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ABSTRACT 

A methylation-analysis procedure has been developed by which the glycosyl- 
linkage compositions of microgram quantities of complex carbohydrates, including 
those containing hexosyluronic acid r&dues, can be determined. The effectiveness 
OC the procedure was demonstrated by correctly determining the glycosyl-linkage 
compositions of 1 JL~ of a disaccharide and 5 pg of an acidic polysaccharide whose 
structures were unknown to the analyst. The development of a new technique, 
namely, reversed-phase chromatography on Sep-Pak C,, cartridges, to recover and 
purify microgram quantities of per-0-methylated complex carbohydrates from 
methylation-reaction mixtures, was critical to the success of the microscale proce- 
dure. The USC of gas-liquid chromatography-mass spectrometry with multiple, 
selected-ion monitoring was also essential for identification and semiquantitation 
of the partially O-mcthylated alditol acetates derived from 1 to 5 p.g of a complex 
carbohydrate. 

Glycosyl-linkage compositions of complex carbohydrates are usually deter- 
mined by methylation analysis ‘+I However, no reports exist of the use of methyla- 
tion analysis to determine the glycosyl-linkage composition-analysis of less than 
100 to 200 pg of a complex carbohydrate. Complex carbohydrates of biological ori- 
gin are frcqucntly available in only small amounts. A procedure has now been de- 
veloped by which the glycosyl-linkage compositions of 1 to 5 pg of complex car- 
bohydrates can be determined by using methylation analysis. 
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iBascd on the Ph.LI. thenls of T.J.W., University of Colorado. Boulder, 1983. 
**Current address: Bnochemlcals Department, Expenmental Sratlon. Room 226. Budding 324. Du 
Pont Company. Wilmington, DE lYX9X. 
***To whom correspondcncc should be addressed. 
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Per-0-methylation of carbohydrates. - Carbohydrate samples were per-O- 

methylated according to the procedure developed by Hakomori” as adapted by 
Sandford and Conrad’. Modifications of this procedure for per-0-methylation of 

microgram quantilies of carbohydrates are presented in Results and Discussion. 
Deuterio-reduction of the carboxyl groups of hexosyluronic acid residues. - 

Deuterio-redtmtion of the carboxyl groups of hexosyluronic acid residues was ac- 

complished by using sodium borodeuteridc’“. with the modifications for microscale 
analysis described (see Results and Discussion). 

Gas-liquid chromatography. - A Hewlett-Packard model 5880 gas chro- 
matograph equipped with dual flame-ionization detectors (here termed f.i.d., for 

“flame-ionization detection”) was used for all analyses. Helium was employed both 
as the carrier and the make-up gas. injection port and f.i.d. tempcraturcs were 
250”. 

All g.1.c separations were performed in a Hewlett-Packard methylsilicone- 
fused silica, capillary column (either 12 or 25 m x 0.20 mm i.d.). 

Injections of partially 0-methylated alditol acetates and per-0-methylated 
disaccharide-alditols were made from dichloromethane solution, using the split 

mode (splil ratio 10: l), unless stated otherwise. The following oven-temperature 
Program. unless stated otherwise, was used for split-mode analyses: 3 min at an ini- 
tial temperature of 140”. increase to 240” at the rate of 6”lmin. and hold for 5 min 

at 240”. 
Splitless injections were often necessary for g.1.c. analysis of per-O-methyl- 

ated alditol acetates derived from samples containing t25 pg of complex car- 
bohydrate. In these instances, decane was added to an acetone or dichloromethane 

solution of the: partially 0-mcthylated alditol acetates, in order to produce a solu- 
tion containing 50% (Y/V) of decane before injection. The following program was 

used for splitless-injection, g.1.c. analyses: 5 min at an initial temperature of 120”, 
increase to 150” at lS”/min. and then to 240” at 6”/min, and hold for 5 min at 240”. 

‘The f.i.d~g.1.c. peak areas of the per-0methylated alditol acetates and of 
the internal standard, myo-inositol hcxaacetate, were converted into molar values 
by using their elfeclive carbon-response factors”. 

Gas-liquid chromatography-mass spectrometry (g.l.c.-m.s.). - A Hewlett- 
Packard model 5985 g.l.c.-m.s. system that included an H-P model 5840 gas chro- 
matograph and an H-P model 1000 data system was used for g.l.c.-m.s. analyses. 

