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Sequencing Complex 
Polysaccharides 

Ganesh Venkataraman,' Zachary Shriver,' Rahul   am an,' 
Ram Sasisekharanz* 

Although rapid sequencing of polynucleotides and polypeptides has become 
commonplace, it has not been possible to  rapidly sequence femto- to  picomole 
amounts of tissue-derived complex polysaccharides. Heparin-like glycosami- 
noglycans (HLGAGs) were readily sequenced by a combination of matrix- 
assisted laser desorption ionization mass spectrometry and a notation system 
for representation of polysaccharide sequences. This will enable identification 
of sequences that are critical to HLGAG biological activities in anticoagulation, 
cell growth, and differentiation. 

The chemical heterogeneity of polysaccha- 
rides, their structural complexity, and the lack 
of effective tools and methods have seriously 
limited the development of a sequencing ap- 
proach that is rapid and practical, like that 
used for polynucleotides and polypeptides. 
This limitation is especially relevant in the 
study of glycosaminoglycan (GAG) complex 
polysaccharides, ~vhich are present at the cell 
surface and in the extracellular matrix (1, 2). 
Heparin or heparan sulfate-like glycosamino- 
glycans (HLGAGs), a subset of GAGS, are 
currently used clinically as anticoagulants, 
and this fi~nction of HLGAGs has been as- 
signed to a specific pentasaccharide sequence 
that is responsible for binding to antithrombin 
I11 (3). Recent progress in developmental bi- 
ology, genetics, and other fields has resulted 
in a vil-tual explosion in the discove~-gl of 
important roles for HLGAGs in the biological 
activity of morphogens (4) (for example, Wing- 
less, Decapentaplegic, and Hedgehog); growtl~ 
factors, cytokines, and chemokines (5); en- 
zymes (1, 6); and surface proteins of micro- 
organisms (7). Although it is increasingly rec- 
ognized that a specific sequence, typically fiom 
a tewa- to a decasaccharide in size, is responsi- 

ble for HLGAGs' modulation of biological ac- 
tivity, in only a few cases is there any structural 
information regarding sequences (8). There- 
fore, accelerating our understanding of struc- 
ture-fi~nction relationships for HLGAGs re- 
quires the development of rapid yet thorough 
sequencing methodologies. 

There are many issues that have limited 
the development of sequenci~lg techniques 
for HLGAGs. HLGAGs are chenlically com- 
plex and heterogeneous, because the HLGAG 
chain can vary in tenns of the number of 
disaccharide repeat units and possesses, with- 
in the disaccharide repeat unit, four potential 
sites for chen~ical modification. The basic 
disaccharide repeat unit of HLGAG is a 
uronic acid [a-2-iduronic acid (I) or P-D- 
glucuronic acid (G)] linked 1,4 to a-D-hex- 
osarnine (H) (Fig. 1A). Together, the four 
different ~nodifications (24 = 16) for an I or 
G uronic acid isomer containing disaccharide 
give rise to 16 X 2 = 32 different plausible 
disaccharide units for HLGAGs. In contrast, 
four bases make up DNA, and 20 amino acids 
make up proteins. With these 32 building 
blocks, an octasaccharide could .have over a 
million possible sequences, thereby making 
HLGAGs not only the most acidic but also 
the most information-dense biopolynlers 
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sity of HLGAGs, we have developed a hexa- 
dec~n~al  ilotation system (base 16) to repre- 
sent the four potential sites for chemical mod- 
ification in the disaccharide repeat unit (9). 
The fi~nctioilal groups modified by sulfates 
can be represented by a binary digit (0 for no 
sulfate, and 1 for the presence of a sulfate). 
Thus, each possible HLGAG disaccharide 
can be asslgned a one-letter code based on its 
hexadecimal value (Fig. 1B) (10). The isomer 
of the uronic acid call be assigned a positive 
(I) or a negative (G) sign with the same 
one-letter code. With such a coding scheme, 
mathematical operations (addition, subtrac- 
tion, and so on) call be used to encode infor- 
mation such as susceptibility to eilzymatic or 
chel~lical cleavage of specific sites and chem- 
ical properties that could facilitate sequence 
comparison or alignment (9). Furthennore, 
this code can be easily expanded in the f i ~ h ~ r e  
to add other modifications that might be ob- 
seived, through the addition of bii1al-g~ digits 
to expand to a higher numerical base. 

Different combiilatiolls of the 32 building 
blocks yield tetra-, hexa-, or longer saccha- 
rides, and it is possible to generate a list of 
theoretical n~olecular masses of all possible 
saccharide sequences as well as to uniquely 
assign the leilgth of the saccharide based on 
the ~nolecular weight (Fig. 1C). For instance, 
the minimum difference betwee11 ally disac- 
charide and any tetrasaccharide is 101 dal- 
tons. Fu~ther, within an oligosaccharide larg- 
er thaa a disaccharide, there is a ininimum 
difference in mass of 4.02 daltons that is ac- 
co~u~ted for by two acetate groups (84.08 dal- 
tons) replacing a sulfate group (80.06 daltons). 

