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Abstract. Plant seeds contain a large number of pro-
tease inhibitors of animal, fungal, and bacterial origin.
One of the well-studied families of these inhibitors is the
Bowman-Birk family(BBI). The BBIs from dicotyledon-
ous seeds are 8K, double-headed proteins. In contrast,
the 8K inhibitors from monocotyledonous seeds are
single headed. Monocots also have a 16K, double-
headed inhibitor. We have determined the primary struc-
ture of a Bowman-Birk inhibitor from a dicot, horse-
gram, by sequential edman analysis of the intact protein
and peptides derived from enzymatic and chemical
cleavage. The 76-residue-long inhibitor is very similar to
that of Macrotyloma axillare. An analysis of this inhibi-
tor along with 26 other Bowman-Birk inhibitor domains
(MW 8K) available in the SWISSPROT databank re-
vealed that the proteins from monocots and dicots belong
to related but distinct families. Inhibitors from monocots
show larger variation in sequence. Sequence comparison
shows that a crucial disulphide which connects the amino
and carboxy termini of the active site loop is lost in
monocots. The loss of a reactive site in monocots seems
to be correlated to this. However, it appears that this
disulphide is not absolutely essential for retention of in-
hibitory function. Our analysis suggests that gene dupli-
cation leading to a 16K inhibitor in monocots has oc-
curred, probably after the divergence of monocots and
dicots, and also after the loss of second reactive site in
monocots.
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Introduction

Most plant seeds contain large amounts of inhibitors
which appear to be mainly involved in defense against
various parasites by inhibiting their digestive enzymes
(Ryan 1981). One of the well-studied classes of serine
protease inhibitors is the Bowman-Birk family of inhi-
bitors (BBI), which are rich in cysteines. Many BBI
sequences have been determined from both monocotyle-
donous and dicotyledonous seeds. BBIs from dicots usu-
ally have a molecular weight of 8K and are double
headed (two reactive sites in a single inhibitor molecule)
(Birk 1985), while those from monocots can be divided
into two classes, one of size ~ 8K with one reactive site
and the other of size ~ 16K with two reactive sites
(Tashiro et al. 1987, 1990; Odani et al. 1986; Nagasue et
al. 1988). The 16K proteins have two 8K BBI domains.
In all these inhibitors, the residue toward the amino-
terminal side of the scissile bond (P1) determines the
specificity of inhibition. In this paper we present the
primary structure of the horsegram (Dolichos biflorus)
Bowman-Birk inhibitor and an analysis of amino acid
sequences of 26 other BBI domains with a view to un-
derstand the role of cysteine residues, the variability of
the active site sequence, and their implications in the
molecular evolution of these inhibitors.



Materials and Methods

Purification of Horsegram Inhibitor (HGI). Horsegram seeds were ob-
tained from the local market. These seeds contain several isoinhibitors
belonging to the Bowman-Birk family. These inhibitors were purified
from buffer extracts of defatted seed flour by fractional precipitation
with ammonium sulphate, anion exchange chromatography, and gel
filtration using Sephadex G-50 as reported earlier (Rama Sarma and
Rajagopal Rao 1991). The four isoinhibitors present were resolved on
a DEAE-Sephacel column using an ammonium bicarbonate gradient
(Joubert et al. 1979). The predominant isoinhibitor HGI-IIT was used
for protein sequencing.

Protein Sequencing. The inhibitor was reduced and either S-
pyridylethylated (PE) by the method of Hermodson et al. (1973) or
carboxymethylated by the method of Crestfield et al. (1963). The ex-
cess reagents were removed by reverse-phase HPLC on an Aquapore
C-8,300A (Pierce, U.S.A.) column using a linear gradient (0-100%) of
CH,;CN in distilled water containing 0.1% trifluoroacetic acid (TFA).
The PE-HGI-III (5 mg) was partially digested with lysyl endopeptidase
at an enzyme/substrate ratio of 1/100 (w/w) in 0.1 M Tris-HCI (pH 8.5)
at 37°C for 4 h. The CM-HGI-III (5 mg) was partially digested with
TCPK-trypsin (1:100) in 0.1 M ammonium bicarbonate at 37°C for 10
min. The digests were lyophilized, dissolved in 0.1% TFA, and frac-
tionated by reverse-phase HPLC on a Shimpak C-18 column (Shi-
madzu, Japan) using an appropriate 0.1% TFA/CH,CN gradient (Ma-
honey et al. 1980). Most of the peptides were further purified by ion
pair chromatography using the Shimpak C-18 or the Aquapore C-8
column (Yang et al. 1981). The CM-HGI-III was cleaved chemically
using cyanogen bromide (Waxadal et al. 1968) and the peptides were
puritied as described above.

