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Food ingredients containing a-1,6-galactoside bonds elicit gastrointestinal disturbances in monogastric
animals, including humans. Pretreatment of such ingredients with o-galactosidase (EC 3.2.1.22) has
the potential to alleviate this condition. For this purpose, a thermostable a-galactosidase from
Thermoanaerobacterium polysaccharolyticum was purified by a combination of anion exchange and
size exclusion chromatographies. The enzyme has a monomeric molecular weight of ~80 kDa;
however, it is active as a dimer. The optimum temperature for enzyme activity is 77.5 °C. Approximately
84 and 88% of enzyme activity remained after 36.5 h of incubation at 70 and 65 °C, respectively.
Optimum activity was observed at pH 8.0, with a broad range of activity from pH 5.0 to 9.0. Different
transition metals had weak to strong inhibitory effects on enzyme activity. The K, and Vmax Of the
enzyme are 0.29—0.345 mM and 200—232 umol/min/mg of protein, respectively. Importantly, enzyme
activity was only slightly inhibited by 75—100 mM galactose, an end product of hydrolysis. Enzyme
activity was specific for the «-1,6-galactosyl bond, and activity was demonstrated on melibiose and
soy molasses.
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INTRODUCTION at moderately elevated temperaturés-12). Thermostable
Intestinal bacteria that produce-galactosidases induce a-galactosidases isolated from extreme thermophiles are also

gastrointestinal disturbances in humans and other monogastricbe'ng investigated for use in the petroleum- and soy-processing

animals that consume oligosaccharides containiig6-galac- Industries {3-15). Inte_restingly, thex-galagt_osidase genes of
toside bonds. To alleviate this condition;galactosidases € extreme thermophileShermotoga maritimand Thermo-

o toga neapolitanawere found to be flanked by other genes
(enzymes that hydrolyze-1,6-saccharolytic linkages) have been ! . S
exploited in processes aimed to degrade soy and Ieguminal'nVOIVed in galactoside breakdown and utilizatidt®,(17).

oligosaccharides1(-4). Additionally, a-galactosidases have ~ The recently isolated thermophil@hermoanaerobacterium
been described as a means of oligosaccharide synthesis byolysaccharolyticun(18, 19), was found to produce a wide
reversed hydrolysis or glycosyl transfer reactidbjs However, variety of enzymes, including an-galactosidase. We have

historically,a-galactosidases used in industrial applications lack isolated and characterized this enzyme to determine its potential
thermostability, specificity, and activity at desired pH conditions 1N industrial applications, especially in the removalcofL,6-

or demonstrate end-product inhibition. Thus, each process wouldgalactoside linkages from soy products at elevated temperatures.
benefit from an enzyme or group of enzymes that is specific

for that application. MATERIALS AND METHODS

. Ther.mOStable enzymes h"?“’e many advantages for use in Strain and Growth Conditions. The isolation and characterization
IndUSt.“al Processes. Th.ese include mqreased thermOS’tab'I'ty’of T. polysaccharolyticuninave been described elsewhei®)( The
chemical stability, and improved reactions rates at elevated o ganism was initially grown on melibiose on a small scale, and an
temperatures-8). To this end, thermostabte-galactosidases  gjiquot of the cell extract was screened fogalactosidase activity.
were isolated and used to hydrolyze sugar beet oligosaccharidesor purification of the enzyme, the bacterium was grown at®&8n

20 L of an anaerobic medium (95% G@nd 5% H) containing 30 g

* Address correspondence to this author at the Department of Animal Of Trypticase peptone (Difco), 10 g of yeast extract (Difcb)g of
Sciences, University of lllinois at Urbar&hampaign, 1207 W. Gregory  cysteine hydrochloride per liter (Sigma), and melibiose at a final
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o-Galactosidase of T. polysaccharolyticum

