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Abstract-The principal Bowman-Birk soybean trypsm mhlbltor m the soybean seed, BBSTI-E, 1s converted to 
BBSTI-D by limited proteolytlc removal of the last two ammo acid residues at the carboxyl terminus. The enzyme that 
catalyses this activity, Protease Bl, works at an optimum pH of 4, first appears at day one and peaks at day four. The 
data also suggest that a second enzyme, Protease B2, appears by day 9 and catalyses extensive proteolysis of both 
BBSTI-E and BBSTI-D, the latter at a much faster rate. Three separate actlvltles, measured at pH 7 m the presence of 
sulphydryl reducing agents, with peaks at days one, three and etght, catalyse extensive proteolysls of BBSTI-D, BBSTI- 
E and of BBSTI-E and -D, respectively Immunostained Western blots show that other Bowman-Bark lsomhlbltors 
are also digested during germmatlon and early growth. 

INTRODUCTION 

In addition to bulk storage proteins, soybeans synthesize 
and accumulate protelnase inhibitors during seed devel- 
opment During germination and early growth, the pro- 
teins stored in the soybean are degraded m a series of 
proteolytlc steps Of the three classes of trypsin mhlbltors 
[l], the Kumtz (KSTI), the Bowman-Bark (BBSTI), and 
the glycine-rich (GRSTI) soybean trypsm mhlbltors, only 
the first two undergo proteolysis during the first 12 days 
[24]. The principal Kumtz and Bowman-Bark soybean 
trypsin mhlbltors m the stram studied are the T1” and the 
BBSTI-E forms. Both mhlbltors are subjected to an mltial 
hmlted specific proteolysls prior to then more extensive 
degradation. The imtlal proteolytlc cleavage of TI” to the 
modified form, Ti;, rnvolves the hydrolysis of the 
Leu176-Asp177 bond near the carboxyl-terminus [Yj; 
that of BBSTI-E to BBSTI-D mvolves the Lys69-Glu70 
bond, again near the carboxyl-terminus [6] 

In this work, we demonstrate the presence of enzymatic 
actlvlties m the cotyledons of soybean seedling which 
catalyse the conversion of BBSTI-E to BBSTI-D, as well 
as other enzymes which catalyse the more extensive 
degradation of BBSTI-E and BBSTI-D The levels of the 
various enzyme actlvltles on successive days after plant- 
mg are correlated with the timing of the in uiuo decline of 
BBSTI-E and the appearance and subsequent decline of 
BBSTI-D. 

The seeds of the soybean cultivar we have studied also 
contain a number of mhlbltors homologous to BBSTI-E 
As a group, these Bowman-Bark mhlbltors have very 
high sulphur amino acid contents especially compared to 
the storage proteins, glycmin and B-conglycmm. The 
BBSTI-E form m subgroup I has 14 half-cystmes per 
molecule of 71 residues The inhibitors m subgroup II 
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have the same proportion of half-cystines while BBSTI-B 
m subgroup III has 10 half-cystmes m a molecule of 68 
residues. Isoinhibltors had been previously classified mto 
subgroups according to mhlbltor specificity and 
immunochemlcal cross-reactivity but primarily by their 
amino acid compositions and m some cases, published 
ammo acid sequences. By these criteria, forms included m 
each subgroup are related by proteolysls occurring m the 
developing seed [l]. In this paper, we also followed 
changing levels of these other Bowman-Birk Isoinhibl- 
tors durmg germmation and early growth. 

We have recently described three enzymatic actlvltles 
m the soybean which degrade the Kumtz mhibltors [7]. 
The degradation of the Bowman-Bark trypsm inhibitors 
IS compared to that of the Kumtz trypsm inhibitors. 

RESULTS AND DISCUSSION 

Temporal pattern of degradatzon of the Bowman-Bark 
zsoinhzbztors durzng germmatzon and early growth 

