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Invertase Inhibitors from Sweet Potato (I[pomoea batatas):
Purification and Biochemical Characterization
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Two proteinaceous invertase inhibitors, designated ITI-L and ITI-R, were purified to electrophoretic
homogeneity. ITI-L was purified from acetone powder of sweet potato leaves through sequential steps
entailing buffer extraction, acid treatment, DEAE-Sephacel ion-exchange chromatography, and
Sephacryl S-100 gel filtration. ITI-R was purified from sweet potato tuberous roots by sequentially
applying buffer extraction, Con A-Sepharose affinity chromatography, DEAE-Sephacel ion-exchange
chromatography, Sephacryl S-200, and Superose 12 gel filtration. The optimal pHs for interaction
between ITI-L and ITI-R and acid invertase from sweet potato leaves were 5.5 and 5.0, respectively.
The molecular masses of ITI-L and ITI-R were 10 and 22 kDa, respectively, as estimated by both gel
filtration and SDS-PAGE. Both inhibitors were thermostable (90% of the activity remained after
incubation at 100 °C for 20 min), and Western blotting showed them to be immunologically related.
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INTRODUCTION 22.9 kDa have been found in red beet, sugar beets, sweet
potatoes 17, 18), maize endosperni®), yams @0), and tomato
fruit (21). In addition, we recently isolated two invertase
inhibitors from sweet potato leaves (ITI-L) and tuberous roots
(ITI-R). Both are low molecular mass proteins (10 and 22 kDa,
respectively), but ITI-L, in particular, is much smaller than
reviously described plant invertase inhibitors. In this report,
e describe the purification and characterization of ITI-L and
ITI-R.

Invertases/-p-fructofuranosidase; EC 3.2.1.26), which cata-
lyze the hydrolysis of sucrose to glucose and fructose are widely
distributed in higher plants, where they often occur in multiple
forms having differing pH optima, isoelectric points, and
subcellular localizationsl]. However, although there have been
many reports on the detection and characterization of invertase
in various plants, little is known about the regulation of these
enzymes. It is known, however, that large changes in invertase
activity are associated with the growth and development of
plants (2,3), as well as with environmental stimuli such as
wounding and pathogenic infectio#, (5); that low temper- Materials and Reagents Sweet potatolpomoea batataél..) Lam.
ature (6), low oxygen (7), gravity (8), and drought (9—11) all cv Tainong No. 57) leaves and tuberous roots were harvested im-
enhance invertase levels, and that some invertases appear to bwediately before use from a local farm. Millipore purified deionized
regulated by the hexose pool in plant tissues, as they arewater was used t_hroughout these experiments. Unless othe_rwise
inhibited by the reaction-products, glucose and fructage(3). specified, all chemicals used were purchased from Merck or Sigma
In addition, up-regulation of invertase genes by hormones sucha"d Were of reagent grade.

. . . Purification of Invertase Inhibitors. 1. Purification of ITI-L Fresh
f'as gibberellins14) anq cytokinins15) has also been observed sweet potato leaves (100 g) were homogenized with 3 volumes of cold
in several plant species.

) o . acetone for preparation of acetone powder. The acetone powder was
The presence of proteins that inhibit invertases in some plant ater homogenized with 5 volumes of 50 mM sodium-phosphate buffer

tissues suggests another possible mechanism for the regulatiofpH 7.0 (Buffer A)) containing 1 mM EDTA and then centrifuged at

of invertases. The first evidence for an endogenous protein- 8500gfor 30 min to remove insoluble substances. The supernatant

aceous invertase inhibitor was obtained from potato through (containing invertase and invertase inhibitor) was collected, and the

analysis of invertase kinetic4§). Since then, proteinaceous invertase was inactivated by adjusting the pH to 1.5 with 1 M HCI.

