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SUMMARY 

A simple, rapid, isothermal gas chromatographic method has been developed 
for the quantitative analysis of the expected neutral monosaccharide and N-acetyl 
hexosamine components of glycoproteins and other carbohydrate polymers. Analysis 
of mixtures of the trimethylsilyl ethers of galactose, glucose, mannose, N-acetyl 
glucosamine and N-acetyl galactosamine with fucose or with xylose and arabinose 
gave good agreement between the analytical and theoretical values. 

INTRODUCTION 

In a recent publication, one of us1 reported a gas-liquid chromatographic 
procedure for the analysis of mixtures of arabinose, xylose, galactose, glucose and 
mannose. In this paper we report an improved, simplified procedure for this analysis 
and its extension to the common non-acidic constituents of glycoproteins. 

The use of gas-liquid chromatography (GLC) in carbohydrate chemistry and 
biochemistry has been extensively .reviewed 2-O. Methods are available for the analysis 
of the monosaccharide constituents of compounds such as glycoproteins+-17, glyco- 
lipidsl* 110, glycosaminoglycans20-2G, a wide variety of polysaccharides22-22 and some 
carbohydrate constituents of serum33-36 and urine2a-3e. This paper reports a simple, 
rapid method for the GLC analysis of mixtures of the trimethylsilyl (TMS) ethers of 
fucose, galactose, glucose, mannose, N-acetyl glucosamine and N-acetyl galactos- 
amine and mixtures of the TMS ethers of arabinose, xylose, galactose, glucose, man- 
nose, N-acetyl glucosamine and N-acetyl galactosamine. This procedure was de- 
veloped for the analysis of the probable non-acidic carbohydrate ‘components of 

l An account of this work was presented at the 12th Annual Meeting of the Canadian 
Federation of Biological Societies, University of Alberta, Edmonton, Alberta, Canada, June 
~rth--13th, rg6g. Abstract No. 268. 

l * Scholar of the Medical Research Council of Canada. 
l ** Present address: Department of Chemistry, University of British Columbia, Vancouver 6, 

B.C., Canada. 
5 Present address: Department of Pharmacology, University of British Columbia, Van- 

couver 8, B.C.. Canada. 
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glycoproteins but can be applied with equal facility to the hydrolysates of hemi- 
celluloses and other biologically important carbohydrates. Recently the procedure 
has been applied to, the estimation of serum monosaccharidesso, the estimation of 
serum : sorbitol ‘in a ‘patient on .peritoneal dialysis38 and in a model procedure for 
estimation of the degree of polymerization of carbohydrates40. 

Since free carbohydrates are insufficiently volatile for direct GLC their analysis 
requires the preparation of volatile derivatives. Although the acetate esters+-10*2*--32, 
41--65, and the!TMS ethers 11-~7~38--40~4@-63 have proved generally satisfactory for ana- 
lytical purposes, the existence of the carbohydrates in more than one anomeric form 
is a complicating factor, since it leads to a multiplicity of peaks which are often 
difficult to resolve. Conversion of the carbohydrates to the corresponding polyhydric 
alcohol acetates6-10,28,30-32,41,43,44 or to the aldono-x,4-lactone TMS ether&62 yields 
greatly’simplified chromatograms with each sugar represented by a single GLC peak. 
These procedures, however, involve considerable chemical manipulation and the use 
of the polyhydric alcohol acetates is complicated by the fact that the eight hexoses 
and four pentoses yield only six and three polyhydric alcohols, respectively. Further, 
the,’ analysis of ketoses is’ complicated by the two alcohols produced upon reduction, 
wliich’ would, for’example; ,make difficult the analysis of fructose in serum due to the 
ubiquit&rs, ,prese,tice of glucose’ in the samples. Adequate resolution of some carbo- 
hydrate mixtures has’ also been achieved by, the GLC of the acetates and the TMS 
ethers of the’ deriv,ed’ methyl’ gly~o~~desll-18~18,10~20,40, 