Therefore, the length and the number of sul- 
fates and acetates are readily assigned for a 
given oligosaccharide up to a tetradecasac- 
charide. The matrix-assisted laser desorption 
iollizatioll mass spectromeny (I\/LALDI-MS) 
technique described here enables the detenni- 
nation of the mass of HLGAG complex oligo- 
sacchaiides (&om di- to decasacchaiides) to an 
accuracy of < 1 dalton, with a sensitivity down 
to 100 fino1 of ~naterial (11). The combination 
of the notation system and the accuracy of 
MALDI-MS enabled us to determine mass- 
identity relationships. 

Thus, the overall strategy for sequencing 
HLGAGs essentially involves the reduction 
in size of the starting oligosaccharide into 
smaller fragments through the successive use 
of experimental constrai~lts such as chemical 
and enzymatic degradat~on, as well as the use 
of MALDI-MS to determine the length of the 
saccharide and the number of sulfates and 
acetates in it. The elimillation of sequences 
that do not satisfy the experimental con- 
straints rapidly enables convergence to a 
unique sequence after successive iterations. 
Specific examples of how one ~vould se- 
quence HLGAGs with this process are illus- 
trated below. 

Example 1 : MALDI-MS of the sacchar~de 
poiilts to a mass of 2230 2 daltons, come- 
spoild~ng to an octasaccharide with 11 sul- 
fates and no acetates (Fig 2A). Analys~s of 
this saccharide by capillary electrophoresis 
(CE) sho~vs the presence of a trisulfated dis- 
accharide (1U,sHNs,6s; I D )  and a disulfated 
disaccharide (LUH,,.,,; t 5) with relative 
abulldallce of 3.1 (Fig. 2A, inset). Because 

both the I- and G-containing octasaccharides 
need to be considered (12), the number of 
possible combillatioils of sequences having 
these disaccharide units is 32 (Fig. 2D, part i). 
If hepariilase I digestion data (Fig. 2B) are 
used as a constraint, only 4 out of the 32 
sequences can result in fragments that corre- 
spond to these obsen~ed masses (Fig. 2D, pait 
ii). Thus the heparinase I data fix hvo di- 
saccharide units at the llomeducillg end. How- 
ever, for the reducing end, having +5 (IH,,,,) 
or -5 (GH,,.,,) at the terminus or having +5 
or - 5 at the second position from the tenninus 
are possible (Fig. 2D, pal? ii). To converge 
further on the octasaccharide sequence, we used 
heparinase I11 digestion data as a constraint 
(Fig. 2C). Of the sequences in Fig. 2D, part ii, 
the only sequence that can satisfy the observed 
masses of the products of heparinase I11 di- 
gestion is iDDD-5 ,  which corresponds to 

"2SHVS.6S12SHNS,6S12S HNS.6SGHVS.6S' 

Example 2: Here we illustrate the use af 
MALDI-MS and exoeilzymes to sequence a 
nitrous acid-derived hexasaccharide. Partial 
digestion of the hexasaccharide with nitrous 
acid results in a ladder of hexa-, tetra-, and 
disaccharides (Fig. 3A). The nonreducing end 
of all the saccharides in the ladder can be 
sequenced sin~ultalleously with exoenzymes 
(13). Upon treatment of the nitrous derived 
products with the exoenzymes (iduronate 2 - 0  
sulfatase, iduronidase, and glucosamille 6 -0  
sulfatase), the hexasaccharide and tetrasac- 
charide peaks were correspondi~lgly reduced 
in mass, reflecting the removal of 2-0-sul- 
fate, iduronate, and 6 -0  sulfate from the re- 
duc~ng end of the products (Fig. 3B) Com- 
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Fig. 1. HLCAC disaccharide repeating unit. (A) Di- A B VG 2x 6x 3x NX CCCE UNIT. 
saccharide repeating unit containing a uronic acid o o  a  o a  a  I-HMC 

[a-L-iduronate (I) or p-~-g luc~ronate (C)] with a o a a o i  1 1 - H N S  
41735 

0  0  0  1 0  2 I - H W c , S  45939 
1-4 linkage to a-D hexosamine (H). The functional ~ 

0  0  a  1 1 3 I - W ~ S  49741 
groups can be modified (primarily sulfation) at the a  o  1 a  o  4 I-HW_ 45939 

2 - 0 ,  3 - 0 ,  6 - 0  ( X ) ,  and N sulfation or acetylation a  o  1 a  I 5 I-HN$S 49741 

(Y) .  (0) The hexadecimal notation system repre- a  o 1 1 o 6 I-HWCSGS 53945 

senting the U-H disaccharide units of HLCACs. Col- 0  0  1 1 1 7 I-HM,3$6S 57747 
0  1 0  0  0  8 ~ S - H W C  459.39 

umns 1 through 4 represent binary digits that indi- : l 0  0  1 9 k s - H w  497.41 
cate the presence (1) or absence (0) of sulfates at o 1 o A ~ S - W , ~ S  53945 

the 2 ,  6, 3 ,  and N positions of the disaccharide a  I o  I 1 B ~ S - H N S , ~ S  57747 

repeat unit. A 0 at the N position represents a C a  1 1 a o  c ~s-Nu,~,~s 53945 

N-acetylated glucosamine. Column 5, shows the 13 0  1 1 0  1 D ~ S - H N S ~ S  57747 
0  1 1 1 0  E kS-HMc,3S,6S 61951 