End-group analysis of the CM-HGI-III was performed using the
4-N,N’-dimethylaminoazobenzene 4’-isothiocyanate/phenylisothio-
cyanate double coupling method (Chang 1979). Carboxy-terminal
analysis of the CM-HGI-III was performed by digestion with carboxy-
peptidase A as reported by Ambler (1972). The released amino acids
were estimated after derivatization with phenylisothiocynate using the
Waters Pico Tag amino acid analysis system (Bidlingmeyer et al.
1984). The pure peptides were sequenced using a Shimadzu PSQ-1
gas-phase sequenator.

Sequences. BBI sequences were obtained from the SWISSPROT
databank, release June 1994, available at the Bioinformatics Center of
the Indian Institute of Science, Bangalore, India. There were 25 se-
quences in the data bank which belonged to the BBI family. The
sequence from maize was a wound-induced inhibitor of approximately
120 residues and was not included in the analysis. Thus, 24 sequences
were chosen for analysis. The length of the sequences varied from 53
to 133 amino acids. The sequences from barley (Nagasue et al. 1988),
wheat (Odani et al. 1986), and rice bran (Tashiro et al. 1987) are of
lengths 124, 126, and 133 residues, respectively. BBI domains are
usually 63-66 residues long. The sequences of both amino- and car-
boxy-terminal halves of rice bran and barley inhibitors are homologous
to the 8K BBIs of monocots. Hence, these halves were treated as
independent sequences in the multiple sequence alignment. Only partial
sequence for the wheat inhibitor was available. The amino terminal
segment of this sequence was treated as an independent 8K domain.
Thus, a total of 27 domain sequences including that of HGI were
analyzed (Table 1).

Sequence Comparisons. The pairwise sequence comparisons were
carried out using the TALIGN program in the PRONUC suite of pro-
grams (Desai and Bourne 1986). IALIGN uses the Needleman and
Wunsch algorithm (Needleman and Wunsch 1970) for deriving the
optimal alignment of sequences. The match scores were based on Day-
hoff’s mutation data matrix (Schwartz and Dayhoff 1978). The matrix
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Table 1. List of sequences used

WHEAT1 Partially sequenced 16K BBI from wheat (Triticum
aestivum)

WHEAT2 8K BBI from wheat (Triticum aestivum)

HORVUN  N-Terminal half of the 16K BBI from barley (Hor-
deum vulgare)

HORVUC  C-Terminal half of the 16K BBI from barley (Hor-
deum vulgare)

ORYSAN N-Terminal half of the 16K BBI from rice (Oryza
sativa)

ORYSAC C-Terminal half of the 16K BBI from rice (Oryza
sativa)

SETIT2 8K BBI from foxtail millet (FMTI-II) (Setaria italica)

SETIT3 8K BBI from foxtail millet (FMTI-IIT) (Setaria
italica)

COILA1 8K BBI from job’s tears (TI-1) (Coix lachryma jobi)

COILA2 8K BBI from job’s tears (TI-2) (Coix lachryma jobi)

ARAHY1 8K BBI from peanut (A-II) (Arachis hypogaea)

ARAHY2 8K BBI from peanut (B-II) (Arachis hypogaea)

PHAAN 8K BBI from adzuki bean (Phaseolus angularis;
Vigna angularis)

PHAAN2 8K BBI from adzuki bean (I-A) (Phaseolus angularis;
Vigna angularis)

PHALU 8K BBI from lima bean (Phaseolus lunatus)

DOLAX3 8K BBI from Macrotyloma axillaris (DE-3)

DOLAX4 8K BBI from Macrotyloma axillaris (DE-4)

LONCA4 8K BBI from apple leaf seed (Lonchocarpus capassa)

PHAVU 8K BBI from kidney bean (Phaseolus vulgaris)

SOYBN 8K BBI from soybean (BBI) (Glycine max)

SOYBN2 8K BBI from soybean (C-II) (Glycine max)

SOYBN3 8K BBI from soybean (D-H) (Glycine max)

PHAAU 8K BBI from mung bean (Phaseoulus aureus; Vigna
radiata)

VICAN 8K BBI from common vetch (VAI) (Vicia angustifo-
lia)

VICFA 8K BBI from broad bean (FBI) (Vicia faba)

MEDSA Wound induced 8K BBI from Alfalfa

elements were made positive by addition of six. A penalty of six was
used to minimize the gaps introduced in the alignment, irrespective of
the length of the gaps. The significance of the alignments were obtained
by randomization of the original sequences. One hundred such com-
parisons were used to evaluate the mean and standard deviation of the
scores for unrelated sequences. The significance of the score for align-
ment of the native sequences was expressed in units of standard de-
viation above the mean score for unrelated sequences.