(1000@, 10 min, 4 °C). The cell pellet (1520 g) was resuspended in
200 mL of lysis buffer [25 mM bis-Tris propane, pH 7.0, 0.1 mM
phenylmethanesulfonyl fluoride (PMSF), and 1.0 mM dithiothreitol
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calibrated with high molecular weight markers prior to each protein
fractionation (Pharmacia-LKB). In a separate experiment, Superdex-
G75 (Pharmacia-LKB) was used to confirm tkeof the enzyme. The

(DTT)] and disrupted using a bead-beater (Biospec Products, Bartles-column was equilibrated with 25 mM bis-Tris propane, pH 7.0,

ville, OK) with an equal volume of 0.1 mm glass beads. The cell debris
and beads were pelleted by centrifugation (1@)QM min, 4 °C),

containing 0.15 M Nacl, the chromatography was developed with the
same buffer at a flow rate of 0.3 mL/min, and 0.3 mL fractions were

and the cell extracts recovered in the supernatant were retained forcollected. Prior to running of the purifieg-galactosidase, the column

purification of thea-galactosidase.

The steps below describe the purification process. Each column

was calibrated with low MW markers (Pharmacia-LKB).
Electrophoresis. Enzyme purity was assessed by sodium dodecyl

chromatography was performed using a Rainin HPLC system (Rainin sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described

Instruments Co., Woburn, MA), and all steps were performed at room
temperature.

Step 1. Ammonium Sulfate Fractionatiohhe supernatant (cell
extracts) was fractionated by addition of (W50, in 5% increments
at 4°C. After each increment, the insoluble fraction was pelleted by
centrifugation at 10009for 20 min, resuspended in buffer A (25 mM
bis-Tris propane, pH 7.0, containing 0.1 mM DTT), and store¢&®
°C until used.

Step 2. Octyl-Sepharose Chromatographiye (NH,),SO, concen-

trations in the samples obtained in step 1 were adjusted to 1.0 M by

further addition of buffer A. The active fractions were then pooled and
applied to an octyl-Sepharose column (Pharmacia-LKB, Uppsala,
Sweden) pre-equilibrated with buffer B [buffer A containing 1.0 M
(NH4)2SQy]. The proteins that bound to the matrix were eluted with a
descending gradient of buffer B [£@.0 M (NH,).SQy] at a flow rate

of 1.0 mL/min, and 8 mL fractions were collected.

Step 3. Mono-Q Anion Exchange Chromatograghstive fractions
from step 2 were pooled and dialyzed against buffer A, with four
changes b2 L each. The dialyzed fractions were concentrated using
Centriprep concentrators with a 30 kDa molecular weight (MW) cutoff
(Amicon). The samples were then applied to a Mono-Q (anion
exchange) column (Pharmacia-LKB) pre-equilibrated with buffer A.
The bound proteins were eluted with a linear gradient of Na€ll(0
M) in buffer A at a flow rate of 0.5 mL/min, and 0.5 mL fractions
were collected.

Step 4. Superose-6 Gel Filtration Chromatographgtive fractions

previously @1). Low-range molecular weight standards were used for
gel calibration (Pharmacia-LKB), and proteins were visualized by either
Coomassie Brilliant Blue or silver staining.

N-Terminal Amino Acid Sequencing. The N-terminal amino acid
sequence of the purified-galactosidase was determined by the Genetic
Engineering Core Facility at the University of Illinois at Urbana
Champaign.

Temperature and pH Optimum and Stability Assays. The
optimum temperature for enzyme activity was determined by the
standard assay described above with piNBal as the substrate.
Activity was monitored over 30 min at 5 min intervals. Temperature
stability was determined by incubating enzyme samples in 25 mM bis-
Tris propane buffer at each temperature (26, 37, 42, 55, 60, 65, 70,
and 75°C) for 2 and 4 h. Aliquots were taken from the mixture, and
the residual activity was determined by the standard piNBal assay.
Half-life studies were performed by incubating samples in 25 mM bis-
Tris propane, pH 7.0, for 36.5 h at the following temperatures: 65,
70, 72.5, 75, 77.5, and 8TC. Aliquots were taken at various times
and assayed for activity by the pNRGal assay at 58C. Arrenhius
plots were performed to estimate inactivation energy of the enzyme.
The pH optimum of enzyme activity was determined by the standard
pNP-o-Gal assay in the following buffers: 25 mM MES, HEPES, or
bis-Tris propane adjusted to a pH ranging from 4 to 10. The stability
of the enzyme at different pH values was studied using 25 mM bis-
Tris propane at pH values ranging from 4.0 to 10.0. The enzyme was

reincubated in each of the buffers at 37 for 4 h. The remaining

from the anion exchange chromatography were pooled and concentrate ctivity was then determined by the standard piBal assay.

