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AlgE1, AIgES and AIgE6 are members of a family of mannuronan
C-5 epimerases encoded by the bacterium Azotobacter vinelandii,
and are active in the biosynthesis of alginate, where they catalyse
the post-polymerization conversion of -D-mannuronic acid (M)
residues into «-L-guluronic acid residues (G). All enzymes show
preference for introducing G-residues neighbouring a pre-existing
G. They also have the capacity to convert single M residues flanked
by G, thus ‘condensing’ G-blocks to form almost homopolymeric
guluronan. Analysis of the length and distribution of G-blocks
based on specific enzyme degradation combined with size-exclu-
sion chromatography, electrospray ionization MS, HPAEC-PAD
(high-performance anion-exchange chromatography and pulsed
amperometric detection), MALDI (matrix-assisted laser-desorp-
tion ionization)-MS and NMR revealed large differences in block
length and distribution generated by AlgE1 and AlgE6, probably
reflecting their different degree of processivity. When acting on
polyMG as substrates, AIgEl initially forms only long homo-

polymeric G-blocks > 50, while AIgE6 gives shorter blocks with
a broader block size distribution. Analyses of the AlgEl and
AlgE®6 subsite specificities by the same methodology showed that
a mannuronan octamer and heptamer respectively were the mini-
mum substrate chain lengths needed to accommodate enzyme
activities. The fourth M residue from the non-reducing end is
epimerized first by both enzymes. When acting on MG-oligomers,
AlgE1l needed a decamer while AIgE6 an octamer to accom-
modate activity. By performing FIA (flow injection analysis)-MS
on the lyase digests of epimerized and standard MG-oligomers,
the M residue in position 5 from the non-reducing end was
preferentially attacked by both enzymes, creating an MGMGGG-
sequence (underlined and boldface indicate the epimerized
residue).
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INTRODUCTION

Alginate is a collective term for a family of polysaccharides pro-
duced by brown algae [1] and bacteria [2,3]. Chemically, they are
linear binary co-polymers of (1 — 4)-linked S-D-mannuronic acid
(M) and a-L-guluronic acid (G) arranged in a block-wise pattern
along the chain with homopolymeric regions of M (M-blocks) and
G (G-blocks) residues interspersed with regions of alternating
structure (MG-blocks). In its biosynthetic pathway, alginate is
produced via a post-polymerization reaction involving a C-5 in-
version on the M residues of mannuronan. This reaction is cata-
lysed by the mannuronan C-5 epimerases. Recently, it has been
found that the genome of the alginate-producing bacterium Azoto-
bacter vinelandii encodes at least seven different mannuronan
C-5 epimerase genes. These genes have been sequenced, cloned
and expressed in Escherichia coli; the enzymes thus produced
have been designated AIgE1-AlgE7 [4-6]. Since all natural
alginates are produced from homopolymeric mannuronan by the
same basic C-5 inversion from M to G, the remarkable variability
in composition and sequence found in the polysaccharide is solely
due to the different catalytic properties of the various epimerases.
For example, the AlgE4 epimerase forms alginates with long
strictly alternating sequences, while AIgEl, AlgES and AlgE6
are typical G-block-forming enzymes [6—11]. Structurally these
isoenzymes are composed of varying numbers of two modules
(Figure 1), the A module (385 amino acids) and R module (155
amino acids). The A modules account for the catalytic activity
[12], while the R modules probably modulate the affinity for the

substrates [13]. The epimerization reaction is Ca**-dependent and
both the A and R modules bind this cation [12]. AlgE1 comprises
two A modules and four R modules (A;R;R,R;A,R,) and has been
demonstrated to be a bifunctional enzyme [10]. This epimerase
can be divided into two catalytically active parts, where the
truncated protein A;R;R,R; (AlgEl-1) is a G-block-forming
enzyme, while A,R, (AlgE1-2) introduces only single G residues
in a similar manner to AlgE4 [10].

Any enzyme that has more than one substrate-binding subsite,
and performs multiple modifications on a substrate, may display
processivity. Enzyme processivity refers to the average number of
times a reaction is repeated between association and dissociation
of an enzyme—substrate complex. Several examples of this type of
action have been confirmed for polysaccharides, mainly for exo-
lytic enzymes [14—-16]. In alginates, the formation of long blocks
(MG or GG) by the mannuronan C-5 epimerases can thus be
explained by a high degree of processivity. However, these non-
random patterns can also result from a preferred attack mech-
anism where the affinity for the substrates depends on pre-existing
G residues. Previously, we have shown that AlgE4 acts pro-
cessively by sliding along the substrate chain epimerizing every
second residue [17]. An average of ten uronic acid residues is epi-
merized for each enzyme—substrate encounter [17]. By analysing
the AlgE4 subsite specificity, a hexameric oligomer was identified
as the minimum substrate chain length needed to accommodate
enzyme activity, where the third M residue from the non-re-
ducing end is epimerized first. The aim of the present study is to
investigate the mode of action of the G-block-forming epimerases
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Enzyme | [kDa] Modular structure Products
Bi-functional

aigel | 1472 |[A1 [R1[R2[R3[A2  [Rd] G-blocks + MG-

blocks

AlgEd s1.7 |[a1 [R1] MG-blocks

Alges | 1037 [[a1 [R1[R2[R3[R4| G-blocks (short)

aigee | 902 |[a1 [ri[R2|R3| G-blocks (long)

A — 385 amino acids. R — 155 amino acids

Figure 1 Molecular masses (kDa), modular protein structures and product

specificities of four of the seven AIgE epimerases of A. vinelandii

AlgE1, AlgES and AlgE6 by analysing their substrate require-
ments and their epimerization patterns. Using specific degrad-
ing enzymes, SEC (size-exclusion chromatography), NMR spec-
troscopy, ESI-MS (electrospray ionization MS), FIA (flow
injection analysis)-MS and MALDI (matrix-assisted laser-
desorption ionization)-MS, together with HPAEC-PAD (high-
performance anion-exchange chromatography and pulsed
amperometric detection), the absolute lengths of G-blocks for
low conversion of polyMG by AlgE1 and AlgE6 are determined.
The subsite specificities of these enzymes are examined when
acting on mannuronan and polyMG.

MATERIALS AND METHODS
Alginates

High-molecular-mass mannuronan was isolated from the fermen-
tation broth of an epimerase-negative strain [18] of Pseudomonas
fluorescens. Purification and deacetylation were carried out as de-
scribed previously [19]. No guluronate signals could be detected
by "H-NMR (molar fraction of guluronic acid F < 0.001), indi-
cating a homopolymeric mannuronan. Sodium alginate from
Laminaria hyperborea leaves with Fg=0.49 and Fg;=0.33
was kindly provided by FMC Biopolymer (Drammen, Norway)
and was used in epimerization reactions as a G-block-containing
substrate. Alginates with strictly alternating structures Fg = 0.47
and Fsc =0.0 were prepared by incubating mannuronan with
recombinant AlgE4 for 23 h (S. Holtan, Q. Zhang, W. 1. Strand
and G. Skjak-Brak, unpublished work).