Despite the’com$exity of ‘the chromatograms obtained, GLC of the TMS 
ethers of monosaccharide mixtures has been successfully used for the quantitative 
analysis of the monosaccharide components of glycoproteinsf4J7 and hemicellu- 
loses1.soe27. These procedures use the TMS ethers prepared from the sugar mixtures at 
mutardtation equilibrium. Silylation of a sugar at mutarotation equilibrium leads 
toi a, number of ‘peaks. The ratio ‘df the’ areas under the peaks can then be precisely 
determined;, Thus,’ in ‘an incompletely resolved chrdmatograrn, the total peak area of 
a ‘sugar can be” dete’rmined if, one ijeak is completely resolved. In some cases1 it is 
unnecessary’ to resolve any ‘of the peaks attributable to a single sugar since the area. 
of ‘one ‘or ‘more peaks’ can be obtained by difference if the area of the co-chromato- 
gra&&g, ‘freaks is knbwn. Therefore, analytical procedures based upon an analysis 
of the, TMS ethers of free monosaccharide mixtures require that the equilibrium 
composition of the -component sugars be known, under the conditions chosen to 
achieve mutarotation equilibrium. Most published p~ocedures14117,27,40,47 achieve 
niutarotatiou ‘equilibrium in aqueous solution. This requires the removal of water 
before silylatiori. 'BETHGE;'HOL~~STR~MANDJUWLIN~~ avoided the concentration step 
by conducti& the ‘mutarotation in py’ridine containing 0.20/~ (w/v)' lithium per- 
chlorate at 40”. ’ Under these. conditions mutarotation equilibrium was achieved in 
2 h and the equilibrium solution could be silylated directly. However, it was necessary 
to extract the sugar TMS ethers with hexane before GLC. We have found that the 
procedure can. be simplified ‘by ,bringing about mutarotation equilibrium in N,N- 
dimethylformamide. or pyridine at 40’ in the presence of the bifunctional catalyst 
2-hydroxypyridine 60. The TMS ether of z-hydroxypyridine is volatile and does not 
interfere with the GLC .analysis of the sugar ,TMS ethers. Therefore,it is possible to 
achieve. mutarotation equilibriu,m rapidly, to silylate the solution without concen- 
tratiou and to analyse the sugar TMS ethers without any extraction procedure, In a 

J. Clwomalog., 47 (1970) xgg--208 
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previous publication by DUTTON et aZ.l it was shown that mixtures of the TMS ethers 
of arabinose, xylose, galactose, glucose and mannose could be analysed by GLC on 
columns containing ZOO/~ Silicone Fluid SF-96 on 60-80 mesh Diatoport S. This 
procedure along with some othersi7~2V7 requires the use of temperature-programmed 
GLC. We have found that by the use of columns packed with IoO/~ Silicone Fluid on 
80-100 mesh Diatoport S, or 10% SE-52 on 80-100 mesh AW Chromosorb W, and 
a chromatograph fitted with flame ionisation detection rather than with thermal 
conductivity detection 1, the TMS ethers of arabinose, xylose, galactose, glucose and 
mannose can be analysed under isothermal conditions at Igo”. Moreover, the same 
system adequately resolves mixtures of the TMS ethers of fucose, galactose, glucose, 
mannose, N-acetyl glucosamine and N-acetyl galactosamine and will accommodate 
the use of sorbitol as an internal standard. 

The chromatographic procedure described in this paper is applicable to the 
constituents of a wide variety of biological materials and is well suited to routine use 
since it is rapid and combines a minimum of chemical manipulation with simplicity 
of chromatographic operation. 

Prior to the analysis of monosaccharides it is necessary to determine the molar 
response factors (MRF)l of the sugars relative to an internal standard, and the per- 
centage composition of each of the sugars at mutarotation equilibrium under the 
conditions employed. Initially pyridine was employed as solvent but it was found 
that the MRF of N-acetyl glucosamine (and that of N-acetyl glucosaminitol) showed 
large variations which were not apparent when N,N-dimethylformamide (DMF) was 
used as solvent. Since DMF was found to be a better solvent than pyridine for the 

