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Abstract

Microchip electrophoresis is a powerful tool for fast analysis of nucleic acids and has expanded its applicability to the analysis of various
biological materials including proteins and carbohydrates. Glycosaminoglycans have intrinsic negative charges, and are good targets for
electrophoretic analysis. In the present paper, we developed a method to analyze oligosaccharides and unsaturated disaccharides derived fror
some glycosaminoglycans after digestion with specific enzymes followed by derivatization with 2-aminoacrydone (AMAC) by reductive
amination. The method described here allowed rapid analysis of oligosaccharides derived from glycosaminoglycans within 150 s with high
sensitivity. We show an application of the present technique to the glycosaminoglycan analysis in cultured HelLa cells.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction electrophoresis has revealed the ability in separation of car-
bohydrates, although most carbohydrates must be converted

Capillary electrophoresis on microchip format is a new to ion forms prior to the analysis. Furthermore, carbohy-
technology that promises fast and sensitive analysis in drates should be labeled with chromophores or fluorophores
genome areafl]. It has a potential to simultaneously an- for sensitive detectiof8].
alyze hundreds of samples in a matter of minutes or less Glycosaminoglycans such as heparin, chondroitin/der-
using multi channels. Electrophoresis on microchip is now matan sulfate, or keratan sulfate are the constituents of pro-
applied to the routine analysis of nucleic acids, proteins. teoglycans. Hyaluronic acid (hyaluronan) is an important
Some instruments for microchip electrophoresis are com- constituent of tissue matrices. Chondroitin sulfate (ChS)
mercially available. and dermatan sulfate (DS), usually categorized as galac-

Microchip electrophoresis has been applied to the analy- tosaminoglycans composed of repeating disaccharide units
sis of some proteins labeled with fluorescilh fluorescein of an uronic acid and an aminosugar are highly charged
isothiocyanate-labeled amino acid enantionfigfscarbohy- polymers due to the presence of sulfate gro{@s Sul-
drateq4,5] and DNA fragment§6]. Separation performance fation of hydroxyl and amino groups plays a key role in
of microchip electrophoresis is basically similar to that of determination of physiological characteristics of proteogly-
capillary electrophoresis, but microchip electrophoresis can cans. Altered sulfation patterns are often encountered in
be performed on a time scale of seconds. pathological stat¢10]. Hyaluronic acid is a macromolec-

A variety of modern chromatographic techniques such as ular anionic polysaccharide, and widely used for medical
high-performance liquid chromatography, polyacrylamide use. Oligosaccharides derived from hyaluronic acid show
gel electrophoresis and capillary electrophoresis have beersome interesting biological activities such as angiogenesis
reported for the analysis of carbohydraf@§. Capillary and inhibition of cell apoptosigL1,12]

In the analysis of glycosaminoglycans in biological ma-
mspon ding author. Tel+81 6 6721 2332x3822: terials, .gI_ycqsaminoegcans. are collected by a combination
fax: +81 6 6721 2353. of precipitation methods using quaternary ammonium salts

