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Purification and Properties of D-Xylose Isomerase from Lactococcus sp. JK-8
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D-Xylose isomerase produced by Lactococcus sp. JK-8, isolated from kimchi, was purified 17-fold of
homogeneity, and its physicochemical properties were determined. Although the N-terminal amino
acid sequence of D-xylose isomerase was analysed to Ala-Tyr-Phe-Asn-Asp-lle-Ala-Pro-Ile-Lys, it was
not similar to that of Lactobacillus enzyme. The molecular weight of the purified enzyme was
estimated to be 180 kDa by gel filtration, 45 kDa by SDS-PAGE and the enzyme was homotetramer.
The optimum pH of the enzyme was around 7 and stable between pH 6 and 8. The optimum reaction
temperature was 70°C and stable up to 70C in the presence of 1 mM Mn”. Like other D-xylose
isomerases, this enzyme required divalent cation, such as Mg™, Co™, or Mn™ for the activity and
thermostability. Mn" was the best activator. Substrate specificity studies showed that this enzyme was
highly active on D-xylose. The enzyme had an isoelectric point of 4.8, and K values for D-xylose was

59 mM.
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D-Xylose isomerase (D-xylose ketol-isomerase, EC 5.3.1.5),
commonly referred to as glucose isomerase, catalyzes the
conversion of D-glucose to D-fructose and D-xylose to D-
xylulose. Both reactions are industrial importance because
the former being involved in the production of high-
fructose corn syrup (HFCS) and the latter playing a key
role in biomass utilization. For these applications, the im-
mobilized enzyme or whole cell preparation are used (1,3).

D-Xylose isomerase generally requires divalent metal
cations such as Mg”, Mn”, or Co™ for activity and sta-
bility (3). For homologues of this enzyme from Actinomy-
cetaceas such as Streptomyces (2,6), Arthrobacter (15), Mg2+ is
most effective for these activities. In the case of other D-
xylose isomerase, Co™ and Mn”" is more effective to iso-
merize D-glucose and D-xylose respectively (7-9,11,17). Ho-
mologues of D-xylose isomerase have been found in var-
ious microorganisms. D-xylose isomerses from Streptomyces
species have been widely studied and used for commercial
HFCS processes due to their high activities and ther-
mostabilities. Among the lactic acid bacteria, Lactobacillus
brevis produced the highest yield of D-xylose isomerase,
but this enzyme could not be used commercially because
of its low thermostability (1,3,5).

However, enzymatic and physicochemical properties of
the D-xylose isomerase from Lactococcus species among the
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lactic acid bacteria have not yet been reported (14). In the
present paper, we describe the purification and several
properties of D-xylose isomerase from Lactococcus sp. JK-8.
This strain was isolated from Kimchi in our laboratory.

Materials and Methods

Materials

D-Xylose was obtained from Junsei Chemical Co. D-
Xylitol, carbazole, cysteine hydrochloride, DEAE-cellulose,
Sephacryl S-200HR, and hydroxyapatite were purchased
from Sigma Chemical Co. DEAE-Sephadex A-50 was pro-
duced from Pharmacia Fine Chemicals. All other chemicals

were used to analytical grade.

Microorganism and medium

Lactococcus sp. JK-8 was isolated from Kimchi. The
bacterial cells were grown in cultivation medium con-
taining 1.5% D-xylose, 1.0% tryptone, 0.5% yeast extract,
0.1% KHPO;, 0.04% MgSO; - 7H:O, 0.014% MnSO; - 4H,0,
0.004% FeSO; - 7THO (pH 7.0) for 28 hr at 30°C in static
culture. D-Xylose was autoclaved separately and added
just before inoculation.

