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A b s t r a c t  

Hyaluronic acid was degraded with hyaluronate lyase (E.C. 4.2.2.1, from Streptomyces 
hyalurolyticus), and the resulting oligosaccharides up to dp 16 were characterized by 
electrospray-ionization mass spectrometry (ESIMS) and high-performance anion-exchange 
chromatography (HPAEC) with pulsed amperometric detection (PAD). In accordance with the 
known regiospecificity of the enzyme, the products included even-numbered oligosaccharides 
of structure fl-D-4en-thrHexpA-(1 --> 3)-[ fl-D-GlcpNAc-(l --> 4)-fl-D-GlcpA]n-(l --> 3)-D- 
GlcpNAc. Minor amounts of novel and unexpected odd-numbered oligomers, having the 
structure ]3-D-4en-thrHexpA-(1 --> 3)-[ fl-o-GlcpNAc-(1 --> 4)-D-GlcpA]n, were also isolated 
and characterized. This study, in addition to others beginning to appear in the literature, 
demonstrates the usefulness of ESIMS and HPAEC-PAD in the analysis and characterization 
of anionic glycosaminoglycan-type oligosaccharides. © 1997 Elsevier Science Ltd. 
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1. Introduction 

Numerous recent studies have established 
hyaluronic acid (HA) as an increasingly important 
bioactive polysaccharide that has potential import in 
medicine. Perhaps most significant are the roles it has 
been shown to play in cancer, as documented by 
several recent review articles devoted to this topic 
[1-3]. Numerous other reports describe its involve- 
ment in several different types of cancer, such as 
pancreatic, ovarian, breast, colon, prostate, and brain 
cancers [4-16]. As a result of its unique physico- 
chemical properties, HA is also finding use in drug 
delivery, as an antiadhesive, in ophthamalic tissue 
replacement, and in osteoarthritis therapy applications 
[17-19]. In light of these circumstances, there is a 
need for HA fragments of precisely defined MW and 
end-group identity for use as biological probes in 
more extensive investigations of these processes. 

As part of our studies on the role of HA's interac- 
tion with cancer cells during metastasis, we chose to 
employ oligosaccharides derived from digestion of 
HA with hyaluronate lyase (HA lyase, E.C. 4.2.2.1, 
from Streptomyces hyalurolyticus). This enzyme is 
often used to afford fragments of HA, since its 
eliminase activity introduces an o~,/3-unsaturated car- 
boxylic acid moiety at the non-reducing terminus, 
thus providing oligomers with a convenient UV chro- 
mophore [20,21]. Despite their frequent use in the 
biochemical literature, however, we found that these 
digestion products have not been rigorously charac- 
terized. In addition to the obvious considerations 
dictated by structure-activity relationship (SAR) is- 
sues involved in our biological studies, the desire to 
characterize these compounds by more modem meth- 
ods was further prompted by our isolation of unpre- 
dicted oligomers from the reaction mixture. As 
heretofore described in the literature, HA lyase is an 
endo-hexosaminidase, producing even-numbered 
fragments of structure /3-o-4en-thrHexpA-(1 ---> 
3)-[/3-D-GlcpNAc-(1 ---> 4)-/3-D-GlcpA]n-(1 ~ 3)-D- 
GlcpNAc [22]. As detailed below, however, our re- 
sults clearly show that these are accompanied by 
minor - -  but significant - -  amounts of the interven- 
ing odd-numbered oligomers. The precise origin of 
these novel products has not yet been ascertained, but 
could be the result of a secondary glucuronidase 
activity of the enzyme, or is otherwise due to anoma- 
lies such as an HA lyase isozyme or a maverick 
hydrolase impurity in the commercially obtained en- 
zyme material. Studies to elucidate the origin of these 

oligosaccharides are, however, beyond the scope of 
this report. 