invertase inhibitors with molecular masses ranging from 17 to After incubation in a water bath at 3T for 40 min with occasional
stirring, the precipitate formed was removed by centrifugation (§500
30 min), and the pH of the supernatant was adjusted to 4.0 with 1 M
* Corresponding authors. (HYS) Fax: 886-2-23634729; E-mail: NaOH. After again centrifuging at 850dgr 30 min, the supernatant
'sgldngdhggbvntu.edu.tw. (CTC) Fax: 886-4-26318407; E-mail: ctchang@ ¢ readjusted to pH 7.0 and dialyzed overnight against Buffer A. The
*National Taiwan University. dialyzed sample was then applied to a DEAE-Sephacel columnx(2.6

* Providence University. 15 cm) pre-equilibrated with Buffer A. After sample absorption, proteins
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Table 1. Purification of Invertase Inhibitors from Sweet Potato Leaves and Tuberous roots?

total activity total protein specific activity purification yield
step (mu)P (mg) (mU/mg) (fold) (%)
sweet potato leaves
crude extract 6990 159 44 1 100
acid treatment 1860 453 410 94 27
DEAE-Sephacel 790 1.07 738 16.8 11
sephacryl S-100 270 0.07 3857 87.7 38
sweet potato tuberous roots
crude extract 22000 650 34 1 100
80% saturation (nha)2S04 20 000 502 40 12 91
ConA-Sepharose (nonrestained) 17 000 405 42 12 77
acid treatment 9000 28 321 9.4 41
Sephacryl $-200 7100 10 710 20.9 32
DEAE-Sephacel 5200 25 2080 61.2 24
FPLC Superose 12 4800 14 3430 101 22

a Data were obtained from 100 g of sweet potato leaves and 400 g of tuberous roots. ® One mU is 103 units and one unit of inhibitor is the amount of inhibitor that

inhibits 50% of 1 unit invertase activity at pH 5.0 and 37 °C.

were eluted with 400 mL of a linear gradient of0.3 M NacCl in
Buffer A; the protein profile of the column eluate was monitored at
280 nm. Inhibitor activity in eluate was detected using an invertase
inhibition assay. The main fractions containing inhibitor activity
(fractions 60-74) were combined and dialyzed as above. The dialyzed
sample was then loaded onto a Sephacryl S-100 columnx19®)

cm) pre-equilibrated with Buffer A, after and the main fractions
containing inhibitor activity were combined, dialyzed as above, and
stored at—20°C until used.

2. Purification of ITI-R Sweet potato tuberous roots (400 g) were
peeled, sliced, and homogenized with 300 mL of Buffer A containing
1 mM EDTA in a Waring blender at 4C, after which the homogenate
was centrifuged at 85@for 30 min to remove the insoluble substances.
Solid (NH,),SO, was then added to the supernatant to 80% saturation,
and the resultant precipitate was collected by centrifugation @500
30 min), suspended in 35 mL of 50 mM sodium-phosphate buffer (pH
6.0 (Buffer B)), and dialyzed overnight against the same buffer. The
dialyzed sample was applied to a Con A-Sepharose affinity column
(1.6 x 10 cm) pre-equilibrated with Buffer B. In this case, the invertase
was trapped by the column while the inhibitor activity was present in
the eluate, which was treated with 1 M HCI and then purified by DEAE-

Sephacel ion-exchange chromatography and Sephacryl S-200 gel

filtration, as described above. Finally, the inhibitor was further purified
on a Superose 12 column (10 30 cm) using an FPLC system
(Pharmacia) at a flow rate of 0.5 mL/min.

Purification of Acid Invertase. Acid invertase was purified from

Polyacrylamide Gel Electrophoresis. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was performed on slab
gels using the method of Laemmig) with a 4% stacking gel and a
10—20% gradient or 12.5% separating gel. One modification was that
tricine was used instead of tris as the buffer component of the
electrophoresis system for separation of low molecular weight peptides.
The same system was used for native basic gels, except SDS was
omitted and a 10% polyacrylamide gel was used. After electrophoresis,
the separated proteins were stained with silver or Coomassie Brilliant
Blue R-250.