Multiple Alignment and Construction of Phylogenetic Tree. The
program MULTALIN (Corpet 1988) was used to align all the BBI
sequences. This program has been found to produce near-optimal so-
lutions for multiple sequence alignments. In this method, all possible
pairs of sequences are aligned initially using Lipman and Pearson
(1985) FASTP algorithm. The similarity scores obtained were then
used to determine the hjerarchical order of clustering sequences. The
alignment of sequences that had the highest score was initially accepted
and the aligned pair was treated as a single sequence. Each further step
combined either two sequences or clusters or a sequence and a cluster.
The similarity measure was reevaluated after each combination. This
procedure was continued until all the sequences were merged. Aligned
sequences were analyzed with the PHYLIP package of programs (Fel-
senstein 1988, 1989). The program SEQBOOT was used to produce
100 bootstrap replacement sequence alignments from the aligned se-
quences (Felsenstein 1985). These sequences were analyzed by the
maximum parsimony method using the program PROTPARS. Trees
produced by PROTPARS were analyzed by the program CONSENSE
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to deduce a consensus tree. The unrooted phylogenetic tree was drawn
using the program DRAWTREE. The number at the branches indicates
the number of times that particular branch appeared in all the trees that
were used to determine the consensus tree. These numbers varied from
30 to 100%, with a mean value of 80.

Construction of Ancestral Sequences. The aligned sequences were
used to construct a plausible ancestral sequence based on parsimony
considerations. The ancestral sequence obtained was such that, at each
position, a minimum total base change was required for mutation to the
residues at the corresponding positions, in all the sequences. This pro-
cedure was also used to deduce the ancestral sequences for monocot
and dicot sequences separately. The number of base changes needed to
convert any residue to a gap was assumed to be three. Plots of base
change averaged over a window of specified length, placed at each
residue position of the aligned set, were obtained from the ancestral
sequence.

Hydrophobicity in the present case is best represented as the aver-
age over the aligned residues.

(H) = X, Hy/n, where n is the number of sequences, j is the index
over sequences, and { is the relative position of the residue in the
sequence.

Disulphide Connectivity Diagram. The disulphide connectivity dia-
gram for dicots was based on experimental results (Laskowski and
Kato 1980). The diagram for monocots was prepared by assuming that
the connectivity is similar to that of dicots.

Results

Primary Structure of Horsegram Inhibitor

The complete amino acid sequence of HGI-III (76 amino
acid residues) is shown in Fig. 1. The amino terminal
analysis of CM-HGI-III led to the unambiguous identi-
fication of residues 1-30. Digestion of PE-HGI-III with
Lys C endopeptidase yielded four peptides. The amino-
terminal sequence contained the peptides L-2, L-3, and a
partial overlap of L-5, which completed the stretch of
1-62 (Asp'-Met®?). The peptide CNBr-1 obtained by
chemical cleavage and the Lys C peptides L-4, L-1, and
T-3 obtained by limited TCPK-trypsin digestion of CM-
HGI-I provided the carboxy-terminal stretch 62-76 and
completed the sequence. The sequences of the peptides
T-1, T-5, T-6, and CNBr-2, although repetitive, con-
firmed the sequences obtained earlier. Peptides CNBr-1,
L-2, and T-3 confirmed the carboxy-terminal sequence
which was determined by carboxypeptidase digestion to
be . . . HDD. The molecular mass calculated on the basis
of sequence analysis (MW 8,321 Da) compares well with
that determined by electron spray mass spectrometry
(MW 8,625 Da). This sequence was identical to that of
Macrotyloma axillare DE-3 (DOLAX3), except at posi-
tions 4, 19, and 21 (Fig. 3).

Alignment Scores

Figure 2 (A-C) shows the alignment scores for all pairs
of sequences. Among BBIs from dicots, the peanut in-
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Fig. 1. Summary of primary structure determination of Dolichos bi-
florus (horsegram) 8K Bowman-Birk inhibitor. 7, L, and CNBr denote
trypsin, lysyl endopeptidase, and cyanogen bromide fragments, respec-
tively.

hibitors (ARAHY) show low alignment scores (<10.0)
with others. Broad bean (VICFA) and common vetch
(VICAN) show scores less than 14.0. The scores be-
tween other pairs are appreciably higher (Fig. 2A). A
similar clustering pattern of dicot inhibitors was ob-
served by Norioka and Ikenaka (1983). BBI sequences
from different monocot species exhibit wider differences
in comparison with those of dicots (Fig. 2B). The scores
are mostly less than 14.0, except between the N-ter-
minal half of barley (HORVUN) and wheat (WHEATT),
which has a score of 21.2. The C-terminal half of barley
(HORVUQ) is closer to the C-terminal half of rice in-
hibitor (ORYSAC). The alignment scores between the
dicot and monocot BBI domains (Fig. 2C) were signifi-
cantly lower than those presented in Fig. 2A and Fig. 2B.