TABLE I 

MOLAR RESPONSE PACTORS OF SUGAR TlM!.?i ETHERS 

SugaY Molar 
response 
faclovu 

Fucosc 0.73 -J, 0.01 

Arabinosc 0.67 & 0.01 

Xylose 0.66 f 0.01 

Galactosc 0.82 f O.VI 

Glucose 0.83 & 0.01 

Mannose 0.83 & 0.02 

N-Acctyl glucosaminc 0.63 f 0.02 

N-Acetyl galactosaminc o.Go & 0.02 

8 Sorbitol = I .oo. 

mixtures analysed, it was adopted for routine use except when necessary to isolate 
the TMS ethers by concentration and by solvent extraction. In a series of prelimi- 
nary experiments, conditions were determined which brought about mutarotation 
equilibrium within 3 or 6 11. These times can presumably be decreased by increasing 
the concentration of 2-hydroxypyridine. In our laboratory mutarotation for 3 h or 
overnight (cu. 16 h) has proved convenient for routine analytical work. Table I shows 
the MRF values of the sugars determined by this procedure. Table II gives the per- 
centage composition of the sugars determined under a variety of conditions. Ex- 
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HANNOSE 2 
GALACTOSS 3 

QALACresE z N - ACETVL GLUCOSAMINO 

N-ACETVL GALACTOIAMINE 

ARAOlNOSE 

I 1 MANNOSE L 

I GALACTOSC i ) 

GALACTOSC t 

sOAQlTOL / 
GLUCOXC E 

I 

Fig. I. GLC of the TMS ethers of (a) fucosc, galactose, msnnosc, N-acetyl galactosamine and 
N-acetyl glucosamine and (b) arabinose, xylose, galactosc, mannosc and sorbitol on 100/A Silicone 
Fluid SF-96 on 80-100 mesh Diatoport S at Igo’. 

J. Chvomatog., 47 (1970) xgg--208 
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TABLE III 

RELATIVE RETENTION TIMES OF THE ANOMERIC SUGAR TMS ETl3ERS 

Sugars Relative 
retention 
Iimea 

Arabinosc I 0.247 * 0.007 
2 0.282 & 0.007 

3 0.316 & 0.005 

Xylose I 0.258 f 0.003 
2 * 0.275 f 0.002 

3 0.368 & 0.005 

4 0.452 f 0.005 

Pucose I 0.273 f 0.005 
2 0.323 f 0.004 

3 0.377 f 0.01 

Mannose I ‘0.563 & 0.01 
2 0.838 & 0.003 

Gahctosc I 0.581 & 0.004 
2 0.685 f 0.012 

3 0.818 & 0.004 

Glucose I 0.778 f 0.004 
2 1.107 -I: 0.003 

N-hcetyl glucossmine I.54 f 0.007 

N-hcctyl galsctosaminc 
I 1.16 & 0.005 
2 1.25 f 0.06 
3 1.43 f 0.005 

a Sorbitol = 1.00. 

amination of Table II shows clearly that the percentage composition of the sugars at 
equilibrium is dependent on the composition of the solvent used; and points to the 
necessity of bringing about mutarotation equilibrium under carefully controlled 
conditions if accurate analytical results are to be obtained. No percentage composition 
figures are quoted for the anomers of arabinose’because under the conditions employed 
the GLC peaks were incompletely resolved., Attempts to mutarotate N-acetyl glucos- 
amine in pyridine, DMF and water produced only one GLC peak under the conditions 
used. Fig. Ia shows a typical chromatogram for’the GLC analysis of fucose, galactose, 
mannose and sorbitol. In Fig. Ia the area of the fucose peaks can be measured directly 
while the total area of the galactose peaks,can be obtained from the galactose-2 peak. 
The area of the mannose- peak (and thus the total peak area of the sugar) is obtained 
by subtracting the calculated area of thegalactose-1 peak from the total area of the 
combined galactose-1 and mannose-x peak. The relative areas of the N-acetyl galactos- 
amine+ and N-acetyl glucosamine peaks are obtained either from the equilibrium 
.dat+ or :by the, m&hod of ,BARTLE-f AND SMITH 66. I The total area of the sugar’ peak&in 
dhromatogriitis of n&&tires of arabinose, xylose, kalactose, glucose, and mannose is 

J. GkYOttWJtO&?., 47 (1970) Igg--208 
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TABLE IV 

GLC ANALYSIS OF SUGAR MIXTURES 

Analysis 
NO. 