Antiserum Preparation and Western Blotting. Polyclonal antibod-
ies against the inhibitor were raised in rabbits inoculated with290
of ITI-L, after which immunoglobulins were partially purified from
the serum fraction by precipitation with solid (MESOs (50%
saturation). In immunoassays, invertase inhibitong® was subjected
to SDS-PAGE, after which the resolved proteins were transferred to a
poly(vinylidene difluoride) (PVDF) membrane (Immobilon-P transfer
membrane purchased from Millipore). The protein bands were visual-
ized by first incubating the membrane with horseradish peroxidase-
conjugated secondary antibodies (Sigma Immunochemicals) and then
with 3-3' diaminobenzidine containing &, for color development.

Determination of Optimal pH. Invertase from sweet potato leaves
(6 units) was preincubated for 15 min at 3Z with varying amounts
of invertase inhibitor (3 and g of ITI-L or 3 and 5ug of ITI-R) in
an incubation mixture at pH 3 to 8, after which 0.24 mL of 0.4 M
sucrose (final concentration, 0.267 M) was added, and the remaining

sweet potato leaves using the procedure described by Charng et alinvertase activity was measured as described above.

(22) and Wu et al.43) with some modifications. Acetone powder of
sweet potato leaves was homogenized with 5 volumes of Buffer A
containing 1 mM EDTA, after which the homogenate was centrifuged

at 8500gfor 30 min to remove insoluble substances. The supernatant

containing acid invertase activity was then further purified by Con
A-Sepharose affinity chromatography and DEAE-Sephacel ion-
exchange chromatography.

Measurement of Invertase and Inhibitor Activities. Invertase

RESULTS

Purification of Invertase Inhibitors. The protocols for
purification of ITI-L and ITI-R and their results are summarized
in Table 1. Purification of invertase inhibitor from sweet potato
leaves (ITI-L) and tuberous roots (ITI-R) was assessed during

activity was determined by measuring reducing sugars formed from fractionation at each step by monitoring the inhibition of acid
sucrose hydrolysis using the Somogyi method as described previouslyinvertase purified from sweet potato leaves. Proteins extracted
(23). The reaction was carried out at 3Z in 0.1 M sodium acetate  from acetone powder of sweet potato leaves were subjected to
buffer (pH 5.0). The amount of reducing sugars produced was measuredacid treatment (pH 1.5), which removed most proteins, including
colorimetrically at 520 nm. Inhibitor activity was measured by the invertase. The amount of inhibitory activity recovered at
preincubating the acid invertase (6 units) for 30 min with varying this step was rather low, however, perhaps because some
amounts of inhibitorin 0.12 mL of 0.1 M acetate buffer (pH 5.0) at 37 jphibitor protein was denatured by the acid treatment. After this
C, after which 0.24 mL of 0.4 M sucrose (final concentration of 0.267 step, the inhibitor was further purified by DEAE-Sephacel anion

M) was added, and the remaining invertase activity was measured asexchan e column chromatoaranhy. during which one maior
described above. Invertase incubation mixture without added inhibitor 9 grapny, g |

served as a control. A unit of inhibitor was defined as the amount that Protein peak containing inhibitor activity was eluted using a

inhibited the activity of one unit of invertase by 50% at pH 5.0 and 37 linear NaCl gradient (80.3 M) (Figure 1). Final purification
°C. of the inhibitor was performed by gel filtration on Sephacryl