as described in step 3. Next, the sample was applied to a Superose-6

gel filtration column pre-equilibrated with 25 mM bis-Tris propane,

pH 7.0. The chromatography was developed with the same buffer at a

flow rate of 0.3 mL/min, and 0.3 mL fractions were collected.
Step 5. Mono-Q Anion Exchange Chromatographgecond anion

exchange chromatography step was introduced into the purification

program to improve the purity of the final product. Active fractions
from step 4 were pooled, dialyzed against buffer A, concentrated with
Centriprep concentrators (30 kDa MW cutoff, Amicon), and applied
to an anion exchange column (Mono-Q, Pharmacia-LKB) pre-
equilibrated with buffer A. The proteins that bound to the matrix were
eluted with a linear gradient {€0.25 M NaCl) of buffer C (buffer A
containig 1 M NacCl) at a flow rate of 0.5 mL/min, and 0.5 mL
fractions were collected.

Enzyme Assays and Protein DeterminationThe o-galactosidase
activity was measured by the amountmhitrophenol released from
p-nitrophenyla-p-galactopyranoside (pN&-Gal; Sigma Chemical Co.,
St. Louis, MO). The reaction mixture (1 mL) contained 4l0 of the
fraction under investigation and 990 of 50 mM bis-Tris propane
containing pNPe-Gal at a concentration of 10 mM. The mixture was
incubated at the desired temperature (€5for standard assay, pH
7.0) for 30 min, and the reaction was terminated by the addition of 2
mL of 0.1 M NaHCQ. The color that developed as a result of the

release ofp-nitrophenol was measured at an absorbance of 405 nm.

Activator/Inhibitor Assays. The following compounds were tested
in the standard pNe-Gal assay for activation or inhibition of
a-galactosidase activity: Hg&I(NH4).SOy, ATP, AMP, EDTA, NAD,
NADH, CaChk, MgCl,, MgSQ,, CdSQ, p-hydroxymercuric benzoate
(PHMCB), KClI, sodium acetate, potassium acetatesthylmaleimide,
and iodoacetamide 010 mM); CuCk, NiCl,, MnCl,, CoSQ, FeSQ,
and Fed (0—1 mM); galactose (8100 mM);5-mercaptoethanol and
dithiothreitol (0-200 mM); and NaCl and BSA (6500 mM).

Enzyme Kinetics. K, and Vimax values were determined from
Michaelis-Menten, EadieHofstee, and LineweaveBurk plots.
Subunit cooperativity and putative substrate-binding site number were
determined by performing a Hill plot.

Substrate Specificity.Using the standard pN&-Gal assay condi-
tions described above, the enzyme was tested for its ability to hydrolyze
the following p-nitrophenyl analogue substrates:p-cellobioside o-p-
galactopyranoside3-p-galactopyranosidei-p-glucopyranosides-p-
lactoside, 5-D-maltoside, ands-p-xylopyranoside (Sigma Chemical
Co.).

Natural o-Galactoside Hydrolysis Preparation of Soy Molasses
and Melibiose. Spray-dried soy molasses was obtained from Archer
Daniels Midland (Decatur, IL). Melibiose was obtained from Sigma
Chemical Co. Two percent soy molasses andor 3 mg/mL melibiose
solutions (w/v) were prepared in 10 mM bis-Tris propane with a final

For buffer characterization assays, bis-Tris propane, HEPES, MES, orpH of 8.0. These were used in the total carbohydrate and reducing sugar

sodium phosphate buffer was used at a final concentration of 25, 50,

or 100 mM. One unit of enzyme activity was defined as the amount of
enzyme that releasedumol of p-nitrophenol per minute under assay
conditions.

