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AElSTFtA(=T 

A number of 0-acetylated N-acylneurammic acids, isolated from submandibular 
glands of cow and horse and from horse erythrocytes, have been characterized by 
mass spectrometry On the basis of the typical fragmentatron patterns of the per- 
tnmethylsilyl derivatives of the methyl esters of the compounds, they were identified 
as 4-O-acetyl-, 9-O-acetyl-, 4,9-di-0-acetyl-, and 7,9-dl-U-acetyl-N-acetylneurarmmc 
acid, and 4- 0-acetyl- and 9- U-acetyl-N-glycolylneurammc acid 

INTRODUCTION 

Siahc acids occur m ammal tissues as constituents of glycoprotems and glyco- 
hplds In these macromolecules, a variety of N- and O-acylated siahc acids have been 
found’. The biological srgmkance of the different siahc acids is stdl a SubJect for 
speculation 

The 0-acylated siahc acids are mamly derived from N-acctylneuramnnc acid2 
(NeuNAc), and to a smaller extent from N-glycolylneuranumc acrd3 (NeuNGl) 
In principle, the O-acyl groups m siahc acids can be located at positions 4, 7, 8, and/ 
or 9 The occurrence of mono-O-acetyl- and di-0-acetyl-N-acetylneurarmmc acids, 
as well as mono- O-glycolyl-N-acetylneuramimc acids, has been demonstrated 1--8 
For several of these compounds, analogues exist wluch stem from N-glycolylneuranu- 
mc acid as the parent substance7-‘o 

The structural determmation of srahc acids IS rather comphcated, only small 
amounts of pure material can be obtamed and the compounds are not very stable 
Quantnative analysis of the siahc acids and the determmatron of the number of 
0-acyl groups in these substances are carried out colorimetrically5*1 l--l ‘. Quahtative 
analysis is performed by thm-layer chromatography (t 1 c.) of the free siahc acrds’*’ 
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and gas-hqurd chromatography (g 1 c ) of the pertnmethylsllyl (Me$I) denvatives’ 
So far, the positrons of the U-acyl groups have been deduced on the basis of the rate 
of penodate oxldatlon of the slahc acids’s’ and of the rate of cleavage by acyl- 
neurammate pyruvate-lyase (EC 4 1 3.3)‘*14_ 

Recently, we &scussed m detail the mass spectra of the Me& denvatives 
of the methyl and ir~deutenomethyl esters of N-acetylneurammic acid, the methyl 
ester of N-glycolylneuranumc acid, the methyl ester methyl j3-glycoslde of N-acetyl- 
neuranumc acid, and the tndeutenomethyl ester tndeutenomethyl fi-glycoslde of 
iV-acetylneuranumc acid . ls To gam InsIght mto the various fragmentation patterns, 
hgh-resolution mass spectrometry (exact mass measurement) was used, as well as 
labelled compounds Based on these data, it was suggested that the charactenstic 
mass spectra of these s~ahc acid denvatives could be of help 111 the ldenthatron of 

unknown slahc acids. We now report the apphcatlon of mass spectrometry to the 
charactenzation of a number of naturally occurrmg, O-acetylated, N-acylated 
neuranumc acids 

RESULTS AND DISCUSSION 

For the mass-spectrometnc analysis of srahc acids, the carboxyl group 1s 
converted mto the methyl ester and the hydroxyl functions are protected as Me,% 
ethers Low- and tigb-resolution mass spectra of these derlvauves have been recorded. 
The results are summarned m Table I 

For the ldentrfication of the s~ahc acids 5-8,12, and 13, a set of speck peaks 
have been selected from the mass spectra of the prewously studled compounds l-4 

and 11 Tbs set has been used to denve the number, type, and/or posltlon of the 
&fferent substituents m the Isolated slahc acids To Illustrate the ldentticatlon 
procedure, the mass spectrum of 1 IS gven in Fig 1, together with the typlcal fragment 
eons m/e 668, 624, 478, 298, 317, 205, and 173. In Scheme 1, the various fra,gnent 

