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Department of B i o l o g i c a l  Chemistry 
Harvard Medical School 

Boston, Massachuset ts  02115 

Received March 7 ,  1.950 

ABSTRACT 

A new procedure i s  d e s c r i b e d  f o r  o l i g o s a c c h a r i d e  sequencing 
t h a t  combines HPLC p u r i f i c a t i o n ,  t h e  s e n s i t i v e  technique  of f l u o -  
rescence  d e t e c t i o n ,  and p a r t i a l  polymer d e g r a d a t i o n  by i o n i c  hydro- 
gena t ion  w i t h  component d e t e r m i n a t i o n  by d i r e c t  chemical i o n i z a t i o n  
mass spectrometry (DCI-MS) and GC-MS. The methodology i s  demonstra- 
ted  f o r  a series of model compounds and i s  shown t o  provide  l i n k a g e  
informat ion  as w e l l  as sugar  sequence. 

S t r u c t u r a l  c h a r a c t e r i z a t i o n  of po lysacchar ides  by chemical  

methods are u s u a l l y  performed i n  two s e q u e n t i a l  s t e p s ;  t h e  f i r s t  

i s  t h e  g e n e r a t i o n  of a s u i t a b l e  mixture  of over lapping  ol igomers  

t o  a s c e r t a i n  sequence, and t h e  second i s  t h e  t o t a l  degrada t ion  

of t h e  oligomer t o  monosaccharides from which l i n k a g e  informat ion  

i s  obta ined .  

degrada t ion  t o  monosaccharides has  been t h e  most widely used 

1-3 

Oligomer p e r m e t h y l a t i ~ n ~  combined w i t h  a c i d  ca ta lyzed  

1 
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2 REINHOLD, COLES, AM) CARR 

method to determine sugar linkage. The partially methylated 

products are reduced, acetylated and separated for structural 

identification. Points of acetylation are determined by chroma- 

tographic comparison with standards, by MS, or a combination of 
5 both, GC-MS. 

Unfortunately, acid-catalyzed polymer degradation initiates 

a series of problems related to the exposure of the reactive hemi- 

acetal group and, in part, to the general instability of many 

sugar moieties under the conditions imposed, Furthermore, the 

original ring form (pyran or furan) may be irreversibly lost and 

it is difficult to generate a representative distribution of 

smaller oligosaccharides for overlap sequence analysis. 

A recent report has appeared which describes the total depoly- 

merization of a cyclic heptasaccharide to its constituent monomers 

using procedures that cause reductive cleavage at glycosidic 

linkages.6 This simple, one-step, organosilane reduction offers 

several important advantages for oligosaccharide studies. Ionic 

hydrogenation, or reductive cleavage, as it is more descriptively 

called, not only avoids the complications inherent in acid-cata- 

lyzed degradations, but provides for the direct determination of 

the monosaccharide ring form and, in addition, produces a single 

structural entity free of anomeric complications that can be 

easily characterized by GC and GC-MS. Reductive cleavage, or 
hydrosilylation, of the glycosidic bond relies on the successful 

hydride transfer from silicon to an activated carbon center. 

Hydride transfer from silicon to electropositive carbon has been 

shown to be thermodynamically favored’ and triethylsilane reductions 

of acetals, aldehydes and ketones in trifluoroacetic acid has been 

previously demonstrated. 

hydrides, silicon hydrides do require activation of the carbon 

center and both Br$nsted and Lewis acids have been successful 

in promoting this hydride transfer. 
shown to be very effective in these hydrosiiylation reactions. 

Contrary to other boron and aluminum 

Boron trifluoride has been 
9 

In efforts to incorporate these advantages into a sequencing 

strategy for permethylated (PM) polysaccharides, we have altered 
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OLIGOSACCHARIDE SEQUENCING 3 

6 
t h e  publ ished r e a c t i o n  c o n d i t i o n s  t o  g e n e r a t e  mixtures  of ol igomers  

( i . e . ,  p roducts  of p a r t i a l  r e d u c t i v e  c leavage)  t h a t  can provide  a n  

over lapping  polymer series. Under t h e  c o n d i t i o n s  chosen, g l y c o s i d i c  

l i n k a g e s  which undergo c leavage  y i e l d a n  anhydro a l d i t o l  on t h e  termi- 

n a l  s i d e  of t h e  oligomer cha in  and a f r e e  hydroxyl  group on t h e  

reducing s i d e  (Scheme 1). 