Protein Assays. Protein concentrations were estimated by the
bicinchoninic acid (BCA) method2Q).

Molecular Mass (M;) Determination. The M, of the purified

quantitation assays.

Total Carbohydrate Assays Total carbohydrate was estimated
using a phenetsulfuric acid procedure2@). Three hundred microliters
of soy molasses solution (2%) was added to gQ0of 4% phenol.
Concentrated 80O, (1.5 mL) was then added and mixed well by
vortexing. The tubes were incubated at room temperature for 30 min,
and absorbance was measured with a spectrophotometer at 485 nm. A

enzyme was estimated by gel filtration with a Superose-6 size exclusion glucose standard curve was plotted for each assay with the following
column (Pharmacia-LKB) as described above. The column was concentrations: 0, 20, 40, 60, 80, and 1@9mL glucose.
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Table 1. Summary of T. polysaccharolyticum a-Galactosidase Purification

volume protein activity total activity? specific activity purifn recovery

purifn step (mL) (mg) (units/mL) (units) (units/mg of protein) factor (%)
crude extract 180.0 2493.0 3.77 678.7 0.272 1.00 100.00
50—60% ammonium sulfate 22.0 432.3 18.1 397.6 0.922 339 58.6
octyl-Sepharose® 2.2 6.93 342.3 753.1 108.7 399.2 111.0
Mono-Q ion exchange 45 2.2 88.6 398.5 267.2 981.4 58.7
Superose-6 6.0 1.39 28.39 170.3 122.9 451.4 25.1
Mono-Q ion exchange 1.122 0.17 42.02 47.1 247.14 907.8 7.0

20ne unit of enzyme activity is defined as the amount of enzyme that released 1 umol of p-nitrophenol per milliliter per minute. ° Step includes concentration and
dialysis.

Reducing Sugar AssaysA 3,5-dinitrosalicylic acid (DNS) reducing A 10— : T 20
sugar assay was used to estimate the release of reducing ends by @
o-galactosidase activity2@). The reaction mixture contained 100 < BN §
of 2% soy molasses or melibiose solution (3 mg/mL).&0(1 unit) 2 e >
of a-galactosidase enzyme solution, and 20 of 0.5 M bis-Tris ;5 %
propane, pH 8.0. The mixture (substrate) was preincubated &€70 g 0751 q10<
before the enzyme was added, and incubation was continuddfat 5 %
the same temperature. Enzyme-containing controls were incubated at E AN 455
4 °C. To terminate the reaction, 6@Q of DNS solution was added to < T S
the sample in each tube and incubated in boiling water for 10 min. 05 . . RS o isb,
The reaction mixture was cooled to room temperature, and 1.2 mL of g A’ : : : : : : : 600 4 10
double-distilled HO was added. After 20 min of incubation at room E 3
temperature, the absorbance at 550 nm was determined with a ) -a—o-gal ::2;
spectrophotometer, and for each assay a glucose standard curve was % 400 T z.
plotted and used to estimate the reducing sugars released. é g los Q.
g ) = |
RESULTS AND DISCUSSION § { ,," —{200 §
T. polysaccharolyticunsells, grown on melibiose, produced % . .\’ ’ 3
high levels of a thermostabte-galactosidase. The combination e |7 { . , . . , 0 15‘1 00
of ammonium sulfate precipitation and liquid chromatography ¢ _ — 'I M 'I _ 'I """"" 60 o o
based on hydrophobic interactions, anion exchange chromatog- E B
raphy, gel filtration, and a second anion exchange chromatog- & s g
raphy resulted in a purification factor of 908 with 7.0% recovery 8 | -amytase 140 5
of thea-galactosidase activityT@ble 1). The addition of affinity g E ’g
chrpmatography as an early step may provide a better yield of 2 3v cuom e oo S
purified enzyme. s )
The specific activity of the purifiedi-galactosidase is 247.1 § 3
units mg'? of protein. This is about half of the value (515 units 4 p—o—d—4 =
mg~! of protein) determined for a thermostable recombinant P ¢ L R 0 479%%
o-galactosidase frorBacillus stearothermophilug4). § wgal — e - 5)_’;
Chromatograms and activity peaks of each fraction are shown 8 L g
in Figure 1. Preliminary gel electrophoresis (SDS-PAGE) % g z
demonstrated a predominant band of si&#0 kDa Figure 2). £ e (20 3 70128 2
However, the size of the protein was estimated to be 176 kDa § % =3
with a Superose-6 size exclusion column, suggesting that the ¢ - "(1, 3
T. polysaccharolyticunui-galactosidase is a homodimer in § Lo J A g