Weight of sugars (mgja 

I;ucose Arabi- Xylose 
?1osc 

Galaclose Glucose Mannose 

I 

2 

3 

4 

5 

G 

7 

8 

0 

IO 

II 

Actual 
Found 
Actual 
Found 
Actual 
Found 
Actual 
l?ouncl 

Actual 
Found 
Actual 
Round 
Actual 
Found 
Actual 
Founcl 

Actual 
Found 

Actual 
Found 
Actual 
Found 

20.1 - - 20.8 - 20.5 

19.9 21.3 20.2 

- 23.5 22.9 20. I 20.8 22.8 

24.G 23.9 20.3 20.8 21.8 
5.0 - - 51.9 - 50.0 
4-g 54.4 47.3 

46.4 - - 7.1 - 46.6 
45.2 7.3 44.7 
25.1 - - 27.2 - 5.1 
25.4 27.6 4.7 
- 7.3 1g.G 19.4 24.G 16.7 

7.5 19.5 18.6 24.1 16.8 
- 21.1 G.I 18.2 20.0 22.2 

20.6 6.4 17.6 20. I 22.2 
- 21.4 28.2 24.1 7.1 20.7 

22.0 28.6 24.4 7.2 20.6 

- 18.2 20.4 19.3 25.7 19.5 I 
18.3 20.5 18.5 26.4 19.3 

- 20.0 22.4 20. I 27.8 4.8 
20.5 22.9 19.9 28.7 4.8 

- 20.8 23.1 3.8 20.2 20.6 
- 21.1 23.3 3.3 20.2 20.6 

a Results are the mean values obtained from four analyses. 

obtained in a similar manner. Table III gives the retention times of the sugar anomers 
relative to sorbitol. Tables IV and V give the results of some analyses.of mixtures of 
known composition. Excellent agreement was obtained between the theoretical and 
experimental results. 

With simpler mixtures of sugars, alternative internal standards such as ara- 
binitol or inositoP can be used and the analysis time can be shortened by operating 
at higher temperatures. 

BENTLEY AND BOTLOCIP have used GLC to investigate the enzymatic mutaro- 
tation of D-glucose. Investigations of the kinetics of mutarotation have generally 
relied upon polarimetry as a measure of change in anomeric ratio and consequently 
have used concentrated solutions. GLC should provide an excellent method for an 
investigation of complicated mutarotation since the anomeric composition can be 
determined directly, and investigations can be carried out in dilute solutions in a 
variety of solvents. Such investigations require the determination of the MRF’s of 
the sugar anomers. The MRF’s could be obtained directly by the isolation and the 
re-chromatography of the anomers but might also be obtained indirectly. If it is 
assumed, as seems probable, that the MRFrs of the anomeric components of a sugar 
are identical, then the MRF of the sugar (determined from the total peak area) should 
be the same at equilibrium as at some time during the mutarotation when the ratio 

, J. Chvomatog., 47 (x970) x99-208 
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TABLE V 

GLC ANALYSlS OB SUGAR MIXTURES 

Sample Sugars molar ratioa 
-. 

Fucose Arabi- Xylose Galaclose Glucose Mannose N-Acetyl N-A cetyl 
nose gzucos- galactos- 

amine amine 

12 

13 

14 

15b 

10’ 

17” 

Actual 
Found 
Actual 
Found 
Actual 
Found 
Actual 
Found 
Actual 
Found 
Actual 
Found 

1.12 - 

1.00 - 
I .oo 
- I .30 

I.34 
0.97 - 
0.92 

I.00 - 

1.00 

-- 1.00 
1.00 

- I .oo 
1.00 

I .oo 1.14 
1.00 1.17 
- 1.0 

1.0 

- I.57 
1.51 

- 1.13 
1.og 

- 1.23 
1.16 

1.35 1.07 
I.44 1.07 
- 1.02 

0.85 

- o-79 
0.76 

1.0 
1.0 

o-77 0.71 
0.76 0.72 
0.50 1.0 
0.51 1.08 

1.62 
I .65 

a Chromatograms run isothermally at 200~ in the absence of sorbitol. Results are the 
mean of four determinations. 

b The areas of the overlapping peaks of N-acctyl glucosaminc and N-acetyl galactosaminc 
were estimated by the method of BARTLETT AND SWTH~“. 

