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Acetic acid esterase (EC 3.1.1.6) cleaves the acetyl groups substituted at O-2/0-3 of the xylan
backbone of arabinoxylans and is known to modulate their functional properties. To date, this enzyme
from cereals has not received much attention. In the present study, acetic acid esterase from 72 h
ragi malt was isolated and purified to apparent homogeneity by a four-step purification, i.e., ammonium
sulfate precipitation, DEAE-cellulose, Sephacryl S-200, and phenyl-Sepharose column chromatog-
raphy, with a recovery of 0.36% and a fold purification of 34. The products liberated from a-NA and
PNPA by the action of purified ragi acetic acid esterase were authenticated by ESI-MS and *H NMR.
The pH and temperature optima of the enzyme were found to be 7.5 and 45 °C, respectively. The
enzyme is stable in the pH range of 6.0—9.0 and temperature range of 30—40 °C. The activation
energy of the enzymatic reaction was found to be 7.29 kJ mol~1. The apparent Ky, and Viax of the
purified acetic acid esterase for a-NA were 0.04 uM and 0.175 uM min—t mL™1, respectively. The
molecular weight of the native enzyme was found to be 79.4 kDa by GPC whereas the denatured
enzyme was found to be 19.7 kDa on SDS, indicating it to be a tetramer. EDTA, citric acid, and
metal ions such as Fe™ and Cu*?2 increased the activity while Ni*2, Ca*2, Co*2, Ba*2, Mg*2, Mn*2,
Zn*2, and Al*3 reduced the activity. Group-specific reagents such as eserine and PCMB at 25 mM
concentration completely inhibited the enzyme while iodoacetamide did not have any effect. Eserine
was found to be a competitive inhibitor.
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INTRODUCTION properties {1). They are not degraded in the rumen by microbes
wherein the degree of acetylation of arabinoxylans is believed
to be one of the important factor&Z, 13).

Enzymatic hydrolysis of cereal arabinoxylans requires the
participation of several hydrolytic enzymes. These are classified
in to two groups based on the nature of the linkages that they
cleave (14). The first group of enzymes is hydrolases involved
in the hydrolysis of the glycosidic bonds of xylan. These include
endoxylanases (EC 3.2.1.8)p-xylosidase (EC 3.2.1.37-L-

The complex nature of plant cell walls and the structure of
the individual polysaccharides have been the subject of many
investigations 1—3). Hemicellulose is the second most abundant
renewable polysaccharide in nature after cellulabe lemi-
celluloses are composed of arabinoxylans, 1, 3/3-p4glucans
and glucomannans, etc. Cereal arabinoxylan fis1a4-linked
D-xylose polymer which is generally substituted either at O-2/

O-3 with arabinose and also sometimes wit4nethylgluc- . . ;
uronic acid (5) in the side chains. Cinnamic acid derivatives arapinofuranosidase (EC 3.2.1.55) ang-glucuronidase (EC

such as ferulic acid and coumaric acids are esterified to'the 5 3-2-1.1). The second group includes enzymes that cleave the
OH group of arabinose side chair&—(7) whereas acetic acid ester !lnkaggs Whlch include acetic acid esterases (EC 3.1.1.6)
is found to be esterified to the free hydroxyl groups present at @nd cinnamic acid esterases (EC 3.1.1.73).
the C-2 and C-3 positions of Xy|ose residues present in the Acetic acid esterases (EC 3116) hydrOlyZe the ester |inkages
backbone (8 According to one school of thought, the presence ©f the acetyl groups present in the xylan side chains. Acetic
of occasional acetyl groups in the xylan backbone contributes acid esterases obtained from plant and animal sources differ
substantially to its solubility, while deacetylation leads to the from microbial acetyl xylan esterases (EC 3.1.1.72) such as
formation of xylan aggregate®) However, recent literature ~ Trichoderma reeseiAspergillus niger, andSchizophyllum
suggests that extensive acetylation does contribute to thecommungl5) with respect to their substrate specificity. Partial
insolubility of arabinoxylans¥0), indicating the bifunctional ~ characterization of acetic acid esterase from barley malt was
nature of acetyl groups. Acetylated xylans have poor gelling recently reported (16).
Finger millet (Eleusine coracana), also known as ragi, is an
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is used both in the native and processed (malted) forms (17).80 fractions. Ammonium sulfate fractions of 40—60, 60—80 were
Studies were reported from our group regarding (a) isolation, pooled (80% activity) and loaded onto a DEAE-cellulose column (1.5
purification, and characterization of ragi amylasés)( (b) x 18 cm), pre-equilibrated with Tris-HCI buffer (5 28 mL, 20 mM,
structure and functional relationship of alkali soluble arabin- PH 8.5) ataflow rate of 18 mL t and washed with the same buffer

_ to remove unbound proteins. A linear NaCl gradient-06 M) in
OXV"?‘“S (19), an(_i also. (C.) water eXtrQCtable feruloyl polysac equilibrating buffer was used to elute the bound proteins, which were
charides and their antioxidant properties (20).