Determination of protein cincentration and enzyme
assay
Preparated protein concentration was determined by the

method of Lowry (13), usingbovine serum albumin as the



standard. The protein concentration of column fractions
was determined by measuring the absorbance at 280 nM.
The specific activity of the enzyme was expressed as units
per mg of protein. For assay of D-xylose isomerase ac-
tivity, a reaction mixture (1 ml) contained 5 mM D-xylose,
1 mM MnCl; - 4H,O and a enzyme preparation in 50 mM
potassium phosphate buffer (pH 7.0). After 10 min in-
cubation at 37°C, 0.05 ml of 50% trichloroacetic acid was
added to stop the reaction. The amount of D-xylulose
produced was determined by the cysteine/carbazole meth-
od (4). One unit of the enzyme activity was defined as the
amount of the enzyme that produced 1.0 mol of D-xylulose
per minute under the assay conditions.

Preparation of crude enzyme

All treatments were carried out at 4C unless otherwise
stated. Incubated cells (35 g, wet weight, obtained from 12
liter medium) were harvested by centrifugation at 10,000 X
g for 15 min, and washed twice with cold 50 mM po-
tassium buffer (pH 7.0). The washed cells were suspended
in the same buffer, and sonicated in an ice bath. The cell
debris was removed by centrifugation at 20,000 x g for 30
min. Unbroken cells were resuspended in the same buffer
and the sonication repeated in the same manner. The su-
pernatants obtained ware used as a crude extract. The
crude extract was added by dropwise 5% to final 5% con-
centration with 1 M MnCl, - 4H;O. Value of pH was main-
tained at 7.0 with 1T N NaOH. After standing for 30 min,
the precipitate was removed by centrifugation at 20,000x g
for 30 min. The MnCl treated supernatant was heated for
10 min at 65°C, and cooled to 4. The soluble fraction was
recovered after centrifugation at 20,000xg for 30 min. Solid
(NH,)S04 was added to the heat-treated extract to give 35
% saturation, and its solution was removed to be pre-
cipitated by centrifugation at 20,000xg for 30 min. More
(NH,):504 was added to the supernatant to give 80% sat-
uration. This solution was centrifuged a precipitate col-
lected, dissolved in 50 mM potassium phosphate buffer
(pH 7.0), and dialyzed overnight against the same buffer.

Column chromatography

The crude enzyme was applied to a DEAE-cellulose
column, equilibrated with 50 mM potassium phosphate
buffer (pH 7.0). The column was washed with the same
buffer and eluted with a liner KCl salt gradient (0~0.6 M)
in the same buffer. The activity-peak fractions were pooled
and concentrated by ultrafiltration (ZM 50 membrane ;
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Amicon Co.) The concentrated enzyme was applied to a
DEAE-Sephadex A-50 column, previously equilibrated with
50 mM potassium phosphate buffer (pH 7.0). The column
was washed with the same buffer and eluted with a liner
KCl salt gradient (0~1.0 M) in the same buffer. The frac-
tions containing enzyme activity were concentrated by
ultrafiltraion and further purified by gel filtration on a
column of Sephacryl S-200HR that had been equilibrated in
50 mM potassium phosphate buffer (pH 7.0). The activ-
ity-peak fractions were pooled and concentrated by ul-
trafiltration. The concentrated enzyme was dialyzed against
1 mM potassium phosphate buffer (pH 7.0). The dialyzed
solution was applied to a hydroxyapatite column, equi-
librated with 1 mM potassium phosphate buffer (pH 7.0).
The enzyme was eluted stepwise with 8, 20, 40 mM po-
tassium phosphate buffer (pH 7.0).

Electrophoresis

SDS-PAGE was performed as described by Laemmli
(10). Native PAGE was performed without SDS and Tris/
HCl buffer (pH 8.8) was used during polyacrylamide gel
preparation. Isoelectric focusing was done with a 7.5% pol-
yacrylamide gel containing 2.4% Ampholine (pH 3.0~10.0)
for 5 hr at a constant voltage of 200 V. Protein bands were
deterimined by Coomassie Brilliant Blue G-250 staining.