Mulriple Alignment: Variation in the Reactive Sites

The alignment of 27 domains of BBIs from both mone-
cots and dicots is shown in Fig. 3. Dicot BBIs have 14
cysteins while the monocot BBIs of similar length have
10 cysteins (except ORYSAN, which has lost two more
cysteins, Cys 4 and 5). The cysteins lost in monocots
correspond to residues 3, 10, 11, and 13 of dicots (Fig. 4;
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A Arah Arah Meds Vica Vicf Soyb Phaa Soybn Soyb Phaa Phavu Hgi Dolax Lonc Dola Phatu Phaan
yl y2 a n a n u 3 n2 n2 3 a4 x4

Arahyl 254

Arahy2 184 246

Medsa 92 93 205

Vican 77 72 132 239

Vicfa 103 73 133 210 262

Soybn 65 70 126 122 114 210

Phaau 89 82 143 115 127 138 230

Soybn3 86 7.0 117 91 120 120 166 282

Soybn3 78 74 125 100 120 149 163 198 282

Phaan2 89 77 107 115 108 143 175 139 155 271

Phavu 90 72 136 108 109 124 175 166 175 168 257

Hgi 74 75 133 113 118 152 160 136 164 204 163 218

Dolax3 69 72 146 110 127 205 156 148 148 182 162 257 249

Loncad 59 47 113 115 106 141 153 130 151 170 160 163 167 23.1

Dolax4 75 62 130 110 132 178 181 143 165 181 167 159 176 187 253

Phalu 62 62 157 131 120 180 161 119 132 209 162 213 226 154 174 225

Phaan 57 63 114 113 113 168 52 189 155 181 167 176 140 160 165 205 258

B Wheatl Horvun Orysac Setit2 Setit3 Coilal Coila2 Horvuc Orysan Wheat2

Wheat!  23.1

Horvun 21.2 254

Orysac  11.9 122 225

Setit2 10.8 13.0 132 256

Setit3 10.1 13.0 149 239 247

Coilal 114 13.8 122 110 153 254

Coila2 114 138 122 11.0 153 254 254

Horvue 115 11.8 140 114 106 134 134 245

Orysan 6.8 9.3 79 102 97 122 122 90 239

Wheat2 153 154 107 125 133 119 119 11.8 9.0 209

(o] Wheat] Horvun Orysac Setit2 Setit3 Coilal Coila2 Horvuc Orysan Wheat2

Arahy 5.5 6.2 8.3 6.3 5.5 53 53 6.3 2.3 4.5
Arahy2 3.6 45 6.0 5.5 52 4.0 4.0 6.9 2.5 3.8
Medsa 54 45 54 73 7.1 6.6 6.6 74 2.9 5.5
Vican 5.3 5.7 54 59 7.0 7.5 15 85 31 5.1
Vicfa 6.5 5.1 6.8 7.7 7.0 8.8 8.8 8.1 2.8 6.7
Soybn 5.8 4.8 5.6 6.7 59 6.1 6.1 6.6 4.6 5.5
Phaan 4.0 38 4.6 55 5.1 6.0 6.0 6.3 27 4.6
Soybn3 6.4 4.0 44 44 4.8 6.2 6.2 5.7 0.3 4.1
Soybn2 4.2 3.5 31 4.8 5.1 58 58 53 1.0 39
Phaan2 5.0 50 4.0 53 57 6.1 6.1 6.1 1.5 5.0
Phavu 5.2 54 38 5.0 48 6.6 6.6 7.0 1.6 4.6
Hgi 6.9 5.3 4.6 5.6 5.7 6.7 6.7 6.3 2.1 6.9
Dolax3 6.1 33 4.5 59 59 55 55 59 2.0 54
Lonca4 4.0 4.1 4.1 5.0 43 4.9 49 52 1.0 39
Dolax4 6.7 6.4 4.1 6.7 6.9 6.0 6.0 53 2.7 6.0
Phalu 6.3 6.0 4.4 74 6.5 6.4 6.4 79 2.8 6.0
Phaan 6.3 44 45 6.1 55 55 55 6.4 1.8 6.2

Fig. 2.  Alignment scores for different pairs of Bowman-Birk inhibitor domains. Comparison between (A) dicot—dicot domains, (B) monocot—
monocot domains, and (C) dicot—monocot domains.

cysteins are numbered 1-14 in the order of appearance
along the dicot sequence).