Soybeans were planted and the cotyledons harvested at 
designated days for the first 12 days after the mitiation of 
lmblbitlon. The cotyledon extracts were analysed for their 
lsomhlbltor complements. Isoinhlbltor species were sep- 
arated by PAGE Several gels were run, usmg samples 
equivalent to 00006, 0.006, or 0.06 cotyledons m each 
lane The gels were stained for trypsm inhlbltor activity 
Parallel gels were blotted and lmmunostamed with 
BBSTI and Kunitz trypsm inhibitor specific antibodies. 
The results are summarized m Table 1. The level of 
BBSTI-E declines by day two. BBSTI-D appears in its 
place. The level of BBSTI-D then declines by day 10. TI” 
declines by day three to be replaced by Ti”, which then 
decreases by day 12 Although the patterns are similar, 
the two native mhlbltors do not appear to undergo the 
same rate of degradation 
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Table I Temporal pattern of trypsm lsomhlbltor dlstrlbutlon m the cotyledons ofthe soybean m germmatton and early 

seedling growth* 
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+ + +Soybean cultlvar Amsoy 71 Presence of lsomhlbltor species IS mdlcated by + + f, + f, or + to indicate 

decreasing lmmunostalnmg mtensltles and decreasing trypsm mhlbltor negative stam 

tFrom time of plantmg 
fTentatlve1) asslgned to Bowman--Bark class because of reaction with antI-BBSTI-E antIbodIes (and not antl-KSTI 

antlbodles), but could be GRSTI 

Trypsm mhibltor bands correspondmg to BBSTI-E’ m 
subgroup I, BBSTI-C’, BBSTI-C, and BBSTI-A” in sub- 
group II, and BBSTI-B m subgroup III, all show a vlslble 
decrease m stammg mtenslty wlthm days three and SIX 
New bands exhlblting trypsm mhlbltor stammg, and 
lmmunostammg with antl-BBSTI-E-specific antlbodies, 
designated BBSTI-G, -H, -1 and -J m Table 1, begm to 
appear at days four to SIX, only to decline agam at days 
10 to 12 These mhlbltors may represent limlted proteo- 
lytlc cleavage products of the subgroup II and 111 
Bowman-Bark lsomhlbltors 

Condltlons for BBSTI-E and BBSTI-D dwected 
proteolytlc actmtres 

Day three cotyledons were selected as a source of 
possible BBSTI-E to BBSTI-D convertmg activity m 
assays described m the Experlmental Sectlon Incubation 
of BBSTI-E with day three cotyledon extracts resulted m 
a decrease m BBSTI-E as measured by scanning den- 
sltometry of Amldo Black stamed gels The pH con- 
ditions that gave the highest actlvlty were pH 4 and pH 
6 75. Only the actlvlty at pH 4 resulted m the appearance 
of BBSTI-D (Fig IA) The highest levels of proteolysls 
with BBSTI-D as substrate were found at pH 7 Actlvlty 
was also detected at pH 3 5, 5.5 and 6.5 (Ftg 1B) The 
actlvltles operating at pH 4 were enhanced by the addlt- 
Ion of 0.2 mM dlthlothreltol, the acttvltles at or near pH 7 
had an absolute requirement for the thlol reagent 
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Fig 1 pH optima of proteolysls of BBSTI-E and BBSTI-D m 

extracts of day three cotyledons. Top BBSTI-E Incubated for 

4 hr with cotyledon extract equivalent to 0 35 mg fresh tissue 
-0.-, % &appearance of BBSTI-E. - t:-, appearance of BBSTI- 

D m terms of area under the peak of densitometer tracmgs, 

expressed m square Inches Bottom BBSTI-D incubated for 2 hr 

with cotyledon extract eqmvalent to 0 35 mg fresh tissue l - % 
, disappearance of BBSTI-D 
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Temporal pattern of pH 4 proteolytic actiuitles 

Cotyledons from day 0 to day 14 seedlings were 
analysed for proteolytrc activrty at pH 4 with BBSTI-E 
and BBSTI-D as substrates. The results are presented m 
Fig. 2 

The earliest activity appearmg was directed primarily 
agamst BBSTI-D No discrete products were detected. 
This actrvity appears soon after rmbibrtron, peaks at day 
one, and then declines raprdly (Fig. 2B). The major pro- 
teolytrc activity from days three to erght as shown in 
Frg 2A catalysed the conversron of BBSTI-E to BBSTI- 
D. The enzyme responsible for this actrvrty may have 
been present earher than day three, but BBSTI-D appear- 
ance would be undetected due to destruction of the 
product BBSTI-D by the early activrty degrading this 
isoinhrbitor This mterpretatron of the data would be 
consistent wrth the m uiuo detection of BBSTI-D as early 
as day one. Srmilarly, the percentage disappearance 
of BBSTI-E beyond day eight (Fig. 2A) can not be ac- 
counted for completely by the appearance of BBSTI-D. 
The data are consistent wrth the idea that there are two 
major BBSTI-E proteolytrc enzymes active at pH 4 (to be 
referred to as the pH 4 enzymes) One whrch we shall 
desrgnate as protease Bl, converts BBSTI-E to BBSTI-D 
and another, designated protease B2, produces more 
extensive proteolysrs of BBSTI-E without the productron 
of obvious products. The two peaks of enzyme acttvity 
degradmg BBSTI-D between days two and five and 
between days rune and 13 (Fig. 2B) may reflect second 
actrvrtres of protease Bl and protease B2, respectrvely 
Accountmg for differences in assay condrtions, the rate of 
proteolysrs of BBSTI-D on day 12 IS four times hrgher 
than that for BBSTI-E. 