A BC-1-labelled mannuronan was produced by growing the
mannuronan-producing Ps. fluorescens strain on agar plates with
D[1-3C]fructose (99 %) as carbon source [9]. The mannuronan
product was selectively enriched to 59 % "“C in the C-1 posi-
tion [9]. The '*C-1-enriched mannuronan was treated with the
epimerase AlgE4 as described above to gain *C-1-enriched poly-
alternating MG-alginate with F; =0.47 and F s = 0.0 (S. Holtan,
Q. Zhang, W. 1. Strand and G. Skjék-Brak, unpublished work).

Solid, purified oligomers of mannuronic acid with DP (degree
of polymerization) from 2 to 16 were obtained by degrading the
high-molecular-mass mannuronan by partial acid hydrolysis at
95°C (3.5h at pH 5.6 and 6 h at pH 3.5). After hydrolysis, the
sample was neutralized (pH 7), and freeze-dried. The oligo-
mannuronic acid hydrolysis mixture was fractionated according to
its chain length on three columns of Superdex 30 preparative grade
(HiLoad; 2.6 cm x 60 cm, serially connected; Amersham Bio-
sciences) at a flow rate of 0.8 ml/min with 0.1 M ammonium ace-
tate (pH 6.9) at room temperature (20 °C) as described previously
[21] (S. Holtan, Q. Zhang, W. L. Strand and G. Skjak-Break, un-
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published work). DP and purity of fractions were determined
by ESI-MS and 'H-NMR spectroscopy. The same procedure
was used to produce MG-oligomers using polyMG as starting
material and shorter hydrolysis time (S. Holtan, Q. Zhang, W. L.
Strand and G. Skjdk-Brazk, unpublished work). Since the GM
glycosidic linkage is more susceptible to acidic hydrolysis than
the MG linkage, the even numbered oligomers will predominantly
have the same sequential structure with an M residue on the non-
reducing end and a G residue on the reducing end, i.e. the hexamer
MGMGMG (S. Holtan, Q. Zhang, W. 1. Strand and G. Skjék-
Break, unpublished work).

Enzymes

The mannuronan C-5 epimerases AlIgE1, AlgES and AIgE6 with
molecular masses of 147.2, 103.7 and 90.2 kDa respectively were
produced by fermentation of recombinant E. coli strains: AlgE1l
and AlgES inJM 109 [10,11,22], and AlgE6 in SURE [6]. The epi-
merases were partially purified by ion-exchange chromatography
on Q-Sepharose FF (Amersham Biosciences) and desalted by
diafiltration in a Pellicon Cassette System (Millipore). The ac-
tivities of the enzymes were assayed by measuring the release
of *H to water, when *H-5-labelled mannuronan was incubated
with the respective enzymes [19]. The two truncated derivatives
of AlgEl; the N-terminal (AIgE1-1, 89 kDa) and the C-terminal
(AlgE1-2, 59 kDa) parts were expressed separately in E. coli
[10] and kindly provided by Dr Helga Ertesvdg (Department
of Biotechnology, NTNU, Trondheim, Norway). Alginate o-L-
guluronic acid endolyase (G-lyase) was isolated from Klebsiella
pneumoniae as described in [23]. Haliotis tuberculata alginate
lyase, a specific mannuronate B-eliminase [24], was isolated from
abalones as described in [25]; it was kindly provided by Havard
Sletta (SINTEF Applied Chemistry, Trondheim, Norway). The
activity and specificity of the two alginate lyases were measured
by monitoring the increase in absorbance (A) at 230 nm and
25°C [26] for three different substrates: mannuronan (Fg = 0.0),
polyMG (F =0.47) and polyG (Fg=0.95) when treated with
the lyases, and by '"H-NMR spectroscopy and ESI-MS of the
degraded alginate samples. One unit of lyase activity was defined
as described by Ertesvég et al. [27].

C-5 epimerization
Kinetic experiments

Alginates were dissolved in MQ-water [deionized water purified
with the MilliQ system from Millipore (Bedford, MA, U.S.A.)]
overnight before a concentrated stock solution of Mops buffer
(pH 6.9) with CaCl, - 2H,0 and NaCl was added and the mixtures
were preheated at 37 °C. The respective enzymes were dissolved
in MQ-water and immediately added to the alginate solutions.
Final concentrations of the reaction mixtures were 0.25 % (w/v)
alginate, 50 mM Mops, 0.8 mM (AlgE1), 2 mM (AlgE6) or 3 mM
(AIgES5) CaCl,, and 20 mM NaCl. Molar ratios of enzyme: uronic
acid residues were 1:152000 for AlgE1, 1:27000 for AlgES5 and
1:9500 for AlgE6. The mixtures were kept at 37°C for 0.5, 1, 2,
4, 8/10 and 23-25 h before the reactions were terminated on ice
by addition of HCI until the pH was below 3. After epimerization,
the samples were purified by dialysis against 0.05 M HCI and
finally against MQ-water until the conductance was below 4 ©S
at 4°C. The pH was then adjusted to 6.8, and the alginates were
freeze-dried.

PolyMG was epimerized with AlgE1 up to 7 days in an identical
manner with that described above, except for a final concentration
of 100 mM NaCl and with the addition of extra enzyme (equal
amount to the starting amount) every day until day 5 after reaction
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start. Chloroform (0.12 %, v/v) was added to prevent bacterial
growth during the reaction.

Large batches of polyMG were modestly epimerized with
AlgE1l or AlgE6 to Fg=0.55 according to the procedure de-
scribed above, except for a final concentration of 75 mM NacCl in
these reactions.

Oligomers

Solutions (0.3 %, w/v) of M- (DP6-DP11) and MG- (DP6, DPS,
DP10, DP12 and DP14) oligomers were incubated with AlgE1l
or AlgE6 in 50 mM ammonium acetate buffer (pH 6.9) with
1 mM CaCl, (AlgEl) or 2 mM CaCl, (AlgE6). Molar ratios of
enzyme/uronic acid residues were 1:9100 for AIgE1 and 1:1900
for AlgE6. The solutions were left at 37 °C for 24 h. The reactions
were stopped by heating the samples at 95 °C for 5 min. The de-
natured enzymes were removed by centrifugation and the super-
natants were freeze-dried.

Lyase degradation

Alginate samples were treated with G-lyase from K. pneumoniae
(7.5 x 1073 unit/mg of alginate for standard and epimerized M-
oligomers with low degree of conversion) or H. tuberculata
M-lyase (0.33 unit/mg of alginate for native and epimerized poly-
mers, 0.2 unit/mg of alginate for standard and epimerized MG-
oligomers and 8.0 x 107% unit/mg of alginate for epimerized
M-oligomers with Fg>0.12) in 100 mM ammonium acetate
buffer (pH 7.1) for 1.5h at 30°C. The enzymes were then in-
activated by heating the samples in a water bath at 95°C for
5 min. The degraded samples were freeze-dried three times to
remove acetate.