solution. Contrary to our expectation, further analysis with a 595 20 30 40 50 60 ﬁo 09
Superdex G-75 gel filtration column yielded a protein of size Fraction Number

88 kDa, suggesting the dissociation of the oligomeric form into Figure 1. Chromatographic profiles of the a-galactosidase purification
monomers on this matrix. From the protein obtained from the steps: octyl-Sepharose CI-4B hydrophobic interaction (A), Mono-Q ion
Superose-6 gel filtration column, a homogeneous protein exchange using a wide NaCl gradient (B), Superose-6 gel filtration (C),
estimated to be 200 or 80 kDa when un-denatured or denaturecand Mono-Q ion exchange using a narrow NaCl gradient (D). Relative

(by boiling in SDS sample buffer), respectively, was visualized absorbances (—), designated salt gradient (- - -), and activities (®) are
through non-denaturing polyacrylamide gel electrophoresis indicated.

(Figure 3 panel I, lanes 1 and 2). Activity gel analysis showed

that whereas the undenatured produe2@0 kDa) was active, irreversible denaturation. In agreement with the results from
the denatured protein¢80 kDa) lackedx-galactosidase activity ~ the Superose-6 gel filtration analysis, Hill plot data provided
(Figure 3, panel 1l, lanes 1 and 2, respectively). These results evidence of an enzyme with a positive cooperativityef 1.4
suggested that thE. polysaccharolyticum-galactosidase was  and a subunit number of 1.972), which suggests a complex
active in an oligomeric form, probably a dimer. Attempts to possessing two binding sites.

reconstitute the denatured 80 kDa protein from the Superdex As shown inTable 2, the N-terminal amino acid sequence
G-75 chromatography were unsuccessful, erghlactosidase of the T. polysaccharolyticunmx-galactosidase was determined
activity was not detected from this sample, probably due to an to be GIYYDSENRAFYLNA. Although this region does not
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Figure 2. SDS-PAGE (10%) of T. polysaccharolyticum a-galactosidase
purification steps: (lane 1) low MW marker (indicated); (lane 2) crude
extract fraction (110.8 ng of protein); (lane 3) 50—60% ammonium sulfate
fraction (137.5 ng of protein): (lane 4) octyl-Sepharose CI-4B fraction
(31.5 ng of protein); (lane 5) Mono-Q anion exchange fraction [broad
gradient (6.1 ng of protein)]; (lane 6) Superose-6 gel filtration fraction
(3.2 ng of protein); (lane 7) Mono-Q anion exchange fraction [shallow
NaCl gradient (2.4 ng of protein)]; (lane 8) low MW marker. Protein gel
was stained with Coomassie Brilliant Blue.

200 kDa

80 kDa

Figure 3. Zymogram-PAGE (10%)
o-galactosidase. Purified a-galactosidase was separated by electrophore-
sis: (lane 1) purified o-galactosidase (undenatured); (lane 2) purified
a-galactosidase (denatured); (lane 3) low MW marker; (panel I) staining
by Coomassie Brilliant Blue after X-o-gal staining; (panel Il) staining of
gel with X-a-gal. (A) indicates purified un-denatured a-galactosidase that
migrates at ~200 kDa, appearing when stained with X-a.-gal or Coomassie
Brilliant Blue. (B) indicates purified heat-denatured a-galactosidase, which
demonstrates no activity on X-a-gal in this form, appearing only when
stained by Coomassie Brilliant Blue.

appear to be conserved among knowsgalactosidases, the
N-terminal amino acid sequence @f polysaccharolyticum
o-galactosidase shared some amino acid conservartiablég
2, underlined) with that of.actobacillus saliarius (3), albeit
at only a few positions.