Determination of molecular weight

The molecular weight of D-xylose isomerase was de-
termined by gel filtration on a Sephacryl 5-200HR column,
and Blue dextran (M.W. 2,000 kDa), f-amylase from sweet
potato (M.W. 200 kDa), alcohol dehydrogenase from yeast
(M.W. 150 kDa), and bovine serum albumin (M.W. 66 kDa)
were used as standard proteins. The subunit molecular
weight was estimated by SDS-PAGE using 10% polyac-
rylamide gel. B-Galactosidase (M.W. 116 kDa), phosphory-
lase (M.W. 97 kDa), fructose-6-phosphate (M.W. 84 kDa),
bovine serum albumin (M.W. 66 kDa), glutamic dehydro-
genase (M.W. 55 kDa), ovalbumin (M.W. 45 kDa), and gly-
ceraldehyde-3-phosphate dehydrogenase (M.W. 36 kDa) were
used as standard markers (Sigma Chemical Co.).

Analysis of N-terminal amino acid sequence

The N-terminal sequence of D-xylose isomerase was
determined by automated Edman degradation with a
Miligen/Biosearch 6600 Prosequencer system (Millipore,
Milford, US.A.).
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Results and Discussions

Purification of D-xylose isomerase from Lactococcus
sp. JK-8

The purification of the enzyme is summarized in Table
1. The enzyme was purified from the culture cells of

Lactococcus sp. JK-8 by MnCly treatment, heat treatment,
(NHg):SO; fractionation, DEAE-Cellulose, DEAE-Sephadex
A-50, Sephacryl S-200HR, and hydroxyapatite column
chromatographies. The elution patterns on the DEAE-
cellulose, DEAE-Sephadex A-50, and Sephacryl S-200HR
column chromatographies are shown in Fig. 1. A, B, C,

Table 1. Purification of D-xylose isomerase from Lactococcus sp. JK-8

Total activity Total protein Specific activity Yield
Step . . o
(units) (mg) (units/mg) (%)
Cell-free extract 196,907 2,661 74 100
MnCl; treatment 191,150 1,916 100 97
Heat treatment (65C, 10 min) 186,682 1,294 144 95
{NHy):50; fractionation (35~80%) 174,193 387 450 88
DEAE-cellulose 103,631 155 669 52
DEAE-Sephadex A-50 74,558 92 810 38
Sephacryl 5-200HR 36,529 37 987 19
Hydroxyapatite 15,469 12 1,289 8
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Fig. 1. Purification of D-xylose isomerase produced by Lactococcus sp. JK-8 using various chromatographic methods.

(A) DEAE-cellulose column chromatography.

(B) DEAE-Sephadex A-50 column chromatography.
(C) Sephacryl 5-200 HR column chromatography.
(D) Hydroxyapatite column chromatography.



respectively. The elution profile on the final hydroxy-
apatite column chromatography is shown in Fig. 1.D, and
the enzyme protein was eluted with 20 mM potassium
phosphate buffer (pH 7.0). The purified enzyme was con-
sidered to be homogeneous by the detection of a single
band on SDS/PAGE and native PAGE (Fig. 2). By these
procedures, the enzyme was purified by 17-fold to com-
pare cell-free extract with a yield of 8%.

Comparison of N-terminal amino acid sequence

The N-terminal sequence up to 10 residues was an-
alysed by automated Edman degradation of the enzyme.
The N-terminal sequence of the residues from Lactococcus
sp. JK-8 enzyme (Ala-Tyr-Phe-Asn-Asp-lle-Ala-Pro-Ile-Lys)
is identical with that of Lactococcus lactis subsp. lactis (NCBI
data), but it is different from those of Lactobacillus brevis
(Met-Thr-Glu-Glu-Tyr-Trp-Lys-Gly-Val-Asp-Lys ; (1) or Lac-
tobacillus xylosus (Met-Thr-Asn-Glu-Tyr-Trp-GIn-Gly-Val-Asp-
Gln ; (1.

Determination of molecular weight and Isoelectric
point

The molecular weights of D-xylose isomerases from var-
ious microbial sources were reported to varying in the
range of 52 to 191 kDa and the enzymes to be composed
of two or four identical subunits (1). The molecular weight
of D-xylose isomerase from Lactococcus sp. JK-8 was
determined by gel filtration on Sephacryl S- 200HR to 180
kDa (Fig. 3). SDS-PAGE analysis showed a single band for

(A)
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the enzyme with the molecular weight of 45 kDa, indi-
cating that the enzyme was composed of homotetrameric
subunits (Fig. 2). This value is very closed to those of
Lactobacillus brevis (191 kDa with 4 subunits of 47 kDa) (16)
and Lactobacillus xylosus (183 kDa with 4 subunits of 45
kDa) (17).