SEC

The lyase digests of native and epimerized polymers were frac-
tionated according to their chain lengths on three columns of
Superdex 30 preparative grade (HiLoad; 2.6 cm x 60 cm, serially
connected; Amersham Biosciences) at a flow rate of 0.8 ml/min
with 0.1 M ammonium acetate (pH 6.9) at room temperature
as described in our unpublished work (S. Holtan, Q. Zhang,
W. L. Strand and G. Skjék-Braek, unpublished work). DP and
composition (sequence) of fractions were determined by ESI-MS,
MALDI-MS or HPAEC-PAD and 'H-NMR spectroscopy.

TH-NMR spectroscopy

"H-NMR spectra were recorded on a Bruker Avance DPX 300,
400 or DMX 500 spectrometer in *H,O at 90°C. To reduce the
viscosity of the high-molecular-mass polymers for NMR analysis,
the samples were degraded by mild acid hydrolysis [19] to a final
average DP, of approx. 35. The acid-degraded alginate samples
were neutralized and freeze-dried; 5 mm sample tubes were
used and 3-(trimethylsilyl)-propionic-2,2,3,3-d, acid sodium salt
(Aldrich, Milwaukee, WI, U.S.A.) was used as internal standard
for the chemical shift. For sample concentrations of 10 mg/ml in
’H,0, 20 1l of 0.3 M triethylenetetra-amine hexa-acetate (Sigma)
was added to chelate any remaining Ca*" from the epimerization.
The peaks were assigned according to Grasdalen [28], Heyraud
et al. [29] and our unpublished work (S. Holtan, Q. Zhang, W. L.
Strand and G. Skjak-Brzek, unpublished work).

13C-NMR monitoring of epimerization reaction

Individual solutions in *H,0 of *C-1-enriched polyMG (average
DP, of approx. 30) CaCl,, NaCl, Mops (Sigma; p*H 7 at 40°C)
and epimerase were prepared separately and calculated volumes

transferred into a 5 mm (Norell) NMR sample tube. Before ad-
dition of epimerase, a spectrum of the starting material was re-
corded. The final concentrations in the NMR sample (500 u1 total
volume) were: 20 mg/ml “C-1-polyMG, 5 mg/ml AlgE6 (as
total protein), 20 mM Mops, 5 mM CaCl, and 20 mM NacCl. To
monitor the progress of the epimerase experiment, series of 65
successive *C-NMR spectra were recorded on a Bruker DPX 400
spectrometer (100 MHz) at 40 °C. The procedure was automated
by using the multi-zg command. Spectra were obtained using a
30° pulse, a spectral width of 20080 Hz and a data-block size
of 32k; 400 scans were accumulated after four dummy scans.
The resulting time interval between two successive spectra was
15.8 min and total recording time was 17.1 h.

HPAEC-PAD

Samples and a hydrolysate of G-block seaweed alginate (Fg =
0.96) [30] of 1 mg/ml in MQ-water were analysed on a Dionex
BioLC system (Dionex, Sunnyvale, CA, U.S.A.) coupled with
a Dionex AS50 autosampler. The HPLC system was equipped
with an IonPac AS4A (4 mm x 250 mm) anion-exchange column
connected to an IonPac AG4A (4 mm x 50 mm) guard-column.
Chromatography was performed at room temperature and at a
flow rate of 1 ml/min. Buffer A was 0.10 M NaOH, prepared
from a carbonate-free 50 % (w/w) NaOH solution, and buffer B
was 1 M ammonium acetate in 0.10 M NaOH (buffer A). Linear
gradients of acetate were produced to elute the samples by in-
creasing the concentration of buffer B from 0 to 80 % over 80 min.
Column effluent was monitored with a pulsed amperometric de-
tector on an Au working electrode and Ag/AgCl reference elec-
trode, as described previously [21]. Data acquisition and inte-
gration were performed using Dionex PeakNet software. By
plotting the retention time as a function of chain length for the
G-block hydrolysate [30], the G-block lengths of the samples
could be determined.

ESI-MS

Samples were dissolved in MQ-water and diluted in aq. 50 %
methanol containing formic acid (0.5 %) in positive mode and
aq. 50 % methanol containing ammonia (1 %) in negative mode.
Sample concentrations of 0.01-0.02 % (w/v) were analysed by
direct infusion (0.6 ml/h) into an Agilent MSD Trap SL mass
spectrometer equipped with an electrospray ion source. The
drying gas flow rate was 4 litres/min, the drying gas temperature
was 325 °C, and the nebulizer pressure was 15 1b/in”. The capillary
voltage was 3.5 kV in negative-ion mode with an endplate offset
of —0.5 kV. In positive-ion mode, capillary voltages of —3.5 or
—4kV were used.

FIA-MS

FIA-MS was performed on an Agilent 1100 high-pressure liquid
chromatograph connected to an Agilent TOF (time-of-flight) mass
spectrometer with ESI in negative mode. Automatic calibration
of the mass axis was performed with continuous infusion of an
Agilent reference mixture through a second nebulizer needle in
the ion source. The mobile phase consisted of 10 mM ammonium
acetate (pH 9.2) (nine parts) and methanol (one part). A flow rate
of 0.25 ml/min and an injection of 20 ul were used. Samples
were prepared by diluting freeze-dried alginate oligomer
samples in HPLC-grade water and further dilution to appropriate
concentration (0.2 mg/ml) in a methanol/water mixture (1:1) with
1 % ammonia. Analyst™ QS for Agilent TOF was used for data
analysis. Quantitative analysis was performed by integrating a
410 p.p.m. window for each m/z and adding — 1 to —4 ions of
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Mannuronan (Fy =1.0) (A), L. hyperborea leaf alginate (Fg = 0.49 and Fgg = 0.33) () and polyMG (Fg = 0.47 and Fgg = 0.0) (®) as substrates.

each oligomer. Owing to overlapping m/z for unsaturated (A)
oligomers, the isotope peaks had to be used for the quantitative
analysis.

MALDI-MS

The MALDI-TOF-MS analyses were performed employing a
Bruker Daltonics MALDI-TOF Reflex IV (Bremen, Germany).
ITonization occurred in dry nitrogen at 337 nm at a pulse of 20 Hz.
TOF was determined in linear mode with a 20 kV acceleration
voltage and 17.9 kV secondary grid voltage. Both positive and
negative ion spectra were determined. The number of laser shots
for each spectrum was varied from 50 to 200, depending on
the sample signal intensities. The MALDI probe was coated
with a film by applying 1 ul of Nafion 5 wt % solution (Sigma—
Aldrich, St. Louis, MO, U.S.A.) [31] and removing the solvent by
evaporation. A saturated solution of 2,5-dihydroxybenzoic acid
(Sigma—Aldrich) in water (32 mg/ml) was used as matrix. A 1 ul
portion of the sample (10 mg/ml in MQ-water) and 1-2 ul of the
matrix solution were mixed and applied to the probe, after which
solvent was removed by evaporation. In some experiments, the
sample was recrystallized on the probe surface to improve
the signal intensity.