Despite close similarity between their sequences, di-
cot BBIs show a broader specificity for the enzyme in-

P1 and P1’ positions, respectively, and inhibits trypsin,
except in soybean inhibitor C-II (SOYBN2) and kidney
bean inhibitors (PHAVU) where the P1 position is oc-
cupied by Ala and hence the inhibition is specific to

hibited, when compared to monocot inhibitors. The first
site of dicot inhibitors inhibits trypsin while the second
site inhibits trypsin, chymotrypsin, or elastase. A closer
look at the reactive-site segments of aligned sequences
reveals the following features: The first site in most of
the dicot inhibitors has residues Lys/Arg and Ser at the

elastase.

In monocots, the only reactive site situated at the N-
terminal region of the 8K protein aligns well with the
first reactive site of the dicots. All monocots inhibit tryp-
sin but seem to have lost their second reactive site. The
residues corresponding to the P1 position of this site are
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1 10 20 30 40 50 59
WHEAT1 AAKK....RPW.K D..Q A VIC|TRSIPP..I R MDQVF. .E PST
HORVUN AGKK....RPW.K D..E A V| TRSIPP..I T|C} MDEVF. .E PKT
ORYSAC TP....RPWGD D..KAF NEMNPP..T RJC] MDEVK. .E ADA
SETIT2 SGE....RPW.K D..L O T TKSIPA..F R RDLLE..Q SDA
SETIT3 SGE....RPW.K D..L O T TKSIPA..F R|C] RDLLE. .Q SDA
COILAl GDEK....RPW.E D..T A M TRSIPP..I R|C] VDKVD. .R SDA]C
COILA2 GDEK....RPW.E D..T A M TRSIPP..I RJC] VDKVD. .R SDA
HORVUC RPW.E D..XKATI TRSNPP. .T| RjC] VDEVK. .K APT
ORYSAN ME....RPW.K DNIK R L TKPDPP. .Q E RIC] NDELEPSQ TAA
WHEAT2 AT....RPW.K D..R A I|C|TKSFPP..M|CJRJC] MDMVE. .Q AAT
ARAHY1 EASSSSD......DNV N..G L{ C|DRRAPPYFE| C| V|C] VD.T.FDH PAS
ARAHY2 AASD....cu0ne S..A I) C{DRRAPPYFE|C|T GD.T.FDH PAA
PHAAN SGHHDETTDEP . . SESSKP D..Q S| CJTKSMPP. .KIC{ R SD.IRLNS HSA
PHALU SGHHEHSTDZP . . SZ8SKP B..HJCIAJ CJTKSIPP..QIC]R TD.LRLDS HSA}C
DOLAX3 DHHHSTDEP . . SESSKP D..E AJ CITKSIPP..QJC|R TD.VRLNS HSA| C]
HGI DHHQSTDEP . . SESSKP D..0Q T} CJTKSIPP..QIC|R TD.VRLNS HSA]C]
LONCA4 DDDHSDDEPRESESSKP 8..8 -|CJTRSRPP..QJC]Q TD.VRLNS HSA
DOLAX4 HEHSSDES. . SESSKP D..L TJCJTKSIPP..QIC]H ND.MRLNS HSA|C]
PHAAN2 SVHHQDSSDEP . . SESSHP D..L LECJTKSIPP..QIC}Q AD.IRLDS HSA
PHAVU BHHZSSBBZP. .8ZSSPP B..TI V] CITASIPP..QICIV TB.IRLBS|C} HSA
SOYBN2 M.ELNLFKSDHSSS..D..DESSKP D..L M} CITASMPP..Q]C|H AD.IRLNS HSA
SOYBN3 MCILSFLKSDQSSSYDD..DEYSKP D..L M| C}TRSMPP..Q|C| s ED.IRLNS HSD
PHAAU SHDEP. . SESSEP D..S8 DJ C|TKSKPP..Q{C|H AN.IRLNS HSA|C
SOYBN DD....ESSKP D..Q AJ C]TKSNPP..QJCJR SD.MRLNS HSA) C]
VICAN GD....DVKSA D..T LY CJTRSQPP..T|C|R VD.VG.ER HSA
VICFA GD....DVKSA D..T L] CfTKSEPP..T|C]|R VD.VG.ER HSA
MEDSA TTA N..F P]C]TRSIPP..QIC|R TD.IG.ET HSA
60 70 — S0 100
WHEAT1 KA|C|G P .SVGDPSR R V
HORVUN KS|C|G P ..MGDPSR R I PGPI|C
ORYSAC KDJCJQ R VESSEPPR Y V PGPV|C| KPR
SETIT2 KE|CJG K VRDSDPPR Y I PAPM|C] HEHQ
SETIT3 KElC]G K VRDSDFPR Y I PAPM|C] HEHE
COILAl KDJCJE . ..ETEDNR HV PGPT|C|HDD
COILA2 KDJ CJE ..ETEDNR H V PGPTJC} HDD
HORVUC KTjClL .§BSRPSR R V]« VPPR|C] TPR
ORYSAN KSjCIR APGPFPGK L I PGPF]C
WHEAT2 KKjCjG .ATSDSSR R V
ARAHY1 Nsjcjv .TRSNPPQC|R C|PVTE|C|RS
ARAHY2 NKjC}Vv .TRSIPPQIC]IR C]PLTP|C]A
PHAAN Ksjcja .TYSIPAK]ICIF C] .YEP|C] KSSRDDDWDN
PHALU Ksjcp1 .TLSIPAQIC]V C| .YEP|C] KSSHSDDDNNN
DOLAX3 ssjcyv -TFSIPAQIC|V C| .YAP|C] KSSEDD
HGI ss|cyv JIFSIPAQICIV C| . YAP|C] KSSEDD
LONCA4 KsjCcM -TFSDPGM|C] S C| -YKP|C] KSSGDDDZZ
DOLAX4 L.<] o] b .ALSEPAQ|C|F C| . YKS8|C] HNNAEKD
PHAAN2 KsjCc M .TRSMPGQ]C| R C] .HKP|C] KSRDKD
PHAVU Ks|CcM - TRSMPGK|C] R C| .YKs|C| KSBSGZBB
SOYBN2 DRiCJA . TRSMPGQ[C] R C| .YKP|C| KSSDEDDD
SOYBN3 Ks|ciM .TRSQPGQ|CIR CJ .YKP|C] KSRDD
PHAAU Ks|CjiI .TRSMPGK|C] R CJ . YKP|C] ESMDKD
SOYBN Ks|CjI -ALSYPAQIC|F C] .YEP|C| KPSEDDKEN
VICAN NHjCQV -NYSNPPQ]C] Q C] . YKAC| HSSEKEEVIKN
VICFA NSjCIV .RYSNPPK|C] Q C|-YKS|C| HN
MEDSA KTjCJL .TKSIPPQ{C|H C}l.YPK{|C|N

