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The primary structures of two subunits of an g-amylase inhibitor (¢AI-2) from a wild
common bean (Phaseolus vulgaris) were revealed by a comparison of the amino acid
sequence previusly deduced from the nucleotide sequence with the amino- and carboxyl-
terminal amino acid sequences determined by conventional methods. The polypeptide
molecular weight of aAI-2 obtained by the light-scattering technique, considered together
with the sequence molecular weights revealed for the subunits, indicated that «AI-2 has the
subunit stoichiometry of an «; 2, complex. These structural features were closely similar to
those recently elucidated for a white kidney bean (P. vulgaris) q-amylase inhibitor, which
is quite different in the inhibitory specificity from ¢AI-2. The post-translational processing
of the precursor glycoproteins to form the tetrameric structure appeared to require an Arg
residue close to the processing site. Further, the proper associations of the subunits into the
tetrameric structures seemed to be strictly controlled by a few amino acids on the subunit
interfaces.

Key words: g-amylase inhibitor, kidney bean, post-translational processing, primary

structure, subunit structure.

Seeds of the common bean (Phaseolus vulgaris) contain a
high level of a family of defense proteins that includes
a-amylase inhibitor, lectin, a-amylase inhibitor-like pro-
tein, and arcelin (1). The genes for these proteins are
encoded at a single locus in the P. vulgaris genome (2), and
the homologous genes seem to have arisen by duplication of
an ancestral gene. The amino acid sequences of these
proteins have been deduced from their cDNAs and show
high degrees of homology among them (3).

Recently, a series of structural studies has been made on
a white kidney bean (P. vulgaris) a-amylase inhibitor
(aAI-1)?, which is composed of two kinds of glycopolypep-
tide subunits, « and B (4-7). These studies disclosed for
the first time that a legume a-amylase inhibitor has a
tetrameric structure, @,f;, which is essential for the inhibi-
tory activity. In this study, with a view to gaining an insight
into the common structural features of to leguminous «-
amylase inhibitors, we undertook to determine the struc-
ture of an a-amylase inhibitor (¢ Al-2) from a wild com-
mon bean (P. vulgaris) (8), which has an inhibitory speci-
ficity quite different from a Al-1. The amino acid sequences
established for the two kinds of subunits, « and 8, of « AI-2

! To whom correspondence should be addressed. Tel: +81-722-52-
1161 (Ext. 2474), Fax: +81-722-52-0341

* Referred to as PHA.I in the previous papers (4-7).
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were highly homologous to those of aAl-1. Polypeptide
molecular weight of aAl-2 determined by size-exclusion
chromatography (SEC)/light-scattering technique, consid-
ered together with the sequence molecular weights of the
subunits, « and £, demonstrated that «Al-2 is also a
tetrameric complex, «,8;, analogous to «Al-1, suggesting
that the tetrameric structure is common to leguminous
a-amylase inhibitors. Further, a comparison of the amino
acid sequences of these inhibitors and other P. vulgaris
defense proteins suggested that the post-translational
processing of the precursors to form an active tetramer
needs an Arg residue close to the processing site.

MATERIALS AND METHODS

Materials—a Al-2 (9) and aAl-1 (4) were prepared as
described previously. Laboratory colonies of Callosobru-
chus chinensis and Zabrotes subfasciatus were also ob-
tained as described previously (10). Carboxypeptidase Y
was purchased from Wako Pure Chem. Aqueous urea was
always treated with ion-exchange resin AG501-X8D (Bio-
Rad) just before its use. Other chemicals used were
described in the previous paper (4, 6, 7).

Isolation of aAl-2 Subunits—aAl-2 (2.0 mg) was dis-
solved in 50 mM Tris-HCI (pH 8.0, 0.5 ml) containing 8 M
urea, 2mM EDTA, and 20 mM 2-mercaptoethanol, and
allowed to stand at 37°C for 4 h. Part (0.4 mg/0.1 ml) of the
solution was submitted to HPLC on a Shimadzu model
LC-10AS chromatograph. A Cosmosil DEAE column (7.5 X
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75 mm; Nacalai Tesque) was equilibrated with 50 mM
Tris-HCI (pH 8.0) containing 8 M urea and eluted with a
linear NaCl gradient from 0 to 0.1 M in the same buffer at
a flow rate of 0.3 ml/min. The elution of polypeptides was
monitored by tyrosyl fluorescence at 304 nm (excitation at
275nm). The peak efluents were collected, dialyzed
against 1% acetic acid (Spectrapor 3 membrane, Spectrum
Medical Industries), then lyophilized.