E-mail addressk_kakehi@phar.kindai.ac.jp (K. Kakehi). such as cetylpyridinium chloride and ethafi8], and exam-
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ined mainly by two methods. The one is an electrophoretic 2.3. Fluorescent labeling of oligosaccharides with AMAC
method using cellulose acetate membrane, and can exam-
ine glycosaminoglycans as native state after staining with  Labeling reaction of oligosaccharides with AMAC was
specific reagents. The other uses specific enzymes such aperformed using the method reported previoufdy. A
lyases and hydrolases. Identification and quantitation of the mixture of oligosaccharides or the standard sample of an
oligosaccharides thus obtained are performed using gel elec-oligosaccharide (10@g) was dissolved in 100 mM AMAC
trophoresis[14], high-performance liquid chromatography in a mixture (1Qul) of dimethylsulfoxide-acetic acid (17:3,
[15,16] or capillary electrophoresi®,17]. v/v). Into the solution, was added 1 M sodium cyanoboro-
In the present report, we propose a rapid method to an-hydride (10ul) in the same solvent. After keeping the
alyze di- and oligosaccharides derived from glycosamino- mixture at 90°C for 30 min, water (50@.) and chloroform
glycans using microchip electrophoresis after derivatization (500wl) were to the reaction mixture and mixed vigorously
with 2-aminoacrydone (AMAC). by a vortex mixer. After removing the chloroform layer, the
agueous phase was washed with chloroform (SiOAfter
evaporation of the aqueous phase, the residue was dissolved
2. Materials and methods in water (10Qul) and a portion was used for microchip
electrophoresis.
2.1. Chemicals
2.4. Digestion of AMAC-labeled HA 20 mer (bt
Hyaluronic acid Streptococcus zooepidemicilibA) was
obtained from Nakalai Tesque (Nakagyo-ku, Kyoto, Jpana). We examined time course of digestion of bHAwith
Hyaluronidase (sheep testis) was obtained from Roche Di- hyaluronidase. Preparation of H# and fluorescent la-
agnostics (Minato-ku, Tokyo, Japan). AMAC was obtained beling reaction with AMAC were performed as described
from molecular probes (Eugen, OR). Chondroitin 4- and above. An aqueous solution (jul) of AMAC-labeled HAyq
6-sulfate and chondroitinase ABC and standard samples of(20ug/ml) was mixed with 200 munits of hyaluronidase
unsaturated disaccharides were from Seikagaku Kogyo (Ni- (10wl) in 10mM acetate buffer (pH 5.3), and kept at
honbashi, Chuo-ku, Tokyo, Japan). Pronase was obtained37°C. At specified intervals, the mixture was analyzed by
from Calbiochem (San Diego, CA, USA). Polyethylenegly- microchip electrophoresis.
col (MW 70,000) was obtained from Wako Pure Chemicals
(Dosho-machi, Osaka, Japan). A chemically-modified cap- 2.5. Digestion of chondroitin sulfates with chondroitinase
illary (DB-1) was purchased from J&W Scientific (Folsom, ABC
CA, USA). Other reagents and solvents were of the highest

grade commercially available. Chondroitin 4-sulfate, chondroitin 6-sulfate or the equal
amount of the mixture (10@Qg each) was dissolved in

2.2. Preparation of oligosaccharides derived from 20 mM Tris—hydrochloric acid buffer (pH 8.0, 1@0), and

hyaluronic acid (HA) and chondroitin sulfate (ChS) an aqueous solution of chondroitinase ABC (100 munits,

4ul) was added. After incubating the mixture overnight
Oligosaccharides derived from HA (HA oligomers) were at 37°C, the mixture was kept in a boiling water bath
prepared by digestion of HA with hyaluronidase. Briefly, for 10min. After cooling, the mixture was evaporated
HA (S. zooepidemi¢cslO0 mg) was dissolved in 150mM to dryness by a centrifugal evaporator (SpeedVac, Ser-
citrate buffer (pH 5.3, 10 ml). Hyaluronidase (sheep testis, vant). The residue was dissolved in a mixture )0 of
10mg) was added to the solution, and kept at@7for dimethylsulfoxide-acetic acid (17:3, v/v), and labeling re-
24 h. After keeping the mixture in a boiling water bath for actions with AMAC was performed as described above.
10 min, the mixture was centrifuged and the supernatant
was collected. The supernatant (ca. 10 ml) was mixed with 2.6. Microchip electrophoresis (ME) of AMAC-labeled
95% ethanol (30 ml) containing 1.3% potassium acetate andoligosaccharides
0.27 mM EDTA and kept on an ice bath for 2 h. The precipi-
tate was collected, dried under reduced pressure and used as ME was performed on a Hitachi Microchip electrophore-
the mixture of HA oligomers. The mixture of oligosaccha- sis apparatus (Type SV1100) with an LED detector. The ex-
rides contained from tetrasaccharide to polymers containingcitation wavelength of the LED detector is preset at 470 nm
ca. 50 monosaccharides. Oligomers having a defined sizeby the manufacturer, and a detection filter for 580 nm or
were purified by HPLC on an amine-bonded silica column longer wavelengths is installed. The chip made of poly-
(YMC-PAC PA5) using NaHPQy as eluent according to the  methylmetacrylate (PMMA) has a simple cross channel of
method reported previous[iL7]. 100pm width and 3Qum depth. The distances from the
Oligosaccharides derived from chondroitin sulfates (1 mg) channel intersection to the sample, sample waste, buffer and
were also obtained after digestion with hyaluronidase (sheepbuffer waste wells are 5.25, 5.25, 5.75, and 37.5mm, re-
testis, 0.5mg) in the similar manner as above. spectively. The effective length for separation is 30 mm.
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Buffer solutions were introduced into the microchannels
with a syringe. All reservoirs on the microchips were filled
with either running buffer or a sample solution prior to anal-
ysis. In the sample loading step, 300V was applied to the
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obtained after digestion with enzymes. Therefore, we se-
lected AMAC as the derivatization reagefdi7], because
AMAC can be easily removed by extraction with chlo-
roform after derivatization by reductive amination in the