) } ) collected (1.5 mL each) and monitored for protein (280 nm) as well as
Both alkali soluble arabinoxylans (hemicelluloses) and water acetic acid esterase activity. The active fractions from the anion

soluble ferulpyl pplysaccharides were proved to have' an eﬁect exchange chromatography were concentrated and loaded on a Sephacryl
on the functionality of cereal nonstarch polysaccharides with S-200 column (0.6< 90 cm) which was pre-equilibrated with 10 mM
respect to (a) foam stabilization, (b) gelling, and (c) viscosity Tris-HCI buffer (pH 7.0), and fractions (1.5 mL) were collected and
(21). However, to date the effect @-acetyl groups on the monitored for protein and acetic acid esterase activity. The pooled and
functionality of cereal water soluble nonstarch polysaccharides dialyzed active fractions obtained from Sephacryl S-200 were concen-
was not studied. Hence, a study was undertaken to purify andtrated and further fractionated on a phenyl Sepharose CL-4B column
characterizeD-acetic acid esterase from malted finger millet /hich was pre-equilibrated with sodium phosphate buffer (5 mM, pH

. 1 . . . 6.5) containing 1 M (NH).SO; which was used to remove unbound
and explore its potential in modulating the functionality of

. h pol harid hich i f th proteins. A linear (NH),SO, gradient (1 M to 0 M) followed by 50%
various nonstarch polysaccharides which is one of the mOStethylene glycol in sodium phosphate buffer (5 mM, pH 6.5) was used

important aspects in food science and technology. Very few g elute the bound proteins (2.5 mL) individually. Active fractions were
attempts were made to purify and characterize this novel enzymemonitored for protein and acetic acid esterase activity.

from plant sources, hence the present study. Purity Criteria. Polyacrylamide Gel Electrophoresis (PAGE).
PAGE (12.5%) under native conditions was carried out to evaluate the
MATERIALS AND METHODS purity of acetic acid esterase. Duplicate samples were run for

simultaneous protein (silver stainingd®) and activity staining27).

) Acetic Acid Esterase Activity Staininghe gel after electrophoresis
coracana, ragi, Indaf-15) was procured from the V.C. farm of the a5 incubated in activity staining solution (50 mM sodium phosphate
University of Agricultural Sciences, Bangalore, located at Mandya, buffer, 100 mL pH 7.20-NA dissolved in 1 mL of acetone, 10 mg;
Karnataka, India. Acrylamide, bis-acrylamide, ammonium persulfate fast blue RR salt, 50 mg) in the the dark at %7 until dark gray or
(APS),N,N,N'-tetramethylenediamine (TEMED), glycine, Tris-HCl, and | plack bands appeared. The stained gel was washed with water
reduced glutathione were obtained from Sisco Research Laboratories ;g fixed in 3% acetic acid (28).
Mumbai, India. Sephacryl S-200, phenyl Sepharose, BSA (bovine serum
albumin), protein molecular mass standards, Comassie brilliant blue,
o-NA (a-naphthyl acetate)p- naphthol, fast blue RR salt, polyvi-
nylpolypyrrolidone (PVPP), Triton X-100, PNPA (p-nitrophenyl ace-
tate), EDTA (ethylenediamine tetraacetate), esereine, PClB (
chloromercuric benzoate), and iodoacetamide were obtained from Sigm
Chemical Company, St. Louis, MO. Protein molecular mass markers
for SDS (sodium dodecyl sulfate) obtained from Genei, Bangalore,
India. DEAE-cellulose was obtained from Pharmacia Fine Chemicals,
Uppsala, Sweden.

Malting. Malting was carried as reported earlier (22). Ragi seeds
50 were cleaned and steeped for 16 h and germinated under .
E:ontrgo)lled conditions on moist clgth at2€ina B.O.D.gincubator up anhydrase (29 kDa), egg alb_umln (43 kDa), BSA (66 kDay), phosphor-
to 72 h. Germinated seeds were taken and dried &t&GM an air ylase (97.4 kDa), ahd m'yosm (2.05 kt?a_)' ) )
oven for 12 h, and vegetative growth portions were removed (deveg- Effect of pH_. Ace_tlc acid esterase activity was _determlned at various
etated) by gentle manual brushing. Devegetated seeds were weighed®H values using different buffers such as sodium acetate (pH 4.0

powdered and used for the extraction of acetic acid esterase. 6.0), sodium phosphate (pH 6.0-8.0), and Tris-HCI (pH 7.0-9.0) at
Enzyme Extraction. Malted ragi flour (72 h; 50 g) was extracted 75 mM concentrations. The maximum activity was taken as 100% and

with 75 mM Tris-HCI buffer (1:7, pH 9.0, 350 mL) containing 25 mM  "€lative activity plotted against different pH values.

Materials. An authenticated variety of finger milletE{eusine

Estimation of Molecular Weight (M;). GPC. This was performed
on a column (0.6< 90 cm) of Sephacryl S-200 HR calibrated by using
standard protein markers such as papain (12 kDa), carbonic anhydrase
(29 kDa), BSA (66 kDa), alcohol dehydrogenase (1.50 kDa), and
a,B-amylase (2.00 kDa). The molecular mass was calculated from a plot
of ViV, against the log of molecular weight.

SDS-PAGE. Mvalues were estimated by SDS-PAGE by the method
of Laemmli (1970) 29) using a 12% w/v acrylamide gel. Proteins were
detected by silver stainind, values were estimated from a plot of
log M, versus mobility using the following protein standards such as
lysozyme (14.3 kDa), soybean trypsin inhibitor (20.1kDa), carbonic

reduced glutathione, 1% Triton X-100 (w/v), and 1% PVPPZd at pH Stability. Stability of purified acetic acid esterase was carried

4°C, and supernatant was collected by centrifugation (§086C for out by preincubating the enzyme in different buffers such as glycine-