Amino Acid and Sugar Analysis—Amino acid analysis
was performed with a Hitachi 835 amino acid analyzer after
hydrolysis with 4 M methanesulfonic acid containing 0.2%
3-(2-aminoethyl)indole at 110°C for 24 h or 72 h in vacuo.
Values for isoleucine and leucine were those of 72h
hydrolysis. Individual neutral sugars were determined by
gas-liquid chromatography as their alditol acetates as
described previously (4). N-Acetylglucosamine was deter-
mined on a micro scale by a modification of the Elson-
Morgan method (12).

Carboxyl-Terminal Sequence Analysis—The carboxyl-
terminal sequences of peptides were determined with
carboxypeptidase Y. Peptides were digested with carboxy-
peptidase Y in 50 mM ammonium acetate buffer (pH 4.0).
At appropriate intervals, a part of the reaction mixture was
withdrawn and heated at 100°C for 5 min to stop the
reaction. The reaction mixture was lyophilized and the
amount of free amino acids was analyzed with an amino acid
analyzer.

Other Methods—aAl-1 assay was done exactly as de-
scribed previously (4). The insect a-amylases were ex-
tracted from larvae and used for o AI-2 activity estimation
by the method previously described (11). The amino-ter-
minal sequence analysis was carried out on a Shimadzu
model PSQ-1 gas-phase protein sequencer. Other analyti-
cal methods including SDS-PAGE and SEC/light-scatter-
ing technique were previously described (4, 7). Parental
and chimeric inhibitors were constructed from the subunits
of «Al-1 and @ AI-2 by the method described in a previous
paper (6). Gel-filtration HPLC of the construction products
was performed on a column of TSK-GEL G3000SW
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Fig. 1. Separation of the qAI-2 subuniis by DEAE-HPLC
under denaturing conditions. A Cosmosil DEAE column was first
eluted with 50 mM Tris-HCl (pH 8.0) containing 8 M urea, then with
a linear NaCl gradient from 0 to 0.1 M in the same buffer.
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(0.75x30 cm) (Tosch) developed with 40 mM glycero-
phosphate buffer (pH 6.9) containing 25 mM NaCl at a flow
rate of 0.4 ml/min. The elution of polypeptides was
monitored by tyrosyl fluorescence at 304 nm as described
above.

RESULTS

Isolation of aAI-2 Subunits—In a preliminary experi-
ment, SDS-PAGE of «AI-2 after chemical deglycosylation
yielded two protein bands, suggesting that «#Al-2 may be
composed of two different subunits. In this study, an
attempt was first made to isolate and purify these subunits
easily in sufficient quantity. As shown in Fig. 1, the «- and
p-subunits were satisfactorily separated by HPLC on a
DEAE column with 33 and 40% weight yields, respectively,
based on «Al-2 subjected to subunit dissociation.

SDS-PAGE of aAI-2 Subunits—The subunit prepara-
tions obtained by HPLC were submitted to SDS-PAGE.
The a-subunit migrated as two bands, a major one and a
minor one (Fig. 2, lane b), both of which were positive to the
periodic acid-Schiff staining test (data not shown). The
£-subunit also gave two bands (Fig. 2, lane c), and the
minor one was positive to the same test, whereas the major
one was only slightly positive (data not shown). These
results indicated that each subunit has a heterogeneous
sugar moiety, as in the case of @ Al-1 subunits.

a Al-2 subunits were compared with «Al-1 subunits in
polypeptide molecular size by SDS-PAGE after chemical
deglycosylation treatment (Fig. 2, lanes d, e, and f). The a-
and S-subunits showed almost the same mobilities as those
of ¢ Al-1, respectively, showing that each subunit of 2 AI-2
is closely similar in polypeptide size to the corresponding
subunit of aAl-1. From this analysis, the polypeptide
molecular weights of @- and £-subunits of aAI-2 were
estimated to be about 8,000 and 15,000, respectively.