A comparison of the properties of tie polysaccharolyticum
o-galactosidase with those of some hitherto repocteghlac-
tosidases is presented Trable 3. The approximate molecular
size (80 kDa) of the purified protein is consistent with that of
family 36 glycosyl hydrolases such as thegalactosidases of
Streptococcus mutarsnd Escherichia coliRaf A (25, 26).
Thesea-galactosidases and others of monomeric MW of 80
85 kDa @, 27—29) represent group one of bacterialgalac-
tosidases 30). The members of group two have smaller
molecular sizes, ranging from 53 to 65 kDa. Interestingly, most
were isolated from extremely thermophilic bacteria (growth at
temperature>80 °C), mainly of the generarhermusand
Thermotogg30). To date, only thel'. polysaccharolyticun.
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Table 2. Comparison of T. polysaccharolyticium a-Galactosidase
N-Terminal Sequence to a-Galactosidases of Mesophilic and
Thermophilic Microorganisms

Organism N-Terminal Sequence Reference
T. polysaccharolyticum GIYYDSENRAFYLNA This paper
L. salivarius VDLITVKENRVFHLHNEQL 3
T. ethanolicus MGRDVLNFNVDWLYIPEDLN 40
T. neapolitana NS-E aglA MEIFKRPFREGSFVLKEKDY 15
T. maritima MEIFGKTFREGRFVLKEKNE 16
S. mutans MGIBIKDNLFYIHDKDSSLI 26
E. coli melA MMSAPKITFIGAGSTIFVKB 38
E. coli rafA MISKYCRLSSPRSDLIIKTH 41
P. pentosaceus MNGEYKTLANKSFESNVLFF 42
A. niger MIQGLESIMNQGTKRILLAA 43

maritimaGalA, andE. coli MelA o-galactosidases are reported

to be active as dimers, whereas monomers, trimers, and tetramers
have been reported for other organisn&alfle 3). Heat
treatment of theT. polysaccharolyticunu-galactosidase by
boiling caused an irreversible loss of activity but no further
dissociation into subunits of lower molecular weight.

A 60 kDa protein was frequently found in the purified product
(Figure 2, lane 7). A protein of a similar size was reported
previously @7) during the purification of twar-galactosidases
(80 and 85 kDa) fronBacteroides oatus This protein could
be a contaminant or a truncated form of thgalactosidase or
a scaffolding protein that functions to stabilize the oligomeric
form of the respectiver-galactosidases. Further investigations
into these hypotheses are required.

The K, of the a-galactosidase is 0.29.35 mM, and the
Vmax IS 200-232 umol/min/mg of protein. These parameters
are similar to those df. salivarus a-galactosidaseK(, of 0.25
MM andVpmax of 193 umol/min/mg of protein). The enzyme is
specific for hydrolysis of thet-1,6-galactosyl bond and showed
little or no activity on p-nitrophenol-linkedj-p-cellobioside,
[-D-galactopyranosidé-p-glucopyranoside3-p-lactoside 5-p-
maltoside, or3-p-xylopyranoside.

Of the buffers examined, MES buffer yielded the highest
activity (Figure 4). However, bis-Tris propane was used during
purification due to frequent precipitation problems associated
with the MES buffer. The optimum pH of the-galactosidase
in 25 mM bis-Tris propane at 6%5C is 8.0. At least 50% of
activity was retained between pH 5.0 and 9.0, which cor-
responded well to the pH limits for growth @f. polysaccha-
rolyticum (19).