I n  combination wi th  t h i s  unique degrada t ion  approach,  we 

have t r i e d  t o  amplify t h e  s e n s i t i v i t y  f o r  d e t e c t i o n  of carbohy- 

d r a t e  samples by HPLC, v i a  t h e  i n c o r p o r a t i o n  of f l u o r e s c e n t  

groups p r i o r  to chromatographic p u r i f i c a t i o n  and i s o l a t i o n .  Two 

d e r i v a t i v e s  have been employed f o r  t h i s  purpose;  t h e  pyr id inylamine  

(PA) group" which i s  in t roduced  a t  t h e  reducing  end of t h e  poly- 

sacchar ide  c h a i n s  b e f o r e  permethyla t ion  and r e d u c t i v e  c leavage ,  

and t h e  naphthoyl  (Np) group which i s  incorpora ted  on t h e  hydroxyl  

groups genera ted  as a r e s u l t  o f  t h e  p a r t i a l  r e d u c t i v e  c leavage .  

I n  a d d i t i o n  t o  enhancing d e t e c t o r  s e n s i t i v i t y ,  t h e  PA moiety 

provides  a f u n c t i o n a l  group respons ive  t o  s o l v e n t  a c i d i t y .  T h i s  

R = CH3 

Scheme 1. 
r e d u c t i v e  c leavage  on linear glucopolymer. 
o l igomer ic  series w i l l  c o n s i s t  of t h r e e  d i f f e r e n t  
series ( i . e . ,  t e r m i n a l ,  reducing  and i n t e r m e d i a t e ) .  

Genera l ized  account ing of p a r t i a l  
The 
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4 REINHOLD, COLES, AND CARR 

feature allows selective HPLC isolation of reducing-end fragments 

from the oligomeric mixtures generated as a consequence of partial 

reductive cleavage. Analysis of these PA- and Np-derivatized, 

partially reductively cleaved polysaccharides by DCI-MS12 yields 

molecular weight and sequence information for each oligomer, while 

linkage data is obtained by complete reductive cleavage to mono- 

saccharides followed by GC-MS. These procedures are illustrated 

below with two model compounds, B-cyclodextrin and maltotriose. 

RE&U>T2 AND DJSCESSJSN 

Reductive cleavage and acetylation of PM-$-cyclodextrin 

has been reported to yield a single product, the 4-O-acetyl-2,3,6- 

tri-O-methyl-l-anhydroglucitol.6 We have found that this reaction 

may be modified to generate a mixture of intermediate lower molecular 

weight oligosaccharides, a process referred to here as partial 

reductive cleavage. Using the conditions described below (see 

Experimental), this reaction appears free of side products since 

all materials are observed to have either the hydroxyl or the 

1-deoxy terminus or, in the case of the intermediate chain oligo- 

mers, both (see Scheme 1). For example, PH-$-cyclodextrin was 

subjected to partial reductive cleavage and the extent of depoly- 
merization was monitored by HPLC with fluorescence detection 

after the nascent hydroxyl groups were derivatized with naphthoyl 

chloride. Seven cleanly resolved peaks were obtained which 

corresponded to the monomer through the open-chain heptamer (Fig. 1). 

The cyclized unreacted starting material would not be detected 

under these conditions. Each of these HPLC fractions has been 

characterized by ammonia DCI-MS which provides both molecular 
weight and sequence information. Ammonia DCI is uniquely capable 

of accentuating carbohydrate sequence by generating fragments 

at each glycosidic linkage with enhanced ion abundance. 

Thus, for every glycosidic bond reductively cleaved in this 

cyclic heptamer, the combination of derivatization, HPLC, and 

fluorescence detection provided a qualitative and sensitive 

measure of sample depolymerization. 

11,12 
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OLIGOSACCHARIDE SEQUENCING 5 

\ 

J L il 
5 i o  15 20 25 

M IN 

Figure 1. Mixture of naphthoylated products 
from partial reductive cleavage ( 4  minutes 
at 0°C) of permethylated 6-cyclodextrin, 
approximately 0.01 pg total material. 
Column: C-6 Spherisorb, 25 X 4.6 mm (ID). 
Elution solvent: 50% to 60% acetonitrile in 
water (0.15M ammonium hydroxide), 1 ml/min 
program 15 min. Peaks not labeled are 
unidentified. 