Protein concentrations were determined with the dye binding method S-100, and one protein peak containing inhibitor activity and
(24), using bovine serum albumin as the standard. two protein peaks without or with negligible inhibitor activity
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4 4 103 as a single protein band with a molecular mass of 10 kDa.
/ Likewise, at all concentrations tested, ITI-R was detected as a
)% - single protein band, in this case with a molecular mass of 22
3 s/ 1% £ kDa.
// B 02 . Characteristics of Invertase Inhibitors. Molecular masses
8, 1, = 2 The molecular masses of ITI-L and ITI-R estimated by SDS-
< e 3 § PAGE were 10 kDa and 22 kDa, respectivefygure 4). Both
/ 5 01 of these values were close to those determined by gel filtration
1k // 11 2 on a Sephadex G-100 colum@7() (data not shown), indicating
J/ £ that both inhibitors are monomers.
/ Effect of pH The optimal pHs for invertase inhibition by
0 b 2‘0 4‘0 6'0 alo 1033 - 00 ITI-L and ITI-R were 5.5 and 5.0, respectivelyigure 5), which
were close to the optimal pHs previously determined for
Fraction Number invertase inhibitors from potato and tomato frigtLj.
Figure 1. DEAE-Sephacel column chromatography of ITI-L obtained with ThermostabilityBoth ITI-L and ITI-R were thermostable and
acid treatment. The acid treated sample was applied to an anionic DEAE- retained 90% of their activity after being heated to 2@at
Sephacel column (2.6 x 15 cm) previously equilibrated with Buffer A. pH 5.0 for 20 min.
Proteins were eluted with a 0-0.3 M NaCl gradient (in Buffer A) in a total Specificity of ITI-L Inhibition As shown inFigure 6, ITI-L
volume of 400 mL; 3-mL fractions were collected. Protein profile (O) and inhibited not only invertase from sweet potato leaves but also
inhibitor activity (@) were separately monitored as described in Materials invertases from sweet potato tuberous roots and shoots of
and Methods. etiolated rice seedlings. The maximum inhibition of invertase
from sweet potato leaves was 79%, whereas invertases from
1.0 4 sweet potato tuberous roots and rice seedlings were inhibited
&8 b = by 41 and 47%, respectively. On the other hand, the inhibitor
08 15 § did not inhibit yeast invertase.
% Specificity of Anti-ITI-L Antiserum. The specificity of anti-
80'6 i < ITI-L antiserum was determined by Western blot analysis of
& 12 = the purified ITI-L and ITI-R plus analysis of ITI-R at various
04r 8 other stages of purification. The antiserum specifically reacted
11 2 with the purified ITI-L and ITI-R Figure 7), as well as with
02r £ ITI-R protein in the crude extract and in the Con A-unbound
ﬁﬁ fractions. It did not react with any other proteins in the crude
00> o e 30 o extract or in the Con A bound fractionBigure 8). This strongly
Fraction Number suggests that ITI-L and ITI-R are immunologically related.
Figure 2. Sephacryl S-100 gel filtration of ITI-L obtained from DEAE- N-Terminal Sequence of ITI-L. The N-terminal amino acid
Sephacel column chromatography. The ITI-L obtained from the DEAE- sequence of the purified ITI-L was found to be GNPTVTNY,
Sephacel column was applied to a Sephacryl S-100 column (1.6 x 90 and a comprehensive database search revealed no homologous
cm) previously equilibrated with Buffer A, and 3 mL fractions were protein sequence. We recently isolated a full-length, ITI-L-
collected. Protein profile (0) and inhibitory activity (@) were separately encoding cDNA clone from sweet potato leaves. The N-terminus
monitored. of the putative amino acid sequence from the cDNA was

identical to the first 8 N-terminal amino acids of the isolated
ITI-L protein, except Leu was substituted for Val at the 5
position, which might have been a microsequencer error.

were obtained Kigure 2). After gel filtration, the fractions
containing the highest amounts of inhibitory activity (fractions
80—88) were pooled. The amount of inhibitor activity recovered
at th|§ step was also low, p_erhaps becayse some fraCt'on%lscussmN

containing lesser amounts of inhibitor activity were removed.