IOILS are schematically presented 
Fragments A and B mlcate the molecular weight of the slahc acids and thereby 

the number and type of substltuents present. Fragment A (M-CH,) is formed by 
ehmmation of a methyl group from a tnmethylsdyl group. Fragment B (M - COOCH, 
or M - COOCD3) IS formed by ehmmation of the C-l part of the molecule In both 
fragments, the presence of one OAc group (5 and 6) causes a negative shift of 
30 m u with respect to the correspondmg mass values of 1 For one OMe group (3), 
thus negative smt amounts to 58 m u , for two OAc groups (7 and 8) 60 m u ) for one 
OAc group and one OMe group (9) 88 m u , and for two OAc groups and one OMe 
group (10) 118 m u The replacement of an NHAc group m 1 by an NHGI group gives 
a posltlve sh.& of 88 m u (11) lks &ft amounts to 58 m u ti an NHGl group, 
together with one OAc group, is present (12 and 13) 

Fragments C, D, E, F, and G can be used for the determmation of the posItions 
of the werent substituents Fragment C (M-CHORsCH,0R9) is formed by 
ehmmation of the C-8,9 part of the molecule, with locahzation of the formal charge 
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(G’ 

I 
(Ml 6~0R~ 

I 
CH2ORg 

CH2ORg 
I 
CH=$IRe 

(F) 

Scheme 1 

(B) 
CHOR, 
I 

0Rr (Cl 

I -CHOR?CHOR&H20Rg 

I 

- R2OH 
-NH2CORs - RdOH 

on pontoon 7 For partrally methylated al&to1 acetates, Lmdberg and his co- 
workers’ 61 ” have demonstrated that the charge IS preferentially located on an ether 
oxygen mstead of on an ester oxygen Therefore, cleavage between two methoxylated 
carbon atoms or between an acetoxylated and a methoxylated carbon atom occurs, 
rather than cleavage between two acetoxylated carbon atoms, the methoxyl function 
tames the posltlve charge In general, permethylated and pertnmethylsllylated 
carbohydrates gve rise to slmdar fragmentation patterns, allowmg extrapoIation 
of the above-mentioned fragmentation rules to Me& denvatlves For ths reason, 
the formation of fragment C 1s improbable if an ester group IS present at C-7 Frag- 
ment D (M -CHOR,CH,OR, - R,OH- R,OHJ is formed from fragment C by 
consecutive ehmmatzonsl’ of R20H and R,OH It 1s emdent that, for 7-O-acylated 
srahc acids, tis fragment Ion does not occur if fragment C IS scarcely formed Ehmma- 
&on of the whole sxde-cham C-7,8,9 and the substltuent at C-5 from the parent ion 
yrelds fragment E (M - CHOR,CHORsCH,ORS - R,CONH,) Fragment F 
(CH,OR,CHOR,) contams the C-8,9 part of the molecule Based on the same 
fragmentation rules mentioned above, the formatlon of thus fragment Ion cannot be 
expected if C-8 bears an ester group Fmally, fragment G (R,CONHCHCHOR,) 
contains the C-4,5 part of the molecule 

The assignments of the number and positions of the OAc groups m 5-8, 12, 
and 13 1s made on the basis of the mtensltles and m/e values of the fragment ions A to 
G, and on the followmg consideration 
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The presence of an mtense peak at m/e 175 (fragment F), together wrth the 
shifts m mass for other fragment-ions m the spectra of the mono-OAc derrvatrves 6 
and 13 and the dr-OAc denvatrves 7 and 8, leads to the conclusron that an OAc group 
IS present at C-9. This assgnment differs from the results deduced from penodate- 
oxrdatron studres The consumptron of 0 2-O 3 mole of perrodate per mole of srahc 
acid after 20 mm suggests the presence of an OAc group at C-8, as was described 
earhe?. The small uptake of penodate IS explamed m terms of over-oxrdatron 