RESULTS AND DISCUSSION

Influence of pre-existing G residues in the substrate on the
epimerization rate

We have previously suggested that the non-random distribution of
G residues in alginates arises from epimerases acting according
to a multiple attack mechanism [32]. Whether the enzymes slide
along the polymer chain during the epimerization process (pro-
cessive mode) or leave the substrate after each single productive
event and then preferentially re-attack an M residue neighbouring
a G (preferential attack model) is however difficult to distinguish
from the NMR and polymer statistical calculations alone, since
both models could account for the observed dyad and triad
frequencies [8]. If the enzymes act according to a preferred attack
model, one should expect an increased conversion rate when the
enzymes act on an alginate with pre-existing G residues, either as
single G residues in a polyMG sequence or as G-blocks.

Kinetic data from epimerization of mannuronan (Fy = 1.0), a
polyMG-alginate (F =0.47 and F g = 0.0) and an alginate from
L. hyperborea (F;=0.49 and Fss =0.33) with the epimerases
AlgE1, AlIgES and AIgE6 are shown in Figure 2. Results were
obtained by integration of 'H-NMR spectra at selected time points
for the epimerization experiments. All three enzymes expressed
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activity on all three substrates. The initial reaction rate for both
AlgE1 and AlgE6 (Figures 2A and 2B) was highest on the sub-
strate with pre-existing G-blocks, where the reaction rates follow
typical hyperbolic curves. On the other two substrates mannu-
ronan and polyMG, the initial reaction rates were lower and the
reactions follow sigmoid curves, suggesting that the affinity for
the substrates increases upon the increment of G-blocks. Taken
together, this suggests that G-block formation is partly due to
a preferred attack on a -G-G-M-M- or -G-G-M-G- sequence.
Whether the enzymes propagate along the chain after the initial
GGM sequence is formed, and thus are partly preferred and
partly processive can however not be established from the present
experiments. In Figure 2(C), kinetic data from the action of AIgES
on the same substrates are shown. This epimerase differs from the
other two by its preference for polyMG. This enzyme is highly
homologous with AIgE2 [5] (amino acid sequence identity 98 %),
which exhibits both epimerase and a weak lyase activity [22].
The lyase activity of AIgES was confirmed by incubating a high-
molecular-mass mannuronan with the enzyme and monitoring the
decline in molecular mass by viscometry. After 48 h incubation,
signals from the 4-deoxy-L-erythro-hex-4-enepyranosyl uronate
residues on the non-reducing ends appeared in the 'H-NMR
spectra (results not shown). This might complicate the analysis of
the epimerization pattern and in the following investigation only
AlgE1 and AIgE6 are examined further.

Activity and time-resolved NMR

As shown in Figures 2(A) and 2(B), AlgE1 and AIgE®6 act effect-
ively on polyMG. Since this substrate contains only a minor
fraction of MM (Fy; = 0.06), the dominating reaction is therefore
the conversion of single M residues flanked by G residues. To
obtain a direct and better assessment of G-block formation, we
monitored the evolution of the G centred triads by “C-NMR
spectroscopy (100 MHz) using a polyMG enriched in *C-1 as
substrate for the enzyme AIgE6. Owing to the low sensitivity of
13C spectroscopy based on the naturally occurring isotope, we pre-
pared a mannuronan enriched in *C-1 by growing mannuronan-
producing bacteria Ps. fluorescence on "*C-l-labelled D-fructose
[9]. The labelled mannuronan was then converted into polyMG by
in vitro epimerization with AlgE4 (F5=0.47 and Fgc =0.0). In
the time-resolved experiment with AlgE6 shown in Figure 3, we
could monitor the change in the anomeric resonance signals both
from the G centred triads GGG, GGM, (MGG) and MGM, and the
M centred triads MMM, MMG, GMM and GMG. The generation
of G-blocks can thus be directly visualized from the increment in
the resonance signals from GGG and GGM, and the concomitant
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Figure 3 '*C-NMR monitored AlgE6 epimerization of polyMG

A stacked plot of the anomeric region of **C-NMR spectra (100 MHz) recorded during AIgE6 epimerization of *C-1-enriched polyMG (Fg = 0.47 and Fg = 0.0) at 40°C and p’H 7 of buffer solution
(Mops) in ?H,0. The enzymatic reaction was carried out inside the NMR spectrometer. The final concentrations in 500 ! total volume in the NMR tube were 20 mg/ml polyMG-alginate, 5 mg/ml
AIQES (as total protein) and 5 mM Ca®*. Molar ratio of enzyme/mannuronic acid residues susceptible to epimerization (Fy = 0.53) was 1:999. Spectra recorded after 19.9 min (Fg =0.51)to 17.1h
reaction time (Fg = 0.77) with a time interval of 15.8 min between successive recordings are shown. Front spectrum (dotted line) is recorded before addition of epimerase. Inset: molar fractions of
chain trisaccharide combinations versus degree of conversion (Fg) for polyMG epimerized with the mannuronan C-5 epimerases AlgET (O) and AlgE6 (#). Molar fractions were determined from
the NMR spectra after 0, 4, 8 and 23 h reaction time for AlgE1, and after 0, 2, 4, 8 and 25 h reaction time for AIgE6. The epimerization reactions were then terminated. Fegy represents the molar
fraction of G-block termination, i.e. the increase in number of G-blocks in the polymer chain during the epimerization reaction.

decrease in the GMG and MGM signals. In this experiment, Fg
increased from 0.47 to 0.77 over 17 h, after which the measure-
ment had to be aborted. By plotting the experimental triad fre-
quencies F g6, Fyoy and F gy obtained from 'H- and *C-NMR as
a function of epimerization (Fg) by AlgE1 and AIgE6 as shown
in Figure 3 (inset), it is evident that after an initial increase,
F6m remains constant during the epimerization process for both
enzymes. Since the GGM resonance arises from the end of a
G-block, a constant Fggy signifies that the number of G-blocks
remains constant during the epimerization, at least for low to
moderate degrees of conversion. This indicates that epimerization
takes place as elongation of existing G-blocks or that introduc-
tion of new blocks are compensated for by block condensation.
Moreover, since the molar fraction Fggy is slightly lower in the
AlgE1- than in the AlgE6-epimerized sample, the former enzyme
probably generates longer G-blocks.