Partially per-O-methylated alditol acetates and per-0-methylated oligosaccharide- 
alditols were s,eparated on a wide-bore (15 m x 0.33 mm i.d.) fused-silica capillary 

column (D&l ; _I and W Scientific Co.). 
Sampler, were injected in the on-column mode by using a Hewlett-Packard 

on-column injector. Dichloromethane was added to a sample, and diluted with 
sufficient decane to produce a 1: 1 (v/v) decane-dichloromethane solution before 
injection. .Pht: gas-chromatographic effluent was ionized by electron impact-mass 
spectrometry (e.i.-m.s.) at 70 eV, with a source temperalure of 200”. Scan rates for 
g.l.c.-m.s. analyses were tither 267 or 400 amus-‘. Dwell times of SO ms were 
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lowing section. It should he pointed out that the development of this procedure did 
not follow the sequence of steps as given next. In fact, the hydrolysis, reduction, 
and acetylation steps (Steps 3, 4, and 5) of the microscale procedure were studied 
first, so that they could he used to analyze the reaction products from the per-O- 
methylation step (Step 2). The reaction conditions and procedures for Steps 3. 4, 
and 5 were optimized by using per-0-methylated cellohiitol as the model 
carbohydrate. Microgram amounts of per-0-methylated cellohiitol were hydro- 

lyzed, the products reduced, the alditols acetylated, and the resulting, partially O- 
methylated alditol acetates analyzed by f.i.d.--g.l.c., using myu-inositol hexaace- 
tate as the internal standard. 

Step 1. Prereduction of the complex carbohydrate 

Qligosaccharides are reduced with sodium horodeuteride’ before they are 
per-0-methylated. Polysaccharides are generally not reduced before they are per- 
0-methylatcd, except to prevent degradation’“. However, before per-O-methyla- 
tion, polysaccharides containing glycosyluronic acid residues should be passed 
through a cation-exchange resin (H+ form) in order to convert all of the carboxyl 
groups into the protonated form; this treatment permits more-complete O- 

methylation of such polysaccharides’s. 
Quantities of a complex carbohydrate amounting to ~100 pg were pre- 

reduced in the following way. A solution of sodium borodeuteride in M ammonium 
hydroxide (100 pL; 10 pg of sodium borodeuteride/pL) was added to the complex 
carbohydrate in a test tube (13 X 100 mm). The contents of the tube were mixed 
by vortexing, and the mixture was kept for 2 h at room temperature. .l’he excess of 
horodeuteride was converted into borate by adding glacial acetic acid (5-10 FL), 
and this was removed as trimethyl borate by evaporations with acidified 
methanol14. Acetic acid in methanol (0.5 mL, 10% [v/v]) was added to the tube 
containing the prereduced carbohydrate, the tube contents mixed, and the solvents 
evaporated to dryness. This evaporation procedure was repeated three times with 
10% (v/v) acetic acid in methanol, and then four limes with methanol (0.5 mL). 
The evaporations were accelerated by blowing gently with filtered air, while the 
test tube was heated to -50” in a water bath. 

The prereduced, borate-free complex carbohydrate was desalted by passing 
it through a column of cation-exchange resin (H+ form). The sodium acetate 
formed during the evaporations of the trimethyl borate was thus converted into 
acetic acid, which was subsequently removed during lyophilization of the car- 
bohydrate. In this procedure, the prereduced carbohydrate was dissolved in de- 
ionized water (0.2 mL). and transferred to a cation-exchange column with a pipet. 
The cation-exchange column, consisting of a 0.25-ml. Luer-Lok syringe, contained 
-0.1 mL of Dowex 5OW-X12 resin (2.35 meq/mL) packed on 5 mm of silanized 
glass wool. (This quantity of resin can exchange approximately 100 times the 
amount of sodium ions present.) The sample solution containing the prereduced 
carbohydrate was gently pushed through the column with air pressure until the liq- 
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perature. The per-0-mcthylated, prcreduced complex carbohydrate was isolated 
from the mixture, and purified by reversed-phase chromatography as described 
next. 