The enzyme has an optimum temperature of 7C5and
demonstrated maximal thermostability at°@. The half-lives
at 80, 77.5, 75, and 72.8C were 1.1, 2.7, 5.1, and 234 min,
respectively. Approximately 84 and 88% of activity remained
after incubation of the enzyme samples for 36.5 h at 70 and 65
°C, respectively. There was little or no loss of activity after 2
and 4 h ofpreincubation ak 70 °C. Thus, the enzyme is stable
at temperatures slightly above the temperature of optimum cell
growth (65-68 °C) (19). An Arrenhius plot of activity levels
after incubation at various temperatures gave an energy of
enzyme deactivation of 11.9 kcal/mol. Enzymes isolated from
thermophiles have been reported to have turnover rates similar
to those found in their mesophilic counterparts at their optimum
temperatures of activity8( 31). However, due to increased
reaction rates at the higher temperatures, it may be advantageous
to use thermostable enzymes.

The temperature stability (7GC) of theT. polysaccharolyti-
cumenzyme is slightly better than that of recombinant AgaN,
an o-galactosidase oB. stearothermophilustrain NUB3621
(half-life at 70 °C of 19 h) @4). However, the optimum
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Table 3. Comparison of a-Galactosidase Properties of Various Thermophilic and Mesophilic Bacteria

subunit Kin (MM) pH temp
organism subunits MW (kDa mel raf PNPo.G optimum optimum (°C ref
p
T. polysaccharolyticum 2 80 ND?2 ND 0.29-0.35 7.5-8.0 715 this paper
T. maritima GalA 2 62 NRP 2.1 0.075 5.0-55 90-95 11
T. neapolitana 5068 1 61 NR NR NR 7.0-75 100-105 13,14
T. neapolitana NS-E 1 61 NR NR NR 7.0 93 15
B. ovatus (a-gal I) 3 85 208 98.1 0.2 5.9-6.4 NR 27
B. ovatus (o-gal Il) 3 80.5 2.3 5.9 04 6.3-6.5 NR 27
B. stearothermophilus 3 82 NR NR NR 7.0-75 60 28
B. stearothermophilus 4 80.3 12 16.4 0.38 6.0-7.5 75 24
L. salivarius 1 80 NR NR 0.25 5.5-6.0 50 3
E. coli NR NR 2.33x1073 3.65 x 1072 1.07 x 1074 6.8 37 35
E. coli Raf A 4 81.2 NR 60 0.14 7.2 NR 25
E. coli MelA 2 50.6 10 NR 3 8.1 NR 36, 38, 39
S. mutans 4 82 9.1 197 4.4 6.5 NR 26
aND, not determined. ® NR, not reported.
o Table 4. Compounds Inhibiting Strain KM-THCJ a-Galactosidase
= Activity
(0]
§ 404
a % inhibition
D 30
£ % compound 0.25 mM 1.0mM 10.0 mM
=)
g 20 Weak Inhibitors
£ CuCl, 48+19 30.8+3.1
S 1ol FeCly 21515 46215
o FeSO,4 92+12 50.7+19
R W MnCl, 1.0+08 184+5.1
L NiCl, 9.7+05 21.7+04
(%)) o CaCl, 31+05 199+15
) L L A MgCl, 17+£12 16.4+14
P me bl e R B el N-ethylmaleimide 72+18 129+18
Figure 4. Effect of pH on T. polysaccharolyticum o-galactosidase activity. cdso % gsffgamhibitor;g 94280
The squares represent bis-Tris propane buffer, the circles are for MES Cosoj 8.3+317 844+16
buffer, and the triangles are for citrate—phosphate buffer. The activity at pHMCB 97.8+155 98.0 + 18.2
each pH represents the mean + SE of four measurements. HgCl, 88.2+16.9 843+ 144
ZnCl, 99.3+137 99.4+12.6

temperature of activity and stability is lower than that of
o-galactosidases isolated fronmermotogaspp. ((3—15). This o ] ) ) ]
may be an advantage depending on the temperature require(ghatoul,6-conta|n|ng oligosaccharides constitute slighty0%
for the processing of the-galactoside, as the temperatures Of the total sugar content of soy molasse&). (Thus, the
required for optimal activity of hyperthermophilic enzymes may estimated totad-1,6-oligosaccharide contentis3000ug/mL.
not always be desirable for industrial applications. Incubation of theT. polysaccharolytlcunqt-galacto&dase Wl_th