A faster and more direct method of following the extent 

of reductive cleavage is the removal of fractions from the 

reaction mixture at varying time intervals, acetylation and, 

without chromatographic separation, analysis of the products 

by ammonia DCI-MS. An example of this approach for the four- 

minute time interval is shown (F ig .  2). The ratio of molecular 

adduct ions (e.g., m/z 470, 674, 878, 1082, 1286 and 1446) 

reflects the distribution of oligomers (e.g., DP-2, 3 ,  4 ,  5, 6 
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OLIGOSACCHARIDE SEQUENCING 7 

+ and 7, respectively) with the last ion, [m/z 1446, (M + NH4) 3 ,  
being the unreacted cyclic heptamer starting material. 

Oligosaccharides with the reducing end free can be first 

prepared as the PA-derivative, methylated, and reductively 

cleaved in a similar manner. The time course of the partial 

reductive cleavage may again be monitored with high sensitivity 

by periodic sampling and direct HPLC injection. For example, 

Figure 3 is the HPLC chromatogram of the products formed after 

four minutes of reductive cleavage of the PA-PM-trisaccharide, 

maltotriose. Analysis by ammonia DCI of peaks one and two 
showed them to be the 4-2-acetyl derivatives of PA-PM-Glc 

and PA-PM-Glc-Glc, respectively. Characteristic of this type 

of analysis is the data for peak 3 (Fig. 3)  which proved to be 

the starting material, PA-PM-Glc-Glc-Glc (Fig. 4). Since 

the pyridinyl group imparts basicity to the molecule, fragments 

containing this residue are observed as protonated molecular 

ions and not ammonium adduct ions (e.g., m/z 751, (M + H) 3 .  
The introduction of the PA-group provides two important analyti- 

cal advantages; first, a mass spectral label for reducing-end 

characterization and, second (as shown below), the compounds 

containing the basic pyridinyl residues can be separated chroma- 

tographically. 

+ 

Reductive cleavage of PA-PM-oligosaccharides produces three 

groups of products which are related to the terminal, intermediate 

and reducing end (pyridinyl group) of the oligomer (see relation- 

ship to Scheme 1). In this case, however, the bas ic  reducing-end 

fragments may be selectively separated from the other non-basic 

oligomers by taking advantage of the variation in elution time 

on C-18 columns with changes in solvent acidity. Residual polar 

sites present on the C-18 column prevent elution of the pyridinyl 

derivatized materials until the solvent is made basic with ammonium 

hydroxide. Thus, to generate a separation of the PA-PM-oligomers 

from other neutral components, a water-acetonitrile program is 

used with the solvents maintained at acid pH (Program I; see 
Legend, Fig. 5 ) .  Subsequently, the column is recycled to the 
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Peak 
1 

+ 5 10 
MIN 

Figure 3. Products following reductive cleavage for 4 min at O°C of 
PA-PM-maltotriose; reaction stopped with water; methylene 
chloride extract directly analyzed by HPLC. 
Column: C-6 Spherisorb, 25 X 4.6 mm (ID). 
Elution solvent: Acetonitri1e:water 55:45 (0.15M ammonium 
hydroxide), 1 ml/min. Peaks not labeled are unidentified 

548 328 

MH+ 

751 

254 458 

m/e 

Figure 4. DCI-MS of peak 3 (Fig. 3). 
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OLIGOSACCHARIDE SEQUENCING 

PM-Np-OI igosacc ha r ides 

9 

PA-PM-Polyglycoses 

c 5  10 1'5 20 25 304 3'5 40 45 50 

Program I MIN Program I I  

Figure 5. W L C  separation of mixture containing Np-derivativesCFig. 1) 
and PA-PM-oligosaccharides obtained from corn syrup. 
C-18 Spherisorb, 15 cm X 4 . 6  mm (ID). Program I, 40 to 100% 
acetonitri1e:water (0.1 M Acetic acid), 1 ml/min, 30 min, 
recycled column to 40% acetonitri1e:water (0.15 M ammonium 
hydroxide). Program 11, 40 to 80% acetonitri1e:water (0.15 
M ammonium hydroxide), 1 ml/min, 20 min. Peaks not labeled 
are unidentified. 