It was determined that. fol- successful methylation analysis, the per-O-meth- 

ylated carbohydrate must be recovered in good yield and be completely separated 
from the other components of the methylation-reaction mixture, i.e., dimethyl sul- 
foxide, sodium iodide, reaction side-products. and reagent and solvent impurities. 
Each of the purification procedurch in use up to the time. of this work (extraction, 

gel-permeation chromatography, and dialysis) posed serious drawbacks to the re- 

covery and purification of microgram amounts, of per-O-methylated complex car- 
bohydratcs. Therefore. a purification tcchniquc was developed to utilize reverscd- 

phase chromatography on Sep.Pak C,, cartridges. 
Microgram quantities ot a per-0)-methylsted. prercduced complex carbo- 

hydrate were recovered and purified by reversed-phase chromatography in the fol- 
lowing way. A Sep-Pxk C,, cartridge (preflushed with 40 mL of 100% ethanol to 

remove contaminants from the cartridge and to increase the recovery of the per-0 
methylatcd carbohydrate) was preconditioned by passing through the cartridge 2 
ml2 of 100% acetonitrile (HPL.C-grade) followed by 4 mL. of water (HPLC-grade). 
The methylation-reaction mixture containing The per-0-mrthylated carbohydrate 
was diluted with an equal volume of HPLC-grade water to produce a 50% (v/v) di- 
methyl sulfoxidc-water solution. This solution was slowly (1-2 drops per second) 

pushed, using the syringe plunger, through the cartridge bed until the liquid level 
was just above the resin bed. The Hypovial was rinsed wth 1: 1 (v/v) dimethyl sul- 
foxide-water (0.5 mL). This rinse was then loaded onto the cartridge in the ?ame 
manner as the sample solution. 

The more-polar contaminants in the methylation-reaction mixture. including 
the dimethyl sulfoxide and sodium iodide, were eluted from the sample-containing 
cartridge with four 2-mL flushes of water (HFLC-grade). The first three portions 

were pushed through the cartridge with the syringe plunger until the liquid level 
was just above the resin bed; the fourth portion was pushed completely through the 
cartridge. The less-polar contaminants from the methylation-reaction mixture were 
elutcd from the cartridge by uwng 2-mL flushes of (a) 3: 17 (v/v) and (h) 1:4 (v/v) 
acetonitrileewater. Generally. four 2-mL Ilushes of the former removed contamin- 

ants from per-0-mcthylated disaccharide-alditols. more of the latter solvent being 
used; three 2-mL flushes of solvent n. followed by one 2-mL tlush of solvent h, re- 
moved contaminants from intermediate-sized. per-0-methylated ohgosaccharide- 
alditols (d.p. 3-10); and two 2-mL Rushes of solvent (1. followed by two 2-mL 
flushes of solvent b. removed contaminants from larger per-O-methylated oligosac- 
charide-alditols (d-p. >lO) and from per-O-methyl;~lrti polysaccharides (c)r 

polysaccharide-alditols). 
Per-0-methylated oligosaccharide-alrlitols (d.p. Z-10) were cluted from the 

Sep-Pak C,s cartridge with 100%J acetonitrile (2 mL). The elution of larger per-O- 

methyl&cd oliposaccharide-alditols (d.p. >lO), and of per-O-mrthylated polysac- 
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ferred to a Reactivial (0.3-mL size) with three -0.2-mL aliquots of di- 
chloromethane, and the dichloromcthane was gently evaporated with filtered air. 
The per-C)-methylated. prcrcduccd complex carbohydrate in the Reactival was 
then ready for further analysis. 

The use of reversed-phase chromatography on Sep-Pak C,, cartridges ena- 
bled recovery in good yields of per-O-methylated products derived from complex 
carbohydrates as diverse in size as disaccharide-alditols and large polysaccharides 
from methylation-reaction mixtures (see Tables I and II). Moreover, reversed- 
phase chromatography on Sep-Pak Cis cartridges, which can be used to recover 
and purify from 1 ,~g to 5 mg of per-O-methylated complex carbohydrates, re- 
quired only 15 to 20 min per sample (excluding solvent-evaporation time). 

Step 2A. Reduction of the glycosyluronic carboxyl groups 

It was found to be easier to reduce the carboxyl groups of methyl-esterified 
hexosyluronic acid residues in microgram quantities of a per-O-methylated 
polysaccharide than it would be to carboxyl-reduce. recover, and per-O-methylate 
such quantities of the native polysaccharide. The procedure for reducing the car- 
boxy1 groups of hexosyluronic acid residues in microgram quantities of complex 
carbohydrates was adapted from that of Dutton et al. lo, and involved the reaction 
of the per-O-methylated carbohydrate with a solution of sodium borodeuteride in 
27:73 (v/v) 95% ethanol-oxolane. Methyl-esterified hexosyluronic acid residues re- 
duced by this procedure were converted into the corresponding 6,6-dideuterio- 
labeled hexosyl residues. 

