KR(z) = -yy-----p- i- + , 

[NRWJ + [NRb)l + CNRWI + CNRWI 

P’ 
[N &91 

NR(z) 
= _-.- --- 

i-i + + 
~_______. -____, 

CNR(cc)l + CNRWI + CNW)I + CN N41 

and 

p Na(z) --- _ 

CNW)l + CNWoOl + CNWGI + CNW41 

The fraction of molecules in which the amino group of the reducing end is not proto- 
nated, a, and the fraction of molecules in which the amino group of the reducing end 
is protonated, 1 - r, are then defined as: 

a =P+ NRC=) + ‘NRW 

and 

Defining 
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1 - r;( 

pK(u) = pD + log x, 

the uncorrected, microscopic dissociation-constants may then be obtained: 

*im 1 - rl 
- = Iim P&GIL) + P&z, CD’1 =- 

a-+0 cx C-+0 P&(~) f PNR(=) k,@) 

lim pK(cr) = pk”lb”(c& 
2-o 

Similarly, 

lim pK(z) = pk;y(u). 
Z---l 

Here, the extent of dissociation may be determined directly from chemical-shift 
measurements_ 
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