Amino Acid and Sugar Compositions of the Subunits—
The chemical compositions of the subunits were deter-
mined as summarized in Table I. No tryptophan was
detected in the «-subunit and no cysteine in the 8-subunit.
Valine and lysine contents were much higher in the
£-subunit. The «-subunit contained about 27% by weight of
carbohydrate, whereas the g-subunit had only 4%. The
sugar compositions of these subunits suggested the possi-
bility that the «-subunit has an abundance of high man-

a b ¢ d4d e f£ g

Fig. 2. SDS-PAGE of ¢AI-2 and its subunits before and after
deglycosylation. Lane a, «Al-2; lane b, «-subunit; lane c, £-sub-
unit; lane d, deglycosylated «-subunit; lane e, deglycosylated
B-subunit; lane f, deglycosylated 2Al-1; lane g, molecular weight
standards.
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nose-type oligosaccharides and the £-subunit contains one
short xylomannose-type oligosaccharide chain.

Amino Acid Sequence of a- and §-Subunits—The amino
acid sequence of #Al-2 was previously deduced from the
nucleotide sequence of the cloned gene (13). To establish
the complete sequences of the a- and £-subunits, there-
fore, these subunits were subjected to terminal sequence
analyses. As shown in Fig. 3, the N-terminal sequences of

TABLE I. Amino acid and sugar compositions of the subunits
of gAI-2.

a-subunsit A-subunit
Component (residues/mol of subunit)

Asx 9.3 (11)° 15.2 (17)
Thr 9.6 (11) 8.1(9)
Ser 8.3 (10) 19.0 (21)
Glx 4.2 (5) 12.1 (13)
Pro 1.2 (1) 3.8 (4)
Gly 3.4 (3) 5.2 (6)
Ala 3.3 (4) 4.6 (5)
Cys 0.5 (1) —b
Val 3.3 (3) 14.9 (16)
Met 1.5 (2) 0.9 (1)
Ile 3.4 (4) 5.1 (6)
Leu 3.5 (4) 5.2 (6)
Tyr 2.3 (3) 2.6 (3)
Phe 5.1 (6) 6.0 (7)
Lys 0.7 (1) 6.3 (8)
His 0.6 (1) 2.3 (3)
Arg 1.5 (2) 5.9 (7)
Trp —r 2.4 (3)
GleNAc 3.6 0.8
Man 12.1 2.0
Xyl 1.0 0.4
Fuc 0.5 —P

*Values in parentheses are taken from the sequence data. ®Not
detected.
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the a- and S-subunits were directly determined with the
automated sequencer up to the 34th and 24th residues,
respectively. The yields of PTH-Ala from the «-subunit
and PTH-Ser from the S-subunit in the first cycles were
109 and 13%, respectively. Subsequently, the C-terminal
residues of both of the subunits were identified as arginine
by hydrazinolysis. The amino acid sequences adjacent to
the C-terminal Arg residues of these subunits were in good
agreement with the time-courses of the yields of amino
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Fig. 4. SEC elution profile of qAI-2. 2Al-2 (0.1 ml of 0.97 mg/
ml) was injected into a Superdex-200 column and the effluent was

monitored by absorbance at 280 nm (UV, dotted line), light-scatter-
ing (LS, solid line), and refractive index (RI, dashed line).

Fig. 3. Complete amino acid se-

[ quences of and sequencing strate-
gies for gAI-2 q- and g-subunits.
The amino acid sequences of the
subunits were determined by com-
paring the amino acid sequence
previously deduced from the nucleo-
tide sequence (13) with the N- and

C-terminal amino acid sequences of
the subunits. —, automated Edman
. degradation; «—, hydrazinolysis; <,

90 carboxypeptidase Y digestion. The
sequences obtained are compared
with those of the subunits of 2 Al-1,

and residues that are common to the
two inhibitors are indicated by bold-
faced letters. The underlined se-
quence is derived from a limited
heterogeneity in the C-terminal

1 region of aAl-1 a-subunit (7).