The reduction of glycosyluronic carboxyl groups was accomplished as fol- 
lows. A solution of sodium borodeuteride in 27:73 (v/v) 95% ethanol-oxolane was 
prepared by dissolving 1.8 mg of sodium borodeutcride in 0.21 mL of 95% ethanol. 
Oxolane (0.51 mL) was added to the solution of sodium borodeuteride in 95% 
ethanol, and the resulting solution mixed. An aliquot (75 pL) of the solution of 
sodium borodeuteride in 27:73 (v/v) 95% ethanol-oxolane was added to the Reac- 
tivial containing the methylated, prereduced complex carbohydrate. The vial was 
sealed, its contents mixed. and the sample kept for 18 h at room temperature. The 
vial was heated for 1 h at 70”, and then allowed to cool to room temperature. The 
excess of borodeuteride was converted into borate by adding acetic aid (5 pL) to 
the vial. The borate was removed as its volatile trimethyl ester by evaporating the 
sample with 10% (v/v) acetic acid in methanol and with methanol, as described in 
Step 4. 

The sodium acetate formed during the evaporations of the trimethyl borate 
would, if not removed, interfere with the hydrolysis of the deuterio-carboxyl-re- 
duced, partially O-methylated polysaccharide. The residual sodium acetate was re- 
moved as described (Step l), with the following changes. The Dowex 5OW-X12 
resin (0.1 mL) was rinsed with several bed volumes of HPLC-grade water, followed 
by several bed volumes of 1: 1 (v/v) ethanol-HPLC-grade water, before sample 
loading. The carboxyl-reduced, partially 0methylated polysaccharide was sol- 
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lowed to cool to room temperature, and toluene (50 ,uL) was added. The contents 
of the vial were mixed, and the solvents evaporated jusf to dryness. (Note: great 
care must be taken during evaporation of the acetic anhydridt-toluene to prevent 
the loss of some of the more volatile. partially 0-methylated alditol acetates.) One 
additional evaporation just to dryness with toluene (SO ILL) was then performed. 
Dichloromethane (25 /LL) was added to the vial, its contents were mixed, and the 
dichloromethanr was allowed to evaporate at room temperature. This addition and 
evaporation. which tended to concentrate the partially (I-methylated alditol ace- 
tates at the bottom of the vial cone. permitted a smaller volume of injection sol- 
vent(s) to be used in subsequent g.1.c. and g.l.c.-m.s. analyses. 

Step 6. G1.c. and g.l.c.-m.s. analyses of the purrially 0-nwthylated alditol acetates 
C. l.c. analysis ofpartially 0-methylated nlditol acrtahs. ~~ The relative molar 

percentages of the partially 0-methylated alditol acetates and the identities of the 
derivatives (as ascertained by g.I.c.--ln.s., and by their g.1.c. retention-times rela- 
tive to those of authentic derivatives or of internal standards) were used to deter- 
mine the glycosyl-linkage composition of complex carbohydrates. The relative 
molar percentages of the partially 0-methylated alditol acetates resulting from 
methyl&ion analysis of a complex carbohydrate could be determined by g.1.c. ifa 
sufficient quantily of sample (greater than 10 pg) was avatlable for analysis. If les- 
ser amounts of sample were available, the analysis was performed by g.l.c.-m.s. 
(see later). 

Microgram quantities of partially 0-methylated alditol acetates were 
analyzed by g.1.c. in the followmg way. Dichloromethane (50-100 pL) was added 
to samples containing a complex carbohydrate (25SlCKl pg), and f.i.d.-g.1.c. 
analysis of such samples was achieved by using split injection (10: 1 split ratio). Par- 
tially O-rnethylated alditol acetates derived from samples containing 10 to 25 pg of 
a complex carbohydrate were dissolved in 20 to 50 PL of 1: 1 (v/v) decane-di- 
chloromethane; they were analyzed by f.i.d.-g.1.c. by using splitless or on-column 
injections. Under these circumstances, decant was added to the dichloromethane 
solution to permit the “solvent effect”“.” to take place at injection temperatures 
above the boilrng point of the dichloromcthane. This mixed-solvent system allowed 
injections to be made at an initial oven-temperature of 120”. which significantly 
shortened the analyses by decreasing the oven-temperature recycle-times. The x- 
lative areas of the peaks resulting from f.i.d.-g.1.c. analysis in the split, splitless, or 
on-column mode were converted into relative mole percentages by using the effcc- 
tive-carbon-response factors” of the derivatives. 