hexadecimal letter code that is encoded by the 1 a  1 i I 1 F ~ s - H N s , ~ $ ~ s  65753 

binary digits of columns 1 through 4. The hexadec- 1 1 o  o  a  o  -o G - W ~  379.33 

imal units are assigned a sign based on the isomeric 1 a  o a  1 -1 G-HW 41735 

state of the uronic acid; positive (+) hexadecimal ,, 1 0  0  1 a  -2 G-HMc,3S 45939 
1 0  0  1 1 -3 G-HW3S 49741 

digits represent I-containing units and negative (-) 1 o  1 a  o  -4 G-H,Wc:6s 45939 

hexadecimal digits represent C-containing units. 4o 1 o i o i -5 G-my 49741 

The conventional chemical nomenclature is shown g 1 
a  1 I a  6 G - H M ~ , & ~ s  53945 I 

in column 6 .  The calculated molecular weight of the 1 a  1 I I -7 G - n u s s G S  57747 
1 1 a  0  a  -8 @s-HW? 45939 ' disaccharide units (as if they were internal in a ,, 1 1 1 0  0  1 -9 @ S - H w '  49741 chain) is shown in column 7. Free amine-containing / 1 1  0 1 a  -A @ S . H W ~ S  53945 

disaccharides were not used in this study, but this i 1 a  I 1 -B 4s-HNSS 57747 

form can be easily extended to include such modi- i i 1 a  o -C @S.HMC,~S 53945 

fications. Here and in Figs. 2  through 4, for chemical 

1 1 1 1 1 -F @S-Hm3$6S 657.53 

I 
1 1 1 0 1 -D @S-HNSGS 577.47 

430 663 ~ c i 0  m o o  i2ca l r o o  rsoo lac2 :coo 1 1 1 1 0 -E G 2 ~ - H ~ c , 3 ~ , 6 ~ 6 1 9 5 1  or enzymatic modifications to these disaccharides, 
Bass (nal 

the following symbols are used: 5-membered anhy- 
dromannitol ring, '; uronic acid with a C4-C5 unsat- 
urated linkage (AU), 2;  reducing end disaccharide unit with a mass tag, possible combinations of disaccharides, tetrasaccharides, and hexasac- 

disaccharide unit without the uronic acid, *. (C) The masses of all the charides, computed and plotted as a frequency distribution chart. 



positioual ailalysis by CE (by meails of he- 
parinase I) indicated that disaccharide present 
at the reducing end was I,,I\/Ian,, (+Dt).  
Together this infolination allows us to con- 
verge to the sequence +DDD' (12,HN,,s 
12SHNS.6S12Sb'an6S)' 

Example 3: I\/IALDI-MS of a basic fibro- 
blast growth factor (FGF-2) binding saccha- 
ride indicated a species nit11 a Inass of 2808 
daltons, which corresponds to a tetradeca sul- 
fated decasaccharide with anhydromanit01 at 
the reduciilg end of the saccl~aride (Fig. 4A, 
inset). Coinpositional analysis of this sample 
resulted in two pealts coi-responding to k D  
(1U2,H ,,,,,) aud i D '  (1U,,Man,,) in the 
ratio 3 : 1. As this decasaccharide was derived 
by nitrous acid degradation of heparin, the 
uronic acid at the nor~educing end was not 
obsewed by CE (232 11111). Therefore, the 
non-educing end residue was identified 
through sequencing with exoeilzynles to be 
+ D  (I,,H,,,,). The llulnber of possible se- 
quences with this colnpositiou is 16 (Fig. 4B. 
part i). Of the 16 sequences. those that could 
result in the abseil-ed fragments up011 hepa- 
riilase I digestiou of the decasaccharide (Fig. 

4A) are shown in Fig. 4B, part ii. To resolve 
the isomeric state of the intelual uronic acid 
+ D  versus -D. exhaustive digestiou of the 
saccharide with heparinase I and heparinase 
I11 was performed. Heparinase I exhausti\-e 
digestion of the saccharide resulted in only 
two species coi~espoildillg to a trisulfated 
disaccharide (?D) and its ailhydroinannitol 
derivative. whereas heparinase I11 did not 
cleave the decasaccharide at all. The above 
facts talteil together confirm that the sequence 
of the FGF-2 binding decasaccharide was 
DDDDD' [(12SHK,,,,),12,Ma116Sl. 

Exalnple 4: This is an example of the 
deteilniilation of a complex sequence. Com- 
positional analysis of an AT-I11 billding sac- 
charide indicated the presence of three build- 
ing bloclts, corresponding to 1U2,HNS,,, 
(*Dl, 1 U H  N,,, ,, (24) .  and 1 U H  N,,,,,,, 

( 2 7 )  in the relative ratio of 3 : 1:1, respectively. 
The shortest oligosaccharide that can be 
formed with this coinpositioil coi~esponds to 
a decasaccharide, which is co~lsistent with the 
MALDI-MS data. The total number of pos- 
sible co~nbinatiolls of this tridecasulfated. 
singly acetylated. decasaccharide sequence 