sample well, and separation was performed by applying the presence of NaBECN as described irSection 2 Other

potential of 750V (130V at the sample introduction side).

2.7. Capillary electrophoresis (CE) of AMAC-labeled
oligosaccharides

CE was performed on a Beckman P/ACE MDQ Glyco-
protein System fitted with an LIF detector, a laser module
(3 mW, air-cooled argon laser witlyx = 488 nm). Detection

was performed using a 520 nm filter. Separation was car-

ried out at 25C using a DB-1 capillary (5Qm i.d., 60cm
length) in 100 mM Tris—acetate buffer (pH 7.5) containing
1% polyethyleneglycol. The sample solution was injected
by electrokinetic method (15kV, 10s). The applied voltage
for separation was 25kV.

2.8. Glycosaminoglycans from Hela cells

HelLa cells were cultured in DMEM containing 10% new-
born calf sera (NCS) under 5% G@tmosphere at 3TC.

reagents such as 8-aminopyrene-1,3,6-trisulfonate (APTS)
and 3-aminobenzoic acid requires purification of the labeled
oligosaccharides by gel chromatograph®,19], and did not
show good sensitivity at this wavelength.

3.2. Analysis of oligosaccharides derived from hyaluronic
acid, chondroitin sulfate A and chondroitin sulfate C

Fig. 1 shows the separation of oligosaccharides derived
from hyaluronic acid, chondroitin sulfate A and C using
ME and CE after digestion of each glycosaminoglycan with
hyaluronidase (sheep testis).

In ME, larger oligomers of hyaluronic acids were ob-
served earlier, and all oligomer peaks were observed be-
tween 100 and 150 $-{g. 1A(a). Hexa- and tetra-saccha-
rides derived from chondroitin sulfate A were observed
within 100s Fig. 1A(b)). Oligosaccharide mixture derived
from chondroitin sulfate C was also observed within 100s.
However, CE showed better resolutions for these oligosac-

The cells were collected with a cell scraper, and washed charides, although longer analysis times were required. In
with phosphate buffered saline (PBS, 1 ml) several times. the analysis of oligosaccharides derived hyaluronic acid
Cells (10 cells) were suspended in 20 mM phosphate buffer by CE, we easily confirmed larger oligosaccharides com-
(pH 7.0, 1 ml) and incubated for 20 min at room temperature posed of 14 monosaccharide unitsig. 1B(a). In ME,