There are many parallels m the degradatron of the 
Bowman-Bnk and the Kunitz trypsm mhrbrtors. For 
both mhrbrtors, the proteolytrc activrtres carried out rn 
vttro at pH 4 can account in ulvo for the entire temporal 
pattern of change from natrve to modified mhrbitor and 
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Fig 2 Temporal pattern of proteolysis of BBSTI-E and BBSTI- 

D at pH 4 Top BBSTI-E (44 fig) Incubated for 2 hr with 

extracts made from the equivalent of 0.35 mg of cotyledons 

-O-, % disappearance of BBSTI-E, -0-, appearance of BBSTI- 

D m terms of area under the peak of densitometer tracmgs, 

expressed m square Inches Bottom BBSTI-D (15 5 pg) mcu- 

bated for 2 hr with extracts made from the equivalent of 0 35 mg 
of cotyledons -O-, % disappearance of BBSTI-D 

the total decrease in mhrbrtor protein. Limrted pro- 
teolytic cleavage occurs near the carboxyl-termmr for 
both native inhibitors and mvolves cleavage of a peptrde 
bond wrth an acrdrc ammo acid at the ammo-termmal 
srde [5,6]. The temporal pattern of the activrtres con- 
vertmg BBSTI-E to BBSTI-D and of the native (TI”) to 
modified (Tr”,) Kumtz inhibitor appear to coincide at the 
same stage of germmatron and early growth (Table I). 
For both systems, the data suggest that the enzyme 
catalysing the extensive proteolysis of the modified m- 
hibrtor may also digest the native Inhibitor, although at a 
slower rate A srmrlar process was reported prevrously for 
the proteolysis of pumpkm seed globulin [S] It 1s in 
contrast to the degradation of vetch seed protein m which 
the mod&cation by hmrted proteolytrc cleavage was 
needed for extensive proteolysis to occur [9] or to the 
degradation of the Bowman-Bark trypsm mhrbrtor in the 
mung bean which undergoes a series of hmrted pro- 
teolytrc cleavages before bemg subjected to extensive 
proteolysis [lo]. 

The bulk storage protems of the seed are sequestered 
m membrane-bound vesrcles called protein bodies [ 111. 
The larger proportion of both the Kunitz and the 
Bowman-Bark mhrbrtors have also been shown by im- 
munocytochemical techniques to be in the protein bodies 
[12,13] Many proteolytrc enzymes responsrble for drges- 
ting protein reserves m other legume seeds are cysteme 
protemases workmg at acrdrc pH optima and these have 
been localized m the protein bodies [ 14,151 It IS thus 
reasonable to hypothesize that m soybeans, the pH 4 
enzymes are together wrth at least the major part of the 
BBSTI-E m the protein bodies 

Temporal pattern of proteolytrc actwttes at neutral pH 

The pattern of proteolysrs of BBSTI-E and BBSTI-D at 
pH 7 was studied m a manner similar to that used for the 
acrdic actrvrtres The results are shown m Fig. 3 All 
activities at pH 7 result m raped, extensive proteolysis of 
the native or the modified mhrbrtor, without observable 
intermediates The earliest proteolytrc actrvrty 1s seen in 
the dry seed and declmes after day two. This IS active 
prrmarrly towards BBSTI-D However, any actual role 
for this enzyme in the proteolysis of the Bowman-Birk 
inhibitors depends upon subcellular locahzatron of en- 
zyme and BBSTI-D m the same compartment, consrder- 
mg that the only activity we have found to produce 
BBSTI-D IS one that functrons at pH 4. 