Column: 

starting conditions and the program is repeated with the solvents 

maintained at basic pH (Program 11). The separation is illus- 

trated in Figure 5 for a complex mixture containing a series of 
linear PA-PM-polyglycoses (isolated and prepared from corn syrup), 

and the seven PM-Np-oligosaccharides generated from PM-6-cyclo- 

dextrin as discussed above. Under these conditions the family 

of naphthoyl oligomers is separated with Program I solvents, 
while the PA-PM-polyglycoses are eluted under the basic conditions 
of Program 11. (Elution of the same mixture with acetonitrile/ 

water gradients at basic pH alone results in an extremely complex 

chromatogram due to simultaneous elution of both families of 

materials.) Fluorescence derivatization combined with this 

chromatographic flexibility also provides an opportunity to 
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10 REINHOLD, COLES, AND CARR 

isolate larger oligomers, induce further chemical degradation, 

and recycle at great sensitivity. 

To identify specific hydroxyl groups involved in each 

linkage, the samples are reductively cleaved completely and 

the products analyzed by GC-MS. To illustrate this point, 

a sample of PA-PM-maltotriose was prepared and reductively 

cleaved for four hours. The products were acetylated and 

analyzed by GC (Fig. 6 )  and GC-MS (Figs. 7-9). Electron ioni- 

zation mass spectra provide many intense specific fragments 

which allow a direct assignment of linkage position. These 

assignments can also be corroborated by GC retention time. 

Peak 

1 2 

h . L  

3 

L 
MIN 

Figure 6 .  Gas-liquid chromatography of products 
obtained following two hours reductive 
cleavage and acetylation. Conditions 
as described in ex erimental section. 
Peaks not l a b e d  are unidentified. 
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L 

CH,OCH, 

CH,O 0 
CH,O 

M W = 2 2 0  

Figure 7. Electron Ionization mass spectrum of peak 1 (Fig. 6); 
1-deoxy-2,3,4,6-0-methyl-D-Glucopyranose. - 

3 129 1 

3 

r 

1 

i 

168 188 24 

CHIOCH, 

MW-248  

+ 
220 240 268 

m/z 

Figure 8. Electron ionization mass spectrum of peak 2 (Fig. 6 ) ;  
l-deoxy-4-~-acetyl-2,3,6-~-methyl-D-Glucopyranose. 
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12 REINHOLD, COLES, AND CARR 

0 CH,b 

MW=370 

2 

'0 140 160 188 200 220 
T 
'40 260 

Figure 9. Electron ionization mass spectrum of peak 3 (Fig. 6 ) ;  
l-(pyridin).lmethylamine)-4-~-acetyl-2,3,6-~-methyl-D- 
glucositol. 

It should be noted t h a t  fol lowing r educ t ive  cleavage t h e  

PA-PM-derivatized r e s idues  were r e s i s t a n t  t o  naphthoyla t ion  

under t h e  cond i t ions  e s t a b l i s h e d  f o r  t h e  o t h e r  o l igosaccha r ides .  

I n  t h e  work descr ibed  above, a l l  of t h e  samples possessed 

t h e  a(1-4) l inkage .  Explora t ion  of such a r e a c t i o n  f o r  poly- 

s accha r ides ,  t o  a l low d i f f e r e n t i a t i o n  of l inkages ,  r e q u i r e s  an 

i n d i c a t i o n  of s t a b i l i t y  f o r  each type .  To a s ses s  t h i s  poss ib i -  

l i t y ,  w e  prepared t h e  PA-PM-derivatives of d i saccha r ides  

con ta in ing  d i f f e r e n t  l i nkages  and followed t h e  k i n e t i c s  of 

r educ t ive  c leavage  us ing  HPLC and f luorescence  d e t e c t i o n  (Fig.  1 0 ) .  

Considerable  v a r i a t i o n  i n  g lycos id i c  bond s t a b i l i t y  could be  

observed wi th  each p o s i t i o n a l  isomer, and even t h e  anomers 

k o j i b i o s e  and sophorose show s u r p r i s i n g  d i f f e r e n c e s  i n  r e a c t i -  

v i t y .  For example a ( 1 - 4 )  l i nkages  a r e  almost completely 
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R =CH3 

t 
20 40 60 80 100 120 

T I M E (MINI 

C 

ROCH2 ROCH2 

RO Q&NRQ a0 =' 

OR OR 

Figure 10. Linkage stability study of selected disaccharides under reductive cleavage conditions. 
Samples prepared as PA-PM-derivatives. 
by the percent loss in peak area relative to an internal standard (PA-PM-glucose). 
Column: C-18 Spherisorb, 15 cm X 4.6 mm (ID). 