to remove culture medium. The cells were homogenized in we employed a chip made of polymethylmetacrylate. Hy-
the same buffer (1 ml) with a Teflon-glass homogenizer, and drophobic interaction between AMAC and surface of the
centrifuged at 800& g for 10 min at £C. The supernatant  chip was one of the reasons for worse resolution among
was collected and diluted with 0.5 M Tris—hydrochloric acid each oligosaccharide peaks than that observed in CE.
buffer (pH 8.0, 1 ml), and the mixture was digested with Polyethyleneglycol was also added at 1.0% concentration
pronase (2mg) at 3T overnight. After keeping the mix-  to prevent non-specific interactions. At this concentration,
ture in a boiling water bath for 10 min, the mixture was molecular sieving effect is negligible, and larger oligomers
centrifuged at 800 g, and the supernatant was collected. were observed earlier based on charge/molecular sizes.
Ninety-five percent ethanol containing 1.3% potassium ac-
etate and 0.27 mM EDTA (6 ml) was added to the mixture,
and kept at OC for 2h. The precipitate (500g) was dis-
solved in 20 mM Tris—HCI buffer (pH 8.0, 1Q4), and in-
cubated with chondroitinase ABC (4) at 37°C overnight.
After keeping the mixture in a boiling water bath for 5min
followed by centrifugation, the supernatant was lyophilized
and labeled with AMAC as described above.

3.3. Digestion of hyaluronic acid 20 mer (H#) with
hyaluronidase

Hyaluronidase (sheep testis) is@mdotype enzyme, and
cleaves the glycosidic bonds to form a mixture of oligosac-
charides. In detailed examination of andaetype enzyme
reaction, we have to analyze the reaction products during
the course of enzyme reaction. We digested AMAC-labeled
HA 2o with hyaluronidase, and monitored the course of en-
zyme reaction. The results are showrFig. 2

After 0.5 h, HAg, HA10 and larger oligomers were clearly
observed Fig. 2(b). After 1 h, HAg, HA1p and HA > were
observed as the major products. Finally, H#&as observed

Most commercially available equipments for microchip abundantly, and HAwas also observed as the minor product
electrophoresis are designed for the analysis of nucleic acids after 2 h Fig. 2(e). These data indicate that hyaluronidase
and fluorescence due to intercalation with ethidium bromide did not cleave HA to HAg and HA but produced two
is monitored using an LED light source (Ex518 nm; Em molecules of HA. These characteristic patterns of enzyme
= 605nm). In the present study, we aimed at rapid anal- action were in good agreement with those as reported pre-
ysis of oligosaccharides derived from glycosaminoglycans viously [20].

3. Results and discussion

3.1. Selection of fluorescent-labeling reagent
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Fig. 1. Microchip electrophoresis (A) and capillary electrophoresis (B) of oligosaccharides derived from hyaluronic acid (a), chondratiA dojifand
chondroitin sulfate C (c). The samples were obtained by digestion with hyaluronidase followed by labeling with AMAC. The numbers in the figere indicat
the degree of polymerization. Analytical conditions for microchip electrophoresis: buffer, 0.1 M Tris—acetate (pH 7.5) containing 1% paygbtbglen
70,000; applied voltage for sample injection: 300 V; for analysis: 750 V. Analytical conditions for capillary electrophoresis: capillarylitzsedpsilary

coated with dimethylpolysiloxane (60cm, ptn i.d., effective length of 50 cm); buffer, 0.1 M Tris—acetate (pH 7.5) containing 1% polyethyleneglycol
70,000; applied voltage, 20kV; temperature,°25 Fluorescence detection was performed with a 520 nm light filter for emission by irradiating with an
argon laser (488 nm). The sample solution was introduced by pressure method (1 psi) for 10s. The numbers indicate the degree of polymerization.

It should be noticed that the time required for each run Tris—borate buffer at pH 8.0F{g. 3A(f)), although baseline
was only 3min, and ME made it possible to monitor the re- resolution was not achieved. In the carbohydrate analyses,
action course using a portion of the reaction mixture. This is Tris—borate buffer often shows better separation efficiency
quite important for monitoring the enzyme reaction course, than Tris—acetate buffer probably due to competitive com-
because other chromatographic and electrophoretic methodplex formation between carbohydrates/Tris and borate ions.

require longer operation times. Low-operation voltage in Tris—borate buffer is also prefer-
able for electrophoresi8].