To support the mass-spectrometnc conclusion of an OAc group at C-9 Instead 
of C-8, the methyl ester of 9 was synthesrzed by reactron of the rmld acylatmg-reagent 
N-acetyhmrdazole wrth the methyl ester methyl fl-glycosrde of N-acetylneuramuuc 
acid (molar ratro 12 10). On the basrs of the reactrvrty of thrs acylatmg reagent, rt 
can be expected that the pnmary hydroxyl group (C-9) \~111 react preferentrally The 
60-MHz p m r. spectrum of the mam reactron product shows the presence of one 
OAc group besides the NHAc group The mass spectrum of the Me& denvatrve 
of thrs compound grves nse to an intense peak at m/e 175 These observatrons defimtely 
exclude the location of the OAc group at C-8 m 6, 7, 8, and 13, whrch were Isolated 
from broiogrcal materials As a by-product m thrs synthesrs, the methyl ester of 10 was 
obtamed The consumptron of penodate by the synthetrc compounds 9 and 10 
appeared to be rdentrcal to that reported l8 for the Isolated srahc acrds 6 and 13. 

To obtain independent evrdence for the presence of an OAc group m posrhon 9, 
use has been made of the enzyrmc cleavage of 6 and 13 by acylueurauunate pyruvate- 
lyase The resulting O-acetyl-IV-acylmannosammes (O-acetyl-2-Wacylammo-2- 
deoxy-D-mannoses) were mvestrgated by g 1 c -m s after tnmethylsrlylatron, and 
identified as the pyranord forms of 6-OAc-IV-acetylmannosamme and 6-OAc-N- 
glycolylmannosamme, respectrvely lg Thx Sn&ng IS In accordance w&h an OAc _ 

group at C-9 m the startmg srahc acrds It should be noted that an OAc group at C-8 
would grve 5-OAc-IV-acylmannosamme, havmg a furanoid rmg 

In all spectra, a peak at m/e 143 havmg a molecular formula CsH,,02Sr 
(143 0528) was observed In the low-resolutron mass spectra of 5,8, and 10, the mam 
contnbutron to the intensity of m/e 143 stems from fragment G, as was proved by 
hrgh-resolutron mass spectrometry (C6HgN03, 143 0582) Tbs coniirms the location 
of an OAc group at C-4 For 12, m/e 231 IS the analogue of m/e 143 m 5, 8, and 10 
By high-resolutron mass measurements, thrs fragment could not be drstmgurshed 
from other fragment Ions, which contnbute also to the mtensrty of thrs peak and 
frequently occur in other srahc acids 

The absence of fragments C and D m the mass spectrum of 7 points to the 
location of an OAc group at C-7. 

From the various mass-spectra of siahc a&s havmg an AcO-4 group, rt can 
be deduced that the formatron of fragment E does not take place 

The mass spectrum of 1, presented in FIN 1, shows addrtronal, intense peaks 
(m/e 103, 186, 217, and 300), wbrch were not used for the charactenzatron of the 
compounds described m Table I. 

The fragment ion at m/e 103 IS present m all of the mass spectra recorded and 
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has the structure CH 2 = ?&Me3 From a study of the mass spectra of partrally 
methylated, partially trrmethylsdylated alditols, using deutermm labellmg, rt was 
concluded that thrs ion is not characteristic for a primary trimethylsiloxyl group The 
fragment eon can also be formed as a result of a nngratron of a hydrogen atom to 
any charged one-carbon fragment bearing an OSrMe, group (cJ BJ8rndal et al 2o 

and Golovkma et al 21) For these reasons, m/e 103 IS not surtable for the determma- 
t~on of the substituent at C-9 in siahc acid denvauves. 

Prevrousiy, two structures were pubhshed l 5 for the peak at m/e 186 m N-acetyl- 

neuramnuc acids, namely Ac-&H=CH-CH=CHOSIMe3 (C-5,6,7) and Ac-&H=CH- 
C(OSrMe+CH2 (C-3,4,5) It was stated that labelhng on C-4 and/or C-7 could 
discrmunate between these ahematives From the mass spectra of l-10, it can be 
concluded that both structures are possible. Moreover, a thrrd possrbrhty, with the 