Analysis of the length and distribution of the G-blocks in AlgE1-
and AlgE6-epimerized polyMG

The average length of G-blocks given as the average number of
consecutive G residues can be analysed by NMR spectroscopy.
From the molar fractions of the G-centred triad frequencies Fggg,
Foom and Fygy, the average length of G-blocks can be estimated
from: Ng.; = (Fs — Fuom)/Fooum [33]. However, to get inform-
ation about the real G-block lengths and their distribution in the
polymer, we degraded the epimerized polymers with a specific

alginate lyase. The digests were then fractionated by SEC and
the molecular mass and composition (sequence) of each fraction
were determined by means of ESI-MS and 'H-NMR spectroscopy.
The DP of fractions with high molecular mass (>2200 Da)
was analysed with HPAEC-PAD or MALDI-MS. The alginate
lyase isolated from H. tuberculata is a mannuronate S-eliminase,
specific for cleavage of M—M and G-M glycosidic linkages [24].
We examined the rate of the f-elimination reaction of this lyase
as the relative increase in A,;, and 25°C on mannuronan and
polyMG, and also on polyG as a negative control. As previously
reported [24,26,29,34], we found that the lyase has a preference
for performing a S-elimination reaction of an M residue following
an M, as in mannuronan, and with approximately four times
higher initial activity compared with the degradation rate of
polyMG with F; =0.47. For polyG (F; =0.95), no degradation
was observed after a small initial activity due to the 5% M in the
polymer. When the lyase attacks a sequence of alternating M and
G interspaced with homopolymeric G-blocks of various lengths,
the blocks will appear as A-(G),-G,qs where the A signifies a
4-deoxy-L-erythro-hex-4-enepyranosyl uronate residue at the
non-reducing end, arising in this case from an M, while the poly-
alternating sequences will be degraded into dimers (AG) and
tetramers (AGMG) [17].

PolyMG (Fs = 0.47) was epimerized with AIgE1 and AIgE6 to
FG :055, FGG :019, NG>1 =7 and FG :055, FGG 2017,
Ng., =5 respectively. The polymers were degraded with the
lyase and the digests were separated by SEC on Superdex 30.

© 2006 Biochemical Society
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Figure 4 SEC of AlgE1- and AlgE6-epimerized polyMG (Fg = 0.55 for both
enzymes) specific degraded by M-lyase from H. tuberculata

The oligo-uronic acids were chromatographed on three columns of Superdex 30 at a flow rate
of 0.8 ml/min with 0.1 M ammonium acetate at room temperature. The eluent was monitored
on-ling with a refractive index detector. The DP and composition (sequence) of marked peaks
[I—IV (E1) and (E6)] are given in Table 1. RI, refractive index.

Table 1 DP and composition of selected fractions obtained by SEC of lyase
digests of epimerized polyMG

PolyMG (Fg =0.47 and Fgz =0.0) was epimerized with AlgE1 and AIgE6 to Fg = 0.55 for
both enzymes. For the AlgE1-epimerized sample, Feg =0.19 and Ng..; =7, while for the
AlgE6-epimerized sample, Fgg = 0.17 and Ng..1 = 5. These MG/GG- alginates were degraded
by a specific M-lyase from H. tuberculata and separated by SEC on Superdex 30. Fractions with
low molecular mass were characterized by ESI-MS, while those with high molecular mass by
HPAEC-PAD or MALDI-MS. The composition of fractions were analysed by "H-NMR (300 MHz)
spectroscopy.

DP

Composition/sequence
SEC fraction ESI-MS MALDI-MS/HPAEC-PAD "H-NMR
I (AlgE1) DP52A—DP58A Fe =097
I (AlgET) DP6A AGMGMG
Il (AlgET) DP4A AGMG
IV (AlgE1) DP2A AG
| (AlgEG) DP27A—DP35A Fe=0.95
II (AlgEB) DP13A DP13A Fe=0.83
Il (AIgEB) DP4A AGMG
IV (AlgE6) DP2A AG

The chromatograms are given in Figure 4. The fractions were
analysed by 'H-NMR, ESI-MS and HPAEC-PAD or MALDI-
MS, and the values are given in Table 1. Both samples were heavily
degraded, and the NMR analysis of the total digests and fractions
showed that G residues at the reducing ends and guluronate-
linked unsaturated non-reducing ends (A-G) were the dominating
resonance signals. The most conspicuous difference between the
two chromatograms of the separated digests in Figure 4 is
the chain length distribution of the oligomers: the AlgE1 sample
displays a very clear bimodal distribution with a void fraction
[I (E1)] and two major low molecular mass peaks [III (E1) and
IV (ED)]. Analysis with HPAEC-PAD and ESI-MS shows that
the void comprises chain lengths of 52-58 residues, while the
low-molecular-mass fractions are tetramers and dimers. From
the '"H-NMR spectrum (see Figure 5A), it is evident that the
high-molecular-mass (void) fraction consists of pure G-blocks
(Fg > 0.97), while the two major low-molecular-mass fractions
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Figure 5 'H-NMR (400 MHz) spectra of the void (A) and major low-

molecular-mass fraction (B) from SEC of the lyase digest of AlgE1-epimerized
polyMG (Fg = 0.55)

The void and the low-molecular-mass fraction are denoted | (E1) and IIl (E1) respectively in the
SEC chromatogram in Figure 4. A-4G and A-1G signals are produced upon lyase degradation.
A denotes a 4-deoxy-L-erythro-hex-4-enepyranosyl uronate residue. Resonance signals from
G residues (G-1rgg, G-5eqex and G-5,498) are dominating at the reducing end (B). The void
fractionin (A) has Fg > 0.97. The low-molecular-mass fraction has Fg = 0.5 and an alternating
structure, determined as A-G-M-G with additional ESI-MS analysis confirming the molecular
mass of DP4A (Table 1).

are mainly composed of the tetramer A-G-M-G (see Figure 5B)
and the dimer A-G. A hexamer fraction [II (E1)] and traces of
larger oligomers with an odd number of uronic acid residues
(5,7,9, 11 etc.) could also be identified. In contrast with AlgE1,
the digest of the AlgE6-epimerized sample displays a broader dis-
tribution of oligomers rather than a clear-cut biomodality (see Fig-
ure 4). The major peaks in this case are also from the tetramer
A-G-M-G [III (E6)] and the dimer A-G [IV (E6)] as expected
degradation products from a regular polyMG sequence, but the
larger oligomers are G-blocks ranging from 5 to 35 residues
[I (E6)].