The recoveries of partially 0-methylated alditol acetates slowly increased 
(-10 to 15%) after theaddition of the solvent(s) to the Reactivials. and then 
stabilized after 2 to 3 h. This phenomenon was probably due to slow solubilization 
of the derivatives from the interstices of the crystalline sodium acetate that re- 
mained in the Rcactivial cone. Therefore, the partially 0-methylated alditot ace- 
tates were equilibrated with the injection solvent(s) for at least 3 h before f.i.d.- 
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TABLE IIIB 

Terminal 118. 161, 162.2OS 
2-Linked 161.190 
3.Linked 118,161,234,277 
4-Linked 118.233 
6.Linked 118, 162,189,233 
2,3-Linked 161,262 
2,CLinkcd 130. 190,233 
2,6-Linked 129’, 130. 189.190 
3,CLinked 118,305 
3,6_Linked 118,1X9,234,305 
4,6-Linked 118,261 
2.3,4-Linked 129’. 185 
2,3,6-Linked 189,262 
2,4,6-l.inked 190,261 
3,4,6-Linked 118,333 

“Group IT ions: Derivativesof terminal, hnear, and branched hexosyl residues; m/z: 118. 129’, 130, 161, 

162, 185, 189, 190, 205, 233, 234, 261, 262. 277, 305, and 333. hThis Table includes the diagnostic and 
abundant e.i.-m.s. fragment-ions for g.l.c.-m.5. (m.s.i.m.) analysis of partially O-methylated alditol 
wxtntes derived from terminal, linear, and branched hcxopyrenosyl rcsiducs, but not those of the dc- 

rivalives of terminal, linear, and branched hexofuranosyl residues. LThe fragmmt-ion m/r 129 was not 
included in ion-group II for g.l.c.-m.s. (m.s.i.m.) analyses of partially O-methylated alditol acetates de- 
rived from hexosyl rasiduec in the data prcscntcd herein, but its inclusion in the ion-group tile makes 

the tdentification of such derivatives more concluswe. 

et al.*. Prudent choice of these diagnostic fragment-ions allowed the partially O- 
methylated alditol acetates to be identified, and their relative molar percentages to 
be determined semiquantitatively from the relative peak-areas of the fragment ions 
in the “total-m.s.i.m.-ion” mass chromalogram, that is, the mass chromalogram 
that is the sum of all selected-ion, mass chromatograms obtained during g.l.c.-m.s. 
(m.s.i.m.) analysis. In general, the relative abundances of only a few, diagnostic 
fragment-ions were needed in order to determine the arrangement of O-methyl 
and 0-acetyl groups on a particular alditol, whereas a greater number of fragment- 
ions was generally required for semiquantilation. 

An ion-group file was constructed for g.l.c.-m.s. (m.s.i.m.) analysis of all of 
the partially 0-methylated alditol acetates that could bc derived both from pre- 
reduced hexose* (see Table IIIA) and hexosyl residues (see Table NIB)‘. Several 
fragment-ions of the partially 0-methylated hexitol acetates derived from pre- 

*Only those derivatives of prereduccd hexosc r&dues having one glycosyl residue attached to them 
could be annlyzcd by the e.i.-m.s. fragment-ions listed in Table IIIA. ion group 1 can be modified to in- 
clude branched. prereduced hexose residues hy addition of the ions at miz 146, 173, 174. 217,218,233, 

234,277, and 288. 
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Fig. 1. The “total-m.s.i.m.-ion” mass chromatogram obtained from g.l.c.-m.s. (m.s.i.m.) analysis of the 
partially 0.methylated alditol acetates derived from I fig of maltotriose. jThc analysis of ion group 1 

(see Table III/\) was begun 3 min after sample mjectmn. and was continued for 2 mm. The anslyais of 
ton group II (see Table IIIB) was begun upon term~natmn of the lo”-group I analysis. and was con- 
tinucd for 5 min. Peak A corresponds to the parrmlly O-mrrhylated alditol acetate (A-O-acetyl-l- 

deuterio-I .2,3,5,6-penta-0-methyl-o-glucitolf dcrwcd from the prcrcduccd. 4.linked glucosr residue 
(PR A-Glc). peak B to the partially O-methylated alditol acetate (1.5.di-0-acctyl-I-dcutcrio-2.3.4.6. 
tetlu-0.mrthyl-o-glucltol) derwed from the terminal glucosyl group (T-Glc), and peak C to the partially 
O-methylated alditol acetate (I ,4,S-tri-~-acetyl-l~deuterio-2.3,h-tri-O-methyl-oglucitol) derived from 
the 4-linked glucosyl resldue (A-UC). Thr relativr mole ratios of the three derivatives as obtained from 

the relative areas of the corresponding peaks in the chromatogrdm W~TC thr followmg: PR A-Glc. 0 6Z; 