Fig. 3. Alignment of 26 Bowman-Birk inhibitor domains. Only cysteine residues have been boxed to highlight disulphide deletion in monocots.
The arrowheads are between the P1 and P1’ residues of the reactive sites.

not the potential targets for trypsin, chymotrypsin, or
elastase. More importantly, these inhibitors have lost Cys
10 and Cys 11, which form a disulphide linkage in dicots
(Fig. 4). This disulphide holds the inhibitory loop and
presents it to the enzyme in a favorable conformation
(Chen et al. 1992; Tsunogae et al. 1986). The loss of this
crucial disulphide and the lack of the appropriate P1
residue are probably the contributing factors for the loss
of the second reactive site in monocots. The consensus

sequence for the reactive sites of BBIs derived from Fig.
3 is shown in Fig. 5.

Hydrophobicity Patterns

The variation of hydrophobicity (Kyte and Doolittle
1982) along the polypeptide sequence is an important
characteristic that often reflects the role of a given seg-



Dicots

[ ] []

1 2 3 45 6 7 8 9 1011 12 13 14

Site 1 Site 2
Monocots
1 2 45 6 7 8 9 12 14

Site 1

Fig. 4. Disulphide connectivity in dicot and monocot Bowman-Birk
inhibitors.

Species Reactive Inhibition Consensus  Sequence
Site

P3 P2 P1 PI' P2 P3' P4 PS5 P6
Dicots I Total C T *x § X P P Q C
Monocots I Total ¢ T # § 1 P P X C
Dicots I Total cC T # § X P X Q ¢
Monocots I None X XXX + P X R X
Orysan 1 Partial P T KP D P P Q W
Horvue I None P $ RS R P S R R
Dicots I1&II ] Total cC T # S X P P Q C
Monocots I ]
* - KR
#-- K/R/F/Y/L

X -- Any residue.
+ - Positvely charged residue.