Fig. 2. Sequencing o f  octasaccharide. (A) A 1 0  y M  solution of an 
octasaccharide sample was analyzed by MALDI-MS. The noncovalent 
complex o f  the peptide and the saccharide (11) was observed w i th  a 
measured m/z value of 6458.2. Shown in parenthesis is the  mass of the  
saccharide after subtraction o f  the peptide mass. -SO, indicates the  loss 
o f  a labile sulfate of the octasaccharide substrate. Under relatively high 
laser intensities, larger oligosaccharides (octa in  length or longer) can 
lose a sulfate. This undersulfated species IS not  a contaminant, as verified 
by CE. (Inset) Compositional analysis o f  the octasaccharide was com- 
pleted by exhaustive digestion w i t h  heparinases I, II, and Ill and by 
analysis o f  the  disaccharides w i t h  CE as described (11). Naphthalene 
trisulfonic acid (NTS; 1 y M )  was run as an internal standard. Assignments 
of 1U,,-H,,,, and 1U-H,,,, were made on the basis of the  fact that  

with the above disaccharide building bloclts 
is 320 (Fig. 5D. part i). Digestion of this 
decasaccharide with heparinase I resulted in 
four fragments (Fig. 5A). Of the 320 possible 
sequences. only 52 sequences satisfied hepa- 
rinase I digestion data (Fig. 5D. pai-t ii). The 
Inass spectrum of the exhaustive digestion of 
the decasaccharide with heparinase I showed 
mass-to-charge ratio (i?iiz) values that coiye- 
sponded to a trisulfated disaccharide and an 
octasulfated hexasaccharide. thereby fi~i-ther 
reduciilg the list of 52 sequences to 28 se- 
quences (Fig. 5D. pai-t ii). To further con- 
\ erge on the sequence. we used a "mass tag" 
at the reducing end of the sacchar~de, which 
ellabled the ideilt~fication of the saccharide 
sequence close to and at the reducing end 
(I1  ). Treannent of the semicarbazide-tagged 
decasacchande n it11 hepannase I1 resulted 111 

fragments nit11 1771; ~a lues  of 4805 0. 5264 6. 
5320 9 5381 7. 5897 7 and 5958 4 (Fig 5B) 
The in z \slues of 5320 9 and 5897 7 cone- 
sponded to a tagged tettasulfated tetrasaccha- 
ride and to a tagged heptasulfated hexasaccha- 
ride. both contai~ling the V-acetyl glucosarnine 
residue. This places +4  or -4 (I,'GHN,,c,6,) at 

0 

n m s s  ( d z )  

Possible sequences: 
*DDD5 kD5DD DDD5 6DDD * D m 5  *5DDD 
b D D 5  6 D D  *ED35 *D5DD %DDE t5DDD 
kWD5 *EDD C D D 5  *D5DD iDD5D *D5-DD 
?DD5D kDSDD XD5-D * E D D  k W 5 D  *DbDDi  
+DDD5 6 D D D  * D E D  5 t S D D D  *DD5D rSDDD I 

(i) Heparinase I digest 

Heparinase 111 dgest  (iii) 
Seq Fragments formed 

(1732) 
tDDD5 tDDD 6 

they comigrated w i th  known standards. Peak areas are shown in paren- 
theses. (B) Digestion w i th  heparinase 1 (18) resulted in  a pentasulfated 
tetrasaccharide o f  m/z 5300.1 and a trisulfated disaccharide o f  m/z 
4802.6 A H,SO, adduct was also observed for the disaccharide as a result 
o f  matrix preparation conditions. (C) Digestion o f  octasaccharide w i th  
heparinase 1 1 1  (18) yielded a nine-sulfated hexasaccharide, m/z 5958.7. 
(D) shows the convergence o f  the octasaccharide. This octasaccharide 
contains a 14 ,5  uronic acid at the nonreducing end. (i) Master list o f  al l  
possible octasaccharide sequences that  can be obtained for three =D and 
one 1-5. The mass o f  the fragments resulting f rom digestion of octasac- 
charide w i th  heparinase I is shown in (ii). Also shown in (ii) are sequences 
f rom (i) that  can satisfy the heparinase I data. (iii) Sequence of octasac- 
charide f rom (ii) that  satisfies the heparinase Ill digestion data (C). 
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the reducing end or one unit ftom the reducing Partial nitxous acid digestion of the tagged as 
end; thereby li~niting the number of possible well as the untagged decasaccharide provided 
sequences fiom 28 to 6 (Fig. 5D, part iii), no additional constraints but confilmed the he- 

;ontaining the starting 
material [with Man,,] 
(m/z 5882.5), a penta- 
sulfated tetrasaccharide 
[with Man,,] ( m h  5304.1), 
and disulfated disaccharide 
(m/z 4726.2) [with Man,,]. 
R indicates ring contrac- 
tion (and a mass difference 
of 97 daltons) from a N- 
sulfated hexosamine to 
anhydromannose (1, 2). 
Shown in parentheses is 
the mass of the saccharide 
after subtraction of the 
peptide mass. (B) The ni- 
trous acid-treated hexasac- 
charide was subjected to 
iduronate 2 -0  sulfatase, 
iduronidase, and glu- 
cosamine 6 - 0  sulfatase 
(12). The starting material 
(m/z 5884.6) and a pen- 
tasaccharide (P) ( m h  