T-Glc. 0 93: and 4.Glc. I .OO. The partmlly 0-methylated alditol acetates derived from 3-linked, 3,4- 
lanked. 2,4-linked. and 4.h.linked glucosyl residues result tram incomplete 0.methylation of the tnsac- 

charidc-alditol.1 

sample of an acidic polysaccharide (designated “z”) were analyzed. 
Analysis of oligusaccharide “n”. - Oligosaccharide “x” was prereduced and 

per-0-methylated, and the resulting per-0-methylated oligosaccharide-alditols re- 
covered and purified as described (Steps 1 and 2). Pour 2-mL portions of 3: 17 (V/V) 
acetonitrile-water were used in the polar-contaminant-cleanup procedure (Step 2), 
to cnsurc that the per-0-methylatcd oligosaccharidc-alditols would be retained on 
the Sep-Pak C,s cartridges if oligosaccharide “x” was a disaccharide. The per-O- 
methylated oligosaccharide-alditol was removed from the Scp-Pak cartridge by 
eluting with 100% acetonitrile (2 mL). The per-U-methylated oligosaccharide-al- 
ditol derived from oligosaccharide “x” was fully hydrolyzed, reduced, and 
acetylated (Steps 3-5). The resulting, partially 0-methylated alditol acetates were 
then analyzed by g.l.c.-m.s. (m.s.i.m.), using the ion-group file for the derivatives 
of prereduced hexose and hexonyl residues (see Tables IIIA and MB). 

The “total-m.s.i.m.-ion”, mass chromatogram obtained from g.l.c.-m.s. 
(m.s.i.m.) analysis of the partially 0-methylated alditol acetates derived from 1 pg 
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syluronic acid residues of the per-0methylatcd polysaccharide were reduced. and 

the product desalted (Step 2A). 

The desalted, deuterio-carhoxyl-reduced. partially O-mcthylatcd. polysac- 

charide sample was fully hydrolyzed, its hydrolysis products reduced, and the al- 

ditols acetylated (Steps 3-S). ~l‘he resulting, partially O-mcthylatcd ald~tol acctatcs 

were analyzed by g.l.c.-m.s. (m.s.i.m.) as described (Step 6). ‘l‘hc s.i. massspcctra 
of the partially O-methylated alditol acetates dcrivcd from the didcuturlrr-carhoxyl- 

reduced hexosyluronic acid residues include diagnostic fragment-ions that are two 

m/z units greater than the sarnc derivatives of hexosyl residues. An ion-group tile 

tar g.l.c.-m.s. (m.s.i.m.) analysis of partially O-methylated alditol acetates derived 

from deuterio-carboxyl-reduced hexosyluronic acid residues was constructed in the 

following way. Diagnostic and abundant e.i.-m.s. fragment-ions of partially (I- 

methylated alditol acetates derived from terminal. linear, and branched carboxyl- 

reduced hexosyluronic acid rcsiducs wcrc sclcctcd according to the fragmcnt:~tion 

I‘AB!-E” 

THF ION-CiROI iwr,, F FOR G I c -?“I s (M 5 I M ) ANA, YSIEOk PARTlALl Y Cl-METHYLATLDAI 1>11‘01.*Ct’,-\T1-5 
DF.R,“E” FROM CARBUKYL-I,I”F UTtK,U-H~DL:cP,, H~SoStl “ROY,< ,,<.I,> KL S1111I15 \v,t t lii7bl I1I.YOSI 1 111 
SlnllFs~ 

.?knvurivrr of crrrboryl-didrrrrerro-rrduceri Ion g’“rp~’ 
hr.rm ylirronrc arrd rrscdur, lXn~n<mr and ahzmclanr 
and of hermyf reszdues (_ /.-vz \ fra~pmenr-trma 

Terminal hexosyl I IS. Ihl, If,:. xi 
2-LInked hcxoayl Ihl. IQ0 
.i-LInked hexosyl II.“. Ih,.ll4.‘!i7 