The isoelectric point of the enzyme was about 4.8 by
isoelectric focusing, which is similar to those of the ther-
mostable enzyme from Thermus aquaticus (pl 4.4) (12), Clos-
tridium thermosulfurogenes (pl 4.9) (11), and Thermoanaero-
bacter (pl 4.8) (11).

Effect of pH on activity and stability

The optimum pH for D-xylose isomerase was deter-
mined by using acetate buffer (pH 3 to 5), potassium phos-
phate buffer (pH 5 to 8), glycine-NaOH buffer (pH 8 to
10), and Na;HPOs-NaOH buffer (pH 10 to 12) under the
standard assay conditions. As shown in Fig. 4. A, the
enzyme was the highest active at pH 7.0. The effects of pH
stability of the enzyme are shown in Fig. 4. B. After in-
cubation at various pH values at 30°C for 1 hr, the residual
activity was assayed at pH 7.0. The enzyme was stable
between pH 6.0 and 8.0. Although, D-xylose isomerase is
generally stable over a wide pH range of 4.0 to 11.0 (2,11,
18), that from Lactococcus sp. JK-8 was stable in only a

narrow pH range.

Effect of temperature on activity and stability
The optimum temperature was found to approximately

M.W. (x10%
20.5
11.6

9.7
8.4

(B)

Fig. 2. Electrophoretic analysis of the purified D-xylose isomerase from Lactococcus sp. JK-8.

(A) Native PAGE (7% gel), (B) SDS-PAGE (10% gel)
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Fig. 3. Estimation of molecular weight of D-xylose isomerase from Lactococcus sp. JK-8 by Sephacryl S-200HR gel filtration (A) and
SDS-PAGE (B).
(A) : 1, B-amylase from sweet potato (M.W. 200 kDa); 2, alcohol dehydrogenase (M.W. 150 kDa); 3, bovine serum albumin (M.W.
66 kDa); Vo (Void volume), Blue dextran (M.W. 2,000 kDa) elution volume; Ve (Elution volume), sample elution volume.
(B) : 1, B-galactosidase (M.W. 116 kDa); 2, phosphorylase (M.W. 97 kDa); 3, fructose-6-phosphate (M.W. 84 kDa); 4, bovine
serum albumin (M.W. 66 kDa); 5, glutamic dehydrogenase (M.W. 55 kDa); 6, ovalbumin (M.W. 45 kDa); 7, Glyceraldehyde-
3-phosphate dehydrogenase (M.W. 36 kDa).
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Fig. 4. Effect of pH on D-xylose isomerase activity (A) and stability (B).
(A) The enzyme activity was measured in the standard reaction mixture at indicated pH for 10 min at 37TC.
(B) The residual activity was measured. After the enzyme was incubated at 30C for 1 hr in each buffer.

70T under the standard assay conditions (Fig 5. A) while (Fig 5. B). Thermostability was examined by incubating the
the temperature was varied over a range of 20°C to 80C enzyme solution at pH 7.0 in the presence of 1 mM MnCl,
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Fig. 5. Effect of temperature on D-xylose isomerase activity (A) and stability (B).
(A) The enzyme activity was measured in the standard reaction mixture at indicated temperature for 10 min at pH 7.0.
(B} The enzyme was incubated at pH 7.0 with 1 mM MnCl; at various temperature for 30 min. The residual activity was

assayed with 0.1 ml of heat-treated enzyme.

at various temperatures for 30 min and measuring the
residual activity. As shown in Fig. 5. B, the enzyme was
stable up to 70°C and completely inactivated at 80°C. Ther-
mostability of Lactococcus sp. JK-8 enzyme was higher than
that of Lactobacillus enzymes (3,16,17).