Elect rospray- ionizat ion mass spec t rometry  
(ESIMS) has emerged in the last few years as a 
powerful new tool for carbohydrate analysis [23-26]. 
In addition to the more usual studies on neutral 
oligosaccharides, studies on anionic sugars using ES- 
IMS in the negative-ion mode have begun to appear, 
thus demonstrating the usefulness of this tool in 
important areas such as glycosaminoglycan analysis 
[27-30]. With respect to hyaluronic acid, Zhao and 
co-workers reported ESIMS-observed peptide-HA 
disaccharide fragments as evidence that certain 
serum-derived proteins are covalently bound to the 
polymer [31]. Arpino and co-workers studied small 
oligogalacturonic acid oligosaccharides of dp 4 -7  
under negative-ion ESIMS and queried to what extent 
the sugars would polyanionize as the dp increased to 
larger values than those they studied [32]. In this 
study we address that question. 

In conjunction with the mass-spectral characteriza- 
tion, we sought to develop a convenient screening 
protocol to assess the identity and purity of fractions 
from our preparative-scale gel-filtration chromatogra- 
phy of HA digests. The requisite method should also 
be suited for use in future planned work with bovine 
testes- and leech-derived hyaluronidases [33] whose 
digestion products do not possess the convenient 
a,/3-unsaturated acid UV chromophore. Although 
other HPLC methods have been developed for the 
separation of HA oligosaccharides [34,35], we se- 
lected high-performance anion-exchange chromatog- 
raphy with pulsed amperometric detection (HPAEC- 
PAD) due to its well-known excellent sensitivity and 
resolution [36,37]. Acidic oligosaccharides have been 
less well-studied by this technique, perhaps because 
the high pH conditions typically required cause the 
materials to be strongly retained on the stationary 
phase. Nevertheless, several reports have documented 
progress in this area [38-43]. 

Described herein are data from these two methods 
characterizing the series of even-numbered and novel 
odd-numbered hyaluronic acid oligosaccharides of dp 
3-16 derived from HA. 

2. Experimental 

Materials.--Hyaluronate lyase (cat. No. H-1136, 
E.C. 4.2.2.1) and sodium hyaluronate (cat. No. H- 
1751) were purchased from Sigma Chemical Co. (St. 
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Louis, MO). Water was deionized and filtered using a 
Barnstead Nanopure 550 system. 

Enzyme degradations and preparative column 
chromatography.--For the digestions, 50 mg of 
sodium hyaluronate was suspended in 10 mL of 
aqueous buffer (200 mM in NaC1 and 50 mM in 
NaOAc, adjusted to pH 6.0), and the mixture was 
stirred overnight at 0°C, resulting in a clear solution 
to which HA lyase (1000 units) was added, with 
stirring being continued at 37°C. Aliquots (50 /xL) 
were periodically removed and monitored at 232 nm 
on a Shimadzu 2101PC spectrophotometer until ab- 
sorbance began to level off ( ~  2-4  h). The mixture 
was then boiled for 10 min, diluted with 10 mL of 
water, and lyophilized. The resulting white powder 
was subjected to gel-filtration chromatography (Bio- 
Gel P-30), using 250 mM HCO2NH 4 as eluent. 
Collected fractions were lyophilized five times and 
analyzed as described below. 

High-performance anion-exchange chromatogra- 
phy.--The analytical system consisted of a Dionex 
DX-500 system (Sunnyvale, CA) equipped with a 
CarboPac PA-l guard precolumn (25 × 3 mm), Car- 
boPac PA-1 column (250 × 4 ram), and a type II 
PAD (with gold working electrode and silver/silver 
hydroxide reference electrode) interfaced to a 
Hewlett-Packard 3390A integrator. The electrochem- 
ical detector was operated in the pulsed amperometric 
mode at 3 /xA sensitivity. The triple pulse sequence 
used for amperometric detection included the follow- 
ing potentials and durations: E~ = -0 .15  V (210 ms, 
integrating from 81-210 ms), E 2 = +0.75 V (180 
ms), E 3 = -0 .35  V (360 ms). To facilitate pulsed 
amperometric detection and minimize baseline drift, 
41)0 mM NaOH was added post-column at a flow rate 
of ~ 0.5 mL/min .  HA oligosaccharide samples (25 
/aL of solutions ~ 1-50 /xg /mL in analyte, as 
estimated by UV measurements assuming E = 5900 

[44]) were eluted at a flow rate of 1.0 mL/min .  
Acetate buffers at the concentrations listed in Table 2 
were obtained by adjusting the system pump to mix 
the appropriate proportion of 1 M NaOAc (made up 
from ~ 1 L o f  1 M HOAc adjusted t o p H 7 . 5  with 
50% NaOH) with deionized water. 