4-I.inked herosvl I IX. It?. 233 
h-Link4 hcxosyl 1 IX. 16:. IX‘). ‘3.3 
Terminal hexosyluromc acid 11x. 1h.l I’>, 35 
2.3.Lnnkrd hrxosyl 16,. ‘61 

2.4.Llnkcd hcxosvl I (ro. 2.3.3 



DETERMINATION OF GLYCOSYL-LINKAGE COMPOSITIONS 299 

6 7 a 9 10 
RETENTION TIME (mln) 

Fig. 3. 711’2 selected-ion, mass chromatograms for m/z 11X. 261, and 263, and the “total-m.s.i.m.-ion” 

mass chromarogram obtained from g.l.c.-m.s. (m.s.i.m.) analysis of the partially O-mcthylatcd aldirol 

acetates rcsultinl: from per-O-methylatmn, and carboxyl rtxluction with sodium borodeuteride, of 5 +g 
of poiysaccharide ‘k”. followed by hydrolyas, reduction, XXI aceryintron of the deuterio-farboxyI-r- 

duced. partially 0-methyfated polysaccharidc. FIhe ion-group file used for this g.l.c.-tn.s. (m.s.i.m.) 

analysis is hsred in Table V Peak Fcwrrcspunds to a partially O-methylated alditul acetaie f1,3,5-tri-0. 
acctyl-l-deuterio-2.4,6-tri-0.methylhexit;I) derived from aWinked bexosyl residue; peak G to a par- 

tiallv O-methvlated atditol acetate 11.4.5-tri-O-a&etvl-I-deutcrio-2.3.6-tri-O-methvIhcxit~i~ derived 

ho& a 4-tinkid hexosyl r&due; p&k ti to panialiy O-methylated alditol ace&s (1,4:5,6-t&m- 

0-acctyl-I-deutprio-2.3-di-O-methylhenitol and 1,4,5,6-tetra-O-acetyl- 1,6.6-tridcutrrio-2.3-di-0- 
methylhcxitol) derived from 4,6-linked hexosyl and carbohyl-dideuterio-reduced 4-linked hrxosyluronlc 

acid residues. rcspcctively; and peak I to a partially O-mcthylated alditol acetate (1,4,5,6-tctra-cl- 

acetvl-I-deuterio-2.3-di-0-mclhvltlexttol~ derived from another J.h-Imkcd hexosvl residue. The &co- 

rules of Etjljrndal et al.’ (see Table V). To this ion-group file were added the 
diagnostic and abundant e.i.-m.s. fragment-ions of partially O-methylated alditol 
acetates derived from terminal, linear, and branched hexosyl residues. The diag- 
nostic and abundant fragment-ions of partially O-methylated alditol acetates de- 
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rived from prereduced hexose residues were not included, because these deriva- 
tives arc not important in methylation analyses of polysaccharides. The ion-group 
file consisted of only one ion group, because all of the known, partially O-methyl- 
ated alditol acetates derived from dideuterio-carboxyl-reduced hexosyluronic acid 
residues and from hexosyl residues could be analyzed by using 20 e.i.-m.s. frag- 
menl-ions. 

The “total-m.s.i.m.-ion” mass chromatogram obtained from g.l.c.-m.s. 
(m.s.i.m.) analysis of the partially O-methylated alditol acetates derived from 5 pg 
of polysaccharide “z” is shown in Fig. 3. Partially O-methylated alditol acetates de- 
rived from Minked hexosyl (peak F), 4-linked hexosyl (peak G), and two different 
4,Clinked hexosyl residues (H and I) were identifed from their respective, back- 
ground-subtracted, multiple selected-ion mass spectra (see Table VI). The partially 
0-methylated alditol acetates corresponding to peaks H and 1 were identified, from 
their g.1.c. retention-times relative to those of authentic derivatives, as being de- 

TABLE VII 

Glucosyl 
Glucobyl 

Glucosyl and 

2,4,6 3 II I1 11 

2x3.6 4 33 44 39 

h.h-didcuterio- 

labeled &wsyld 

GdaCtOSyl= 

233 4.6 44 33 41 

2.3 4,6 11 11 9 

“The theoretical glycosyl-linkage compos~tmn of the polysaccharidc as calculated from its rcpcsting 
uni?‘. “The polynaccharide was per-O-methylated, and the methyl-esterified carhoxyl groups of the 

hcxosyluronic acid r&dues wcrc reduced with sodium borodeutcridc. The carboxyl-deuterio-reduced. 