Fig. 3. Sequencing of A 8 0 0 0 -  

5627.3) corresponding' to  the removal of 2 -0  sulfate and an iduronate residue from hexasaccharide are 
visible. Also observed (marked as-6s) is the removal of the 6 - 0  sulfate from P. For the tetrasaccharide 
(m/z 5304.8), the removal of 2 - 0  sulfate (marked as-2s) and the iduronate residue resulted in a 
trisaccharide (T) (m/z 5049.3). The removal of the 6 - 0  sulfate from T was observed only under 
exhaustive digestion conditions. The disaccharide was no longer detectable after incubation with the 
enzymes, because reduction of the charge on the disaccharide resulted in less efficient complexation with 
the basic peptide. 

hexasaccharide. (A) Ni- 
trous acid treatment (20 
min) of hexasaccharide 6000. 
(18) resulted in a ladder 

Fig. 4. Sequencing 
FCF-2 binding deca- A 
saccharide. (A) (Inset) Im] 

I ~ s H N s ~ s I ~ ~ ~ ~ ~ ~ ~ s  
5304.1 

(1 077.4) 

the mass and size o f  
the saccharide as a 6000 
complex wi th FGF-2 E 
(19). Dimers o f  FGF-2 
bound t o  the saccha- ' 
ride (S) yielding a spe- 
cies wi th a m h  of 2003 
37,009. By subtraction 
of FCF-2 molecular 
weight, the molecular 
mass of the saccharide B 
was determined t o  be 
2808, corresponding t o  
a decasaccharide w ~ t h  
1 4  sulfates and an an- 
hydromannitol at the 
reducing end. (A) He- 
parinase I digestion of 
the decasaccharide yield- 
ed a pentasulfated tet- 
rasaccharide (m/z 5286.3) 

i"" 
, Mass (m/z) 

Sequence Fragments formed 

+m *D *D *D rtw 

parinase I1 data. Exhaustive nitrous acid diges- 
tion. however, gave only the reducing end tet- 
rasaccharide (with and without the tag) as an 
unclipped product (Fig. 5C). This confinned 
that +4 or -4 (I/GH,,,,,s) was one unit away 
from the reducing end. Sequential use of exoen- 
zymes uniquely resolved the isomeric state of 
the uronic acid as +4 and the reducing end 
disaccha~ide as -7. which is consistent with 
4-7 being the lcey AT-I11 binding motif (3). 
Thus, we deduced the sequence of the AT-I11 
binding decasaccharide as i D D D 4 - 7  
(~~2SHNS,6SI,SHYS,6,I,, HNS,,SIHNA,,6S 
GHYS.3S,6S) (I4), 

The sequencing approach can be readily 
extended to other complex polysaccharides 
by developing appropriate experimental con- 
straints. For example, the de1matan:chon- 
droitin mucopolysaccharides (DCMPs), con- 
sisting of a disaccharide repeat unit, are 
amenable to a l~exadecimal codlng system 
and MALDI-MS (15) As is ob5ened for 
HLGAGs, In DCMPs a gnen  mass has a 
unique signahllre associated u~ith length and 
conlposit~on. For instance, the minlmunl d ~ f -  
ference between any disaccharide and any 
tetrasaccharide IS 139.2 daltons: therefore, 
the length and the number of sulfates and 
acetates can be readily assigned for a given 
DCM oligosaccharide up to an octadecasac- 
charide. Similarly, in the case of polysialic 
acids (PSAs), which are present mostly as 
ho~nopolymers of 5-lV-acetylneuraminic acid 
(NAN) or 5-:\~glycolylneuraminic acid (NGN), 
the hexadecimal coding system can be easily 
extended to NANNGN to encode the varia- 
tions in the functional groups and enable a 
sequencing approach for PSAs (16). 

The examples outlined here represent a 
practical and rapid seq~~eucing lnethodology 
for HLGAGs in particular and for complex 
polysaccharides in general, so that it is pos- 
sible to arrive at a single solution regardless 
of modifications of the polysaccharide chain. 
The advantages of the sequencing approach 
are threefold. First. through exanlination of 
all possible sequences for a oligosaccharide 
chain, it is possible to design filrther experi- 
mental constraints that n~ill result in conver- 
gence to a single sequence in the fewest 
number of steps, thus making our sequencing 
approach rapid. The entire analysis in each 
example used only 1 pmol of nlaterial and 
took less than a day of experiments to arrive 
at the final sequence, as compared with the 
microgra~ll-to-milligra~ll amounts req~lired 
for time-intensive methods (13). Second, be- 
cause this approach starts fro111 all possible 
seauences and el~~ninates those that do not 

with an anhidromannitdl at the reducing end and a trisulfated disaccharide of m h  4804.6. (B) Convergence codfolnl to the experimental constraints, it 
of the FCF binding decasaccharide sequence: the master list of 16 sequences derived from compositional ellsLlres that seqLlences are not elim- 
analysis and exoenqme sequencing of the nonreducing end. The disaccharide unit at the nonreducing end illated n,ith bias, Third, the flexibil- 
was assigned t o  be a +D using exoenzymes, and the anhydromannitol group at the reducing end is shown 
as '.The mass of the fragments resulting from digestion of decasaccharide with heparinase I are shown in (ii).  it^ not for portability of the ap- 
Also shown in (ii) are the sequences from (i) that satisfy heparinase I digestion data. (iii) Sequence of proach but nil1 also facilitate development of a 
decasaccharide from (ii) that satisfies the data from exhaustive digestion using heparinase I. fully automated sequencing ~nethodology (1 7). 
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Mass (m/z) 