Electrospray- ionization mass spectromet~.-- 
Negative-ion electrospray mass spectra were obtained 
using a Micromass Quattro II triple quadrupole in- 
strument, with a nominal mass range to 4,000 Da. 
Data acquisition and manipulation was accomplished 
using the Micromass MassLynx software package, 
including MaxEnt data-analysis software. Sample so- 
lutions ( ~  16 /xg /mL in 1:1 MeOH-water  contain- 
ing 0.3% Et3N) were infused at a flow rate of 4 
/xL/min. Nitrogen was used as the nebulizing (20 
L / h )  and drying gas (300 L / h )  while maintaining 
the source temperature at 80 °C. Capillary- and cone 
voltages were 2.5 kV and 25 V, respectively. Spectra 
were acquired in multi-channel-acquisition mode from 
scans encompassing m/z 50-1750 at 10 s /scan (and 
averaging of 10 such scans per spectrum). Reported 
masses are the averaged value for the isotope cluster. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

Previous reports [20-22] led us to expect as the 
products a series of even-numbered hyaluronan frag- 
ments from the HA lyase digestion. However, as 
shown in Fig. 1, the UV trace of our preparative 
gel-filtration chromatography column suggested the 
presence of two series: the expected products result- 
ing from glucosaminidase cleavage (larger peaks), 
and intervening odd-numbered oligomers, apparently 
resulting from a glucuronidase-type cleavage (smaller 
peaks) of unknown origin. As suggested by the ob- 
served UV activity, and as unambiguously shown by 
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Fig. 1. Partial gel-permeation chromatogram (BioRad P-30, UV Absorbance at 232 nm) of hyaluronate lyase digest. 
Fraction volume = 10 mL. 
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Table 1 
Observed vs. predicted ESIMS m/z values for HA lyase oligomers a 

Oligomer Observed Relative 
(No. CO~ m/z intensity 
groups) (%) b 

Possible ions 
(charge) predicted 
m/z 

2-mer c (1) 378.2 100 

3-mer (2) 554.1 81 
276.6 100 

4-mer (2) 757.3 9 
378.2 100 

5-mer (3) 933.3 3 
466.1 100 

6-mer (3) _ a _ 
567.9 95 
378.3 100 

7-mer (4) - - 
655.6 28 
437.0 100 

8-mer (4) - - 
757.2 20 
504.5 100 
378.2 20 

9-mer (5) - - 
845.4 6 
563.3 47 
422.3 100 

lO-mer (5) - - 
946.9 6 
631.0 4l  
473.1 1 O0 
378.2 6 

11-mer (6) - - 
1034.9 3 
689.6 26 
517.1 100 
413.5 98 

12-mer (6) - - 

757.4 14 
567.9 83 
454.1 100 
378.2 6 

13-mer (7) - - 

816.0 4 
612.1 20 
489.4 100 
407.5 57 
349.0 4 

( -  1) 378.2 

( -  1) 554.1 
( - 2 )  276.5 

( -  1) 757.2 
( -  2) 378.l 

( -  1) 933.2 
( -  2) 466.1 

( -  1) 1136.3 
( - 2 )  567.6 
( -  3) 378.1 

( -  1) 1312.3 
( - 2 )  655.6 
( - 3 )  436.7 
( - 4 )  327.3 

( -  1) 1515.4 
( - 2 )  757.2 
( - 3 )  504.4 
( - 4 )  378.1 

( -  1) 1691.4 
( - 2 )  845.2 
( -  3) 563.1 
( -  4) 422.1 
( - 5 )  337.5 

( -  1) 1894.5 
( - 2 )  946.7 
( - 3 )  630.8 
( - 4 )  472.9 
( -  5) 378.1 

( -  1) 2070.6 
( -  2) 1035.0 
( - 3 )  689.5 
( - 4 )  517.0 
( - 5 )  413.3 
( - 6 )  344.2 