20 min) using a refrigerated centrifuge and dialyzed against the HCI (pH 2.0-3.0), sodium acetate (pH 4-®.0), sodium phosphate

extraction buffer and used for further experiments. (pH 6.0—8.0), and Tris-HCI (pH 7.0-9.0), followed by determining
Enzyme Assay/Activity. Acetic acid esterase activity was measured the residual activities at dlffer(_ent tlm_e .|ntervals. The orlgl_nal a(;t|V|ty

as described by Poutanen and Sundbé®) using 1 mMa-NA was t_aken as 100%, and relative activity was plotted against different

dissolved in ethanediol as substrate. The reaction mixture containing ime intervals.

acetic acid esterase amdNA (made to a final assay volume of 1.0 Temperature Optima. Freshly purified enzyme (5QiL) was

mL with 75 mM Tris-HCI buffer, pH 9.0) was carried out for 30 min  incubated with 1 mMx-NA in Tris-HCI buffer (pH 7.5, 75 mM) in a

at 30°C, and the reaction was stopped by adding Z00of 0.33 M temperature range of 3®0 °C (with an interval of 5°C) using a

H,SQ,. One unit of acetic acid esterase activity is defined as the amount thermostatically controlled incubator. The optimum activity was taken

of enzyme required to liberatezimol of a-naphthol min. The reaction as 100%, and relative activities were plotted against different temper-

was monitored spectrophotometrically at 235 nm for the release of atures.

o-naphthol. The activity with PNPA was determined by monitoring Thermal Stability. Purified acetic acid esterase was preincubated

photometrically the release of PNP at a wavelength of 400 nm (24), in a temperature range of 3®0 °C for 15 min. The residual activity

making use of PNP standard graph. was estimated taking original activity as control (100%), and relative
Protein Determination. The presence of protein was monitored in  activity was plotted against different temperatures.

the column fractions measuring absorbance at 280 nm and quantified Measurement of Activation Energy.To determine the temperature

by Bradford method at 590 nm using BSA as stand2f).( dependence of acetic acid esterase activity, reaction rates/activities at
Enzyme Purification. Crude enzyme preparation of acetic acid a series of temperatures (30—80) were determined. An Arrhenius

esterase from malted ragi was subjected to ammonium sulfate precipita-plot was drawn taking the natural log of activity graxis and 1/Tin

tion which resulted in 4 fractions, i.e.;-@0, 20—40, 40—60, and 60 K on x-axis. The activation energy was determined from the slope of
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the plot using the Arrhenius equation: 2 0.025
—ﬁ—Abzs:orbance
— 1 at nm
slope= —E/R c 17 et o0z £
S pmoles/min »
2 141 o
whereR is universal gas constant whose value is 8.314 J ol 5 L 0.015 ¢
Effect of Substrate Concentration. Different concentrations of 8 a4l =
o-NA (2—10 Q) in Tris-HCI buffer (75 mM, pH 7.5) was incubated  § 2
with purified acetic acid esterase for 30 min at 45, and activities g 0s | L 0.01 %
were measured at every 5 min. Initial velocitiég)(were calculated E <
for all substrate concentrations and thg and Vimax values were 051 - 0.005
calculated from double reciprocal plot (30).
Effect of Metal lons. Purified acetic acid esterase was incubated 0.2 0
with 5 mM solution of salts of metal ions (chlorides of as'EeCut2, 1 6 11 16 21 26 31 36 41 46 51 56 61 66 71
Ni*2, Ca2, CO'?, Bat?, Mg*2, Mn*2, Zn*2, Al*3, etc.) at 45°C for 15 Tube number

min, and residual activities was measured. The enzyme activities without Figure 1. Elution profile of ragi acetic acid esterase (40-80% ammonium
metal ion were taken as control (100%), and relative activities were sulfate fraction) on a DEAE-cellulose column.
calculated.

Effect of Group Specific ReagentsPurified acetic acid esterase o .
was incubated with 25 mM of PCMB, iodoacetamide, and eserine in the disulfide bonds and Triton X-100 to extract membrane bound

Tris-HCI buffer (pH 7.5) at 43C for 15 min, and the residual activites ~ enzymes, if any.

were estimated. The enzyme activities without these chemicals were Acetic acid esterase and acetyl xylan esterase activities have

taken as 100%, and relative activities were calculated. been detected in a variety of microorganisms, particularly fungi
Enzymic Deesterification of Acetyl Substrates.Water soluble such asPenicillium purpurogenun{32), Trichoderma reesei

portions of larch wood xylan, gum karaya, and water extractable (33), Ruminococcus fleefaciens(34), Streptomyces didans

polysaccharides (0.5%, 1 mL) isolated from ragi and wheat were taken (35)  andBacillus pumilus(36), etc. Recently an acetic acid

in Tris buffer (75 mM, pH 7.5) and incubated with purified ragi acetic  agtarase from Barley malt (16) was isolated, purified, and

acid esterase (0.1 mL). The reaction was allowed to proceed & 45 partially characterized.

for 2 h and was stopped by boiling for 10 min and centrifuged at o . . .
15 000gfor 30 min to separate the supernatant from the residue. The Purification of Acetic Acid Esterases.Crude Tris buffer

supernatant was analyzed by HPLC for acetic acid using Supelco- extract (Contalnl_ng 1% PVPP, 1% Tr_lton X-100, and_ 25 mM
C610H ion exchange column at room temperature at 210 nm using "éduced glutathione) from 72 h ragi malt was subjected to
orthophosphoric acid (0.05%) as the eluent with a flow rate of 0.5 mL ammonium sulfate precipitation and separated into four fractions
min~L. The retention time for acetate under these conditions was 19.865(0—20, 2040, 40-60, and 66-80%). Several chromatographic
min. The specific activities of purified ragi acetic acid esterase using techniques, i.e., anion exchange, gel filtration, and hydrophobic
various water soluble polysaccharide preparations were compared withinteraction, were previously used to purify the acetic acid
small molecular weight synthetic substrates such-&A and PNPA. esterases from microbes. Since more than 80% of the activity