A C 

Fig. 5. Sequencing of AT-Ill binding decasaccharide. (A) Heparinase I 
digest of the decasaccharide yielded four fragments. The major frag- 
ments include a decasulfated, singly acetylated octasaccharide (m/z 
6419.7), a heptasulfated, singly acetylated hexasaccharide (m/z 5842.1), 
a hexasulfated tetrasaccharide (m/z of 5383.1), and a trisulfated disac- 
charide (m/z 4805.3). Also present is a contaminant ("), a pentasulfated 
tetrasaccharide (14). The decasaccharide was first modif ied at the reduc- 
ing end t o  introduce a mass tag [A m/z of 56.1 is shown as ' in (B) 
through (D)]. Typical yields for the mass-tag labeling vary between 8 0  
and 90%, as determined by CE. (B) Heparinase II digestion o f  the 
decasaccharide gave the fol lowing products: m/z 5958.4 (a nine-sulfated 
hexasaccharide), m/z 5897.7 (tagged heptasulfated, singly acetylated 
hexasaccharide), m/z 5381.7 (hexasulfated tetrasaccharide), m/z 5320.9 

(tagged tetrasaulfated tetrasaccharide), m/z 5264.6 (tetrasulfated tet -  
rasaccharide), and m/z 4805.0 (a trisulfated disaccharide). (C) Exhaustive 
nitrous acid treatment o f  decasaccharide essentially gives one tetrasul- 
fated, singly acetylated, anhydromannitol tetrasaccharide species desig- 
nated T (one tagged m/z 5241.5 and one untagged m/z 5186.5). R 
indicates ring contraction. As shown in the inset, treatment of this 
tetrasaccharide w i th  iduronidase (and not  glucuronidase) results in a 
species of m/z 5007.8, corresponding t o  the removal o f  iduronate 
residue. Further treatment w i th  exoenzymes in the fol lowing order only 
(glucosamine 6 - 0  sulfatase, hexosamidase, and glucuronidase) results in 
the complete digestion of the trisaccharide. (D) Convergence of the AT-Ill 
binding decasaccharide sequence f rom 320  possible sequences t o  52 t o  
28 t o  6 t o  the f inal sequence. 
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10. Here, the disaccharide building blocks of HLCACs are 
first represented wi th the uronic acid at the nonre- 
ducing end and'the hexosamine at the reducing end 
(U-H). I t  is also possible t o  have H at the nonreducing 
end t o  define the repeating disaccharides in the 
HLGAG chain (H-U), although this wil l  not  concep- 
tually change the analysis. 

11. The methodology used for the analysis of acidic 
polysaccharides involves the detection of these sac- 
charides as noncovalent complexes wi th a basic pep- 
tide or protein. Interactions between the polysaccha- 
ride and the protein or peptide allow for the ioniza- 
t ion of normally labile HLGACs as intact species and 
their detection in the positive ion mode. Wi th  the 
mass spectrometer in the linear mode, this technique 
is able t o  detect as l i t t le as 100 fmol  of material [P. 
Juhasz and K. Biemann, Carbohydr. Res. 270, 131 
(1995); P. Juhasz and K. Biemann, Proc. Natl. Acad. 
Sci. U.S.A. 91, 4333 (1994); A. J. Rhomberg e t  dl., 
ibid. 95, 4176 (1998); S. Ernst et a/., ibid., p. 4182; 
A. j .  Rhomberg eta/ . ,  ibid., p. 122321. 

12. Treatment wi th heparinases leaves behind a 4-5 dou- 
ble bond on the uronic acid, resulting in the loss of 
information regarding the isomeric state of the 
uronic acid. Heparinase I primarily clips I,, containing 
glycosidic linkages, whereas heparinase Ill clips pri- 
marily C containing glycosidic linkages. However, 
recent observations have noted that, under certain 
conditions, both heparinase I and Ill possess second- 
ary substrate specificities; that is, heparinase I can 
clip at G,, in highly sulfated regions of HLGACs, 
whereas heparinase Ill can clip at I in unsulfated 
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regions of HLGAGs. Using defined substrates, we 
defined the cleavage conditions for heparinase I and 
Ill under our reaction conditions. We found that there 
were certain well-defined parameters under which 
heparinase I and Ill clip at their respective primary 
sites and not  at their secondary sites (supplementary 
data is available at Science Online at www. 
sciencemag.org/feature/data/1042118.shl). In part, 
these studies defined the designated "short" and 
"exhaustive" reaction conditions outlined below (18). 
In each case, through the use of our sequencing strategy 
and independent experimental constraints (that is, in- 
complete nitrous acid followed by exoenzymes or ex- 
haustive nitrous acid and compositional analysis), we 
can confirm the sequence assignment obtained wi th 
heparinases as experimental constraints. 

