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Abstract

The average degree of polymerisation (DP) and distribution of oligosaccharides in partially acid hydrolysed mannuronans were quanti-
tatively evaluated byH NMR, electrospray ionisation mass spectrometry (ESI-MS), micellar electrokinetic capillary chromatography with
UV detection (MEKC-UV), and high-pressure anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD). Our
investigation shows thadH NMR, MEKC-UV and, in particular, HPAEC-PAD can be used as quantitative tools to aid the investigation of
polysaccharide structure, function and synthesis. For the latter two techniques, especially, this represents a significant new development as
it enables calculation of the quantity of individual oligomers of nominal DP by direct analysis of a defined oligomer mixture. Appropriate
statistical averages of nhumber and weight distributions were also calculated and found to fit very well to predicted Kuhn distributions that
assume random depolymerisation.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction vidual oligomeric components. A number of other analytical
techniques are potentially able to overcome such problems,
Measurement of the average degree of polymerisation but their application has so far only been exploited to a lim-
(DP) and distribution of oligosaccharides is of fundamen- ited degree. Examples of such techniques are high-pressure
tal significance in aiding the elucidation of metabolism, anion-exchange chromatography with pulsed amperometric
structure, synthesis and function of complex carbohydrates.detection (HPAEC-PAD)[1-6], capillary electrophoresis
Some analytical techniques, such as osmometry and light(CE) [7,8] and electrospray ionisation mass spectrometry
scattering, provide number and weight average DPs, respec{ESI-MS)[9,10]. As yet, however, none of these techniques
tively. When combined with online size-exclusion chro- have been extended so that the number and weight average
matography (SEC), light scattering has the potential to give DP and distribution of individual oligosaccharides can be
the chain length distribution of complex mixtures, but may fully quantified. Consequently, an evaluation is needed to
suffer from low sensitivity in the low DP range. Generally, identify which of the current available techniques are most
SEC has low resolution and usually can not separate indi- appropriate for this task.
The present work attempts to do this for four techniques in
- ) the case of a partially acid-hydrolysed mannuronan, a bacte-
* Corresponding author. Tel#47-735-93327; fax:+47-735-93337. . . .. . . .
E-mail address:Christensen@biotech.ntnu.no (B.E. Christensen). ”a,l algm,ate containing eXdUSIVeBLlA_“nked mannuromc_
1 present address: Bracco Imaging S.p.A—CRM Trieste, AREA Sci- acid residues. Standards of nominal DP 2-12 were obtained
ence Park, Building Q, SS14, Km 163.5, 1-34012, Trieste, Italy. by preparative gel-filtration, and their identity, purity and
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composition evaluated byH NMR and ESI-MS. These pa- rate of 0.8 ml/min with 0.1M NHAc (pH 4.5) at room
rameters were further evaluated by micellar electrokinetic temperature. An on-line refractive index (RI) detector (Shi-
capillary chromatography with UV detection (MEKC-UV) madzu RID-6A) was used to measure the relative concen-
and HPAEC-PAD, and then used as a supplement to NMR tration of oligomers eluting from the column. Fractions of
data as a basis for assessment of the chain length distri-4 ml were collected from three successive column runs and
bution of oligomannuronic acid mixtures obtained after pooled on the basis of peaks identified from the RI profile.
partial acid hydrolysis. We test the hypothesis that quan- Fractions from the bottom third of any peak were discarded.
tification is possible for at least three of the evaluated These pooled samples were initially stored aC4prior to
methods. two cycles of freeze-drying to remove all traces of )Mid
and to eventually provide solid purified oligomannuronic
acid standards (F2—F12) in the"Horm.
2. Materials and methods
2.5. 'H NMR
2.1. Materials
Standards or hydrolysis mixtures (5mg) were dissolved
4-Aminobenzonitrile (ABN) and 3-(trimethylsilyl)-pro-  in a 5mm diameter sample tube in 6§002H,0, and the
pionic-2,2,3,3d4 acid Na salt (TSP) were from Aldrich (St.  pH adjusted with NaéH to 6.8. One per cent TSP in
Louis, MO, USA); HBOs was from Carlo Erba (Milan,  2H,0 (5 ul) was added as an internal reference standard.
Italy); NHaAc, NaAc, and NaSOy were from SDS (Peypin,  One-dimensionaH NMR spectra were recorded on a
France);?H,0 and NaBH were from Chiron (Trondheim,  Bruker DPX 400 spectrometer at 90. Spectra were ob-
Norway); HCl was from Merck (Darmstadt, Germany}®  tained using a 30pulse angle, a spectral width of 4789 Hz,