IR Analysis of Water Soluble PolysaccharidesFreeze-dried water  \yas present in the 4680% ammonium sulfate fraction, it was
soluble polysaccharides of ragi, wheat, larch wood xylan, and gum ¢ hiacted to further purification on DEAE-cellulose column
kar_aya (2 mg each) were taken in KBr pellet discs (10 mg) and analyzed (Figure 1). This step was successful in removing the colored
byérglria\'\r/le; Zazf;gzcipylfor;;hzn%ej;nf)?(ﬁkfe;ﬁhggﬁgi was materigl_, Iarge amounts of unbound anpl coqtaminating proteins;
dissolved in ethanediol and DMSO (0.5 mL), respectively, and n aqd't'on' it has also rgduced the V'SCOS,'ty of'the—$0%.
incubated with purified acetic acid esterase at@5or different time fraction. The bound proteins were eluted with a linear gradient
intervals (0—8 h). The reaction was stopped with methanol (0.3 mL) Of NaCl (0-0.6 M). Acetic acid esterase was eluted as two
and centrifuged. The methanol layer which consists of products was peaks, one major (P-1) and one minor (P-2), at 0.27 and
analyzed on an ESI-MS Alliance Waters 2695 mass spectrometer using0.43 M NaCl concentrations, respectively.
negative mode electrospray ionization. The capillary voltage was  The DEAE-cellulose purified acetic acid esterase major peak
3.5 kV, core voltage 100 V, source temperature°80) dissolvation (P-1) was further purified on a Sephacryl S-200 column (figure
temperature 150C, core gas (argon) 35 L' and dissolvation gas ot shown). Acetic acid esterase was eluted as a single peak
(N|1trogen) 500 L . . , with a fold purification and recovery of 25.18 and 4.96%,

H NMR Spectral Analysis. A 2 mg amount of-NA or PNPA in respectively. However, on a native PAGE a large amount of

solution was incubated with purified ragi acetic acid esteras8 foat . . . )
45°C. Subsequently the reaction mixture was freeze-dried and dissolvedfarpOhgdrate sttr(_aaklljng dwasf_observe? arl]ong Wltl\r;l mlno; fr? n
in DMSO-ds, and the products were analyzed ¥y NMR using a aminating protein banas (figure not shown). Most o he
Bruker 500 MHz spectrometer operating at 7. hydrophobically associated carbohydrate as well as contaminat-

ing minor proteins was removed by phenyl Sepharose column
chromatography with a decreasing linear gradieinf oV to
0 M (NHg)2SOs. Acetic acid esterase was eluted with 50%
Extraction of Acetic Acid Esterase.The 72 h malted ragi ethylene glycol in sodium phosphate buffer (5 mM, pH 6.5)
was found to be the best (0.380mol min~gm~1 malt) (figure not shown). The purified acetic acid esterase was
compared to 24 (0.171), 48 (0.254), and 96 h (0.160) ragi malts obtained in 0.36% yield with fold purification of 34.
with respect to the acetic acid esterase activity. Maximum  Recovery of the enzyme was significantly decreased after
enzyme activity was extracted with Tris-HCI buffer at pH 9.0 DEAE-cellulose column separation as well as after hydrophobic
(10.21umol min~igm~1 malt) compared to pH 7.0 (1.97), pH interaction chromatography, which might be due to (a) enzyme
7.5(1.31), pH 8.0 (1.8), and pH 8.5 (4.02). Various substancesinactivation, and (b) removal of the carbohydrate which might
such as PVPP, reduced glutathione, and Triton X-100 were be hydrophobically associated with the acetic acid esterase by
added to the extracting buffer to enhance the yi8tt)(PVPP stabilizing it. The overall scheme employed in the purification
was included to minimize the coextraction of phenolic com- of acetic acid esterase from ragi malt is summarized in
pounds present in ragi malt and reduced glutathione to disrupt Table 1.

RESULTS AND DISCUSSION
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Table 1. Summary of the Purification of Acetic Acid Esterase from

Ragi Malt
total total specific fold %
step activity?  protein®  activity?  purification  recovery

crude? 0.725 266.05  0.0027 1 100

40-80% 0.59 15 0.04 14.8 81.2

(NH4)2S04 fraction

DEAE-cellulo se 0.04 0.83 0.045 16.8 5.24 -
Sephacryl $-200 0036 0526  0.068 25.2 4.96 .
phenyl-Sepharose 48 0.0016  0.028 0.093 34.37 0.36

250 g scale (values are average of three independent experiments). © One unit
is equivalent to 1 umol of a-naphthol released min~1. ¢ Total protein is expressed
in mg. ?Specific activity is expressed in 1 umol of a-naphthol released min—t
mg~! of protein.