Proteins extracted from sweet potato tuberous roots were The protocols for purification of ITI-L and ITI-R from sweet
precipitated with an 80% saturated solution of (\4$Os and potato leaves and tuberous roots described here enabled us to
then subjected to Con A-Sepharose affinity chromatography. purify both inhibitors to electrophoretic homogeneity. Because
The invertase inhibitor did not bind to the affinity adsorbent, of its lability at low pH, treatment at pH 1.5 effectively removed
though glycoproteins were adsorbed and emerged only afterinvertase activity in both protocols. Bracho and Whitakes)(
being eluted. Most of the invertase, for example, was removed observed that, at low pH, all invertase activity was lost from
by this procedure and was later eluted with phosphate buffer crude potato extracts, wherea890% of the invertase inhibitor
(pH 6.0) containing 6-0.3 M a-methylb-mannoside Kigure activity was retained. In the present study, however, only 30
3). The inhibitor was then further purified by acid treatment, 50% of either inhibitor was recovered after low pH treatment,
gel filtration chromatography on Sephacryl S-200, and ion- indicating that both ITI-L and ITI-R are less stable at low pH
exchange chromatography on a DEAE-Sephacel column. Finalthan potato invertase inhibitor.
purification of the inhibitor on a Superose 12 column was  The molecular masses of acid invertase inhibitors previously
performed using an FPLC system. isolated from other plants reportedly range from 17 to 22.9 kDa

By use of the protocols summarized above, ITI-L was purified (17,18, 21,28). ITI-L and ITI-R were found to exist as single
87.7-fold with a yield of 3.8%, while ITI-R was purified 101-  polypeptide chains with molecular masses of 10 kDa and 22
fold with a yield of 22% (Table 1). The SDS-PAGE electro- kDa, respectively; thus, the molecular mass of ITI-L is much
phoretic patterns of ITI-L at various purification steps and ITI-R lower than that of other plant invertase inhibitors, while that of
at various concentrations are shownFigure 4, partsA and ITI-R is similar to the 19.5 kDa previously reported for sweet
B, respectively. At the final step, the purified ITI-L was detected potato (root) invertase inhibitor (18).



Sweet Potato Invertase Inhibitors J. Agric. Food Chem., Vol. 51, No. 16, 2003 4807

5 0.30 r030
0—0 A 280 nm =
g

0.25 F025 @

S

(73]

0.20 F0.20 (@)

C

O (@) %
g 0.15 % - 0.15 c

< < .
()]

0.10 Fo10 _L
>

-

)

0.05 L 0.0 GEJ

S

0.00 L 0.00
0 20 40 60 80 100 120

Fraction Number

Figure 3. Con A-Sepharose column chromatography of invertase obtained from ammonium sulfate precipitation. Proteins precipitated with an 80%
saturated (NH,),SO, solution were applied to a Con A-Sepharose column (1.6 x 10 cm) previously equilibrated with Buffer B. Proteins bound to the
column were eluted with Buffer B containing 0—0.3 M o.-methyl-D-mannoside, and 3-mL fractions were collected. Protein profile () and invertase activity
(Aszo nm) (@) were separately monitored.

A A
120 - o Cone
— ®—8& 3 g inhibitor
® 100 A—4 6 g inhibitor|
+—16940 § 80 L
<
14404 @ L
2 60 4 \\ .
§ 40f Y 3
+—10070 g Y
20 "
-—5159
«—fl114 0 ! ! I I ! 1
2 3 4 5 6 7 8 9
pH
B
120
—~ :_: gont:gll'ublmr
9_\0/ 100 - o0 5;’13 inhibitor|
>
5 8r
= :
8 60 CR. 0 NM
8 7 T R
g 4 ¥ \§ ;T
[ -
2 20t 8
0 | | { | | |
Figure 4. SDS-PAGE of invertase inhibitors. (A) SDS-PAGE of ITI-L at 2 3 4 5 6 7 89
various purification steps was carried out using a 10-20% gradient gel: pH

lane M, very low molecular weight protein markers (peptide marker kit,
horse myoglobin peptides, Pharmacia); lane 1, Sephacryl S-100 column
purified inhibitor; lanes 2 and 3, DEAE-Sephacel column purified inhibitor;
lane 4, acid treated inhibitor; lane 5, crude extract of inhibitor. Proteins
were visualized by silver staining. (B) SDS-PAGE of FPLC Superose 12
column purified ITI-R was carried out using a 12.5% gel: lane M, low
molecular weight protein markers (Pharmacia); lanes 1, 2, 3, and 4,