The percent reductive cleavage was determined 
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14 REINHOLD, COLES, AND CARR 

cleaved while B(1-2) linkages remain essentially intact. Such 

reactivity in the role of reductive cleavage may possibly be 

used to aid structural analysis. 

EXPERIMEETAL 

A .  High Perforsance Liquid Chromatography. Chromatography 

was performed with columns (15 cm or 25 cm X 4 . 6  mm ID) packed 
with either C-6 or C-18 Spherisorb (5 um). Solvent gradients 

were controlled with dual pumps and a programmer (Waters 

Associates). For specific solvent conditions used, see appro- 

priate figure legend. All solvents were HPLC grade from Burdick 

and Jackson. Fluorescence detection was performed using a Kratos 

Model FS970 Spectrofluoro Monitor, excitation at 232 nm, detection 

>320 nm. 

B. Mass Spzctrometry. The mass spectrometer utilized in 

this study was a Finnigan-MAT 312 with reverse geometry (magnetic 

sector preceding electric sector) and fitted with a combined 

CI/EI ionization source. 

a). Direct ch-emiqal- &oni_zatio_n: The instrument is 

equipped with a programmable DCI probe power supply unit for 

ramping the wire current. To maximize the desorption of intact 

neutral molecules this wire was coated with a polyimide surface. 
Solutions containing the sample material are added to the coated 

wire surface, air dried and inserted directly into theCI chamber 
of the ionization source. Ammonia was used as the reagent gas. 

11 

b) . Gas chromatog_r_aphy/mass spectrpm_e_try; Fused silica 

columns containing a chemically bonded liquid phase (Durabond- 

1701, J & W Scientific, Inc.) were directly coupled to the mass 

spectrometer and eluting peaks were ionized by both chemical and 

electron ionization methods. Temperature program: 75-30OCC at 

lO"C/minute. 

ammonia. Electron ionization voltage in the EI mode was 70 eV, 

ion source temperature 2 0 0 ~ ~ .  

The reagent gas used while in the CI mode was 
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OLIGOSACCHARIDE SEQUENCING 15 

C. Oligosacchar ide  Reduct ive Cleav-age and D e r i v a t i z a t i o n .  

a )  . Reductive c leavage  and a c e t y l a t i o n :  A l l  samples 

were f i r s t  permethylated as  descr ibed  below and r e d u c t i v e  c l e a -  

vage was c a r r i e d  out  as p r e v i o u s l y  descr ibed '  wi th  t h e  fo l lowing  

m o d i f i c a t i o n s .  The reducing reagent  ( c o n t a i n i n g  boron t r i f l u o r i d e  

e t h e r a t e ,  180 p l ,  t r i e t h y l s i l a n e ,  240 pl, and t r i f l u o r o a c e t i c  a c i d ,  

40 pl, were combined a t  OuC and brought  i n t o  a homogenous s o l u t i o n  

us ing  methylene c h l o r i d e  (200 pl). 

s a c c h a r i d e ( s )  w a s  added 100 p 1  of t h e  above reducing reagent  and 

t h e  s o l u t i o n  was brought  t o  t h e  d e s i r e d  r e a c t i o n  temperature  

( s e e  f i g u r e  legends  f o r  s p e c i f i c  d e t a i l s ) .  To t e r m i n a t e  t h e  

r e d u c t i v e  cleavage r e a c t i o n  and d e r i v a t i z e  a l l  l i b e r a t e d  hydroxyl  

groups 50 p 1  of a c e t i c  anhydr ide  was added and t h e  s o l u t i o n  warmed 

t o  40°C f o r  1 0  minutes .  

t o  overcome water s o l u b i l i t y  and l o s s  of low molecular  weight 

p o l a r  sample r e a c t i o n  products .  Product  p u r i f i c a t i o n  was 

accomplished w i t h  methylene c h l o r i d e  e x t r a c t i o n  from an aqueous 

s o l u t i o n  by t h e  a d d i t i o n  of 3 m l  of methylene c h l o r i d e  and 

3 m l  of water .  T h i s  t o t a l  volume was vor texed  f o r  one minute o r  

u n t i l  t h e  upper  l a y e r  was c l e a r .  The methylene c h l o r i d e  l a y e r  

was washed twice wi th  3 m l  of water and concent ra ted  under n i t r o -  

gen. The l a s t  r e s i d u e s  of l i q u i d  were removed by t h e  a d d i t i o n  of 

0 .5  m l  of e t h a n o l  and t h i s  t o t a l  s o l u t i o n  was brought t o  dryness .  