a b

Criteria of Purity. The purity of acetic acid esterase was Figure 2. PAGE of purified ragi acetic acid esterase. (a) Protein staining.
confirmed by SDS and native PAGE. The activity and protein (b) Activity staining.
bands coincide on native PAGE (Figure 2a,b). By SDS-PAGE
a single subunit protein band with an estimalgdf 19.7 kDa
was observed Rigure 3a). The apparent molecular mass, transition state, represents the half-way point where the bonds
determined under denaturing conditions, is comparable to theof the substrate are distorted sufficiently so that the conversion
ones reported from the acetyl xylan esterases isolated fromto products becomes possible. The activation energy of the
Pencillium purpurogenum (32Bacillus pumilug36) and acetic reaction was calculated at the optimum pH of the enzyme (7.5),
acid esterase from Barley malt). The estimate¥, of acetic usingo-NA as substrate. The energy of activation as calculated
acid esterase under nondenaturing conditions using Sephacryfrom the Arrhenius plot was found to be 7.29 kJ miol
S-200 was found to be 79.4 kD&igure 3b), indicating it to (Figure 6).
be a homotetramer similar to the one reported from acetyl xylan  gffect of Substrate Concentration. Effect of different

esterase oBacillus pumilus(36). substrate concentrations on the initial velocity was calculated,
pH Optima and Stability. Acetic acid esterase was found  and the kinetic constant§;, andViaxWere calculated from the
to have pH optima of 7.5 and 80% activity was retained between double reciprocal plots (LB plot, Lineweaver and Burk, 1934
pH 6.0—9.0 (Figure 4a). The activity of acetic acid esterase in (Figure 7). The Michaeli constanK,, value of acetic acid
alkaline pH was more than the one observed in acidic pH. The gsterase from ragi was found to be 0481 for a-NA, and
activity has decreased both in acetate and phosphate buffers a; . was found to be 0.176M min—t mL~%. TheKy, value of
lower pH compared to Tris-HCI buffer. However, the drop in g 40,M determined for purified finger millet esterase is lower
activity in acetate buffer was much more pronounced in {nan the values reported f@. pumilus(1.54 mM) @6) and

phosphate buffer. Most of the activity was retained in Tris- ¢ g ccinogene2.7 mM) (39), indicating a higher specificity
HCI buffer, indicating better stability of acetic acid esterase in ¢, ,_NA. Km values for two acetyl xylan esterases from

Tris-HCI buffer. The enzyme activity has decreased drastically Thermoanaerobacteriursp. were determined using 4-methyl-

inh thehplt—| rbar;fge 4355t in ta;]cerag?l buffter an;jtr?ﬂ.o in . umbelliferyl acetate at 0.45 and 0.52 mM, respectively (38). A
phosphate bulier, indicating the fabi'e nature of thé enzyme in Km value of 25 mM for barley malt acetic acid esterase was

gc(;d:gg;i;jh?o(g;gn% Ispgu(r)rzirtji(és;m;"? rf;()(; g(]:fwirz)gp\@/llllfri of reported using diacetin as the substrate (16). No information is
cbmmun e(37), and 7.5 forStre tom, cés didans (35). The available with respect to the detailed kinetics and substrate
enzyme was stable over a brc?ad gH range from 5 5 1o 9.0, SPecificity of cereal/millet acetic acid esterases.

retaining about 8690% activity afte 2 h of incubation. Effect of Metal lons. A range of metal ions such as Fe
(Figure 4b). Cu'?, Ni?, Ca*?, Co™?, Bat?, Mg*2, Mn*2, Zn*?, and A3 at

5 mM concentration were tested for acetic acid esterase

Temperature Optima and Stability. To determine the TR N )
P P ty activation/inhibition effects, and the results are giveT able

temperature optima of ragi acetic acid esterase, activities were .
deteprmined atpa tempera?ture range of-80 °C (Figure 5). 2. Metal fons such as Nf, Ca"? Co*? and Bd? reduced the
The optimum temperature was found to be°@5 and this was ~ activity by 60—70%, while Mg?, Mn*2, Zn*2, AI*? reduced
comparatively lower than the temperatures reported for micro- the activity by 30—40% (Table 2). Similar concentrations of
organisms such aBacillus pumilus(55 °C), Streptomyces ~ F€'% Cu'? Cu', and citric acid enhanced the enzyme activity.
lividans(70°C), andThermoaerobacteriurspecies (80C) (35, Oxalic acid did not show any significant effect on the enzyme
36, 38). The purified enzyme was thermally active at gD activity. The inhibitory effect of C&, Co*?, Ba"?, Mg*?, and
The stability of the enzyme decreased gradually, and &350 Zn*t2was in accordance with the results reported for acetic acid
about 40% of the activity was retained. Less than 5% of the esterase frorchizophyllum commui@7) andBacillus pumilus
activity was retained at 8C (Figure 5). Increase in the three-  (36) and with ferulic acid esterase frofspergillus awamori
dimensional structure of the enzyme, which is maintained by a (40). Fe®and Cu? increased the enzyme activity in accordance
number of forces, mainly hydrophobic interactions and hydrogen with a 10% increase in activity of feruloyl esterasePehcillium
bonds, will be disrupted which results in the denaturation of expansunby Fe ions (41).
the protein and leads to inactivation of the enzyme. The inhibitory and stimulatory effects of these ions may be
Activation Energy. Activation energy, defined as the mini-  important factors in the commercial exploitation of this enzyme
mum energy required by the reactants in order to pass into awhere enzyme stability and activity are paramount.
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Figure 3. Molecular weight determination of purified ragi acetic acid esterase:
kDa phosphorylase; 66.0 kDa bovine serum albumin; 43.0 kDa ovalbumin; 2

(a) On SDS-PAGE: (A) Molecular weight markers: 205 kDa myosin; 97.4
9 kDa carbonic anhydrase; 20.1 kDa soybean trypsin inhibitor; 14.0 kDa

lysozyme. (B) Purified acetic acid esterase. (b) On Sephacryl S-200: a, 3-amylase, 2.00 kDa; b, alcohol dehydrogenase, 1.50 kDa; c, bovine serum
album, 66 kDa; d, carbonic anhydrase, 29 kDa; e, papain, 12 kDa. Purified ragi acetic acid esterase, 79.4 kDa.
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Figure 4. (a) pH optima and (b) pH stability of purified ragi acetic acid esterase.
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Figure 5. Temperature optima and thermal stability of purified ragi acetic
acid esterase.