13. Other methods including the use of exoenzymes are 
being developed for sequencing saccharides, and for 
the most part require sample isolation and repurifi- 
cation [J .  H. Turnbull et a/., Proc. Natl. Acad. Sci. 
U.S.A. 96, 2703 (1999), and references therein; R. 
Vives eta/ . ,  Biochem. 1. 339, 767 (1539)]. However, 
the MALDI-MS approach for sequencing saccharides 
wi th exoenzymes does not  require repurification of 
the saccharide after manipulations. The MALDl mass 
spectrogram is able t o  generate all the sequence 
information of all the saccharide fragments in a 
"ladder" form in one spectrum. 

14. The AT-Ill binding decasaccharide was a gift from R. 
Linhardt. The sequenre of this decasaccharide has 
been reported t o  be D4-7DD, on the basis of NMR 
spectroscopy [Y. Toida e t  a/., 1. Biol. Chem. 271, 
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32040 (1996)l. Such a sequence should show the 
appearance of a tagged D or DD residue at the 
reducing end. However, we find all the different 
experiments used in the elucidation of the decasac- 
charide sequence t o  be consistent wi th each other in 
the appearance of a 4-7 tagged product and not a D 
(or a DD) product. This saccharide does not contain 
an intact AT-Ill binding site, as proposed. Therefore, 
we sought confirmation of our proposed sequence 
through the use of integral glycan sequencing (IGS), 
which agreed wi th our analysis. 

15. DCMPs are found in dense connective tissues such as 
bone and cartilage. The basic repeat unit of DCMP 
can be represented as ( P  1+4) U,, ( a l p  1+3) 
Gal, ,,,,,,, - ,  where U is uronic acid, Gal,,, is a 
N-acetylated galactosamine, and there are 16 disac- 
charide building blocks for DCMP. Like the hepari- 
nases that degrade HLGAGs, there are distinct chon- 
doroitinases and other chemical methods available 
that clip at specific glycosidic linkages of DCMP and 
serve as experimental constraints. Furthermore, be- 
cause DCMPs are acidic polysaccharides, the MALDI- 
MS techniques and methods used for HLGAGs can be 
readily extended t o  the DCMPs. 

16. The monomeric units of NAN and NGN are linked by 
a 2-8 glycosidic linkages and can be modified at the 
4 -0 ,  7 -0 ,  and 9 - 0  positions. Methods of purifying 

and characterizing PSA oligosaccharides using high- 
performance liquid chromatography, CE, and MS have 
very recently been established. In addition, chemical 
and exosialydases and endosialydases that cleave at 
distinct glycosidic linkage of PSA are available and 
can serve as experimental constraints. 

17. The sequencing approach presently uses a brute force 
method because many of the rules regarding the 
specificity of enzymes that degrade and modify com- 
plex polysaccharides are in the developmental stage. 
Once these rules or constraints are fully developed, 
more intelligent algorithms such as a genetic algo- 
rithm or Monte Carlo optimization could be used t o  
search a much narrower search space for the correct 
sequence. The combination of more efficient con- 
straints and algorithms wil l  thus lead to a fully au- 
tomated sequencing approach. 

18. The use of heparinases was essentially as described in 
references in (77). Digests were designated as either 
short or exhaustive. Short digests were completed 
wi th 50 nM enzyme for 10 min. Exhaustive digests 
were completed wi th 200 nM enzyme for either 4 
hours or overnight. Partial nitrous acid cleavage was 
completed using a modification of published proce- 
dures. Briefly, t o  an aqueous solution of saccharide 
was added a 2X solution of sodium nitrite in HCI so 
that the concentration of nitrous acid was 2 mM and 

Stability and Variability in 
Competitive Communities 

A. R. Ives,* K. Cross, J. L. Klug 

Long-term variability in the abundance of populations depends on the sensitivity 
of species to environmental fluctuations and the amplification of environmental 
fluctuations by interactions among species. Although competitive interactions and 
species number may have diverse effects on variability measured at the individual 
species level, a combination of theoretical analyses shows that these factors have 
no effect on variability measured at the community level. Therefore, biodiversity 
may increase community stability by promoting diversity among species in their 
responses to environmental fluctuations, but increasing the number and strength 
of competitive interactions has little effect. 

The stability of an ecological community is 
thought to depend on the number of species it 
contains and the strengths of interactions be- 
tween thein (1). Stability also depends on the 
organizational level at which it is measured. 
In inodel ecosystems, May (2) showed that 
increasing the strength and nuinber of species 
interactions decreases the stability of individ- 
ual species' dynamics. In contrast, experi- 
mental studies (3 )  showed that large cornmu- 
nities of plant competitors may be more sta- 
ble than small communities when stability is 
measured in tellns of the total biomass of all 
species. 

The stability of ecological conlmunities 
is cominollly characterized by one of five 
properties: mathematical stability. resil- 
ience. resistance. persistence of species, 
and variability (4).  Of these, variability is 
the most frequently measured, yet least un- 

derstood from a theoretical perspective. 
Our analyses address the effects of inter- 
specific competition and species diversity 
on variability in the biomass of individual 
species and variability in total community 
biomass. Environmental fluctuations cause 
short-term (year-to-year) changes in spe- 
cies biomasses. Species interactions then 
act as a filter through which short-term 
environmental variability is translated into 
long-term variability in biomass. Here, we 
aslc how this filter is affected by the 
strength of species interactions and the 
number of species in a community. We use 
an analytical approximation to derive gen- 
eral predictions, and explicit numerical 
models for quantitative illustration. 