0 ChromatogIams run isothermally st Igo’ on 10% SE 52. Sepcration of N-acctyl 
galactosamine, N:acetyl glucossmine and glucose can bc achieved on Sl? g6 at Igo”. 

of the peak areas differs from the ratio at equilibrium. In a similar way MRF’s de- 
termined at equilibrium in different solvents should be identical. Statistical analysis 
of the resuhs presently at hand has led to no definite conclusion as to whether or not 
the MRF’s of the sugar anomers are identical. Kinetic analysis of mutarotation 
employing GLC has recently been reported67. 

EXPERIMENTAL 

GLC was carried out on an F et M 402 dual column gas chromatograph fitted 
with flame ionisation detectors and direct on-column injection. The chromatograph 
was routinely operated isothermally at Igo with a flash heater temperature of 260°, 
a. detector temperature of 270~ and helium as carrier gas, using dual copper columns 
8 ft. x $ in. O.D. containing 10% (w/w) Silicone Fluid SF-96 on 80-100 mesh Diato- 
port S’ or- ,IO~/~ (w/w) SE-p on 80-100 mesh AW Chromosorb W. Columns were 
packed to contain the same weight of packing (-& 0.x g) and best results were ob- 
tained. with 1 the SF-96 columns when the packing was sieved after preparation. 
Columns ‘were conditioned under non-flow conditions for 30 min and then under 
flow. conditions for <at least 24 h at temperatures at least 50” above the maximum 
temperature used for chromatography. Column life was prolonged by regularly (after 
every ‘fourth injection), alternating the two columns. Performance was improved by 
regularly removing the deposits’which accumulate on the collecting electrodes when 
silyl ethers ‘are being chromatographed. An F & M gas chromatograph is particularly 
convenient in this~regard since the detector can be rapidly disassembled and easily 
cleaned. Peak areas were measured with a Disc integrator and when necessary by 
the’method of BARTLET AND SMITI@. 
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DETERMINATION OF MOLAR RESPONSE FACTORS AND EQUILIBRIUM PERCENTAGE 

COMPOSITION 

Preliminary experiments to establish conditions for mutarotation equilibrium 
were carried out on pairs of sugars which were completely separated from each other 
on GLC. Samples of the two sugars plus sorbitol were dissolved in analytical grade 
pyridine or N,N-dimethylformamide (8 ml) to give a final concentration of approx. 
1.25 x 10-2 M in each of the sugars and in sorbitol. These solutions were incubated 
at 40” in plastic capped glass vials in the presence of varying quantities of z-hydroxy- 
pyridine. Aliquots (I ml) were withdrawn at intervals and the TMS ethers were 
prepared by treatment with hexamethyldisilazane (I ml) and trimethylchlorosilane 
(0.5 m1)40. After 30 min, aliquots (2 ~1) were used for GLC analysis and the ratio of 
the peak areas of the anomers was measured. Mutarotation was allowed to continue 
until the ratio of the peak areas of the anomers became a constant. On the basis of 
these experiments the following sets of conditions were selected: 

(a) Reagent grade N,N-dimethylformamide was made approximately 1.25 x 

10-2 M in each of two sugars, 1.25 x IO -2 M in sorbitol and 2 x 10-1 M in z-hydroxy- 
pyridine. The solutions were incubated at 40” for 3 h. 

(b) Conditions as for (a) above using analytical grade pyridine or N,N-dimethyl 
formamide in the presence of I x IO- 1 M z-hydroxypyridine at 40” for 6-24 h. 

Molar response factors and percentage compositions at equilibrium were de- 
termined by quadruplicate analyses on each of six mutarotation mixtures. Statistical 
analysis indicated that the results obtained from the siti separate mutarotation 
mixtures were in the same population. ” 

MRF’s were calculated from the formula: 

MRI’ = 
Peak area of sugar x moles internal standard 

Peak area of internal standard x moles of sugar 

ANALYSIS OF SUGAR MIXTURES 

Mixtures of sugars were brought to mutarotation equilibrium by using pro- 
cedure (a) above. Samples (I ml) were silylated with hexamethyldisilazane (I ml) 

and trimethylchlorosilane (0.5 ml) and four aliquots (2 ~1) were analysed. In these 
experiments the analyst knew the total weight of the mixture to be analysed but was 
unaware of its quantitative and qualitative composition. 
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