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Abstract

Supplemental methionine in a complete culture medium increases the Bowman-Birk-type protease inhibitor (BBPI) level in
cultured developing soybean (Glycine max, L. Merrill) cotyledons. The increase of BBPI level was paralleled by an increase in
the mRNA level. Nuclear run-on analysis showed that transcriptional activities of the BBPI genes were not different between
cotyledons cultured in media with or without added methionine.

Kinetics of changes in BBPI mRNA levels suggested a change in BBPI mRNA stability upon adding or omitting methionine
from the medium. Direct measurement of BBPI mRNA by the use of cordycepin revealed that BBPI mRNAs were much more
stable in cotyledons cultured in medium supplemented with methionine than in cotyledons cultured in medium without
methionine. No major difference or heterogeneity in the length of BBPI mRNA poly(A) tails in cotyledons cultured in medium
with or without met was seen. Published by Elsevier Science Ltd.
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1. Introduction

Two types of protease inhibitors are found in soy-
bean seeds: the Kunitz inhibitor and the Bowman-—
Birk-type protease inhibitors (BBPI) (Tan-Wilson &
Wilson, 1986). The Kunitz inhibitor has a molecular
weight (Mr) of 21 kDa, containing 3% sulfur amino
acids (Tan-Wilson & Wilson, 1986). BBPIs are con-
siderably smaller, (approximately 7-8 kDa) in a single
polypeptide chain of 70-80 amino acid residues, about
20% being sulfur amino acids (Tan-Wilson & Wilson,
1986).
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At least three different BBPIs have been described in
soybean seeds, including the classical Bowman—Birk
protease inhibitor, (the one originally identified by
Bowman and Birk), the C II inhibitor and the inhibi-
tor PI IV (Tan-Wilson et al., 1987). Genes encoding
these proteins contain extensive regions of homology
(Tan-Wilson et al., 1987; Joudrier, Foard, Floener, &
Larkins, 1987). Both the Kunitz inhibitor and BBPIs
are packaged into protein bodies in developing seeds
and degraded during germination (Horisberger &
Tacchini-Vonlanthen, 1983a, 1983b; Wilson, 1988).
The function of these inhibitors is not clear, although
roles as a minor storage protein, a regulator of en-
dogenous proteases, or a defense agent against insects
have been suggested (Ryan, 1981).

Studies of sulfur nutrition using intact plants have
shown that plants grown under sulfur-deficient con-
ditions produce seeds containing decreased amounts of
sulfur-rich proteins, along with an increase of seed
proteins containing low levels of sulfur-containing
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Fig. 1. Southern blot analysis of soybean genome DNA. Total soy-
bean DNA (5 pg) was digested with EcoR 1 (lane 2), Nde I (lane 3),
Xba I (lane 4), and separated on a 0.8% agarose gel. cDNA (clone
6-7) was used as a probe. Lane 1 contains the Hind I11-digested A
DNA. Numbers on the left side indicate sizes of the Hind 111 frag-
ments.

amino acids (Thompson & Madison, 1992). We have
also shown a similar effect when in vitro cultured soy-
bean cotyledons are grown in a complete medium sup-
plemented with methionine (met medium) or a
medium  without added met (basal medium).
Furthermore, by using a differential screening method
to screen a cDNA library, we were able to identify a
cDNA clone (designated 6-7), that contains the 3'-por-
tion of a mRNA encoding a BBPI, which is sulfur-rich
and preferentially expressed in cotyledons cultured in

Table 1

methionine (met) medium (Biermann, de Banzie,
Handelsman, Thompson, & Madison, 1998).

In this study, we used the isolated cDNA clone (6—
7) as a probe to show that the regulation of BBPI gene
expression in cultured soybean cotyledons by met
occurs at the post-transcriptional level, mostly due to
a met-induced stabilization of BBPI mRNA.

2. Results
2.1. BBPI is encoded by a multigene family

To determine the number of genes that hybridize to
clone 6-7 in the soybean genome, the 6—7 cDNA plas-
mid (Biermann et al., 1998) was used to probe total
soybean DNA digested with several restriction
enzymes that do not cut within the probe cDNA. Fig.
1 shows that under high stringency conditions (washed
with 0.2 x SSC at 65°C), clone 6-—7 hybridized with
three EcoR T DNA fragments (lane 2), two Nde I
DNA fragments (lane 3) and one Xba I DNA frag-
ment (lane 4). No other bands were detected even at
low stringency (washed with 2 x SSC at 65°C), (data
not shown). These results indicated the presence of a
small number of BBPI DNA sequences in the soybean
genome.