( -  1) 2273.6 
( -  2) 1136.3 
( - 3 )  757.2 
( - 4 )  567.7 
( - 5 )  453.9 
( -  6) 378.1 

( -  1) 2449.7 
( - 2) 1224.3 
( - 3 )  815.9 
( - 4 )  611.7 
( -  5) 489.1 
( - 6 )  407.4 
( -  7) 349.1 
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Table 1 (continued) 

Oligomer 
(No. CO~ 
groups) 

Observed Relative Possible ions 
m/z intensity (charge) predicted 

(%) b m/z 

14-met (7) 

16-mer (8) 

- - ( -  1) 2652.9 
- - ( - 2 )  1325.9 
883.8 7 ( - 3 )  883.6 
662.6 30 ( - 4 )  662.4 
529.9 100 ( - 5 )  529.7 
441.4 48 ( - 6 )  441.3 
- - ( -  7) 378.1 

- - ( -  1) 3031.9 
- - ( - 2 )  1515.4 
- - ( - 3) 1009.9 
757.5 21 ( - 4 )  757.2 
605.7 63 ( - 5) 605.6 
504.7 100 ( - 6 )  504.5 
432.4 24 ( - 7 )  432.3 
- - ( -  8) 378.1 

" General structures: /3-D-4en-thrHexpA-(1 ~ 3)-[/3-1>GlcpNAc-(1 ~ 4)-/3-D-GlcpA],,-(1 ~ 3)-¢3-D-GlcpNAc (even-num- 
bered oligomers), /3-D-4en-thrHexpA-(1 ~ 3)-[/3-D-GlcpNAc-(1 ~ 4)-/3-D-GlcpA], (odd-numbered oligomers). All mea- 
surements were taken with capillary and cone voltages at 2.5 kV and 25 V, respectively, as indicated in the experimental 
section. 
b Normalized by assigning the predominant signal to 100%. 
c Obtained from Sigma Chemical Co. 
d ,_, Indicates ion not observed. 

the mass spectral data summarized below, these 
oligomers have the structure /3-t)-4en-thrHexpA-(l 
--, 3)-[/3-D-GlcNpAc-(1 ~ 4)-/3-D-GlcpA],, and not 
the other possible arrangement of  residues for an 
odd-numbered oligomer, namely [ /3-o-GlcpNAc-(1 
---, 4)-/3-D-GlcpA],-(1 ~ 3)-/3-D-GlcpNAc. No claims 
are made herein regarding the presence or absence of  
a secondary glucuronidase activity of  the hyaluronate 
lyase itself, as other factors such as impurities in the 
enzyme (used as purchased from Sigma Chemical 
Co.) have not yet been ruled out. 

As noted above, there has been some question in 
the literature as to the extent of  polyanionization to 
be expected from the larger oligomers, and the degree 
to which this would complicate mass spectral inter- 
pretation. This study on HA oligomers up to dp 16 
indicates that such multiply charged anions predomi- 
nate in the spectra of  the larger oligomers, thus 
conveniently compressing most of  the observed (M 
- - n i l ) " -  signals into the m/z 300 -1100  mass-to- 
charge range. One can calculate a ' f ingerprint '  set of  

Under conditions of the hydrolysis, the dp 2 compound 
was not observed. This material was purchased from Sigma 
Chemical Co. (hyaluronic acid disaccharide, cat. No. H- 
9649) and is a product of chondroitinase action on HA. 