The activtty hydrolysmg BBSTI-E peaks at day three. 
The profile m the succeedmg days could be interpreted as 
the result of a thud activity directed toward both BBSTI- 
E and BBSTI-D. Accounting for differences m assay 
condrtrons, we find that at day eight, the rate of pro- 
teolysis of BBSTI-D IS 12 times that of the proteolysis of 
BBSTI-E 

Assay condrtions for BBSTI-D proteolysis at pH 4 and 
at pH 7 are equivalent, except for pH, so the two late 
appearmg actrvitres are of comparable magnitude. How- 
ever, their appearance on different days and the pH 
profiles (Frg. 1) show that the pH 7 proteolytrc enzymes 
are drstmct from the pH 4 enzymes. This poses a question 
with regards to the subcellular localizatron and function 
of the enzymes wrth near neutral pH optima especrally 
since no such extensive proteolytrc system of enzymes 
working at neutral pH exists for the Kumtz mhrbitor We 
suggest four possrbrhtres (i) The pH 7 proteolytic en- 
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Fkg 3 Temporal pattern of proteolysls of BBSTI-E and 
BBSTI-D at or near neutral pH Top EBSTI-E (4 4 ,ug) mcu- 

bated for 3 hr at pH 6 75 wrth extracts made from the eqmvalent 

of 0 7 mg of cotyledons -O-, % disappearance of BBSTI-E 

Bottom BBSTI-D (15 Spg) incubated for 2 hr at pH 7 with 

extracts made from the equivalent of 0 35 mg of cotyledons 

-O--. % &appearance of BBSTI-D 

zymes may have a totally unrelated function We may be 
wltnessmg an artifact of an VI LWO assay where substrate 
and enzyme which may never come m contact m the 
cotyledon are brought together (11) Some BBSTI-E and 
Its derived BBSTI-D may be m the cytosol either to begin 
with or as a result of the rupture of protem bodies 
Separate proteolytlc enzymes may exist to catalyse their 
degradation (in) BBSTI-E may be m the protein bodies 
but the other lsomhlbltor forms may be m the cytosol. 
The pH 7 enzymes may be m the cytosol prmclpally to 
catalyse the degradation of the subgroup II and III 
Bowman-Bark mhlbltors (IV) The protein bodies may not 
be able to mamtam an acldlc pH optimum when the 
protein bodies are depleted of protein or phytate reserves. 
The pH 7 enzymes may be there to catalyse the pro- 
teoiysls ofany remaining trypsm mhlbltor m the vesicles 

Overall scheme of proteolysls 

The degradation of all the Bowman-Bark soybean 
trypsm mhibltors m the cotyledons of the soybean 
seedling at a time when the storage proteins are being 
rapidly mobiiized indicates that ai-l these proteins serve a 
storage function m the seed. The existence of several 
proteolytlc enzyme activities directed towards BBSTI-E 
and BBSTI-D Indicates that the storage function which 
these proteins serve IS significant to the needs of the plant 
If all these actlvltles were to actually work zn VIVO, we see 
an overall scheme that IS not a simple hnear pathway, but 
one that exhlblts several possible alternative routes to the 
ultimate degradation of BBSTI-E First, there IS the 
pathway m which BBSTI-E IS modified by hmlted pro- 
teolysrs with accompanying enzyme actlvltles catalysmg 
extensive proteolysis of both BBSTI-E and BBSTI-D 
The latter could occur throughout the first 13 days of 

growth but would be due to separate enzymes peaking at 
day one, day four and day 12 The pH 7 system consisting 
of at least three separate actlvltles peaking at day one, day 
three and day eight may represent another alternative 
route to degradation of those Bowman--Bark mhibltors 
that through rupture of protein bodies or through m- 
trmslc cellular location, may be m an environment of near 
neutral pH instead of the appearance and sustained 
presence of proteolytic activity until substrate has been 

depleted, we observe a series of pulses of enzyme activity 
actlveat different stages ofgermmatlon and early growth 
The effect would thus be a slow. regulated release of 
ammo acids rather than a large burst as a result of the 
digestion of all the protein reserves 