The general form of the systems we con- 
sider is 

.u,(t 4- 1 )  

Department o f  Zoology, University o f  Wisconsin- 
Madison, Madison, W I  53706, USA. 

*To w h o m  correspondence should be addressed E- L , = I  1 
mal l  ar~vesefacstaf f  wlsc edu n hele x,(t) is the b~omass of species z in year 

that of HCI was 20 mM. The reaction was allowed t o  
proceed at room temperature with quenching of ali- 
quots at various time points through the addition of 1 
FI of 200 mM sodium acetate and of bovine serum 
albumin (1 mglml: pH 6.0). Exhaustive nitrous acid 
cleavage was completed by reacting saccharide with 4 
mM nitrous acid in HCI overnight at room temperature. 
In both cases, it was found that the products of nitrous 
acid cleavage could be sampled directly by MALDI with- 
out further cleanup and without the need t o  reduce the 
anhydromannose residues to anhydromannitol. The en- 
tire panel of HLGAG-degrading exoenzymes was pur- 
chased from Oxford Glycosystems (Wakefield, MA) 
and used as suggested by the manufacturer. 
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t. F [  ] is a fiiilction giving the change In 
biomass betnzeen years: 1 ,  and K, are the 
species-specific intrinsic rate of increase and 
carrying capacity. respectively; and a,, is the 
coinpetition coefficient measuring the effect 
of species j on species i. The model is param- 
eterized so that, in the absence of environ- 
mental variability, when I., > 1, populations 
show overcompensating dynamics, and when 
l.i < 1. biomasses tend to approach equilib- 
rium ~nonotoi~ically. Enrironmental fluctua- 
tions are included nit11 species-specific ran- 
dom variables ~ ~ ( r ) .  To account for similari- 
ties among species in their responses to en- 
viroilrnental fluctuations, we assmne that the 
~ , ( t )  values are correlated with correlation 
coefficient p. 

We measure variability at two levels. 
For the species level, we use the sum of the 
variances of the biomasses of constituent 
species. V;, = X;=,J/[x,(t)], where n is the 
nuinber of species in the community. For 
the cornmuility level, a-e consider the vari- 
ance of the aggregate biomass in the com- 
munity. = V[Xj'=, s , ( t ) ] .  Measuring 
variability in this way relates our results 
directly to experimental studies e~nploying 
variances (3-5). 

Analytical approaches provide general 
conclusions that are independent of detailed 
model assumptions. Although variances in 
species biomasses produced by Eq. 1 depend 
on nonlinearities in F [  1 .  variances can be 
approx~mated w ~ t h  the first-order autoregres- 
sioil model (6) 

n~here X(t)  is a vectol of species b~omasses 
11,(t)  relative to the mean [ L , ( t )  = u,(t) - .?I 
and E(t)  is a vector of random 1 aliables that 
contains the environnleiltally driven changes 
in species bioinasses from one year to the 

542 15 OCTOBER 1999 VOL 286 SCIENCE www.sciencemag.org 



You have printed the following article:

Sequencing Complex Polysaccharides
Ganesh Venkataraman; Zachary Shriver; Rahul Raman; Ram Sasisekharan
Science, New Series, Vol. 286, No. 5439. (Oct. 15, 1999), pp. 537-542.
Stable URL:

http://links.jstor.org/sici?sici=0036-8075%2819991015%293%3A286%3A5439%3C537%3ASCP%3E2.0.CO%3B2-4

This article references the following linked citations:

References and Notes

11 Mass Spectrometric Molecular-Weight Determination of Highly Acidic Compounds of
Biological Significance via Their Complexes with Basic Polypeptides
Peter Juhasz; Klaus Biemann
Proceedings of the National Academy of Sciences of the United States of America, Vol. 91, No. 10.
(May 10, 1994), pp. 4333-4337.
Stable URL:

http://links.jstor.org/sici?sici=0027-8424%2819940510%2991%3A10%3C4333%3AMSMDOH%3E2.0.CO%3B2-A

13 A Strategy for Rapid Sequencing of Heparan Sulfate and Heparin Saccharides
Jeremy E. Turnbull; John J. Hopwood; John T. Gallagher
Proceedings of the National Academy of Sciences of the United States of America, Vol. 96, No. 6.
(Mar. 16, 1999), pp. 2698-2703.
Stable URL:

http://links.jstor.org/sici?sici=0027-8424%2819990316%2996%3A6%3C2698%3AASFRSO%3E2.0.CO%3B2-J

19 Fibroblast Growth Factors 1 and 2 are Distinct in Oligomerization in the Presence of
Heparin-Like Glycosaminoglycans
Ganesh Venkataraman; Zachary Shriver; Joseph C. Davis; Ram Sasisekharan
Proceedings of the National Academy of Sciences of the United States of America, Vol. 96, No. 5.
(Mar. 2, 1999), pp. 1892-1897.
Stable URL:

http://links.jstor.org/sici?sici=0027-8424%2819990302%2996%3A5%3C1892%3AFGF1A2%3E2.0.CO%3B2-7

http://www.jstor.org

LINKED CITATIONS
- Page 1 of 1 -

NOTE: The reference numbering from the original has been maintained in this citation list.