Effect of Specific Reagents on Acetic Acid Esterase
Activity. Acetic acid esterase activity was determined in the
chemicals such as PCMB, iodoacetamide, and eserine @ 45

and 25 mM concentration. The acetic acid esterase was found

to be completely inactivated by PCMB as well as eserine
whereas iodoacetamide had showed almost negligible effect o
the activity (data not shown). The inhibition of PCMB and

eserine suggests the possible presence of amino acids such

statement, as the ionization values of these amino acids fall in
this range. PCMB is known to form complexes with cysteine
residues in the active site region of the enzymes. The effect of
eserine on the enzyme kinetics of purified ragi acetic acid
esterase showed that it is a competitive inhibitéiggre 7).
Eserine is a structural anaolgue of the amino acid serine which
is known to be present in the active site of several of the
esterases (42).

Enzymic Deesterification of Acetylated SubstratesThe
amount of acetylation achieved is determined by measurement
of enzymically released acetic acid from water soluble polysac-
charides and synthetic substrates. The specific activities of
purified ragi acetic acid esterase using various water soluble
polysaccharides and synthetic substrates is as follows: ragi,
0.027 U mg?; wheat, 4.44 U mg?; larch wood xylan, 0.061
U mg% gum karaya, 0.282 U mg; a-NA, 3.38 U mgl;
PNPA, 5.39 U mg? (U is uM min~1). The specific activity of
purified ragi acetic acid esterase with respect to water soluble
wheat preparation is higher than the other polysaccharide
substrates. Acetic acid esterase from ragi was active both on
nSmall molecular weight substrates as well as polysaccharides

as indicated by the present study.

as IR Analysis of Water Soluble Polysaccharides.The IR

cysteine or serine residues at the active site pocket. The pHspectra of water soluble preparations of polysaccharides such
optima (7.5) value of the acetic acid esterase also supports thisas ragi, wheat, larch wood xylan, and gum karaya showed
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Figure 6. Arrhenius plot for the temperature dependence of acetic acid
esterase using a-naphthyl acetate as substrate.
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Figure 7. Determination of Ky and Vinax Of ragi acetic acid esterase by
Lineweaver—Burk plot with and without inhibitor (substrate used: a-naph-
thyl acetate).

medium-intensity absorption at 1200 ch indicating the
presence of acetyl groups (figure not shown).

Electro Spray lon-Mass Spectrometry (ESI-MS).Analysis
by ESI-MS confirmed the gradual deacetylationoeNA and

PNPA to a-naphthol and PNP, respectively, by purified ragi
acetic acid esterase. The formation of PNP by the enzymatic
deacetylation of PNPA using ragi acetic acid esterase increase
with increase in incubation period{® h). The ratio of signals
atm/zfor PNP and PNPA (a. 0.6:1.0, b.1.33:1.0, c. 5.0:1.0, d.
100%) showed the complete deacetylation of PNPA to PNP
after 8 h of reaction (figure not shown). Tma/’z values of PNPA
and PNP are 193.70 and 137.15, respectively. Similar results

were observed witl-NA to a-naphthol. Them/z value of

o-naphthol is 142.70 and showed complete deacetylation of

o-NA (183.89,m/znegative mode). The amount @fnaphthol

has increased concurrently with increase in the incubation time

(figure not shown).
IH NMR. The enzymatic deacetylation afNA and PNPA

was confirmed by carrying o#H NMR experiments (figure

Latha and Muralikrishna

Table 2. Effect of Metal lons, EDTA, and Citric Acid on Purified Ragi
Acetic Acid Esterase

metal ions relative activity (%)
control 100
Cu*? 1130
Fe* 1000
Cu* 728.2
Hg*? 489.1
EDTA 2934
citric acid 1413
Mg*2 82.6
Zn*? 79.3
Mn*2 77.1
Al 69.5
Co*? 50.0
Bat? 445
Ni* 36.9
Ca*? 36.5

not shown). The chemical shifts at 8:28.22 ppm were
assigned to H-3 and H-5 protons, while those at 7386 ppm
were assigned to H-2 and H-6 protons in the aromatic ring of
PNPA. The chemical shift values at 2.235 were assigned to
acetyl protons of PNPAfigure not shown). The chemical shift
values for these protons were shifted after enzymatic deacetyl-
lation of PNPA to PNP (8.0228053 and 6.836.86 ppm). The
unreacted PNPA showed a slight chemical shift value at 7.3
and 8.2 ppm for aromatic protons and at 2.2 for acetyl protons
(figure not shown). In the case afNA the chemical shift values

at 7.22—7.91 ppm were assigned for the aromatic protons of
naphthol and 2.35 ppm was assigned for the protons of the acetyl
group @3) (figure not shown). After enzymatic deacetylation,
there is a change in chemical shift values in the nucleus of
naphthol ring. The complete absence of acetyl protons and the
presence of a carbonyl proton at 10.0 ppm indicates the complete
deacetylation ofx-NA to a-naphthol (figure not shown). The
complete hydrolytic cleavage of acetyl group @NA and
PNPA by ragi acetic acid esterase was found to be quite slow.

The practical use of acetic acid esterases particularly from
plant sources is limited because of the lack of sufficient
knowledge regarding their isolation, purification, and kinetic
properties. This particular study is an attempt in that direction
for possible exploitation of malt enzymes in modulating the
functional properties of cereal nonstarch polysaccharides in
various food applications.