Figure 5. Effect of pH on the inhibition of invertase by ITI-L and ITI-R.
Invertase from sweet potato leaves (6 units) was preincubated for 15 min
at 37 °C with ITI-L (3 and 6 ug, (A)) or ITI-R (3 and 5 ug, (B)) in an
incubation mixture at pH 3-8, after which the remaining invertase activity
was measured. Buffers used in the incubation mixture were 0.1 M citric
acid — 0.2 M phosphate buffer (pH 3—4), 0.1 M acetate buffer (pH 4—6)
or 0.05 M phosphate buffer (pH 6-8).

Superose 12 column purified ITI-R at concentrations of 12, 6, 4, and 2
ug, respectively. Arrowheads indicate the molecular masses of protein
markers. Proteins were visualized by Coomassie blue staining.

(17,18,21). Our immunodetection analysis indicated that ITI-L
and ITI-R are immunologically related and have at least some
similar amino acid sequence. It seems likely that structural
similarities among plant invertase inhibitors mean that their
Notably, ITI-L inhibited not only invertase from sweet potato reactivities are not limited to their natural invertases.

leaves but also those from sweet potato tuberous roots and rice  Both ITI-L and ITI-R inhibit invertase by reversibly binding
seedlings. The degree to which invertase inhibitors from a to it and require a short preincubation period for maximal
particular plant will inhibit invertases from other plants varies inhibition (data not shown). This is identical to the behavior of
widely, ranging from virtually no inhibition to total inhibition  the sweet potato invertase inhibitor described by Matsushita and
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Figure 6. Inhibition of yeast and plant invertases by ITI-L. Samples of
invertase isolated from (1) yeast (0.018 ug), (2) sweet potato tuberous
roots (0.6 uQ), (3) shoots of etiolated rice seedlings (0.6 ug), and (4)
sweet potato leaves (0.6 ug) were reacted in the absence (solid bar) or
presence (empty bar) of 3 ug of ITI-L.
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Figure 7. Western blot analysis of ITI-L and ITI-R. Purified ITI-L and
ITI-R were subjected to SDS—PAGE on a 16.5% gel, after which the
resolved proteins were transferred to a PVDF membrane and immuno-
blotted using antibodies against the purified ITI-L. Lane M contains low
molecular weight protein markers (albumin, 66 kDa; ovalbumin, 45 kDa;
carbonic anhydrase, 30 kDa; trypsin inhibitor, 20.1 kDa; a-lactoalbumin,
14.2 kDa and aprotinin, 6.5 kDa; purchased from Invitrogen). Lanes A
and B contain ITI-L (10 kDa) and ITI-R (22 kDa), respectively.

A

B C

22 kDa —

Figure 8. Western blot analysis of ITI-R after various purification steps.
Proteins in crude extract of sweet potato tuberous roots (A) and in the
Con A-Sepharose column unbound (B) and bound (C) fractions were
resolved by SDS-PAGE on a 15% gel. The gel was then transferred to
PVDF membrane and immunoblotted using antibodies against the ITI-L
protein.

Uritani (18), as well as to that of the maize invertase inhibitor
(19). By contrast, potato invertase inhibitor requires a longer
preincubation time and forms a nondissociable complex with
invertase (29).

The occurrence of proteins that inhibit invertase activities has

Wang et al.

dra betaceaSendt fruits and several other plants (sugar beet,
potato, and tomato) share lectin-like structural properties,
including some common epitopes and some amino acid se-
qguences. In our preliminary studies, we found that a recombinant
invertase inhibitor from sweet potato leaves also showed lectin-
like properties. It is well known that some lectins are compo-
nents of the defense mechanisms higher plants use against fungi
and bacteria, which suggests a probable function for protein-
aceous inhibitors. The true physiological functions of ITI-L and
ITI-R remain to be determined, however.
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