Milli-Q (18<2) was from a Millipore water purifier, (Mol-  a 32K data block size, and 64 scans after eight dummy
shelm, France); all other reagents were from Sigma (St. scans. No pre-saturation was used. The ratio of total inte-
Louis, MO, USA). grated H-1 signals to integrated H-1 signal from the reduc-

ing ends was used to determine the number average degree
2.2. Preparation of high molecular weight mannuronan of polymerisation (DR), which is defined a§l3]:

High-molecular weight mannuronan was isolated from the DP. — > ianiDP;
fermentation broth of a mannuronan C-5 epimerase (AlgG) ~— " YU n
negative strain oPseudomonas fluoresceRaurification and
deacetylation were carried out as described egfit}. No wheren; is the number of moles of an oligomer with

guluronote signals could be detected By NMR (molar residues, and DRs the corresponding DP.
fraction Fg < 0.001), indicating that homopolymeric man-
nuronan had been formég2]. 2.6. ESI-MS

2.3. Partial acid hydrolysis Standards (1 mg) were dissolved in 1 ml 50% MeOp{H
containing 1% NH and 12Q.M of p-nitrophenylg-p-glu-

Two hundred and fifty milligrams of mannuronan was curonide (internal standard). Mass spectra of these oligomers
dissolved in 100 ml HO and the solution adjusted to pH were recorded in negative ion mode on an API-I PE SCIEX
5.6 with 0.1 M HCI, prior to de-oxygenation with nitro- quadrupole mass spectrometer equipped with an articulated
gen, followed by incubation at 9% for 3.5h to undergo  ion spray connected to a syringe pump for sample injection.
pre-hydrolysis. The sample was then cooled, pH adjustedThe injection flow rate was 0.1 ml/h and the electrospray
to 3.5 with 0.1 M HCI, degassed and hydrolysed as be- voltage was—5000V. The mass spectra of the standards
fore but for either 3, 5 or 8.5h (hydrolysis times quoted were recorded on successive days in order to exclude con-
hereafter refer to these times). After this time samples tamination in the flow-injector from the previous sample.
were again cooled, neutralised by with 0.1 M NaOH, and The analysed molecular weightfz) range was 150-2400.
either freeze-dried directly or, in the case of the sam- Considering the standards contained traces of other

ple hydrolysed for 3h, first dialysed against® to re- oligomers+1 DP, evaluation of the amount of oligosac-
move the smaller oligomers (DR« 6) and free N& charide in each fraction was carried out by MEKC-UV
and CI. before calculating the molar response factors (MRFs).
These were calculated by: MRF= (I,/Iis)/(x]/[i.s])
2.4. Preparation of purified oligomers where | is the absolute peak intensity and i.s. the inter-

nal standard. Molar response factors obtained for F2—F7
Oligomannuronic acid hydrolysis mixtures (50-200 mg) were fitted to a linear function (MRE 0.184 — 0.022x,
were chromatographed on two columns of preparative gradeR? = 0.986). These values were then employed to calculate
Superdex 30 (B cm x 95cm, serially connected) at a flow DP,.
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2.7. MEKC-UV

Standards (1 mg/ml) or hydrolysis mixtures (4 mg/ml)
were derivatised with 0.5M ABN in the presence of 0.16 M
NaCNBHs in 1 ml MeOH/CHCOOH (95/5) for 15 min at
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X(@i) = a(l — )7t

Here,« is the number of broken linkages divided by the total
number of linkages originally present. Moreowee- DP;l.

90°C. These preparations were then diluted five times with 2.8. HPAEC-PAD

H>O and filtered through a 0i2m pore size membrane
prior to injection into the capillary electrophoresis system.