Conclusions.Ragi malt of 72 h gave maximum acetic acid
esterase activity compared to other malts. The enzyme was
purified to apparent homogeneity from 72 h malt by four-step
purification with a recovery of 0.36% and a fold purification
of 34. It was found to be a homotetramer with a molecular
weight of 79.4 kDa. The pH and temperature optima of the
enzyme were found to be 7.5 and 46, respectively. The

ctivation energy of the enzymatic reaction was found to be

.29 KJ mot L. The apparenk, andVnmax of the purified acetic
acid esterase were 0.04M and 0.175x4M min—t mL™%,
respectively, with respect te-NA. Acetic acid esterase from
ragi malt is specific both for natural polysaccharides as well as
synthetic substrates. Eserine was found to be a competitive
inhibitor. The products liberated frooe-NA and PNPA by the
action of purified ragi acetic acid esterase were identified by
ESI-MS and'H NMR.

ABBREVIATIONS USED

PVPP, polyvinylpolypyrrolidone; PCMBp-chloromercuric
benzoate;a-NA, o-naphthyl acetate; PNPAp-nitrophenyl
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acetate; PNPp-nitrophenol; EDTA, ethylenediamine tetra-
acetate; NMR, nuclear magnetic resonance; DEAE, diethylami-
noethyl; MS, mass spectroscopy; DMSO, dimethyl sulfoxide;
BSA, bovine serum albumin.

ACKNOWLEDGMENT

We thank Dr. V. Prakash F.R.SC, Director CFTRI for his keen
interest in the work and encouragement.

Supporting Information Available: Elution profile of ragi
acetic acid esterase(lll), MS and NMR spectra, #idNMR
spectra. This material is available free of charge via the Internet
at http://pubs.acs.org.

LITERATURE CITED

(1) Aspinall, G. O. Chemistry of cell wall polysaccharides. In
The Biochemistry of Plants; A Comprehensive Treatise; Preis,
J., Ed.; Academic Press: New York, 1980; Vol. 3, pp 4439.

(2) Aspinall, G. O. Chemical characterization and structure deter-
mination of polysaccharides. IFhe Polysacccharides; Aspinall,
G. O., Ed.; Academic Press: New York, 1982; Vol. 2, pp-98
169.

(3) Selvendran, R. R.; O’Neill, M. A. Isolation and analysis of cell
walls from plant materialMethods Biochem. Anall987, 32,
25-153.

(4) Timell, T. E. Wood HemicellulosesAdv. Carbohydr. Chem.
1964,19, 247-302.

(5) Biely, P. Microbial xylanolytic system3rends Biotechnoll985
3, 286—290.

(6) Harvely, M.; Hartley, R. D.; Harris, P. J.; Curzon, E. H. Linkage
of p-Coumaryl and feruloyl groups to cell wall polysaccharides
of barley straw Carbohydr. Res1986,148, 71-85.

(7) Smith, M. M.; Hartley, R. D. Occarence and nature of ferulic
acid substitution of cell wall polysaccharides in graminaceous
plants.Carbohydr. Res1983,118, 65-80.

(8) Timell, T. E. Recent progress in the chemistry of wood
hemicellulosesWood. Sci. Technoll967,1, 45-70.

(9) Matsuo, T.; Mizuno, T. Acetyl groups in native glucomannan
from Easter lily bulbsAgric. Biol. Chem.1974,38, 465.

(10) Humberstone, F. J.; Briggs, D. E. Extraction and assay of acetic
acid esterase frommalted barldyInst. Brew2000h 106, 31—

37.

(11) Morris, E. J.; Bacon, J. S. D. The fate of acetyl groups and sugar
components during the digestion of grass cell walls in sheep.
J. Agric. Sci.1977,89, 327—340.

(12) Wood, T. M.; Mc Crave, S. |. The effect of acetyl groups on
the hydrolysis of rye grass cell walls by xylanase and cellulase
from Trichoderma koningiiPhytochemistryl986, 25, 1053—
1055.

(13) Mitchell, D. J.; Grohmann, K.; Himel, M. E. Effect of the degree
of acetylation on the enzymatic digestion of acetylated xylans.
Wood Chem. Technal990,10 (1), 111—-122.

(14) Dekker: R. F. H. Plant cell wall polymers: Biogenesis and
Biodegradation. ACS Symp. S&889,399, 619—629.

(15) Biely, P.; Puls, J.; Schneider, H. Acetyl xylan esterase in fungal
cellulolytic systemsFEBS Lett.1985,186, 86G-84.

(16) Humberstone, F. J.; Briggs, D. E. Partial purification of acetic
acid esterase from malted barlely.Inst. Brew.2002,108 (4),
434-438.

(17) Subba Rao, M. V. S. S. T.; Muralikrishna, G. Non starch
polysaccharides and phenolics from native and malted ragi
(Eleusine coracana)rood Chem2001,72, 187—192.

(18) Nirmala, M.; Muralikrishna, G. Three alpha amylases from
malted finger millet Eleusine coracandndaf-15) purification
and partial characterizatiofhytochemistry2003,62, 21-30.

(19) Subba Rao, M. V. S. S. T.; Muralikrishna, G. Structural analysis
of arabinoxylans isolated from native and malted finger millet
Carbohydr. Res2004,339, 2457-2463

J. Agric. Food Chem., Vol. 55, No. 3, 2007 901

(20) Shyama Prasada Rao, R.; Muralikrishna, G. Water soluble
feruloyl arabinoxylans from rice and ragi: changes upon malting
and their consequence on antioxidant activiyrytochemistry
2006,67 (1), 91—99.