A number of compounds were screened to determine their SOy molasses released 4g/mL of reducing sugar/h, equaling
effect on the activity of the enzyme. Only AMP and NARt 0.6% of the totalo-1,6-oligosaccharide content. The same
10 mM concentration slightly activated enzyme activityl 0%). amount of enzyme released 1124/mL of reducing sugar/h
DTT andB-mercaptoethanol had no effect on dialyzed samples. from melibiose (3.75% of totai-1,6 content). Only 1 unit{5
Interestingly, galactose at concentrations of 75 and 100 mM Ng of enzyme) of enzyme was used in these assays, yielding
had only slight inhibitory effects (up to 16% reduction in 0.6 and 3.8% hydrolyses ofi-1,6-oligosaccharide in soy
activity) on activity. This lack of galactose inhibition at moderate Molasses and melibiose, respectivety lih at 70°C.
concentrations is likely to be an advantage for industrial ~ The temperature of incubation was chosen because it repre-
applications of th. polysaccharolyticura-galactosidase. Most ~ sents the temperature at which the enzyme exhibits long-term
of the compounds tested were found to be inhibitory to enzyme stability while maintaining an acceptable level of activity. At
activity (Table 4). Transition metals, which are likely to oxidize  this temperature, th€. polysaccharolyticura-galactosidase will
sulfhydryl groups, particularly have inhibitory effects on exhibit 25% less activity than that observed at its optimum
galactosidase activity. In the present experiment, pHMCB, a temperature (77.8C). TheB. stearothermophilua-galactosi-
sulfhydryl group affector, totally inhibited enzyme activity, dase was tested using milligram quantities of enzyme. Eighty-
providing evidence of the presence of a sensitive sulfhydryl seven percent of raffinose used as substrate (2.4% raffinose
group(s) in this enzyme. Mercuric chloride is also known to be solution) was hydrolyzed after 6.6 h of incubation with
a strong thiol-specific inhibitor32). As shown inTable 4, stearothermophilusi-galactosidase9j. The T. polysaccharo-
HgCl, at 1.0 mM had a strong inhibitory effect on activity and lyticum a-galactosidase was tested at much lower (nanogram)
likewise CdSQ. These results were similar to those reported concentrations. If these values are scaled up for application
for othera-galactosidases hypothesized as possessing sensitiveptimization, theT. polysaccharolyticura-galactosidase would
sulfhydryl groups 8, 26, 33, 34). likely demonstrate a better substrate hydrolyzing effectiveness

The total carbohydrate assay gave a total carbohydrate contenand be comparable to or more favorable than that ofBhe
of the 2% soy molasses as 5928/mL. It has been reported  stearothermophilugnzyme.



o-Galactosidase of T. polysaccharolyticum

Observed also in this study was the 7-fold increase in
a-galactoside hydrolysis of the melibiose versus the soy

molasses. The soy molasses may contain a number of the

compounds shown to be inhibitory to thegalactosidase. The
large-scale isolation df. polysaccharolyticum-galactosidase
and the optimization of its application to soy molasses process-
ing should be a future research focus.

On the basis of the results obtained from the isolation and
characterization of this enzyme, it would appear that the enzyme
has numerous potential applications. For commercial application,
where cost of production is an issue, the purification could be
ended at the first Mono-Q step and still have a fairly purified
and active enzyme. The neutral to alkaline activity and thermo-
stability of T. polysaccharolyticuno-galactosidase are well
suited for applications in the sucrose indus®y. Furthermore,
the thermostability, lack of significant inhibition by galactose,
and soy molasses hydrolysis warrant further studies on this
enzyme for application to soy-galactoside processing.
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