A stock solution of 1 mg/ml GalA(1l — 4)GalA was

The system consisted of an Applied Biosystems HPCE prepared in HO for use as an internal standard. Oligoman-

Model 270A-HT which comprised an on-column UV detec-
tor and a hollow silica column 72 cm in length, i.d. pth
and o.d. 37um, cut from a 10m long fused, polyimide
coated, silica tube (Supelco, St. Louis, MO, USA). The
window for UV detection was prepared by burning 0.5cm
of the polyimide coating off the silica column 22 cm from
the column outlet. Before sample injection, a 4-min con-
ditioning of the capillary with the running buffer (660 mM
H3BOs, pH 8 containing 75-100 mM SDS) was necessary,
preceded by a 2-min wash with 0.1 M NaOH at vacuum

nuronic acid standards (1 mg) were dissolved in 1 ml of
0.15M NaOH and rapidly diluted 100-fold withJ@/10pu.l
internal standard stock. Hydrolysis mixtures (1 mg) were
dissolved in 1 ml HO, containing 1Qul of internal standard
stock if the results were to be used for quantitation. All sam-
ples were injected via a 38 loading loop. An additional
experiment confirmed exposure to such alkaline condi-
tions did not cause the oligomers to undefelimination
before injection. The chromatography unit consisted of a
Dionex BioLC system (Sunnyvale, CA, USA) coupled to a

pressure 67.6 kPa. Samples were loaded under vacuum abDionex AS50 autosampler. The HPLC system was equipped
a pressure of 16.9kPa for 1.5s and all runs performed atwith an lonPac AS4A (4 mmx 250 mm) anion-exchange
30°C at 18kV. Detection of derivatised sample was made column connected to an lonPac AG4A (4 mm50 mm)

by continuously monitoring UV absorbance at 285 nm and

guard-column. Chromatography was performed at room

data collected and processed by Turbochrom Navigator 4.0temperature and at a flow rate of 1 ml/min. Buffer A was
software. Quantification of the amount of each standard 0.15M NaOH, prepared from a carbonate-free 50% (w/w)
was calculated by dividing the integrated areas of identified NaOH solution, and buffer B was 1M NaAc in 0.15M

peaks by their migration timeA(t). Response factors were

NaOH (buffer A). The buffers were continuously degassed

independent of chain length in the range of 2-12. Calibra- and maintained under helium pressure by a Dionex de-
tion was linear between a sample concentration of 0.2 andgassing module. Linear gradients of acetate were produced

6 mM. Limits of detection were in theM range and eval-
uated using the method suggested by Miller & Mil[é4].

to elute the samples by increasing the concentration of
buffer B from 0 to 100% over 80 min. Column effluent

Once the relative content of each oligomer had been de-was monitored with a pulsed amperometric detector on an

termined, we calculated Pas before, and in addition the
weight average DP (DR, which is defined afl3]:
2 i—1wiDP;

D iAW
where w; is the mass of an oligomer withresidues, and
DP, is the corresponding DP.

DP,, =

Au working electrode and Ag/AgCI reference electrode.
The sequence of potentials applied to the electrode were:
E1 = 0.05V (480ms, integrating from 280 to 480 ms),
E2 = 06V (120ms), andE3 = —0.8V (300ms) at a
sensitivity of 100 nC. Data acquisition and integration was
performed using Dionex PeakNet software.

In order to take into account each oligomannuronic

Given that the relative content of each oligomer had been acid standard contained significant amounts of oligomers

determined, the number and weight distributions where di-

rectly obtained. The number distribution is the relative num-
ber of oligomers (mole fraction) corresponding to each DP:

X() = <

1) = —=r—

D iahi

Accordingly, the weight distribution is the relative weight

of oligomers (weight fraction) corresponding to each DP:
w;

W) = —=—
Wi

with +1 DP, MRFs were determined for each standard
in the DP range of 2-9 by using eight linear equations
with eight unknowns. First, a unique REX was assigned

to each DP byf, = (A,/Ais)(mis/my)fis, Wherem
(total molesinjected = mpp_1 + mpp + mpp4+1 (SUmM of
moles for each DP found in the sample). It then goes that
my = (Ay/Ais)Misfis (1. By settingfi s =1 (arbitrary)

an equation is derived for each DP:

Monomer : A = ajx1

The experimentally obtained distributions were compared Dimer : B = bix1 + boxo + baxs

to the theoretical distributions (Kuhn distributions) corre-

sponding to a random depolymerisation of linear polymers,

for which the following equations appit3]:
W(i) = ie?(1— )t

Trimer : C = cox2 + ¢3x3 + caxa

etc....where A = (myota)/mis)(1/fis) (for monomer),B
is same for dimer, given; = (A1/Ajs) andx1 = (1/f1).
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Solving these equations yields individual response factors. 800 Salt peak

Another and simpler approach was to defite- (App_1+ o |

App + App+1), Which in practice turned out to yield essen- £ _

tially the same result as the rigorous method. The reason % 400 + by 16 Fs 4 E3 ‘

being the errors introduced by including the BPL and 2 vy =

DP + 1 peaks are of the same magnitude and have opposite 200 M\N U\)’ ‘ ‘

signs, and therefore effectively cancel out. R - | U‘f”
After determining MRFs for F1-F9 their dependence on 2

DP were described by fitting the data to an exponential func- Z -200 | \J

tion (MRF = 0.9793DF-83%9 r2 — 0.9939). This relation- o , , , , ,

ship was used to calculate MRF for oligomers of higher DP
values, as well as for the monomer (BP1). These MRFs
were then used to calculate the chain length distributions of
oligomers from the hydrolysis mixtures. In accordance with Fig. 1. Preparative Superdex 30 chromatography of a 3h partially hydrol-
observations made by other Work@];515_18]we also fitted ysed mannuronan eluted with 0.1 M NAc at 0.8 mimimL. The eluent
our data to an asymptotic function (MRFA .DP-1 + B). was monitored on-line with a refractive index detector.

400 500 600 700 800 900 1000

Elution volume (mL)

of oligomer. Each peak (F2—F12) was presumed to repre-

3. Results and discussion sent pure oligomer from dimer to dodecamer consecutively
with only negligible contributions from homologues one
3.1. Preparation of oligomannuronic acid standards monomer unit apart. The monomer fraction (F1), however,

was not studied further because it partially co-eluted with
Preparative gel-filtration chromatography of partially the salt peak. Some separations were also performed using
acid-hydrolysed mannuronan on Superdex 30 yielded a se-0.05M NaSQO, as the mobile phase in accordance with
ries of distinct and well-resolved peakiSig. 1) similar to previous work[20] resulting in slightly better resolution
previous work on other homopolysaccharide oligomer mix- (data not shown). On the other hand, sulphate salts are con-
tures[19]. Excluding the salt peak, 14 distinct peaks were siderably more difficult to remove than the volatile ht,
resolved with areas roughly representative of the amountsespecially at low DP were dialysis leads to substantial loss

H-10:
COOH COOH COOH COOH COOH /
o O o 0 0,
AN N o N
OH O o oH O} O N on (}9’ 0 OH O O Not oy Hon
HO H H H H \
H1° 1 H-1" H1' H-1B

H-17(intern) + H-1*(B)

_1*
H-1,40 Hl B8  H1%)

" AH/WLMW/«/

/\ H-1%nonred)

-

I L ! ! ! ! ! L ! 1 I I 1 I
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Fig. 2. H-1 region of a 400 MHZH NMR spectra of oligomannuronic acid standards F2—F5 obtained from a 3h partial hydrolysis. The prefixes ‘red,
non-red and intern’, respectively denote the reducing end, non-reducing end and internal residues. The numbers correspond to the protorhessigned to
signal.
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of oligomers, and therefore the use of J$&y was pre-
cluded in favour of NHAc. In this respect, gel-filtration
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contaminated with predominantly smaller oligomers. The
proportions of minor oligomers, however, could not be de-

offers some advantages over the preparative purification oftermined by this method. Furthermore, if pBxceeds 20,
homopolysaccharide oligomer mixtures by anion-exchange estimation is less accurate due to the low proportion of
chromatography, utilising gradients of non-volatile salts as reducing ends.

counter iong2,21]. Yet in principle, optimised preparative

anion-exchange chromatography may offer a complemen-3 3. ES|-MS analysis

tary [22] or alternative method to gel-filtratid23].