2.2. BBPI protein level, BBPI mRNA level and
transcriptional activity of the BBPI genes in the
presence and absence of methionine

The mechanism that results in the increased ex-
pression of BBPI genes in cotyledons cultured in met
medium was investigated by comparing BBPI protein
levels, BBPI mRNA levels and transcriptional activities
of BBPI genes between cotyledons cultured in basal
medium and cotyledons cultured in met medium.
Table 1 row 3 shows that met does not increase the
translational efficiency nor does it act at the posttran-
slational level. The fact that met increases BBPI and
its mRNA (rows 1 and 2) to the same extent shows
that met does not increase translation efficiency in
cotyledons cultured in met medium or decrease BBPI

Ratios of BBPI protein level, mRNA level and transcriptional activity of the BBPI genes in soybean cotyledons cultured with or without meth-
ionine. Relative levels of Bowman-Birk Protease Inhibitor mRNA and transcriptional activity were measured on an X-ray film with a laser den-
sitometer as described in the experimental section; arbitrary units were used. The average BBPI level was 147 + 17.3 pg equivalent of lima bean
BBPI per gram fresh weight (n = 5) for cotyledons cultured in basal medium for 6 d; (Mean + standard error)

Parameter Methionine/basal Number of independent measurements
BBPI protein level 6.8+ 1.1 6
BBPI mRNA level 64+13 5
Transcriptional activity of BBPI genes 0.9+0.1 2
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Fig. 2. Kinetic changes of BBPI mRNA in cultured soybean cotyle-
dons after being switched from basal medium to methionine medium
or from methionine medium to basal medium. Arbitrary units were
used to express the BBPI mRNA level.

protein degradation. These results suggested that the
regulation of the BBPI gene expression by met was pri-
marily confined to post-transcriptional changes in the
level of BBPI mRNA.

2.3. Kinetics of changes in BBPI mRNA levels

To further understand the control mechanism that
elevated the BBPI mRNA level in cotyledons cultured
in met medium, the kinetics of changes of BBPI
mRNA levels in cultured cotyledons upon addition of
met to the basal-medium or removal of met from met
medium were characterized.

We cultured cotyledons in basal or met medium for
6 days, and then transferred cotyledons either from
basal to met medium or vice versa. Cotyledons were
harvested at different times after being transferred and
the level of BBPI mRNA at each time point after
transfer was determined.

As shown in Fig. 2, the BBPI mRNA Ievel in cul-
tured cotyledons was increased after being transferred
from basal to met medium. No significant delay was
observed. The BBPI mRNA level continued to increase
for about 3 days before a new steady state was
reached. On the other hand, a rapid drop of the BBPI
mRNA level was observed when cotyledons were
transferred from met to basal medium after a lag
period of 2-3 days. This lag period correlates well with
the decrease of the free met pool in soybean cotyle-
dons when they are transferred from met to basal med-
ium, since Holowach, Madison, & Thompson (1986)
showed that a dramatic decrease of the free met pool
only occurs 2-4 days after the transfer. Thus, the
results suggest changes of the BBPI mRNA level in
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Fig. 3. The effect of cordycepin on uridine uptake and RNA syn-
thesis in soybean cotyledons. (A) Uptake of [*Hluridine (10 pCi/ml)
in the presence of various amounts of cordycepin. (B) RNA synthesis
in the presence of various concentrations of cordycepin.

cultured cotyledons was dependent on the concen-
tration of the uncombined met. Furthermore, since the
time required for change of mRNA levels from one
steady state to another steady state is dependent on
the mRNA stability (Hargrove & Schmidt, 1989), the
difference between kinetics of BBPI mRNA accumu-
lation upon addition of met and the kinetics of BBPI
mRNA decrease upon removal of met also indicated
an alteration of BBPI mRNA stability by met.