expected m/z values for each ol igomer and compare 
that to the observed spectrum. The calculated values 
are such that confusion of a species with those of half 
or double its MW is avoided due to key non-dupli- 
cated values. Table 1 summarizes the data for the 
entire sequence of  oligomers. The assigned MWs are 
also in agreement with a MW value extracted from 
the raw data by the 'MaxEnt '  program. Fig. 2 shows 
r ep re sen ta t i ve  o b s e r v e d  spectra ,  a long with 
'MaxEnt ' -genera ted  molecular weight information, 
for the 13-mer and 14-mer. Each of  these is shown by 
the MaxEnt  analysis to contain minor impurities of 
lower oligomers. As evident from the data in Table 1, 
a particular compound may not have observed signals 
for all possible charge states; rather, the distribution 
will tend to cluster in a small range of charge states. 
Thus, as shown graphically for the entire sequence in 
Fig. 3, the smaller oligomers exist predominantly as 
the mono- or di-anion, whereas larger ones, such as 
the 12-14-mers  exist mainly as the pentaanion, and 
finally the 16-mer exists chiefly as the hexaanion. (It 
should be noted that charge-distribution envelopes 
presented in Fig. 3 were observed at a cone voltage 
= 25 V. At higher cone voltages, such as 40 V, the 
envelope for any particular X-mer  is shifted some- 
what to lower charge-states.) The data clearly show 
that anionic oligosaccharides obey a logical and ex- 
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pected pattern of behavior, and are thus readily ana- 
lyzable by ESIMS. This technique should also extend 
to the numerous other important carboxylated and /o r  

sulfated glycosaminoglycan oligosaccharides whose 
characterization is often difficult. 

Employment of eluents and PAD waveforms pre- 

469.4 100] 

1A 
407.5 

+ + + +  + 
/ I 413.6 I , "~ l I 617.3 

472 6 567.8 I 3,9.0 3,8.1 I ( _ I  . I I1563.3.,  l ( "  662.9 8,60~,,235 
o L . ~ _  + L  + ~ ; ,_~  + . ~ , L J ~ - ~ + , . . +  ~ . , , _ J u J  . . . .  ut+,. . +~JUL~ £,  ~ t + 

325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825 850 675 900 
100- 2451.0 

12mer 

10met 1 l iner 2275.4 

~895.6~ 2071.6L [ 

c + + ' , " , , ! ' : ' " ' ,  . . . . . . . . . . . . .  ~'+ "+'i -+ V,, '~ . . . .  ," '  +", . . . . . . .  J . . . . .  . . . . . .  + . . . .  i . . . . . . . . . . . . . .  l . . . . . . . . . . . .  i . . . .  i . . . .  
1800 1900 2000 2100 2200 2300 2400 

13mer 1B 

2473.6 14mer (?) 
l /  2655.2 
~, ~.2496.0 ! 

~! ~ ~'%~.. ~." .~, '., ..J, ,. ~." ~ ?: ', ; ", ! ~ T , . , .  + : :, .~ +.- ~ ~. T +, ..~, .'~..h mass 
2500 2600 2700 2600 2900 3000 

100- 
529,9 

100- 

2A 

489.4 
441.4 I 

I I 662.6 

' °"1 I I 1,;3.5145:+ I 51~11~ 567,8  612.0 / ~  681 883.8891.1 

400 425 450 4~'5 500 525 550 575 600 625 650 675 700 725 750 775 860 e:25 850 83"5 900 925 

2654.8 

%- 

14mer 

' m / z  

9 ~ 0  9-~  " 

5.o2~6 

2 B  

13mer 
2451.6 

12met ( 2676.6 
1l iner 22754 ~ 

1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 

Fig. 2. Negative-ion electrospray mass spectra for two representative HA lyase-derived oligosaccharides. (1A) Observed 
spectrum and (1B) MAX ENT-generated MW distribution for 13-mer. (2A) Observed spectrum and (2B) MAX ENT-gener- 
ated MW distribution for 14-mer. 
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Relative Intensity 

16 

Fig. 3. Observed relative intensities of the different charge states of HA lyase-derived oligosaccharides in negative-ion 
ESIMS. 

viously used in the literature [38-43]  resulted in no 
(or very weak) detector response a n d / o r  anomalous  
or irreproducible retention times. In order to force a 

more  rapid elution of  the highly retained carboxyl-  
ated sugars, and also in light of  Hicks '  recent obser-  
vations that sugars having 2-acetamido groups with 

an adjacent glycosidic l inkage f rom the 3-position are 
unstable under the h igh-pH conditions normal ly  used 
in H P A E C  [45], we resorted to the use of  lower pH 
levels, as reported by Hotchkiss  and Hicks [38-43] .  
Furthermore,  it is widely known that optimal  electro- 
chemical  wave fo rm parameters  vary widely with the 
sugar used, and are often tedious to identify [46]. The 