1 10 20
aAl-~1 ATETSFNIDGFNKTNLILQGDAIVSSNG
| « -submnit:
aAl-2 MASSNLLTLALFLVLLTHANSASDTSFNFYSFNETNLILQGDATVS8S8KG
30 40 60 60 70
aAl-1 NLQLSYNSYDSMSRAFYSAPIQIRDSTTGNVASFDTNFTMNIRTHRQA
aAl-2 YLQL HTYDSMCSAFYSAPIQIRDSTTGNYASFDTNFTMNITTQREAN
R e ol d
1 10 20 30 40
aAl-1 SAVGLDFVLVPVQPESKGDTVTVEFDTFLSRISIDVNNNDIKSVPWDVH
| # -sobwait
aAl-2 SVIGLDFALVPVQPKSKGHTVTVQFDTFRSRISIDVNNNDIKSVPWDEQ
50 60 70 80
aAl-1 DYDGQNAEVRITYNSSTKVFAVSLLNPSTGKSNDVSTTYELEKEVYDWY
aAl-2 DYDGQNAKVRITYNSSTKVLAVSLSNPSTGKSNEVSARMEVEKELDDWY
100 110 120 130
aAl -1 RVGFSBATS8GAYQWSYETHDVLSWSFS8SKFPINHKDQKSER
aAl-2 RVGFSAISGVHEYSFETRDVLSWSFS8S8KFSQH TTSERSNILLNQIL

Residues are numbered according to
- the sequences of aAl-1 subunits
previously determined (7).
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acids released by carboxypeptidase Y (data not shown). The
a- and f-subunits were finally found to be comprised of 72
and 135 amino acids, respectively, and a comparison of
aAl-2 with a Al-1 revealed a high degree of identity (78%)
in their amino acid sqeuences.

Molecular Weight and Subunit Structure of aAI-2—The
polypeptide molecular weight of «Al-2 was estimated by
the light-scattering technique. Figure 4 shows the SEC
elution patterns on Superdex-200 of «AI-2, i.e., chromato-
grams for UV absorbance at 280 nm, light-scattering, and
refractive index. All three detectors displayed a symmetri-
cal single peak, suggesting that the « AI-2 preparation used
is homogeneous. Combining three signals and the extinction

TABLE II. Molecular weight of ¢ AI-2 measured by light-scat-
tering.* Molecular weight of «Al-2 determined using the light-scat-
tering data was compared with the sequence molecular weights of the
subunits.

Theoretical

b molecular Experimental
Protein (ml/mg-cm weight from wl:lioglhe;:uf:r
at 280 nm) amino acid 5L m
sequence ) Ting
a -subunit 0.48 7,973
B-subunit 1.38 15,149
a-subunit+ g-subunit  1.07 23,122
aAl-2 48,600°

*All molecular weights are given without carbohydrate contributions.
*Calculated from amino acid compositions as described under
“MATERIALS AND METHAODS.” “Performed using a Superdex-
200 column.
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coeflicients of the a- and #-subunits calculated from their
amino acid compositions gave a polypeptide molecular
weight of 48,600 for «# AI-2 (Table II). This value is nearly
twice the sequence molecular weight of the heterodimer o«
B, i.e., 23,122 (corrected for isotopic composition), demon-
strating that « AI-2 is a tetrameric complex a.£, analogous
to the structure recently elucidated for o AI-1 (7).

Constructions of Chimeric Inhibitors by Subunit Ex-
change between aAl-1 and aAI-2—We have previously
found that «# AI-1 can be reconstituted from the subunits in
a 64% yield (6). The subunits of « AI-2 were also capable of
assembling into an active form in good yield, though each
subunit was inactive independently (data not shown). An
attempt, therefore, was made to construct chimeric in-
hibitors by replacing the - or £-subunits of # AI-2 with the
corresponding subunit of # Al-1 with a view to characteriz-
ing the subunit assembly further. Despite attempts to
control such conditions as protein concentration, pH, and
temperature of the reaction solutions, no inhibitory activity
against any of the a-amylases was observed with the
chimeric products. Nor were oligomeric chimeras detected
by gel-filtration HPL.C (data not shown).