Fig. 5. Consensus sequence of the inhibitory loops of Bowman-Birk
inhibitors as obtained from the multiple alignment. X indicates any of
the 20 residues; + indicates a positively charged residue.

ment in the native structure of the protein. Figure 6
shows hydrophobicity plots as a function of residue po-
sition, averaged over all the sequences, for dicots and
monocots separately. The most hydrophilic regions of
the polypeptide in dicot inhibitors occur toward the
amino- and carboxy-terminal ends. These terminal resi-
dues do not have well-defined electron density in the
X-ray structure of proteins from soybean (Chen et al.
1992) and peanut (Suzuki et al. 1993). The second site of
monocots, although not active, is strongly hydrophilic.
This increased hydrophilicity might have arisen due to
the fact that the disulphide is lost in this segment, result-
ing in higher flexibility and water accessibility of this
loop.
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Phylogenetic Tree

Figure 7 shows the unrooted phylogenetic tree obtained
from the PHYLIP suite of programs. The reliability of
the branches was evaluated by a bootstrap procedure.
The tree has two major branches. The circled region
corresponds to the BBIs from monocots while the rest
are BBIs from dicots. The tree gives a clear separation
between BBIs from monocots and dicots.

Ancestral Sequences

Ancestral amino acid sequences were constructed for
monocots and dicots separately (Fig. 8). The two ances-
tral sequences have 36% identity. The ancestral sequence
corresponding to dicots has 45-82% identity with indi-
vidual dicot sequences while it has 34—44% identity with
monocot sequences. Similarly the monocot ancestral se-
quence has identities of 56—75% with monocot inhibitors
and 30-45% with dicot inhibitors.

The evolutionary divergence of the sequences from
the derived ancestral sequence was evaluated in terms of
the minimum number of base changes required for mu-
tating a residue in the ancestral sequence to each of the
residues found in the sequences.

Figure 9 shows minimum base change as a function of
residue position, for dicots and monocots, separately. In
the plot, the reactive site regions are marked. The largest
variation occurs at the amino- and carboxyl-terminal re-
gions. The region corresponding to the reactive sites of
dicots and the first reactive site of monocots show mini-
mum change. In comparison, the residues of the second
nonreactive site of monocots show a larger base change,
in tune with the loss of function.

Discussion

BBI from horsegram (HGI-III) is a single polypeptide of
76 amino acid residues (MW = 8,300 Da) (Fig. 1).
Among BBIs, this sequence showed a maximum simi-
larity to DE-3 from Macrotyloma axillare (DOLAX3).
HGI has 76% and 41% identities with soybean and pea-
nut inhibitors, respectively, for which the three-
dimensional structures are known (Chen et al. 1992; Su-
zuki et al. 1993) (Fig. 3).

The sequence analysis presented in this paper sug-
gests that the BBIs from monocot sources need to be
grouped as a subclass of the BBI family of inhibitors.
The phylogenetic tree constructed from all the available
BBI sequences (Fig. 7) segregates monocot and dicot
inhibitors. The amino-terminal BBI domain of RBTI
(ORYSAN) shows anamously low alignment scores
when compared to pairs of other inhibitor domains.

The three-dimensional structure of the dicot 8K in-
hibitors from soybean (Chen et al. 1992) and peanut
(Suzuki et al. 1993) consists of two similar 4K domains
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Fig. 6. Plot of hydrophobicity along the polypeptide averaged over the aligned inhibitor sequences. (O for dicots; x for monocots). The two
reactive sites, site I and site 2, are marked. The plot corresponding to monocots has been translated suitably such that its active sites overlap with

the active sites of dicots.

MONOCOTS

Fig. 7. Phylogeny of Bowman-Birk inhibitors. The circled region
corresponds to inhibitors from monocotyledonous plants and the rest of
the figure corresponds to those from dicotyledonous plants. The un-
rooted tree was produced as described in Methods. The numbers at the
forks indicate the number of times the group consisting of the species
which are to the right of that fork occurred among the trees out of 100
trees used to determine the consensus tree.

linked by the disulphide between Cys 3 and Cys 13.
Accessible surface-area calculations for these two struc-
tures show that the solvent accessibility of most of the

MONOCOT ANCESTRAL SEQUENCE *

\
. GERKRPW.RKCCD. .KATCTRSIPPICRCHM

DEVE . .QCSDACKACGP .SGSDPSRHVCCOQ

DIYIG.DPGPICH.H. ..