If the epimerases were attacking a strictly polyalternating se-
quence and propagating along the chain epimerizing M in GMG
sequence, only G-blocks with an odd number of G residues
would be generated. The isolation of these blocks using the G-M,
M-M specific lyase would thus produce oligomers with an even
number of residues due to the unsaturated residue (A) originating
from an M on the non-reducing end of the G-blocks. In contrast,
most of the oligomers with a DP > 4A in the lyase digests of the
AlgE1- and AlgE6-epimerized polyMG are composed of an odd
number of uronic acid residues (5, 7,9, 11 etc.). This is confirmed
by both ESI- and MALDI-MS analyses of the prominent SEC-
fractions. '"H-NMR spectroscopy shows that the odd number
oligomers have AG and G, at the non-reducing and reducing end
respectively. To explain these results, we must take into account
that the polyMG substrate is not completely homogeneous but
contains some MM sequences. From the “C-NMR spectra of
BC-1-enriched polyMG, the average M-block length of the extra
6 % MM content in the polymer can be calculated to be approx.
2, resulting in average blocks of [MG] larger than 20 [17] inter-
spersed with MM sequences (-M-G-M-M-G-M-). A statistical
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M-lyase
(H. tberculata)
A -M-GM-GM-G-M-G-G-G-G-G-G-M-GM- —» A-G-G-G-G-G-G, A-G and A-G-M-G

B -M-GM-GM-G-G-G-GG-GG-GM-GM- —P» A-G-G-G-G-G-G-G-G, A-G and A-G-M-G

C -MGM-G-M-G-GM-GG-G-G-GM-GM- —» A-G-G-M-G-G-G-G-G or A-G-G + A-G-G-G-G-G,

Figure 6
products produced after treatment with M-lyase from H. tuberculata

A-G and A-G-M-G

lllustration of the preferential enzyme attack by AlgE1 or AlgE6 of interspersed MM-sequences in polyMG (F; = 0.47) and the following degradation

(A, B) Most probable epimerization patterns achieving homogeneous G-blocks with an odd number of uronic acid residues (including the 4-deoxy-L-erythro-hex-4-enepyranosyl uronate residue),
in addition to AG-M-G and A-G as main degradation products after lyase treatment of low epimerized polyMG-alginates. (C) Heterogeneous blocks with an odd number of residues, or shorter
homogeneous G-blocks but with an even number of residues produced upon lyase degradation of epimerized material.
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Figure 7 Minimum chain lengths (DP) of M- (x) and MG- (O) oligomers to accommodate activity of AIgE1 (A) and AlgE6 (B) epimerases

Oligomer samples were treated with the individual epimerases for 24 h, freeze-dried and analysed by "H-NMR (300 and 500 MHz) spectroscopy in 2H,0 at 90°C. Initial values of Fg were 0.0 and

0.47 for M- and MG-oligomers respectively.

simulation of the length and distribution of these extra M residues
in the polyMG [30] suggests an average MG-block length of
approx. 38 monomer units and a poly-disperse distribution of M-
blocks with [M], =3.4, where the dimer (MM) fraction is the
most abundant, constituting 41 % of total M-blocks. A preferred
initial attack of AIgEl and AIgE6 on the -MM- neighbouring
an alternating sequence, leading to a subsequent epimerization
towards the reducing end of the polymer chains, as illustrated
in Figure 6, would explain the generation of odd numbered
oligomers. This mode of action (Figure 6) is also supported by the
kinetic experiments shown in Figures 2(A) and 2(B), where both
AlgE1 and AlgE6 prefer M-blocks to polyMG. Moreover, as the
initial activity of the lyase was four times greater on mannuronan
(Fy = 1.0) than polyMG (F = 0.47) as substrate, thus confirming
a preferential cleavage of M—M to G-M glycosidic linkages, the
absence of 'H-NMR resonance signals from M-1,.4,, AM and M-
1M in the lyase digests (spectra not shown) indicates that the MM
sequences are epimerized initially.

Size of the substrates and subsite analysis

A polymer-modifying enzyme that acts according to a multiple
attack mechanism, independent of whether it acts processively
or in a preferred mode, would have to interact with more than
one residue in the polymer substrate. We have previously demon-
strated that AlgE4 needs a hexameric mannuronan oligomer as
a minimum size of the substrate to support epimerase activity
[17]. Oligomers with uniform chain lengths ranging from 6 to 14
uronic acid residues were made from mannuronan and polyMG
by acid hydrolysis and separation by SEC (S. Holtan, Q. Zhang,
W. L. Strand and G. Skjék-Braek, unpublished work) [21]. The
oligomers were epimerized with AlgE1 and AlgE6 for 24 h and
their degree of epimerization was analysed by 'H-NMR. As
shown in Figure 7, the minimum size of a mannuronan (M)
oligomer is 7-8 for AlgE6 and 8-10 for AIgEl epimerization.
The NMR spectra reveal that AlgE1 introduces mainly single G
residues, while AIgE6 also generates GG-dyads. In both cases, the
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Figure 8 'H-NMR (500 MHz) spectra of control (non-epimerized) (A) and
AlgE6-epimerized (B) mannuronate undecamer

The oligomannuronic acid sample in (A) was treated with the epimerase for 24 h and an increase
in Fg from 0.0 to 0.30 (Fgg = 0.15) (B). The a-anomeric resonance signal of the reducing
end at 5.22 p.p.m. (A) shifts down-field to 5.24 p.p.m. when the penultimate residue is epi-
merized (B).

non-reducing and reducing ends of the oligomers remain un-
altered. From the 'H-NMR spectra of an AlgE6-epimerized
11-mer of mannuronan (Figure 8) with Fz =0.30 and F 5 =0.15,
the non-reducing end is M—M, while on the reducing end, M—M,4
is dominating, although a weak signal from G—M,, indicates that
the penultimate residue can be epimerized.

To analyse the epimerization patterns of the two enzymes more
carefully and ultimately identify which uronic acid residues are
being converted, the epimerized M-oligomers (DP6-DP9) were
degraded with the G-lyase from K. pneumonia, specific for G-G
and G-M glycosidic linkages [35]. New signals from G reducing
ends could be observed from 'H-NMR spectra after the treatment
with lyase, indicating a specific degradation of the epimerized
oligomers. The digests were then analysed by ESI-MS and
HPAEC-PAD. In Figure 9, the mass spectrum of the AlgE6-
epimerized mannuronan octamer treated with lyase is shown.
The dominating saturated oligomer is the tetramer at m/z 721.1,
with minor peaks from saturated trimers and pentamers, as well
as heptamers and octamers, the latter two from non-degraded
epimerized and/or non-epimerized materials. Other peaks attri-
butable to the oligo-uronates containing double bonds could be
observed with lower signal intensities such as DP4 with an un-
saturation at m/z 703.0, corresponding to the dominating saturated
tetramer in the octamer sample. The peak at m/z 527.0, relative
to DP3 with an unsaturation, could originate from degradation
of epimerized heptamer contained in the DP8 sample. Peak
assignments are reported in the Figure. This suggests that the M-
residue at position 4 from the non-reducing end is preferentially
epimerized. This was confirmed by HPAEC—PAD analysis of the
same sample, where the MMMG-oligomer is the dominating
peak (results not shown). Similar degradation patterns, with a
saturated tetramer as dominating fragment, was also observed
for the AlgE6-epimerised heptamer and nonamer, see Table 2.
Owing to a low degree of epimerization or possibly non-degraded
epimerized sample, original peaks for DP7 and DP9 were also
detected for these two samples. A non-epimerized heptamer of
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Figure 9 Negative ion ESI mass spectrum of mannuronate octamer after
treatment with AlgE6 epimerase and G-lyase