2.4. Measurement of BBPI mRNA stability by using
cordycepin

The half-life of BBPI mRNA was directly measured
by using the transcription inhibitor, cordycepin (3'-
deoxyadenosine), which terminates transcription once
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Fig. 4. Decay kinetics of BBPI mRNA in soybean cotyledons cul-
tured in basal or methionine medium. Soybean cotyledons were cul-
tured in basal or met medium for 6 days, and then transferred to the
same medium containing 100 pg/ml cordycepin. First samples (time
zero) were taken after one hour of cordycepin treatment. The level
of BBPI mRNA at each time point was expressed as a percentage of
the amount at time zero. The different symbols represent two separ-
ate experiments. The lines were determined by the least squares
method (sigma plot).

it is incorporated into RNA (Spiegel & Marcus, 1975).
We cultured cotyledons in basal or met medium for 6
days and then transferred them to the same medium
(basal to basal, met to met) containing 100 pg/ml cor-
dycepin for 1 h before starting to harvest samples.
While the uptake of [PHJ-uridine was only slightly
inhibited (Fig. 3A), incorporation into RNA (Fig. 3B)
was totally inhibited by 100 pg/ml cordycepin after
one hour (which was used as zero time in Fig. 4). At
different time points, cotyledons were harvested and
the level of BBPI mRNA was determined. The decay
kinetics of BBPI mRNA are shown in Fig. 4. We esti-
mated that BBPI mRNA had a half-life of about 2 h
in cotyledons cultured in basal medium and a half-life
of about 10 h in cotyledons cultured in met medium.
Thus, we conclude, from the results presented, that an
increase in BBPI mRNA stability was the most im-
portant factor in the higher level of the BBPIT mRNA
in cotyledons cultured in met medium as compared to
basal medium.

2.5. Poly(A) tail length and BBPI mRNA stability

Shortening of the poly(A) tail of mRNA has been
suggested to be the initial and rate-limiting step for the
degradation of some eukaryotic mRNAs (Bernstein &
Ross, 1989). If the stabilization effect of met on BBPI
mRNA was the result of inhibition of shortening of
the poly(A) tail of BBPI mRNA, the size distribution
of poly(A) tails of BBPI mRNA in cotyledons cultured
in basal medium would be different from that in coty-
ledons cultured in met medium. To characterize the
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Fig. 5. Poly(U)-Sepharose thermal elution profile of BBPI mRNA in
soybean cotyledons cultured in basal or methionine medium. Results
presented represent means (+ standard error) of three separate exper-
iments and are expressed as percentage of total poly(U)-binding
BBPI mRNA.

size distribution of the poly(A) tails of BBPI mRNA,
thermal elution of total RNA isolated from cotyledons
cultured in different media were performed by using a
poly(U)-Sepharose column (Jacobson, 1987). As
shown in Fig. 5, most BBPI mRNAs, either from coty-
ledons cultured in met medium or cotyledons cultured
in basal medium for 6 days, were eluted at 45°C,
which is consistent with the evidence that most cyto-
plasmic mRNAs have a steady-state distribution of a
poly(A) tail about 40-60 nucleotides in length
(Jacobson, 1987). Thus, the results showed that there
was no major difference in the size distribution
between poly(A) tails of BBPI mRNA in cotyledons
cultured in basal medium and those in cotyledons cul-
tured in met medium, which suggests that shortening
of the poly(A) tail was not the rate-limiting step in
BBPI mRNA degradation and was not involved in the
met stabilization of BBPI mRNA.

3. Discussion

By using the cDNA plasmid 6-7 as the probe, we
have shown that BBPIs in soybean seeds are encoded
by a small multigene family. The data are consistent
with previous results showing that there are at least
three different, but highly homologous, Bowman—Birk
type protease inhibitors present in soybean seeds (Tan-
Wilson et al., 1987). However, our result is different
from that described by Hammond, Foard, & Larkins
(1984), who concluded that there is only one single
copy gene that encodes the BBPI in the soybean gen-
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ome although they used a cDNA clone which is very
similar to ours with only 11 bases different out of 125
bases (cf 1 vs 15). Moreover, in our DNA blot (Fig.
1), we did not observe any bands, under high or low
hybridization stringencies, that corresponded to those
of Hammond et al. (1984), despite the fact that we
both used DNA isolated from the same cultivar,
Provar. The reason for this discrepancy is not clear
and deserves further investigation.