3.2. 'H NMR analysis

The negative ion mode mass spectra of standards F2—F5

display signals attributable to the main deprotonated

oligomers M—H]~ (whereM is the main solute molecule)

The H-1 region of the!H NMR spectrum obtained for
standards F2-F5 is shown iRig. 2 Fraction F2 gives
rise to four signals only. The two anomeric proton sig-
nals at 5.21 ppm (Htdge) and 4.89 ppm (H-%4B) have

and adducts with Naf—2H + Na]~ or K[M—-2H + K]~

(Fig. 3). The most abundant oligomer in the standards cor-
responds to the most abundant deprotonated ion, such as
that atm/z 720.9 in standard F4. Also, in the same stan-

previously been assigned for mannuronic acid oligomers dard lower and higher homologues are present at 369.0
[12], and are also found in the spectra of F3-F5. The res- (DP 2), 545.1 (DP 3) and 897.3 (DP 5) with the latter
onance at 4.68 ppm has the same intensity as thexH-1 present in only trace amountBig. 3). Similar results were

signal of the reducing end, and the resonance at 4.65 ppm
has the same intensity as the B-&ignal of the reducing
end. Taken together these results unequivocally show that
F2 primarily comprised the ManZ(1 — 4)ManA dimer
where the two additional resonances originate from H-1
of the non-reducing end, each corresponding todthand
B-anomer, respectively. It then follows by induction that
the Superdex fractions F3-F5 principally correspond to
the trimer, tetramer and pentamer, respectively, whereas F1
corresponds to the monomer. The identities of F3—F5 were
confirmed by further analysis of the NMR spectra, where
two novel peaks in the anomeric region occurred for -BP

2. The resonance at 4.71ppm has for all DPs, the same
intensity as the H-d resonance, and is therefore assigned
to the H-1 of the residue adjacent to the reducing end of the
a-anomer. H-1 of the non-reducing end now appears as an
apparently single resonance at 4.65 ppm because the influ-

120

ence of the reducing end on its chemical shift is negligible.
The remaining internal H-1 resonances, including that of
the residue adjacent to the reducing end of phanomer,

overlap to form an apparently single resonance at 4.68 ppm.

For each oligomeric preparation, PRas obtained as the
ratio between the total H-1 intensities to the total intensities
of the H-1 signals from the reducing endgable ). The
estimated DP values were not integers, but in most cases
slightly below the theoretical value. Consequently, these
fractions did not comprise pure oligomers, but were slightly

Table 1

Estimated DR of oligomannuronic acid standards F2—-F5 obtained after

3 h of hydrolysis

Method Standard

F2 F3 F4 F5
IH NMR 1.85 2.81 3.86 5.15
MEKC-UV 1.97 2.96 3.93 4.70
HPAEC-PAD 1.92 2.97 3.97 4.98
ESI-MS 1.86 2.71 3.72 4.35

DP 1
100 369.0 )
1929
80 - DP2
i.s.
60 - 314.1
40 390.9
20 - //407.1 DP3
OL;.JH 0 I T s
T T T T T
120
544.8
100 DP2 F3
80 - 1S 369.0
313.8 DP3
60
40
g 566.8 DP 4
}f 20 [J ) ﬁ/m’g (720.9)
E 0 M _— il / . 1 I
D
£ 120
= is. 720.9
£ 100 - 3138 F4
S 8-
&
60 - DP3
40 |- 545.1 P4
DP2 743.1
20 L (369.0) |
0 . L T 1 o T T
120 -
LS.
100 313.8 F5
DP5
80 - 897.3
60 - o2 DP4
wor 369.0 DP3 7209
20 544.8 DP 6
I | 1073.4
0 fasadin adbe bl L L
I I T I

600 1200

m/z

Fig. 3. Negative-ion ESI mass spectra of oligomannuronic acid standards
F2-F5 obtained from a 3h partial hydrolysis. Initials i.s. denote the
internal standard, while DP and the respective integer (1-6) refers to the
degree of oligomer polymerisation.