Peak attributions: saturated tetramer, 721.1 [M —H*]= and 743.0 [M+Na*® —2H*]-;
saturated (unchanged) octamer, 723.0 [M + Nat — 3H*/2]>~ and 1424.9 [M — H*]; satu-
rated pentamer 897.0 [M — H*+1~; saturated trimer, 545.1 [M — H*]~; unsaturated tetramer,
703.0 [M — H*]~; unsaturated trimer, 527.0 [M — H*]~; unsaturated pentamer, 879.0 [M —
H+]~; saturated (unchanged) heptamer, 657.5 [M + 3Na*—5H* /21>~ and 1248.9 [M — H*]~;
saturated (unchanged) hexamer, 1073.0 [M —H*]~; and saturated (unchanged) nonamer,
819.4 [M+ Na* 4+ NH,+ — 4H*/2]%—. Capillary voltage: 3.5 kV; solvent: ag. 50 % methanol
containing 1% ammonia.

mannuronan used as a negative control was not degraded by the
G-lyase.

No change in F could be detected by 'H-NMR for a DP6
mannuronan oligomer upon AlgE6 epimerization, see Figure 7.
However, small peaks for saturated DP4 (at m/z 721.1) and DP3
(at m/z 545.1) could be detected in the G-lyase digest by ESI-MS
analysis, suggesting a low level of epimerase activity on a hexamer
(mass spectrum not shown). The AlgE6-epimerized 11-mer
shown in Figure 8 was degraded by M-lyase from H. tuberculata
with specificity for M—-M and G-M glycosidic linkages. The
digest was analysed by ESI-MS and signals attributable to
all saturated oligomers (DP2-DP11) but with distinctly lower
signal intensities for DP5, DP6 and DP7 were observed (mass
spectrum not shown). For the unsaturated oligomers, trimers and
tetramers were dominant in the digest in addition to DP7 with
an unsaturation. This confirms that the ends of the oligomer are
mainly unaltered (see Figure 8), and that the formed G-block
(fromNMR; Ng., =4)is positioned in the middle of the chain. All
the ESI-MS data supported by NMR and HPAEC-PAD indicate
that AlgE6 acts on the fourth sugar in an oligomannuronic acid
chain with DP equal or higher than 7, regardless of the number of
monomeric units, although AIgE6 activity increases with the chain
length. This could fit with a subsite model with seven binding
sites, where site number 4 expresses catalytic activity, leading
to the observed G-lyase degradation patterns for the epimerized
heptamer, octamer and nonamer shown in Table 2.

For AlgEl-epimerized and lyase-degraded samples, only the
mannuronan octamer was successfully analysed, because of resi-
dual protein influencing the ESI mass analysis. As seen in Table 2,
the main saturated oligomers after lyase digestion are the tetramer
and trimer. In addition, unchanged heptamer and octamer were
also present in the sample. The main unsaturated oligomer is
DP4, corresponding to an epimerization of M residue number 4
from the non-reducing end in the octamer and specific cleavage
at this site. AlgE1 thus displays the same epimerization pattern
as AlgE6 when considering site of epimerization, although the
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Table 2 Composition and G-lyase degradation patterns of AlgE1- and AlgE6-epimerized mannuronate oligomers

Molar fractions Fg and Fgg of the samples after 24 h reaction time were obtained by integration of "H-NMR spectra (400 MHz). The molecular masses of saturated and unsaturated oligomers in the
G-lyase digests of the samples were obtained by ESI-MS. A non-epimerized heptamer of mannuronan was used as a negative control of the specificity of the G-lyase from K. pneumoniae.

Mannuronate oligomer Molar fraction Number of residues in saturated oligomers Number of residues in unsaturated oligomers

(DP) Fg Fes after G-lyase digestion (ESI-MS) after G-lyase digestion (ESI-MS)
After AIgE6 epimerization

7 0.05 0.01 4(3) A3and A4

8 0.06 0.01 4(3and5) A3and A4 (A5)

9 0.12 0.03 4(3,5and 6) A3, Adand A5 (A6)
After AIgET epimerization

8 0.03 0.01 4and3 A4 (A3and A5)

Control

7 0.00 0.00 7 0

Table 3 Epimerization characteristics of AlgE1-1 and AlgE1-2 50

Enzyme activity on different substrates of the two separate parts of AlgE1, AlgE1-1 (A;R¢R,R3)
and AlgE1-2 (A,R4) expressed separately in E. coli [10]. Samples were analysed by "H-NMR
(300 MHz) spectroscopy, in °H,0 at 90°C.

MgE1-1 (MRiRoRs)  AlgE1-2 (AoRy)

Substrate Reaction time (h) Fg Feg Fem Fg Fee Fem
Mannuronan 0 000 000 000 000 000 0.00
3 067 054 013 037 000 037

23 072 061 011 042 000 042

PolyMG 0 046 000 046 046 000 046
3 046 000 046 046 000 046

23 046 000 046 046 000 046

L. hyperborea leaf 0 049 033 016 049 033 0.16
3 065 047 018 059 036 023

23 069 051 018 059 035 024

relatively higher content of the saturated trimer might be attributed
to AlgE1-2, which is very similar to AlgE4, previously shown to
epimerize the third residue in an M-octamer [17].

In the case of MG-oligomers, taking into account that only 50 %
of the residues can be converted, AlgE6 shows similar activity
dependence on chain lengths as demonstrated for mannuronan.
For AlgE1, larger oligomers are required to obtain epimerization
(see Figure 7). Whether this reflects the differences in size between
the two enzymes is not clear. Since AIgE1 possesses two catalytic
domains AIgE1-1 and AlgE1-2, it is conceivable that binding
of the substrates to both sites is necessary for enzyme action.
To investigate this, the two truncated enzymes were expressed
separately and their activity assayed on both mannuronan and
polyMG. In the former case, both enzymes expressed activity,
AlgE1-1 by introducing G-block structures, and AlgE1-2 by
exclusive introduction of single G residues, as would be expected
from previous work using high M alginates as substrates [10].
In contrast, polyMG could not serve as substrate for either of
the two truncated enzymes, indicating that an intact AlgEl is
necessary to epimerase polyMG, see Table 3. A probable role for
AlgE1-2 in this matter may be the recognition and binding of the
alternating sequences. The epimerization of every second M resi-
due itself suggests a larger subsite, and Ertesvag et al. [10] imply
that AIgE1 and AlgE1-1 are able to epimerize smaller M-blocks
in the chain than AlgE1-2. This could explain the requirement for
larger MG- than M-oligomers for AlgE1 epimerization.