partially 0.methylated polysaccharide was hydrolyzed, to give partially 0.methylated aldoses, the par- 

tially 0-methylated aldoses were reduced, to give partially 0-methylated alditols, and the partially O- 

methylated alditols were acetylated. The resulting, partially 0methylated alditol acetates were iden- 

tified, and their relative mole ratios determined, by g.l.c.-m s (m.a i.m ) analysis, usmg the lowgroup 

file hsted in Table V. ‘The glycosyl-linkage composition of the polysaccharide as obtained by Franztn 
ei nLZO. The polysaccharide was per-O-methylated and the product carhoxyl-reduced wth lithium 

aluminum deuteridc. The carboxyl-dcutcrio-reduced, partially 0-methylated polysaccharide was fully 
hydrolyzed. and its hydrolysis products were reduced, and the alditols acctylated. The resulting, par- 

tially O-methylated alditol acetates wxe quantitated by f.i.d.-g.1.c. “The 6,6-dideuterio-labeled, 4,6- 

linked glucosyl residues are derived from 4.linked glucosyluronic acid residues. The mole percentages 
of the partially O-mcthylatcd alditol acetates dcrivrd from the 4.6.linked glucocyl and h,h-dideuteno- 

labeled, 4,6-linked glucosyl residues were wmbmed, to make it easier to compare the results of Franz&n 

and co-workers wth the results obtained by using g.l.c.-m s. (m.s.l.m.). “The partially 0-methylated al- 
ditol acctatcs dcrivcd from 4,6-linked galsctosyl rcsiducs originate from the terminal galactosyl residues 

that had pyruvic acetal groups attached to them at O-4 and O-6 prior to hydrolysis of the per-O-methyl- 

ated polysaccharide. 
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(m.s.i.m.), because more fragment-ions can be used to identify the various dcriva- 
tives. Cluantitation of the relative molar percentages of the partially O-methylated 
alditol acetates from such samples is best accomplished by f.i.d.-g.1.c. analysis. 

Glycosyl-linkage composition-analysis of samples containing less than 1 pg of 
a complex carbohydrate was not possible by using the methylation-analysis proce- 
dure described. The amount of a complex carbohydrate that can be analyzed is 
limited by the ability of the g.l.c.-m.s. (m.s.i.m.) techniques to identify and semi- 
quantitate partially 0-methylated alditol acetates in the presence of relaGvely high 
concentrations of noncarbohydrate components. The amounts of such “contamin- 
ants” must be decreased in order to permit the analysis of lesvzr quantities of par- 

tially O-methylated alditol acetates. 
Small amounts of a per-O-alkylated oligosaccharide-alditol prepared by this 

procedure can be analyzed directly by g.1.c:-m.s.“,“. In some cases, direct g.l.c.- 
m.s. will give all the structural information necessary to determine the structure of 
the per-0-alkylated oligosaccharide-alditol. A Lpg sample of gentiobiosc (un- 
known “x”) was prereduced, methylated (Steps 1 and 2. and Fig. 1). and analyzed 
directly by g.l.c.-m.s., yielding a mass spectrum comparable to those obtained on 
larger amounts of per-0-alkylated disaccharide-alditols”. 

The procedures described herein for microscale methylation analysis can also 
bc readily adapted for glycoayl-sequence analysis of microgram quantities of corn- 
plex carbohydrates. In a method for glycosyl-sequence analysis2’, a complex car- 
bohydratc was converted into partially 0ethylatcd, partially O-mcthylated 
oligosaccharide-alditols (d.p. 2-4) by reduction and 0-ethylation of the partially 
0methylated oligosaccharides produced by partial depolymerization of the per-O- 
methylated carbohydrate. The methods used to per-0-methylate the carbohydrate, 
to recover and purify the per-O-methylatcd product, to depolymerizc partially the 
per-0-methylated carbohydrate, to reduce the partially 0-methylated carbo- 
hydrate, to reduce the partially 0-methylated oligosaccharides formed, and to 
ethylatc the resulting partially 0-methylated oligosaccharide-alditols, can be 
adapted directly from the microscale, mcthylation-analysis procedure here de- 
scribed. The partially 0-ethylated, partially O-methylated oligosaccharide-alditols 
can then be recovered and purified by reversed-phase chromatography on Sep-Pak 
C,, cartridges. Thus,, the microscale, methylation-analysis procedure will not only 
decrease the amount of sample needed for glycosyl-linkage analysis of a complex 
carbohydrate, but will lessen the amount required for glycosyl-sequence analysis as 
Well. 
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