3.4. Analysis of unsaturated disaccharides derived from Under the conditions described above, we analyzed sev-

chondroitin sulfates eral commercially available standard samples of unsaturated

disaccharidesHig. 3B). ADi-4SandADi-6Swere observed
Glycosaminoglycans such as chondroitin/dermatan sul- at 95 s and 90 s, respectively, an®i-UA2 Swas observed at
fate and hyaluronic acid are usually converted to unsatu- 95s fig. 3B(a—c). ADi-diSs containing two sulfate groups
rated disaccharides through the action of chondroitin sulfate was observed earliest at 70 s. From these results, we could
lyases, and these disaccharides are analyzed by HPLC odetermine all the sulfate-containing unsaturated disaccha-
CE [21,22] In the analysis of these unsaturated disaccha- rides within 100 s.
rides by ME, it is important to find appropriate conditions We digested chondroitin sulfate A, C and D and der-
for resolving ADi-4S and ADi-6S (positional isomers of  matan sulfate with chondroitinase ABC, and analyzed
sulfate groups)Fig. 3 shows pH effect on the resolution the unsaturated disaccharides after labeling with AMAC
of ADi-4S and ADi-6S derived from chondroitin 4-sulfate  (Fig. 4).
and 6-sulfate, respectively. In digestion of chondroitin sulfate A (i.e. chondroitin
We examined Tris—acetate buffer and Tris—borate buffer 4-sulfate), ADi-4S was observed abundantly, and a small
at some pHs that showed good resolution in the CE analysispeak of ADi-6Swas also observed-{g. 4(a). Chondroitin
of sialic acid-containing oligosaccharidgs]. When 0.1 M sulfate C (i.e. chondroitin 6-sulfate) gav&Di-6S with
Tris—acetate buffer was used as the running buffer, resolu-a small peak ofADi-4S as shown inFig. 4(b) In di-
tion was poor as shown iRig. 3A(a—d) However, both un-  gestion of dermatan sulfatéyDi-4S was observed at the
saturated disaccharides were successfully resolved in 0.1 Msame migration time with that oADi-4S derived from
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Fig. 2. Digestion of 20 mer of hyaluronic acid (H# with hyaluronidase.
HA 2o was incubated with hyaluronidase at°®7. After a specified inter-
vals from Oh to 3h, a portion was analyzed by ME. Reaction time: (a)
0h, (b) 0.5h, (c) 1.0h, (d) 2.0h and (e) 3.0 h. Analytical conditions were
the same as ifrig. L The numbers indicate the degree of polymerization.
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chondroitin sulfate A. On the contrary, chondroitin sul- 0 o+
fate D gave almost equal amount ADI-6S and ADi-4S L Tcoon,
at around 100s. All electropherograms also showed a 0SOH
| I

peak due to unsaturated disaccharide containing disulfate | I

groups (ADi-diSy and ADi-diSg) around 70's. Especially, 40 60 80 100 120
chondroitin sulfate D gave a large amount ADi-236S (B) Migration time (sec)
(ADI-diS) on digestion with chondroitinase ABC

. Fig. 3. Optimization for the analysis of unsaturated disaccharid€s-4S
(Flg. 4(d))- and ADi-6S) derived from chondroitin sulfates and analysis of some
unsaturated sulfated disaccharides. (A) MixtureAdDi-4S and ADi-6S
(unsaturated disaccharides derived from chondroitin sulfate A and C,
respectively) was analyzed in 0.1 M Tris—acetate buffer containing 1%
polyethyleneglycol 70,000 at pH 6.0 (a), pH 7.0 (b), pH 8.0 (c) and
Fig. 5shows the electropherograms of unsaturated disac-pH 9.0 (d), and also analyzed in 0.1 M Tris—borate buffer containing 1%
charides derived from chondroitin sulfate A at three different polyethyleneglycol 70,000 at pH 7.5 (e), pH 8.0 (f), pH 8.5 (g) and pH
concentration levels. 9.0 (h). (B) Analysis ofADi-4S (a), ADi-6S (b), ADi-UA2S (c) and

. ADi-diSs (ADi-di2AS) (d). Analytical conditions forFig. 3B: running
At 10 ng/ml as the amount of chondroitin sulfate A, we buffer, 0.1 M Tris—borate buffer containing 1% polyethyleneglycol 70,000

could confirmADi-4S at the signal to noise ratio of ca. 3 4 pH g0.
(Fig. 5(c).