DICOT ANCESTRAL SEQUENCE

~-SSDEASESSKXKPCCDLCL

CTKSIPP. .QCRCADIRLNSCHESACKSCYV

CTRSIPAQCRCLD . TNDFC.YRKPCKSSDE

A

Fig. 8. The ancestral amino acid sequences of dicot and monocot
inhibitors, obtained from the aligned sequences. The arrowheads are
between P1 and P1’ residues of the reactive sites.

residues is greater than 50 A2 (data not shown). Hence,
the BBI domains do not appear to have a strong hydro-
phobic core. The disulphide bonds seem to be the major
contributors to structural stability of BBIs. Each domain
of dicot BBIs has a loop respounsible for inhibition. The
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at the corresponding sequences (O for dicots; x for monocots). The two reactive sites, site I and site 2, are marked. The plot corresponding to
monocots has been translated suitably such that its active sites overlap with the active sites of dicots.

most accessible residues of the structure are the P1 resi-
dues of the two loops. In contrast, the monocot 8K in-
hibitors are single headed and inhibit only trypsin. They
have lost two disulphides, viz. 10-11; 3-13 (Fig. 4). The
functional implications of the absence of these disul-
phides were examined. One of these disulphides, 10-11,
holds the second inhibitory loop in dicots. The absence
of this disulphide increases the flexibility of the inhibi-
tory loop. The average hydrophobicity plots (Fig. 6)
show that this loop has acquired a larger hydrophilic
character. The base change plots (Fig. 9) show that it also
accumulates mutations at a higher rate. The loss of this
disulphide seems to be correlated to the loss of second
reactive site in monocots,

Rice BBI (RBTI) has lost two additional cysteins.
These residues, Cys 4 and Cys 5, occur in the first site of
the N-terminal 8K domain (ORYSAN) of this 16K pro-
tein (Fig. 5). In dicots, these cysteins form a disulphide
bridge which holds the first inhibitory loop. In spite of
the loss of this disulphide, RBTI retains activity and has
a dissociation constant (K,) which is two orders of mag-
nitude greater than that of the other equivalent site in the
C-terminal 8K fragment (Maki et al. 1980). Hence, the
loss of the disulphide 4-5 does not lead to complete

abolition of inhibitory activity. This suggests that the
second site in monocots might also exhibit a low level of
inhibition. It is observed that the P1 residue is an Arg
(Highlighted in Fig. 3) in the second site at the carboxy-
terminal half of the barley inhibitor (HORVUC). How-
ever, this site is not known to have any activity. There-
fore a potential P1 residue is perhaps not sufficient for a
site to show inhibition. The consensus sequence for the
various reactive sites of dicots and monocots, shown in
Fig. 5, is CTXSXPPQC. The conserved residues appear
to interact with the residues lining the active site pocket
of trypsin (Lin et al. 1993). In rice, six out of nine loop
residues (P2, P1, P1’, P3’, P4’, P5’) are conserved,
whereas in barley only three (P1, P1’, P3’) are con-
served. However, only the P3’ residue is conserved at the
second site of monocots. Hence, the conservation of six
residues of the N-terminal site of rice without the disul-
phide bridge seems to be sufficient for its partial activity.
The somewhat lower alignment scores of ORYSAN (Fig.
2C) when compared to other pairs of inhibitors is prob-
ably due to the loss of this disulphide. Determination of
the three-dimensional structure of the monocot inhibitors
will provide further insight into the structural conse-
quences of these mutations.
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The present analysis of BBI sequences from monocots
and dicots shows that monocot 8K inhibitors have lost
their C-terminal reactive site during the process of evo-
lution (Tashiro et al. 1990). It is likely that gene dupli-
cation in monocots leading to the evolution of 16K
double-headed BBI occurred after the loss of the second
site in the monocot 8K proteins. Probably due to the loss
of second site, monocot BBIs show greater variability in
sequence when compared to the dicots. These observa-
tions also suggest that gene duplication occurred only in
monocots and that dicots are unlikely to have a 16K
inhibitor. However, we had earlier reported preliminary
X-ray diffraction studies on a 16K BBI from a dicot,
horsegram (Dolichos biflorus or Macrotyloma uniflo-
rum) (Prakash et al. 1994). This estimate of molecular
weight was based on gel filtration and SDS-PAGE in the
presence of reducing agents (Rama Sarma and Rajagopal
Rao 1991). The molecular weight of horsegram inhibitor
has been redetermined by mass spectrometric analysis
(Gowda, Sreerama, and Rajagopal Rao, private commu-
nications) and sequencing. In conformity with the pre-
sent analysis, these studies show that the BBI from
horsegram is an 8K protein and not a 16K protein as
reported earlier.
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