DISCUSSION

It is known that aAl-1 inhibits both the activity of the
larval a-amylase of C. chinensis and porcine pancreatic
a-amylase, but not that of Z. subfascistus. On the other
hand, «AI-2 inhibits only the amylase activity of Z.
subfascistus (9). It is noteworthy that the tetrameric

v
1 a -subunit——
aAl-] MASSKL... L SLALFLALLS HANSATETSF [IDAFNITNL ILQGDATYSS NGNLQLS... ... YNSYDSK
ahl-2 NASSNL...L TLALFLYLLT HANSASDTSF NFYSFNETNL ILQGDATYSS KGYLQL.... .... HTVDSH
aAl-like Pv MASSIFFTY. ...LFLYLLS HANSATETSF NIDAFNKTNL ILQGDATVTS KGYLRLT... ... DDTEDSK
aAl-like Pa MASSKFCSYL SLYLFLYLLT HANSACNTSF NFHSFNETNL ILQGQATVSS NGNLQL.... .... NTHDSH
ARE-1 NASSNL. .. L TLALFLYLLT HANSSNDASF NVETFNKTNL [LQGDATYSS EGRLILTNVK GNE...EDSM
PHA-L NASSKF. .. F TV.LFLYLLT HANSSNDIYF NFQRFNETNL [LQRDASYSS SGQLRLTNIN GNGEPRYQSL
PHA-E NASSNL...L SLALFLVLLT HANSASQTSF SFQRFNETNL [LQRDATVSS KGQLRLTNVN DNGEPTLSSL
v
41 [ B -subunit
ahl-1 SRAFYSAPIQ IRDSTTGNVA SFDTNFTUNI RTHRQANSAY GLDFYLVPY. .QPESIG... ..........
ahl-2 CSAFYSAPIQ IRDSTTGNVA SFDTNETUNI TTQREANSYI GLDFALYPY. .QPKSKG... ..........
aAl-like Py GRAFYSVPIQ IRDSTTGNYA SFSTNFTFIM D...EANSTY GLAFALYPYG SEPKANGPFL GLFRIPQYDP
ahl-like Pa CSAFYSAPIQ IRDSTTGNYA SFDTNFTINM TSYCKANSAY GLDFALYPY. .QPESIGRLL GLFXTPDYDR
ARL-1 GRAFYSAPIQ INDRTIDNIA SFSTNFTFRI NAKNIENSAY GLAFALVPYG SRPKLEKGRYL GLFNTTNYDR
PHA-L GRAFYSAPIQ IVDNTTGTVA SFATSFTFNI QVPNNAGPAD GLAFALYPYG SQPXDKGGFL GLFDGS..NS
PHA-E GRAFYSAPIQ IVDNTTGAYA ASPTSFTFNI DYPNNSGPAD GLAFYLLPYG SQPIDKGGLL GLFNNYIYDS
aAl-1 .. DFVTIVEFD TFL....... . SRISIDVNN . NDIKSYPYD VEDYDGQNAE YRITYNSSTK VFSYSLSNPS
ahl-2 .. HTVIVGFD TFR....... . SRISIDYNX . NDIXSYPYD EQDYDGQNAK VRITYNSSTE VLAVSLSNPS )
aAl-like Pv  EARTVAYVF. . INAVYPNAN QRHLGIDYNS ILPIESKPYY VG..QGKHAY VQITYVSSIK VLTVSLLYPS Fig. 5. Comparison of the deduced amino
aAl-like Pa NAGNYTVEFD TFR....... . RRISIDCNE . NDIESYP¥D VDDYDGQNAE VRITYNSSTK VLAVSLLNLS acid sequences of the genes in the P. vulgaris
ARL-1 DARTVAVYFD TVSNR..... ... IEIDYNS [RPIATESCN FGHNNGEIAE VRITYDSPEN DLRVSLLYPS defense proteins, ie., a-amylase inhibitors
PRA-L NFETVAVEFD TLYNKDYDPT ERHIGIDVNS IRSIKTTR¥D FY..NGENAE YLITYDSSTN LLVASLYYPS (aAl-1 and 2AI-2) (13), a-amylase inhibi-
PHA-E NAHTYAYEFD TLYNVAWDPX PRHIGIDVNS IKSIKTTTYD FY..IGENAE VLITYDSSTX LLVASLYYPS tor-like proteins (qAl-like Pv and aAl-like
Pa) (3), arcelin (ARL-1) (13), and lectins
| (PHA-L and PHA-E) (13). Residues are num-
aAl-1 TGASKNY. ST TVELEKEVYD WYSVGFSATS GAYQYSYETH DYLSYSFSSK FINLEKDQISE R.SNIVINKI L bered according to the sequence of @Al-1, start-
aAl-2 TGISNEY. SA RNEVEKELDD YVRVGFSAIS GVEGYSFETR DYLSWSFSSK FS..QHTTSE R. SNILLNQI L ing at the N-terminus of the a-subunit. Arg74
aAl-like Pv TCTHYDLYAK KVELEEEVYD WVSVGFSATS GANGYSYETE DVISTSFSSK FSD.DDDTSE R.SNILLNNI L and Asn77 are underlined and gaps are indicated
ahl-like Pa  TGKSNNV.SA RWELEXKLDD WVSYGFIGTS GVEGYSFETR DYFSYSFSSK FS..QHTTSE R.SNILIQQI L by dots. The open and filled arrows represent the
ARL-1 SEEXCHY. SA TYPLEKEVED WVSVGFSATS GSKXETTETH NYLSYSFSSN FINFKGIESE R.SNILLNII L processing sites for removal of the signal pep-
PHA-L QKTSFIY. SD TYDLESYLPE YYSYGFSATT GINKGNVETN DYLSYSFASK LSDGTTSEGL NLANLYLNKI L tides and for formation of the o]jgomeric struc-