The apparatus used in the present study is customized
for the analysis of nucleic acids, and the peak responses3.6. Application
are normalized using specific software. Therefore, we ob-
served linearity for quite narrow range from 18/ml to We applied the present method to the analysis of gly-
100pg/ml. Thus, we could not show linearity data in the cosaminoglycans derived from HelLa cells. The results are
present work. However, it is often necessary to identify shown inFig. 6.
which glycosaminoglycans are present in routine clinical  Proteoglycan fractions derived from HelLa cells gave six
analysis, and the present technique will be useful for such peaks after digestion with chondroitinase ABC followed by
purpose. labeling with AMAC. By comparison with standard samples

3.5. Detection limit and calibration curves
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Fig. 6. Analysis of unsaturated disaccharides derived from glycosamino-
I I I ] glycan fractions obtained from HeLa cells. Analytical conditions: buffer;
40 60 80 100 120 0.1 M Tris—borate/1% polyethyleneglycol 70,000 (pH 8.0), applied volt-
age; for sample injection: 300 V; for analysis: 750 V. (a) Unsaturated dis-
accharides derived from Hela cells digested with chondroitinase ABC.
Fig. 4. Analysis of unsaturated disaccharides after digestion of chondroitin (b) Unsaturated disaccharides derived from chondroitin sulfate A (whale
sulfates followed by labeling with AMAC. (a) Chondroitin sulfate A, (b) ~ cartilage). (c) A commercial sample afDi-diSs (ADi-di2AS). (d) A
chondroitin sulfate C, (c) dermatan sulfate and (d) chondroitin sulfate D. commercial sample oAADi-0S. The peak ofADi-HA was observed at
Analytical conditions were the same as describedFign 3B. the later migration time thaiDi-0S (date not shown).

Migration time (sec)

of unsaturated disaccharides, we identified the earlier ob-were not due toADi-0S and ADI-HA, and further studies
served three peaks (1, 2 and 3). Peak 1 was duetiadiS, are required.

and peaks 2 and 3 were due ADi-6S and ADi-4S, re- From these results, microchip electrophoresis is a power-
spectively. These data indicated the presence of chondroitinful tool for fast examination of glycosaminoglycans in cul-
sulfate A, and C and dermatan sulfate in HelLa cells. We tured cells (within 150 s), and will be useful for the studies
compared three peaks (4, 5 and 6) with thosaDi-0Sand on cell cultures and tissue matrices.

ADi-HA. ADi-HA was observed at later migration times

and not included in the figure. We found that these peaks
4. Conclusion

Microchip electrophoresis has been used for the anal-
@ ysis of nucleic acids, and the rapidness in the analysis
will be useful to clinical analysis. Furthermore, fabrica-
tion of the apparatus with multichannel mode will allow
the analysis of many samples at a time. In the present pa-
per, we digested some glycosaminoglycan samples with
hyaluronidase (sheep testis) and chondroitinase ABC, and
the di- and oligosaccharides were labeled with AMAC in the
presence of sodium cyanoborohydride. The labeling method
using AMAC is quite easy, because the excess amount of
the reagent can be removed by extraction with chloroform.
Unfortunately, the wavelength of AMAC derivative has the
excitation maximum at 425nm, and is different from that
of LED installed in the apparatus.
All unsaturated disaccharides labeled with AMAC were
I I I I observed within 150 $ADi-4Swas detected at 10 ng/ml with
40 60 80 100 120 signal to noise ratio of 3. If more appropriate light source
Migration time (sec) is available, we will be able to detect the enzyme reaction
Fig. 5. Analysis of ADi-4S derived from chondroitin sulfate A at (a) products at higher sensitivity.

1.0ng/ml, (b) 100 ng/ml and (c) 10 ng/ml. Analytical conditions were the We applied the present method to the analysis of the di-
same as irFig. 3B. gestion course of Hgp with hyaluronidase, and showed that

(b)

Fluorescence intensity

(©
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the rapidness is especially useful for the assagrmfotype
enzyme such as hyaluronidase.
In conclusion, microchip electrophoresis will be a promis-
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