276 C. Campa et al./J. Chromatogr. A 1026 (2004) 271-281

obtained for fractions F2, F3, F5 and F6, whereas mass3.4. MEKC-UV analysis

spectra of standards F7—-F12 were more complex due to

an increase in double-charging phenomena that hindered Fig. 4shows the analysis by MEKC-UV of the same stan-
a reliable purity assessment. Analysis of the mass spec-dards (F2—F5). To achieve optimal resolution of oligomers,
tra of the same standards (F2-F12) in the positive-ion the ideal buffer was found to be concentratefBBs in the
mode was more sensitive, but even more complex (resultpresence of SDS. This was due to the different extent of
not shown), because of a greater amount of ion adduc-complexation of saccharidic compouni@gl,25] with alka-
tion. This reinforces the contention that negative-ion mode line borate, and to the selective interaction with SDS mi-
ESI-MS is better suited for the analysis of acidic carbohy- celles[26,27] This resolution compared well with the one
drates such as polyuronafi®]. Determination of DR was obtained by capillary electrophoresis of an oligosaccharide
therefore only attempted for negative-ion mode spectra. mixture of galacturonic acif8]. The values of Dpfor stan-

It was not possible to accurately evaluate ,D&f stan- dards (F2—F5) obtained by MEKC-UV were consistent with
dards >F6 or hydrolysis mixtures, which is why we now those achieved byH NMR (Table 1. The purity of the
evaluate other quantitative techniques as complementaryfractions decreased upon increasing,P@llowing a linear
alternatives. trend (y = 10148x — 1.64; RZ = 0.94, wherey is the per-
centage in weight of the main component in a fraction with
x nominal DP) from 95% in F2 to 74% in F12. The MRFs
DP2 in MEKC-UV of different standards were independent of
0.035 - F2 chain length because there was only one ABN chromophore
attached to each oligomer. This represents an advantage over
chromatographic techniques such as HPAEC-PAD where
MRFs must be determined for each oligonjgb]. There-

DP1 DP4 fore, an immediate visual impression of the molar number
distribution of oligomers in a hydrolysis mixture is conveyed
(Fig. 5).

* DP 3 However, analysis of oligomannuronic acid hydrolysis
0.045 — mixtures by MEKC-UV was not sensitive enough to detect
small amounts of oligomers with DP above 12 and 19 for
the 8.5 and 5 h hydrolysis times, respectively, and above DP

0.018 —

0.023 —

o \ DPU\_J\

0.010

* DP 4
0.035 — F4

0.018 — /

Absorbance at 285 nm

DP3 E 0.008 —
\ 3
I
=
8
* DP5 2
F5 =
2
0.024 — 2
5
*
0.012 — 0.006
DP2 DP3 DP 4 DP6 10
| | | | |
23 27 31 35 38 42
| | | | |
Time (min) 33 37 40 43 47 50
Time (min)

Fig. 4. MEKC-UV electropherograms of ABN-derivitised oligoman-

nuronic acid standards F2—F5 obtained from a 3 h partial hydrolysis and Fig. 5. MEKC-UV electropherogram of a oligomannuronic acid 3h hy-
detected by their UV absorbance at 285nm (75mM SDS in buffer). The drolysis mixture derivitised with ABN (100 mM SDS in buffer). Oligomers
symbol* denotes absorbance from free ABN. The acronym DP and the were detected by their UV absorbance at 285nm. The symioti¢-
respective integer (1-6) refer to the assigned degree of oligomer poly- notes absorbance from free ABN. Numbers labelling the peaks refer to
merisation for each peak. the assigned degree of polymerisation.
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Fig. 6. Number (A and B) and weight (C and D) distribution of oligomers in mannuronic acid hydrolysis mixtures that were hydrolysed for 5 (A and
C) and 8.5h (B and D) and analysed directly. Filled squall#s dre data from HPAEC-PAD while open squarés)(are from MEKC-UV. Theoretical
Kuhn distributions for DR = 2.7, 3.7, 4.4, and 5.9 are plotted as black solid, black dashed, grey solid and grey dashed lines respectively.

17 for 3 h of hydrolysis Fig. 5. Omitting these oligomers  3.5. HPAEC-PAD analysis
in the calculation of DR averages and relative distributions
introduces systematic errors. The presence of such errors is Analysis of the standards F2—F5 by HPAEC-PAD shows a
suggested by the lower [Ralues obtained by MEKC-UV  high resolution separation of oligosaccharides was achieved
as compared tdH NMR (Table 2. It is also evident from on an lonPac anion-exchange column eluted with an ace-
Fig. 6 that calculations of DPand the weight average de- tate gradient in 150 mM NaOH-{g. 7). Analysis of oligo-
gree of polymerisation, DF, for hydrolysis mixtures may  mannuronic acid hydrolysis mixture&i@. 8 showed that
be further influenced by uncertainties in the peak areas andoligomers up to around DP 50 could be separated in 70 min
the relatively high S/N ratio in peaks for DPs above 7. This under the present conditions. This result matches earlier at-
is shown by lack of fit to a monotonous curved. 6). tempts at separating oligogalacturonic adgitjsand glucose
oligomers in hydrolysis mixturefgl] with HPAEC-PAD. In
contrast to previous studies using HPAEC-PAD to separate
Table 2 galacturonic acid oligomerd], this alkaline mobile phase
Estimated DR and DR, for oligomannuronic acid hydrolysis mixtures had no adverse influence on retention time. Moreover, all
samples were fully soluble at alkaline pH, and we found no