PHA-E LKTSFIY. SD TYDLKSYLPE WVIVGFTATT GITKGNVETN DILSYSFASK LSDGTTSEAN LLANFALKQI L tures, respectively.
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structure a,f; i8 common to two leguminous «-amylase
inhibitors which are quite different from each other in their
inhibitory specificity. This finding, together with the fact
that the individual subunits of these inhibitors have no
inhibitory activity (6), strongly suggests that the post-
translational processing of the precursor glycoproteins to
form the tetrameric structure is essential for the functions
of leguminous a -amylase inhibitors. It may also be noted in
connection with the processing that the C-termini of the
subunits of #Al-1 and @ Al-2 are occupied exclusively by
Arg residues (Fig. 3), except for a limited heterogeneity of
the C-terminus of the a-subunit of # Al-1 (7). Pueyo et al.
have recently reported that activation of a-amylase in-
hibitors requires proteolytic processing of the precursors at
Asn77 (Fig. 5) and that the defense proteins other than
a-amylase inhibitors do not undergo this processing (14).
Interestingly, it seems likely that the processing at Asn77
needs Arg74 residue for the following reasons: (1) The
defense proteins other than a-amylase inhibitors lack
Arg74 (Fig. 5). (2) a@-Amylase inhibitor-like proteins and
arcelin are not processed, in spite of the fact that they have
the potential processing site Asn77 (Fig. 5). (3) Although a
mutation of Arg74 of #Al-1, which had been viewed as an
amino acid residue involved in the active site of «Al-1,
abolished the expression of an active inhibitor (15), a
chemical modification of Arg residues of aAl-1 did not
result in its significant inactivation of a AI-1 (Takahashi, T.
and Yamaguchi, H., unpublished observations), suggesting
that the disappearance of Arg74 seems to have made
impossible the processing at Asn77 into an active tetramer.
(4) The C-terminus of an « -amylase inhibitor-like protein,
i.e., «Al-like Pv (Fig. 5), proved to be arginine by hydra-
zinolysis, in harmony with the C-terminal residues of the
B-subunits of «Al-1 and aAl-2 (data not shown). This
finding, when considered with the fact that the C-terminal
sequences of P. vulgaris lectins, i.e., PHA-L and PHA-E,
are isoleucyl-leucine (16), supports the idea that an Arg
residue is required for the processing. It may well be said,
therefore, that the Asn-specific processing protease re-
quires an Arg residue for its hydrolytic action. To confirm
this point, it might be fruitful to create mutants having
Arg74 from «-amylase inhibitor-like proteins and arcelin.

Assembly of the subunits of «Al-1 and «Al-2 into
chimeric oligomers was unsuccessful, in spite of the high
degree of sequence homology between these inhibitors. It is
probable that most of individual subunit polypeptides fold
properly during the renaturation reaction, because the
parental inhibitors can be reconstituted in good yields from
their denatured subunits. It seems most likely, therefore,
that proper association of the folded monomers into a
tetrameric complex is strictly controlled by a few amino
acid residues on the subunit interfaces and/or by a subtle
conformation of each subunit.
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11.

12.

13.

14.

15.

16.
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