structure &H,=CH-CO-CH,CH=CHOSiMe, (C-5,6,7,8,9), cannot be excluded 
Thercompounds 5-10 show a peak at m/e 186 (CsH,6N02S~) and a small peak 
30 mu lower at nz/e 156 (C7HloN0,), correspondmg to the replacement of an 
OSiMe, group by an OAc group It should be mentioned that, III many cases, 
another peak at m/e 156 was found with molecular formula C,H,hNOS~ The ongm 
of thrs fragment IS not clear For the analogue of m/e 186 m iV-glycolylneurammic 
acids, m/e 274 (C,lH,,NO,Siz), the same reasomng holds because m 12 a partial 
sh& of thrs Ion to m/e 244 (C,,H18N04S~) IS also found These findmgs make the 
peaks at m/e 186 or m/e 274 unsurtable for the characterization of U-acylated neura- 
rmmc acids The presence of these ions gives mformatron only about the presence of 
an iV-acetyl or an N-glycolyl group m the siahc acids. 

The compounds having O&Me3 groups at C-7, C-8, and C-9 can ehminate 

Me&OH from the Intact side-cham CH,OSIMe,-CHOSiMe,-C!H=i;Slhle, (m/e 
307) In prmciple, for this elnmnation (m/e 307-m/e 217), each Me& group has to 
be taken mto account (cf Golovkma et al ‘I) The mass spectra of the compounds 
having an OAc group at C-9 and OSiMe, groups at C-7 and C-S (6, S-10, and 13) 
show a peak at m/e 217, owmg to the ehnunation of HOAc from m]e 277 [CH,OAc- 

CHOSiMe,-CH=i)SrMe3 (m/e 277, C,,H2,0&)-+CH2=C(OSiMe3)-CH=i)SiMes 
(In/e 217, C,H2,02S~2)+HOAc] It IS noteworthy that no measurable ehnunatron 
of Me&OH takes place, smce m/e 187 IS mamly the isotopic peak of m[e 186 In the 
spectrum of 7, an intense peak at m/e 187 IS observable, formed by elimmatron of 

HOAc from m/e 247 [CH,OAc-CHOSIMe,-CH=GAc (m/e 247, C10H1905Si)+ 

CH2=C(OSiMe&CH=6Ac (m/e 187; CsH1503S~)-t-HOAc] By high-resolution 
mass measurements, it was shown that the small peak at m/e 157 could not be formed 
vza ehmmauon of Me&OH from m/e 247 These data are m accordance with those 
reported by Bjiirndal et al ” for partially methylated alltol acetates For example, 

the ehmination of MeOH occurs m the fragment CH20Me-CHOAc-CH&Me, 

grvmg CHZ=C(OAcjCH&Me, but not m the fragment CH,OAc-CHOMeCH= 
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6Me. In both cases, HOAc can be ehmmated It has to be mentroned that, m acyl- 
neurammrc acids, the srde cham C-7,8,9 can be spht off as a charged fra,oment, even 
when an OAc group is present at C-7 

Previously, on the basis of the mass spectra of l-4 and 11, a fragmentation 
scheme was postulated for the formation of m/e 300 (C13H26N03S~2) m N-acetyl- 
neuramrmc acid and m/e 388 (C16H34N04S~3) m N-glycolylneuramuuc acld15 In 
this scheme, after cleavage of the C-4/C-5 bond, a Me& rearrangement from O-4 
to the nng oxygen was proposed However, the mass spectra of 5 and 12 also show 
intense peaks at m/e 300 and 388, respectively, suggesting that the substituent at C-4 
IS not present m the resultmg fragment-ions An altematrve explanatron, also m 
accordance with metastable measurements usmg the defocusing technique of Barber 
and Elhott* 2, will be discussed now The formation of the fragment Ions requires 
(a) cleavage of the C-4/C-5 bond, (b) ehmmation of HO-C(OR,)(COOCH,)-CH,- 
CHOR4, wherein a H-rearrangement from C-7 to the rmg oxygen has occurred, 
and (c) ehmmation of RaOH or R,OH In tlus way, two stable structures are formed 