We have also shown that met enhances the level of
the BBPIs, which are rich in sulfur amino acids, by
stabilizing BBPI mRNA in cultured soybean cotyle-
dons. In a study of the effect of sulfur nutrition on pea
seed protein gene expression, it was shown that levels
of legumin and albumin 1 mRNAs, both of which
encode sulfur-rich proteins, were low in pea seeds of
plants grown under sulfur deficiency (Spencer, Rerie,
Randall, & Higgins, 1990). When plants are recovering
from sulfur deficiency, there is a rapid increase in the
level of legumin and albumin 1 mRNAs within 1-2
days, while the transcriptional activities of these genes
are not changed during that period. These results
suggest that expression of pea legumin and albumin 1
genes in response to sulfur availability are regulated by
a post-transcriptional mechanism, which is consistent
with the results reported here. Comparable examples
of regulation of synthesis of proteins in seeds by the
availability of nutrient sulfur have also been obtained
in other species (e.g., lupin, barley, cowpea, rape, sun-
flower and wheat; reviewed in Spencer et al. (1990)).
In all cases, plants grown under sulfur-deficient con-
ditions produce seeds containing decreased amounts of
sulfur-rich proteins, along with an increase of seed
proteins containing a low level of sulfur amino acids.
Furthermore, the met effect on soybean seed protein
synthesis has also been demonstrated in transgenic pet-
unia seeds by transferring a gene encoding the B subu-
nit of P-conglycinin into petunia (Fujiwara, Hirai,
Chino, Komeda & Naito, 1992). It appears that plants
of different species use a common mechanism to regu-
late seed protein synthesis, depending upon the avail-
ability of sulfur. By changing the stability of mRNA
in response to environmental factors, plants could
adapt to their environment quickly and use their nutri-
tional resources more efficiently (Hargrove & Schmidt,
1989).

Messenger RNA turnover is now recognized as a
major control point in the regulation of gene ex-
pression (Alber & Green, 1996). It has been shown
that some mRNAs can be degraded from their 3" end
by first removal of the poly(A) tail (e.g., c-fos and c-
myc mRNAs in mammalian cells (Bernstein & Ross,
1989)). Nevertheless, some mRNAs are probably
degraded initially through an endonucleolytic cleavage
(e.g., 9E3 mRNA in chicken cells (Stoeckle &
Hanafusa, 1999)), and subsequently the intermediates

are degraded by exonucleases. Results of thermal
elution of BBPI mRNA from a poly(U)-Sepharose col-
umn did not support the idea that removal of poly(A)
tails is the rate-limiting step in degradation of BBPI
mRNA (Fig. 5). In spite of the fact that the pro-
portion of BBPI mRNA of cotyledons cultured in
basal medium that eluted at 25°C was higher than
those cultured in met medium (Fig. 5), we suggest that
this elevated level could represent partially degraded
BBPI mRNA (possibly generated by endonucleolytic
cleavage), which would be expected to be higher in
cotyledons cultured in basal medium than in cotyle-
dons cultured in met medium. The increase in the pro-
portion of BBPI mRNA of cotyledons cultured in
basal medium eluted in the elution buffer (EB) fraction
reflects the fact that BBPI mRNA is less stable in coty-
ledons cultured in basal medium since destabilization
of a mRNA species increases the percentage of the
newly synthesized mRNA, which would contain longer
poly(A) tails, in the whole mRNA population.

In any event, the mechanism by which BBPI
mRNAs are stabilized in cotyledons cultured in met
medium remains to be established. We anticipate that
its elucidation will facilitate our long-term effort to
improve soybean seed quality by increasing the sulfur
content in seed proteins.

4. Experimental
4.1. Plant material and culture

Soybean plants (Glycine max L. Merr. cv Provar)
were grown in a glasshouse in a mixture of sand and
soil on a modified Hoagland’s nutrient solution
(Thompson, Madison, & Muenster, 1977). Immature
soybean cotyledons (20-50 mg) were cultured in a
complete medium (Thompson et al.,, 1977) which
included 1.5 mM sulfate (basal medium). For met
medium, L-met was added to the basal medium at a
final concentration of 8.4 mM.

4.2. Measurement of Bowman—Birk type protease
inhibitor

Bowman-Birk type protease inhibitor activity was
assayed as described by Biermann et al. (1998) where
benzoyl-DL-arginine p-nitroanilide was used as the sub-
strate with purified lima bean inhibitor as a reference.