Subsite analysis on MG-oligomers, using G-lyase degradation
and ESI-MS, is more complex than with pure mannuronan oligo-
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Figure 10 Relative intensities of total of saturated oligomers in the M-lyase
(H. tuberculata) digests of DP12 MG-oligomers

Control (non-epimerized), Fg = 0.47 (light-grey bars to the left); AlgE1-epimerized, Fg = 0.52
(dark-grey bars in the middle); AlgE6-epimerized, Fg = 0.65 (black bars to the right). The
digests were analysed by FIA-MS in negative ion mode. Quantitative analysis was performed by
integrating a 10 p.p.m. window for each m/z and the contributions from the generated ions,
[M—H*]~, [M—2H+1>~ [M — 3H* 3~ [M — 4H*]*~, were summed for each chain length.
Only the chain lengths with an even number of residues are shown, due to the degradation
pattern of the lyase and low intensities of odd numbered oligomers.

mers, since G-specific lyases will degrade the starting material
as well as the epimerized oligomers. To solve this problem, we
compared the degradation pattern of the starting material with the
epimerized samples using the lyase from H. tuberculata, specific
for cleavage of G-M and M-M glycosidic linkages. FIA-MS was
performed on the lyase digests to achieve a quantitative analysis
of the degradation products before and after epimerization. In
Figure 10, the relative intensity of the saturated oligomers in the
digests of AlgEl- and AlgE6-epimerized DP12 MG-oligomer
compared with control non-epimerized sample is given. The
saturated oligomers arise from lyase cleavage of susceptible
linkages close to the non-reducing end of the sugar chains. The
non-epimerized DP12 MG-oligomer is degraded into oligomers
with an even number of residues, mainly di (MG) and tetra
(MGMG), the latter with approximately double intensity (light-
grey bars in Figure 10). In the epimerized samples, the amount
of tetramer is reduced with respect to the dimer (dark-grey and
black bars in Figure 10). This effect is more pronounced for
the AlgE6-epimerized sample (Fg = 0.65), with DP4 constituting
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less than half the intensity of DP2, than for the AlgE1-epimerized
sample (Fg=0.52). This is probably due to the higher degree
of epimerization in the former, which is also indicated by the
presence of saturated oligomers with longer chain lengths in this
sample. The ionization efficiency for MG-oligomers of various
chain lengths was tested to validate the analysis results. The
dimer (MG) and tetramer (MGMG) have approximately equal
efficiencies, within the same magnitude. However, for larger
oligomers there is a linear decrease in ionization efficiency up
to DP16 tested (results not shown). The observed degradation
patterns indicate that both AIgE1 and AlgE6 preferentially attack
an M in position 5 from the non-reducing end, creating an
MGMGGG-sequence (underlined and bold face indicate the
epimerized residue). Since position 4 from the non-reducing end
is occupied by a G residue in the case of MG-oligomers, the
proposed subsite model and position of the active site for AIgE6
are valid by shifting the subsite one residue towards the reducing
end. Thus, for AlgE6, the minimum size of an MG-oligomer for
binding to all the indicated seven sites is an octamer (see Figure 7).

In Figure 10, only the saturated oligomers are given. Of the
unsaturated oligomers, the tetramer (DP4A) is dominant in both
standard and epimerized oligomers. Similar characteristics were
also observed for epimerized and standard DP14 MG-oligomer
(results not shown).

Has the epimerization reaction any end point?

Since naturally occurring alginates in brown algae and in bacteria,
as well as in vitro epimerized alginates, still contain > 20 %
mannuronic acid, it has been suggested that there exists some
kind of end point for the epimerase reaction because a minimum
length of M-block is necessary to support enzyme activity [10,36].
If this were the case, condensation of G-blocks would not be
permitted. Since we show in the present paper that both AlgEl
and AIgE6 act effectively upon a polyalternating substrate and
thus epimerize an M residue flanked by G residues, there is
apparently no lower limit for the M-block length in chain to
support epimerase activity. An alternative explanation for the
apparent end point of epimerization is that calcium ions, required
by the enzyme, are gradually depleted due to their co-operative
binding to the long G-blocks. Moreover, binding of calcium ions
could lead to gel formation rendering the molecules less accessible
as substrate for the enzyme. To investigate this, high-molecular-
mass mannuronan was incubated with AlgE1 and AlgE6. When
epimerization took place with a concentration of calcium ions
that gives optimum reaction rate (2.5 mM), the reaction stopped
at approx. 50 % conversion due to precipitation of Ca-alginate
(results not shown). By reducing the calcium level to 0.8 mM
and adding 100 mM NaCl, which serves as an anti-gelling salt,
a conversion of 90 % was obtained with both AIgE1 and AlgE6.
By replacing mannuronan with polyMG as substrate and adding
enzyme several times during the incubation process, the degree
of epimerization was extended to >97 % G after 4 days of
epimerization (NMR spectra not shown). Since the reducing
and non-reducing ends cannot be attacked by the enzyme, this
probably represents the end point of the epimerization, as no
further increase in G content could be observed from 4 to 7 days
of epimerization. The molecular mass of the starting material
consequently determines the deviation from 100 % polyG. The
functional properties of these extreme alginates are currently
being investigated in our laboratory.

Concluding remarks

The results reported in the present paper demonstrate that the three
mannuronan C-5 epimerases AIgE1, AlgES and AlgE6 introduce
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G-blocks in various types of alginates, either by elongating
existing blocks or by condensing them, as demonstrated by their
action on polyMG. Still, and in spite of their genetic homology
[5,6], they act differently on various substrates. While AlgES,
which also exhibits lyase activity, prefers substrates containing
single G residues, the other two prefer a substrate containing G-
blocks. Moreover, AlgE1 and AlgE6 differ in the length and
distribution of the G-blocks they introduce into polyMG. This
probably reflects their different degrees of processivity. The
alternating [4)-B-D-ManpA-(1 — 4)-a-L-GulpA(1 — ], linkages
in polyMG imply that each residue is rotated nearly 180° with
respect to its neighbours. Since only every second residue can
be epimerized, the enzyme can slide along the substrate chain
without rotation, analogous to the action of AlgE4 on mannuronan
[17]. The knowledge of the epimerization patterns of the G-
block-forming mannuronan C-5 epimerases AlgEl and AlgE6
here examined on polyMG as substrate opens up a more specific
tailoring of alginate than with the composition of alternating
(AlgE4) and homogeneous (AlgE1 and AlgE6) block structures in
the polysaccharide only. Controlling the lengths and distribution
of blocks in the alginate and thus the physical properties, the
performances in a large number of applications can be improved.
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