Substrate specificity

The substrate specificity of D-xylose isomerase is shown
in Table 2. The enzyme had the highest activity to D-
xylose, but showed no activity to L-arabinose, D-galactose,
D-glucose, D-ribose, D-maltose, or D-mannose under the
standard assay conditions. However, the enzyme showed a
little activity for D-glucose under unusual conditons such
as a high concentration of D-glucose and high reaction
temperature (data not shown). The Kin of the enzyme for
D-xylose was determined for D-xylose from Lineweaver-
Burk plot, and calculated to be 5.9 mM (data not shown).
The K of the enzyme from Lactococcus sp. JK-8 was very
close to that of Lactobacillus enzymes (Lactobacillus brevis :
5.0 mM, Latobacillus xylosus : 53 mM (16,17).

Effect of metal ions
D-Xylose isomerase requires divalent metal cations such
as Mg”", Mn®", and Co*" for activity and stability (3). The

Table 2. Substrate specificity of D-xylose isomerase from Lac-
tococcus sp. JK-8

Substrate (10 mM) Relative activity (%)

D-xylose 100
L-arbinose
D-galactose
D-glucose
D-maltose
D-mannose
D-ribose 0
D-glucose (200 mM) Trace

O OO oo

The enzyme (about 9 ug of protein) was used for each assay,
except for D-glucose (about 168 of protein).

The enzyme activity was measured in standard assay con-
ditions for 10 min at 37C.

The reaction mixture was incubated at 55C for 30 min. Color
was developed at 55C for 30 min and measured at 560 nM.

effects of metal ions on isomerizing activity of Lactococcus
sp. JK-8 were shown in Table 3. The enzyme activity was
stimulated by the addition of 1 mM Mn2+, Co2+, or Mg2+.
When the enzyme was treated with EDTA, it showed no
activity in the absence of metal ions. However the activity
was restored by the addition of Mn®", Co™, or Mg*. Mn?"
was the best activator. The activity of enzyme was
inhibited by Cu®" and Fe®.
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Table 3. Effects of metals ions on the activity of D-xylose
isomerase from Lactococcus sp JK-8

Relative activity (%)

Metal ions .. .
(1 mM) Dialysis without Dialysis with
EDTA EDTA
None 100 0
MnCl 584 575
MgCl, 403 _ 225
CoCl 457 419
CuS0;4 16 0
CaCly 84 0
FeSO, 49 0
BaCl, 124 19
ZnCl, 99 25
NiCl, 81 0
Cdch 109 0

The enzyme was dialyzed against 50 mM potassium phos-
phate buffer (pH 7.0) containing 20 mM EDTA for 12 hr at
47, and then dialyzed against the same buffer without EDTA
for 12 hr at 4C. The enzyme activity was measured in the
standard reaction mixture in the presence of 1 mM metal ion
for 10 min at 37°C.

Table 4. Effects of known inhibitors to the activity of D-
xylose isomerase from Lactococcus sp. JK-8

Concentration Relative activity

Reagents (mM) (%)
None 100
Ammonium persulfate 10 89
L-Cysteine hydrochloride 10 102
N-Ethylmaleimide 10 90
B-Mercaptoethanol 10 67
sDS 10 91
NaN3 10 84
Na;HAsO, 10 85
NaF 10 95
Sodium thioglycolate 10 111
Pentachlorophenol 10 102
1,10-Phenanthroline 10 47
Potassium permanganate 10 0
PMSF 10 94
Tris 10 23
Xylitol 5 70
Mannitol 5 80
Ribitol 5 84
Sorbitol 5 81
Inositol 5 95

The reaction was performed after preincubation of the en-
zyme solution with various inhibitors at 37°C for 5 min.

Effects of known inhibitors for D-xylose isomerase
activity
The enzyme solution was mixed with 50 mM potassium

phosphate buffer (pH 7.0) containing a test reagent and
preincubated at 37°C for 5 min. Then the substrate (D-
xylose) was added. As shown in Table 4, the enzyme was
inhibited by 1,10-phenanthroline, potassium permanganate,
Tris, and xylitol. Unlike D-xylose isomerase of Lactobacillus
brevis (16), Lactobacillus xylosus (17), the enzyme of Lac-
tococcus sp. JK-8 was inhibited by ribitol.
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