pulse sequence we eventually developed (by trial and 
error), whose potentials and durations differ signifi- 
cantly f rom others reported in the literature, al lowed 
satisfactory detection of  the H A  oligomers.  Standard 
retention t imes are summar ized  in Table  2. Interest- 
ingly, we also found that the compounds  do not elute 
strictly in order of  increasing number  of  monosaccha-  
ride residues; that is, the additional residue possessed 
by an odd-numbered  species (with respect  to its 
next- lower  even-numbered  neighbor) serves to de- 

crease the retention time, somet imes  by a factor of  
a lmost  2. Thus,  for example ,  whereas the hexamer  
elutes at 5.6 min in 280 m M  buffer,  the heptamer  
elutes at only 3.8 min. We consider that this phe- 
nomenon may be rationalized as follows. In the 
odd-numbered  ol igomers,  the acidic residues outnum- 
ber  the neutral residues, whereas  in the even-num-  
bered ol igomers,  the acidic and neutral residues are 
present  in equal numbers.  Apparently,  then, although 

there is the usual and expected contribution by in- 
creased M W  toward increased retention, there also 

appears  to be a counterbalancing contribution toward 

Table 2 
HPAEC retention times (rain) of HA lyase-derived oligo- 
saccharides at the indicated concentration of acetate 
( N a + / H  + ) solution, pH 7.5 " 

Oligomer 200 280 350 400 
(No. GlcA mM mM mM mM 
residues) 

2-mer (1) 3.0 _ b _ _ 
3-met (2) 2.7 - - - 
4-mer (2) 5.0 3.5 - - 
5-mer (3) 3.7 2.7 - - 
6-met (3) 11.8 5.6 - - 
7-met (4) 8.0 3.8 - - 
8-met (4) - 10.3 - - 
9-mer (5) - 6.5 - - 
10-mer (5) - 21.3 9.1 - 
11-mer (6) - 12.9 5.8 - 
12-mer (6) - - 15.7 8.1 
13-mer (7) - - 9.5 5.5 
14-met (7) - - 29 13.7 
16-mer (8) - - - 22.3 

a Dionex DX-500 system with CarboPac PA-1 guard pre- 
column (25 × 3 ram) and CarboPac PA-1 column (250 × 4 
mm); HA oligosaccharide samples (25 ~L of solutions 
~ 1-50 /xg /mL in analyte) eluted at a flow rate of 1.0 
mL/min ;  Acetate buffers obtained by adjusting the system 
pump to mix the appropriate proportion of a 1 M sodium 
acetate (made up from ~ 1 L of 1 M HOAc adjusted to 
~H 7.5 with 50% NaOH) with deionized water. 

' - '  Indicates not measured. 
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Fig. 4. HPAEC chromatograms (Dionex system, PAD) for 
HA oligosaccharides. (A) 9-mer (6.5 min) at 350 mM 
acetate buffer. (B) 14-mer (13.7 min) at 400 mM acetate 
buffer, with impurity 13-mer (5.5 min.) and 12-mer (8.1 
rain) present at approximately 50:6:1, respectively. Peak 
and noise following 1.8 min correspond to buffer salts, as 
established by control experiments. 

increased mobility by additional glucuronate residues 
that, overall, outweighs the MW contribution. 

We found that the extreme sensitivity of the PAD, 
as well as its imperviousness to the 250 mM ammo- 
nium formate buffer, allowed us to directly sample 
fractions from the preparative gel-permeation column 
without desalting or concentrating them. This conve- 
nience circumvents problems associated with pooling 
fractions based on UV traces of the column, which 
often do not reveal overlapping components present 
in individual fractions. Thus, with standard retention 
times correlated to mass spectral data, the HPAEC 
method furnished us with the desired means of rapidly 
screening the fractions from our preparative gel-per- 
meation column. Representative chromatograms are 
shown in Fig. 4. The protocol is currently being 
applied to other types of digest-derived HA frag- 
ments. The developed methods demonstrate the use- 
fulness of both ESIMS and HPAEC-PAD in the 
analysis of anionic glycosaminoglycan-type oligo- 
saccharides. 
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