Method bA PPy evidence for oligomer degradation duefeelimination at
3 5 85 ¥ 5 8.5 room temperature during the 80-min period of chromatog-
1H NMR 10.8 7.2 4.4 _ _ _ raphy Fig. 8). In an earlier attempt, using the same lonPac
MEKC-UV - 4.4 2.7 - 7.4 4.2 column, we used KC,O4 (pH 7.8), instead of alkaline ac-
HPAEC-PAD 101 59 37 - 104 63  etate, to make various counter-ion gradients between 0 and
ESI-MS - - - - - - 0.5M, as previously recommended for optimal separation

a Hydrolysis time (h). of oligogalacturonic acids up to DP HQ,6]. The use of
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Fig. 7. HPAEC-PAD of oligomannuronic acid standards F2—F5 separated on an lonPac AS4A column using an acetate gradient in NaOH. The symbol
(x) represents an unidentified peak. Initials i.s. denote the internal standard. Peak labels (2—6) refer to the respective assigned degreeatibpolymeris
of oligomers responsible for the peak.

this buffer scheme, including post-column addition of base, slightly misleading as is also the case with MEKC-UV and
was abandoned because resulting chromatograms displayedH NMR (Table 1, Figs. 4 and .
apparently higher ratios of homologue to major oligomers, In contrast to MEKC-UV, it is known for PAD detection
in excess of those observed by other techniques (result nothat MRFs depend on chain lendftb]. Indeed, a strong in-
shown). At present, we have no definitive explanation for crease in the molar response factor with DP was observed
this phenomenon, but it underlines the fact that assessmentin the range investigatedrig. 9). It is thought that the de-
of purity and chain length distribution should be confirmed crease in the weight-based response factor with DP reflects
by alternative analytical methods. that the molar flux of solute to the surface of the PAD detec-
As with MEKC-UV, it was found that each oligoman- tor cell is a function of the diffusion coefficient, which de-
nuronic acid standard (F2—-F12) was contaminated with creases with increased degree of polymerisgtl&h. How-
roughly equal amounts of their adjacent homologues 1 ever, the literature does not provide exact relationships be-
DP apart. Standard F2 had, for example, a purity of 95%, tween DP and MRF, so we made a standard curve by fitting
and subsequent oligomer purity decreased at a linear ratethe experimental data to an exponential function (see meth-
(y = —0.037% + 1.027; R? = 0.99) with every unit of ods andFig. 9). MRFs obtained for various amylopectin
nominal increase in DP as with MEKC-UV. As a conse- oligomers in the DP range of 2—14,28] also fitted this
quence of the approximate equal contribution of adjacent function, whereas MRFs obtained in other similar studies did
oligomers, the calculated average DP for each fraction is not (Fig. 9). These other workers found that MRFs for glu-
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Fig. 8. HPAEC-PAD of an oligomannuronic acid 3 h hydrolysis mixtures without an internal standard and separated on an lonPac AS4A column using
an acetate gradient in NaOH. Peak labels refer to the respective assigned degree of polymerisation of oligomers responsible for the peak.