with a conlugated double-bond system R,CO-NH=CH-CH=C(OR,)-CH=CHOR, 

and R5CO-NH=CH-CH=C(OR,)-C(OR&CH, These structures are supported by 
the followmg facts (I) No shift m mass occurs when, m the neurammm acid derivatives, 
COOCH, IS replaced by COOCD,, O&Me, at C-2 by OMe, and/or O&Me, at C-4 
by OAc (2) The structure contams the substrtuent at C-5, because replacement of 
NHAc by NHCOCH,OSiMe, causes a shift of 88 m u (3) The mass spectra of 6,8, 
9, and 10 show a relatively small peak at m/e 300 m comparison with 1, 3, and 5 
The presence of tlus Ion mdicates that the OAc group at C-9 IS ehmmated Further- 
more, m the spectra of 6, 8, 9, and 10, a small peak at m/e 270 (C,2H20N0,S~) was 
detectable The presence of this peak suggests that the subsutuent at C-8 (O&Me,) 
can be ehmmated In the spectrum of 7, m/e 300 IS absent, only a small peak at 
m/e 270 1s observable, mdicatmg the ehmmation of OAc from C-9 The mass spectrum 
of 13 shows a reduction m intensity of m/e 388 compared with 11, and the presence of 
a smal! peak at m/e 358 (C15H28N05S~2), smnIar to the NHAc analogue 6 

CONCLUSIONS 

The structures of a number of U-acetylated N-acylneuranumc acids, Isolated 
from submandibular glands of cow and horse and from horse erythrocytes, have been 
identified by mass spectrometry The fragmentation patterns of the Me,& derivatives 
of the methyl esters of O-acetylated N-acylneuramrmc acids are quite character&m 
Therefore, the types of N-acyl groups, as well as the number, type, and position of the 
O-acyl groups, m siahc acids can be determmed uneqmvocally 

The demonstration of an OAc group at C-4 m the equine siahc acids 5, 8, and 
12 is m accordance with earher penodate-oxidation studies4 ’ ’ However, the 
assignment of an OAc group at C-9 in the bovine siahc acids 6, 7, and 13 IS not in 
agreement with these studies, which poInted ’ to a locatlon at C-8. Smce the presence 
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of the substltuent at C-9 IS supported by the mvestigatlon of synthetic model com- 
pounds and by analysis of the 6-U-acetyl-N-acylmannosammes obtained by enzzmc 
cleavage, It IS Important to re-evaluate the penodate oxldatlon of acylneurammc 
acids substituted m the side chain Wtherto, the structure of 8 was unknown On the 
basis of its resistance towards the actlon of bactenal neuranumdase (EC 3 2 1 18), 
it was proposed5 that one OAc group IS located at C-4; the posItion of the other group 
had not been determmed previously The demonstration of an OAc group at C-7 m 7, 
Isolated from bovme, submandlbular-gland glycoprotems, IS m agreement w&h 
earher results achieved by perlodate oxldation4 ’ 

It is Important to know whether the acetyl groups are present m the native 
state at the positions where they are found after the isolation procedure At present, 
the occurrence of acyl nugratlons durmg the lsolatlon procedure cannot be excluded 
Model studies urlth synthetic 0-acylated N-acylneurarmmc acids are necessary to 
furmsh more mformatlon on this aspect. 

EXPERIMENTAL 

Isolation of 0-acetyl-N-acylneuramznzc acrds - Submamhbular glands of cow 
and horse were prepared lmmedlately after death of the ammals and cooled m ~cc 
The slaloglycoprotems were extracted from the glands by water and subsequently 
lyophlhzed’ Erythrocytes from horse blood, prevented from clottmg by 0 2% 
oxalate, were se&mented at 3,000 g wlthm 30 mm The erythrocyte membranes were 
prepared wrath hypotomc phosphate buffer 23 The slahc acids were released from 
submandibular-gland glycoprotems or erythrocyte membranes by mxld hydrolysis 
with acid (pH 2 2-2 5, 70”, 1 h) or by neurammrdase, and putied by dlalysls and 
ion-exchange chromatography on Dowex-2 x8 (formate form) resm5*’ Subsequently, 
the slahc acids were fractionated by passage through a cellulose column with 
1-butanol-1-propanol-water (1 2 1) as solvent 5g7 After lyopluhzation, the slahc . 