Subba Rao, M. V. S. S. T.; Sai Manohar, R.; Muralikrishna, G.

Functional characteristics of non-starch polysaccharides (NSP)

obtained fromn ative (n) and malted (m) finger millet (ragi,

Eleusine coracana, indaf-15rood Chem2004,88, 453 -460.

Nirmala, M.; Subba Rao, M. V. S. S. T.; Muralikrishna, G.

Carbohydrates and their degrading enzymes from native and

malted finger millet Eleusine coracana, Indaf- 19yood Chem.

2000,69, 175—180.

Poutanen, K.; Sundberg, M. An acetyl esterase of Trichoderma

reesei and its role in the hydrolysis of acetyl xyladgpl.

Microbiol. Biotechnol.1988,28, 419—424.

(24) Chung, H. J.; Park, S. M.; Kim, H. R.; Yang, M. S.; Kim, D. H.
Cloning the gene encoding acetyl xylan esterase fispergillus
ficusmand its expression iRichia pastoris Enzyme Microbial
Technol.2002,31, 384—391.

(25) Bradford, M. M. A rapid sensitive method of quantitative
microgram quantities of proteins utilizing the principle of protein-
dye binding.Anal. Biochem1976,72, 248—254.

(26) Wray, W.; Boulikas, T.; Wray, V. P.; Hanocock, R. Silver
staining of proteins in polyacrylamide gefsal. Biochem1981,
118, 197—203.

(27) Jones, B. L.; Heisel, S. Differentiation of USA malted barley
varieties by electrophoresis of esterase enzyme#&m. Soc.
Brew. Chem1991,49, 93-98.

(28) Hou, W. C.; Lin, Y. H. Activity staining of pectin esterase on
polyacrylamide gels after acidic or sodium dodecylsulfate
electrophoresisElectrophoresisl 998,19, 692—694.

(29) Laemmali, U. K. Cleavage of structural proteins during the
assembly of head of bacteriophage Mature1970,227, 680.

(30) Lineweaver, H.; Burk, D. The determination of enzyme dis-
sociation constantsl. Am. Chem. S0d.934,56, 658—666.

(31) Madhavi Latha, G.; Muralikrishna, G. A process for the
preparation of acetic acid esterase from ragi malt. Patent 2336
/ DEL / 2005.

(32) Egana, L.; Gutierrez, R.; Caputo, V.; Peirano, A.; Steiner, J.;
Eyzaguirre, J. purification and characterization of two acetyl
xylan esterases frofencillium PurpogenunBiotechnol. Appl.
Biochem.1996,24, 33-39.

(33) Sundberg, M.; Poutanen, K .Purification and properties of two
acetyl xylan esterases dfichoderma reeseBiotechnol. Appl.
Biochem.1991,13, 1-11.

(34) Aurilia, V.; Martin, J. C.; McCrae, S. I.; Scott, K. P.; Rincon,
M. T.; Flint, H. J. Three multidomain esterases from cellulolytic
rumen anaerobRuminococcus flaefaciensl? that carry diver-
gent dockerin sequenceédicrobiology 2000,146, 1391—-1397.

(35) Dupont, C.; Daigneault, N.; Shareck, F.; Morosoli, R.; Kluepfel,
D. Purification and characterization of an acetyl xylan esterases
produced byStreptomycesididans. Biochem. 11996 319 881—

886.

(36) Degrassi, G.; Okeke, B. C.; Bruschi, C. V.; Venturi, V.
Purification and characterization of an acetyl xylan frBacillus
pumilus.Appl. Environ. Microbiol.1998,64 (2), 789—792.

(37) Halgasova, N.; Kutejova, E.; Timko, J. Purification and some
characteristics of the acetyl xylan esterase fi®ahizophyllum
communeBiochem. J1994,298, 751-755

(38) Shao, W.; Wiegel, J. Purification and characterization of two
thermostable acetyl xylan esterase frohermoanaerobacterium
sp.strain JW/SL-YS485Appl. Environ. Microbiol. 1995, 61,
729—-733.

(39) McDermid, K. P.; Forsberg, C. W.; Mackenzie, C. R. Purification
and properties of an acetyl xylan esterases ffeibbrobacter
succinogenes-S8&ppl. Environ. Microbiol.1990,56, 3805—
3810.

@1

~

(22

~

(23)



902 J. Agric. Food Chem., Vol. 55, No. 3, 2007

(40) Nakazato, I. N.; Chibana, K.; Seizen, S. T. Purification and
characterization of Feruloyl esterases frdspergillus awamori.
Food. Sci. Technol. Re$999,5 (3), 251—254.

(41) Donaghy, J.; McKay, A. M. Purification and characterization
of Feruloyl esterases from the funguencillium expansam
J. Appl. Microbiol.1997,83, 718—726.

(42) Cubadda, R.; Quattrucci, E. Separation by Gel electrofocusing
of wheat esterased. Sci. Food Agric1974,25, 417—422.

(43) Lavertu, Z. Xia, Serreqi, A. N.; Berrada, M.; Rodrigues, A,;

Latha and Muralikrishna

Wang, D.;Buschmann, M. D.; Ajay Gupta. A validatédl NMR
method for the detection of degree of acetylation of chitosan.
Polym. Bull.1991,26, 87A.

Received for review July 2, 2006. Revised manuscript received
November 9, 2006. Accepted November 16, 2006. G.M.L. acknowledges
the Council of Scientific Industrial Research (CSIR), New Delhi, for
the grant of Junior and Senior Research fellowships.

JF0618527