cose oligomer$16,17] and inulin oligomerg18] were best only a small number of large chains (B#20) were found,
described by asymptotic functiofs6—-18](Fig. 9). Similar proved that whichever MRF extrapolation function was ap-
observations were also made in the smaller 1-7 DP rangeplied (exponential or asymptotic), it had little effect on the
for oligomers of glucos§l5,29], and also for oligomers of  results calculated. Indeed, we found that calculated number
galacturonic acidl]. In yet another study, MRFs calculated and weight distribution of oligomers in various hydrolysis
for a series of starch oligomers (DP 1-50) were found to mixtures agreed very well with the theoretical Kuhn distri-
fit a linear function[3]. With these observations in mind, bution assuming random depolymerisatidfig{ 6). Minor

we also fitted our data to an asymptotic function (see meth- deviations were noted for the weight distribution and,DP
ods,Fig. 9. When applying these two extrapolations to the of the least degraded sample. In this case it is evident that
HPAEC-PAD data for two of three mannuronic acid hydrol- contributions from oligomers with DB~ 30 should have
ysis mixtures (5 and 8 h), we obtained the results shown in been included for correct estimates of QH'he DF, values,

Fig. 6. Assessment of DPand DR, in these samples, where calculated on the basis of exponentially fitted MRFs, were

Relative molar response factor
(=)}
T

DP

Fig. 9. Molar response factors (filled circl@®) calculated for oligomannuronic acid standards F2—-F9 and open cit®JeF(0-12 obtained by 3h of
hydrolysis, separated by HPAEC and detected by PAD, as a function of their degree of polymerisation. Exponential (—) and symptotic (---) fits were
applied for extrapolation for use in calculating PBnd DR, in oligo(ManA) hydrolysis mixtures. The symbols (filled diamor®)( open squarel(),

filled square M), filled triangle (&), open triangle 4), open diamond<®) are the MRFs normalised against our data obtained from other studies of
carbohydrate oligomers from referend8s4,16—18,28]respectively.



Table 3
Comparative summary of the capability of each technique to determine the average degree of polymerisation and distribution of oligosacchmitiabyim@d hydrolysed homopolysaccharide
DP Preparative Superdex 30 HPAEC-PAD MEKC-UV ESI-MS 1H NMR
1 Co-elutes with salt peak—pure  Standard not available. Standard not available. Identification direct fromm/z. Standard not available
monomer cannot be Identification made by elution Identification made by elution Quantification assumes same
guantitatively isolated order. Quantification assumes order. Quantification assumes molar response factor as
same molar response factor as same molar response factor as internal standard
internal standard other oligomers
2-9 Resolution and peak separation Identification as above. Identification as above. Good Identification as above. Identification spectral chemical
acceptable, but decreases with  Excellent peak separation. peak separatiorQuantification Quantification only possible up  shifts and coupling constants.
increasing DP. Contamination Quantification standard curve Standard curve based on to DP 5 via an internal standard Quantification by determination
with homologue oligomers based on essentially pure essentially pure standards. No of the ratio of total integrated
identified by ESI-MS and standards and internal std. Need need to calculate molar H-1 signals to integrated H-1
guantified by HPAEC-PAD and to calculate molar response response factors as it is signals from the reducing ends
MEKC-UV factors for each DP independent of DP
10-20 Oligomers obtained with a Identification: as above. Identification as above. Identification as above. Identification as above.
decreasing resolution of peak Quantification as above, but Quantification as above, but Quantification not achieved Quantification as above
separation with increasing DP  unless purified standards are increasingly poorer peak
available, molar response separation with increasing DP
factors can only be found by
extrapolation from oligomers
DP 2-9
20-50 Cannot be obtained in a pure Identification as above. Identification not possible in Identification not practically Identification as above.

Other comments

form

Might be useful to also
incorporate a round of
preparative anion-exchange
chromatography

Quantification as above, but
extrapolation of molar response
factors from DP 2-9 becomes
very uncertain in the absence of
an exact theory for the RF-DP
relationship

the low concentration range of

the studied hydrolysis mixtures.

Quantification as for
identification

Sensitivity can be improved by
derivatising oligosaccharides
with a fluorophore and using
laser induced fluorescence
detection

possible.Quantification not
practically possible

Quantification as above, apart
from decreasing reducing end
group signal with increasing DP
increases uncertainty

Only possible to assess number
average molecular weight.
However, the distribution could
be extrapolated from the Kuhn
distribution

08¢

182-T.2 (b002) 920T V uborewoiyd ¢/ e 1o edwed D
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somewhat below those obtained by NMR, but showed bet- to S.P.), and the Italian National Research Council, C.N.R.
ter agreement with NMR than did the values obtained by (“Young scientists” Funds to C.C.).
MEKC-UV (Table 2.
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