acids can be stored for several months at -20” wlthout appreciable decomposition 
Analyszs of 0-acetyl-N-acyheurammc acids - The quantltatlve analysis of 

the slahc acids eluted from the cellulose column was carned out colonmetrically 
using the orcmol/Fe3+/HC1 reagent’ ’ and the peno&c acld/tbobarbltunc acid 
reagent’ ’ The molar ratio of the 0-acyl/slahc acid residues was determmed by 
usmg the hydroxylamme/Fe3+ reagentI Quahtatlve analysis of the slahc acids 
was performed by t 1 c on cellulose and slhca gel m several solvent systems5 A 
recently developed, two-lmenslonal t 1 c techmque with mtermehate ammoma 
or hydroxylamine treatment was also applied Thus techmque enables the rapld 
rdentificatlon of both N-acyl and 0-acyl groups’ ; the N-acyl groups can be recogmzed 
by the nature of the 0-deacylated slahc acids (NeuNAc or NeuNGl), and the O-acyl 
groups by the type of their hydroxamates The position of the 0-acyl groups was 
determmed tentatively by the rate of penod:c-acid oxldatlon of the slahc acids, which 
was followed polarographcally 5 ‘. The number, type, and position of U-acyl groups 
were determmed by mass spectrometry, usmg the Me& denvafives of the methyl 
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esters of the isolated srahc acrds (this paper). The different, naturally occumng 
O-acylated srahc acids are represented m Table I (5-8, 12, and 13) 

Preparatron of the methyl esters, trrmethylsdyl ethers of O-acetyZ-N-acyl- 
neurammrc acrds (5-8,12, and 13) - To 50-l 00 l.(g of srahc acid m 0 5 ml of methanol, 
lazomethane m ether was added until a famt-yellow colour was obtamed. The solu- 
tron was then nnmediately evaporated, and the residue was dissolved in 1 ml of 
pyrrdme Subsequently, 0 2 ml of hexamethyhhsdazane (HMDS) and 0 1 ml of 
chlorotrimethylsdane (TMCS) were added After 2 h at room temperature, 2 ml of 
chloroform and 2 ml of water were added to the turbid m.u&ure The chloroform 
layer was dned over anhydrous Na,SO, and evaporated m vacua 

Preparatron of mode1 substances (l-4 and 9-11). - l-4 and 11 were estetied 
by methanol or methanol-d,, as previously descnbedf5 A full description of the 
synthesis of the methyl esters of 9 and 10 will be grven elsewhere” The sdylatron 
procedure was identical to that mentioned above 

Preparatron of 0-acetyl-N-acyhnannosamznes - 0-Acetyl-iV-acylneuranumc 
acids (l-2 pmoles) dissolved m 1 ml of 0 2hf potassmm phosphate buffer (pH 7 2) 
were incubated at 37” for 4 h m the presence of 0 3 umt of acylneurammate pyruvate- 
lyase (Sigma Chemical Company) The mcubatron muctures were rinsed through 
Dowex-50(Hf) and Dowex-2 x8 (formate form) resins, and the acyhnannosammes 
m the neutral effluent were lyopmhzed They were analyzed both colonmetncally 
andbytlc’ 

Mass spectrometry. - The 70-eV mass spectra were recorded on an AEI 
MS-902 mass spectrometer at an ion-source temperature of IOO-120”, a trap current 
of 500 & and an acceleratmg voltage of 8 kV High-resolution mass measurements 
were performed with a dynamic resolving power of 10 000 and a scan speed of 16 set 

per mass decade by usmg an AEI MS-902 mass spectrometer connected on-hne wrth a 
Ferranti Argus 500 computer The exact masses measured were converted mto element 
hsts as described by Van’t Klooster 24 For the recordmg of the 70-eV mass spectra . 

of the acylmannosammes, a Jeol JGC-IlOO/JMS-07 GC-MS combmation was used 
As column material, 3% of SE-30 on Chromosorb W-AW DMCS (SO-100 mesh) 
was used. The oven temperature was 170”, the ion-source temperature 250”, the 
acceleratmg vohage 3 kV, and the iomzmg current 300 ,uA. 
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