The products  were s t o r e d  i n  a c e t o n i t r i l e .  

To a d r i e d  r e s i d u e  of PM-oligo- 

This  a c e t y l a t i o n  must precede e x t r a c t i o n  

b ) .  ITaphthoyl d e r i v a t i z a t i o n :  To maximize oligomer 

d e t e c t a b i l i t y  and c h a r a c t e r i z e  t h e  products  of p a r t i a l  r e d u c t i v e  

cleavage dur ing  t h e  p u r i f i c a t i o n  by HPLC, t h e  l i b e r a t e d  hydroxyl 

groups w e r e  d e r i v a t i z e d  wi th  naphthoyl  c h l o r i d e .  S ince  q u a n t i f i -  

c a t i o n  of low molecular  weight and water -so luble  products  were 

n o t  of prime concern d u r i n g  t h e  p a r t i a l  r e d u c t i v e  c leavage ,  t h e  

r e a c t i o n  w a s  s topped by t h e  a d d i t i o n  of 0 . 1  M sodium b i c a r b o n a t e  

and t h e  products  e x t r a c t e d  wi th  an e q u a l  volume of methylene 

c h l o r i d e .  This  e x t r a c t  w a s  washed twice  wi th  d i s t i l l e d  water  

and d r i e d  under a s t ream of n i t r o g e n .  To t h i s  r e s i d u e  was added 
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16 REINHOLD, COLES, AND CARR 

1 ml of pyridine containing 3 mg of 2-naphthoyl chloride and 5 mg 

of dimethylaminopyridine. The solution was heated for 16 hours 
at 6OoC in a Teflon-lined screw cap reaction vial.13 

was removed under a stream of nitrogen and the residue dissolved 

in methylene chloride and washed twice with an equal volume of 

dilute ammonium hydroxide (pH > 9.0). 

The pyridine 

c) . Pyrid-inylamine derivatization: Introduction of 

the fluorescent pyridinylamine group was performed as previously 

described. 14-16 
containing 85 mg of 2-aminopyridine and 40 p 1  of acetic acid was 

added to the sample (1-5 mg) and heated at 100°C for 20 min. 

reaction was cooled and 500 ~1 of methanol was added containing 
20 mg of sodium cyanoborohydride. This sealed volume was heated 

for 3 hr. at 100°C. The PA-derivatized material was purified by 

passage over a Dowex 50 ion exchange resin (acid form) as described 

For these studies a methanolic solution (500 11) 

The 

I/ earlier and eluted with 2 M pyridine. 

d). Permethvlation: Carbohydrate samples and 

their PA-derivatives were permethylated by the general pro- 

cedure of Hakamori , as modified by Sanford and Conrad . 
The potassium salt form of the anion was prepared'' and methy- 

lations were carried out twice for 30 min. intervals. The 

reaction was cooled to O°C before addition of the methyl 

iodide. Excess methyl iodide was removed under a stream of 
nitrogen preceding the second methylation step. 

4 18 

We have briefly outlined an alternative approach of great 

simplicity for oligosaccharide sequencing by HPLC, DCI-MS and 

the determination of linkage by GC-MS. The method is based on 

saccharide depolymerization by carefully controlling the condi- 

tions of ionic hydrogenation. A most important feature in this 

approach is the combination of fluorescence detection and the 
purification of oligomers by HPLC. Kinetic studies of different 

glycosidic linkages indicates considerable variation in stability 
under the conditions of reductive cleavage and these differences 
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OLIGOSACCHARIDE SEQUENCING 17 

may provide additional flexibility for structural determination. 

Further work is currently in progress with larger oligosaccharides 

of varying structure to assess the limitations and advantages 

of this approach. 
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