FXPERIMENTAL 

Plant mutermlc and ~~tructs Seeds of Gi~c~rrr mu\ (I_ ) Merrdl 

cv Amsoy 71 (Lmcoln Seed Compdnq) were grown on Jiffy MIX 

m a growth chamber in n 12 hr I? hr hght ‘dark cycle Tempera- 

tures were set at 25’ in the hght and 20 in the dark Cotyledons 

were harvested at designated dLlys for a pcrtod of 12 days 
of growth Cotyledons were stored frozen at -20 I‘or deter- 

mmatlon of the trypsln lsomhlbltor l‘orma cotyledons were 

homogenized m 7 ml LoId 50 mM Trls+HCl 0 3 mM phenyl- 

methylsulphonyl fluoride (PMSI‘)-4) 5 mM Na lodoacetate 

(NaIAA) 05 mM CDTA. pH X0, per g fr wt of tissue The 

PMSF. NalAA and EDTA bcrvc to lnhlblt serme. cystemc and 

metallo-protemase actlvrtj durmg homogemz&on and cnmple 

handlmg For asanys of proteolytjc actlvltk these compounds 

were omltted Cotyledon\ were ertracted with cold SO mM Na- 

PI- 2 mM dlthlothreltol (DTT). pH 7 0 u\mg 7 ml’g fr ut of 

tissue Extracts were clarified by centrlfugatlon 

E~ZJWW UWI)‘.~ Substrate (4 4 ;tg BBSTI-E or I5 5 1~8 BBSTI- 

D) was Incubated with 5111 of cotyledon extract In buffer 

The buffers were cltrate~~phosphatc formulated accordmg to 

McIlvame [I61 with DTT added to reach n Loncentratmn of 

02 mM m the final lncubntlon mixture (total vol of 50~1) 

Incubation mixtures were prepared m duphc&c One \\A\ frozen 

lmmechately at -70 dnd the other Incubated at 37 for the 
designated time period, then frozen ns Above Samples were 

subjected to PAGE m the Davis Ll7J aystem. uamg 1.5% 

acrylamlde for the BBSTI-E proteolytlc assays and 17% ‘lcrp- 

larmde for the BBSTI-D asaaqs The gel\ were fixed m 10% 

suIphosalicyhc dud: staIned_ in I 5% Amtdb Black &solved. m 

7 5% HOAc then destaIned m 7 5% HOAc The band intensities 

were determmed h) scdnncng densltometry alth d Hoefer den- 

sitometer The peak are‘ls were determmed by plammetry. The 

percentage ofdisappearancc of substrate was calculdted JS [(ared 

under the peak correspondmg to the Wb\trdte band at time 0 

-the corresponding area at time r): (the dred at tlmc O)] x 100 

BBSTI-E and BBSTI-D stain with ddTerent mtensltles and the 
change m stam mtenslty per concentrdtlon oi-trypbln mhlhltor IS 

chflerent so that the ‘%I of BBSTI-E that 1\ Lonverted LO BBSTI-D 
cannot be readdy calculated 

Prehmmary expenments had estabhshed the range of BBSTI- 
E and BBSTI-D concentratmns m which hand mtensltles would 

be proportional to InhIbItor concentration and amount The 
ad&Ion of antibiotics. 4 8 &ml amphoterlcm B and 95 blgjml 
kanamycm dtd not change the results The amount of extract 

used and the mcubatlon time Here varied to reach % chsap- 

pearance of substrate between IO and 90%. whenever possible 

Assays were done under dlffcrent condltlons to ensure that the 

temporal patterns of actlvltles would reflect the enzyme concen- 
tratmns on different ddys m the extracts 
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Determmatlon of trypsm zsomhlbltor forms PAGE geIs m the 
Davis system with 4 M urea added were run to analyse extracts 

of equivalent numbers of cotyledons that had been harvested at 

different days of growth The gels were stained for trypsm 

mhlbltor activity [18] Parallel gels were blotted onto PVDF 

(polyvmyhdene dlff uorlde by Mdhpore) and lmmunostamed 
The primary antibodies were IgG from sera of rabbits Immu- 

mzed with either pure Kumtz soybean trypsm mhlbltor ofthe TI” 
form or glutaraldehyde-polymerized BBSTI-E 1191 The second- 

ary antibodies were goat anti-rabbit IgG ConJugated to alkaline 

phosphatase. The secondary antibodies, as well as the 5-bromo- 

4-chloro-3-mdolyl phosphate and mtro-blue tetrazohum sub- 

strates for the colour reaction were obtained from BloRad In this 

detection system, the anti-Kumtz antibodies were specific for the 

Kumtz trypsm mhlbltors The anti-BBSTI-E antibodies could be 

used to detect all Bowman-Bark lsomhlbltor forms and glycme- 

rich trypsm mhlbltors The identities of the different forms were 

based on comparison with known purified mhlbltors and from 

the moblhtles of the bands relative to the mob&y of BBSTI-E 
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