4.3. Isolation of DNA and RN A
DNA was isolated from soybean leaf tissue as

described (Saghai-Maroof, Soliman, Jorgensen, &
Allard, 1984). Total RNA was isolated from soybean
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cotyledons by the method of Wadsworth, Redinbaugh,
& Scandalios (1988).

4.4. Southern blots

Isolated soybean genomic DNA (5 pg) was digested
with different restriction enzymes, electrophoresed in
0.8% agarose, and transferred to a GeneScreen® mem-
brane (DuPont) (Maniatis, Fritsch, & Sambrook,
1982). Hybridization was performed in 5 x SSC,
5 x Denhardt’s solution, 5% dextran sulfate, 0.5%
SDS, 100 pg/mL of salmon sperm DNA, 50 mM
sodium phosphate, pH 6.5, at 65°C overnight
(Maniatis et al., 1982). The hybridization probes were
prepared by random hexamer primer labeling of linear-
ized ¢cDNA clone 6-7 and phage A DNA with a-
[*?P]dATP using the Multiprime DNA labeling system
(Amersham). After hybridization, the membrane was
washed in 0.2 x SSC at 65°C, (or 2 x SSC at 65°C for
low stringency), and autoradiographed at —70°C with
Kodak X-Omat AR film.

4.5. Quantification of BBPI mRNA levels

Since, using cDNA 6-7 as a probe, only a single
band was detected on Northern blots (Biermann et al.,
1998), we used slot blots to measure BBPI mRNA
levels in cultured cotyledons. Total RNA, 5 or 10 pg,
was blotted onto a GeneScreen membrane by using a
Bio-Dot SF apparatus (Bio-Rad), and then hybridized
with the labeled cDNA 6-7 probe as described above.
After hybridization, the membrane was washed in
0.3 x SSC at 65°C. For quantification of BBPI mRNA
levels, hybridization signals were estimated using a
laser densitometer (LKB). In each case, a duplicate
membrane was hybridized to a labeled clone, pGmr-1
(a gift from Dr E. Zimmer), which contains the soy-
bean 18 S and 25 S ribosomal gene sequences, and
these hybridization signals were used to normalize the
BBPI signals.

4.6. Nuclear run-on analysis

Nuclei were isolated from soybean cotyledons as
described by Cox and Goldberg (1988). Nuclei con-
taining about 20 pg of DNA were used for each
nuclear run-on assay. The assay conditions were the
same as described by Cox and Goldberg (1988).
Reactions were terminated after 15 min, and labeled
RNA was isolated as described (Marzluff & Huang,
1985). Hybridization was carried out in DNA excess
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by blotting 2 pg of linearized BBPI ¢cDNA 6-7 and
rDNA (pGmr-1) onto a GeneScreen membrane under
the conditions described above. After hybridization,
the membrane was washed in 0.3 x SSC at 65°C, and
autoradiographed. The autoradiograph was quantified
by laser densitometry. The transcriptional activity of
BBPI genes was estimated after the signal hybridized
to cDNA 6-7 was normalized to the signals hybridized
to rDNA.

4.7. Measurement of cordycepin effects on uridine
uptake and RNA synthesis

Soybean cotyledons (100—130 mg) were labeled with
[5,6-*H]uridine (40 Ci/mmol)(10 pCi/ml) in the pre-
sence of various concentrations of cordycepin. At
different times, cotyledons were harvested, washed and
ground in 2 volumes (w/v) of the extraction buffer
(5% SDS, 0.15 M LiCl, 0.05 M EDTA and 0.05 M
Tris-HCI, pH 9). Debris was removed by centrifu-
gation at 10,000 g for 30 min, aliquots of the super-
natant were taken, and the RNA in the remaining
supernatant was  precipitated by 5% TCA.
Radioactivities in the supernatant and the precipitate
were measured by liquid scintillation as the total
uptake of uridine and the synthesis of RNA, respect-
ively.

4.8. Elution of RNAs from poly(U )-Sepharose column

Thermal elution of RNAs from poly(U)-Sepharose
columns was performed as described in Jacobson
(1987). RNA eluted in each fraction was blotted onto
a GeneScreen membrane and hybridized with the
labeled cDNA 67 probe as described.
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