The Plant Cell, Vol. 1, 427-435, April 1989 © 1989 American Society of Plant Physiologists

A Frameshift Mutation Prevents Kunitz Trypsin Inhibitor
mRNA Accumulation in Soybean Embryos

K. Diane Jofuku,' Roberta D. Schipper, and Robert B. Goldberg?
Department of Biology, University of California, Los Angeles, Los Angeles, California 90024-1606

We investigated the molecular basis of a soybean Kunitz trypsin inhibitor (KTi) gene mutation that prevents the
accumulation of Kunitz trypsin inhibitor protein during seed development. We found that mRNA encoding the major
Kunitz trypsin inhibitor protein (KTi3 mRNA) is reduced at least 100-fold in null (KTi") embryos but that KTi3 gene
transcriptional activity is similar in Kunitz trypsin inhibitor producing embryos (KTi*) and in KTi~ embryos. We
sequenced the Kunitz trypsin inhibitor KTi3 gene from both KTi3* and KTi3~ lines and found that these genes differ
by only three nucleotides (+481, +486, and +487) within the KTi3 coding region. Alteration of these nucleotides
results in a frameshift within the KTi3~ gene that causes premature termination during transiation. Our results
suggest that the KTi3~ frameshift mutation results in KTi3~ mRNA destabilization and leads to a drastic reduction

in KTi3 mRNA prevalence.

INTRODUCTION

Different soybean inbred lines have been identified that are
defective in the expression of specific seed protein genes
(see review by Goldberg, Barker, and Perez-Grau, 1989).
This natural mutant collection includes varieties that either
lack or underproduce Kunitz trypsin inhibitor (Orf and
Hymowitz, 1979), seed lectin (Puli et al., 1978), g-amylase
(Hildebrand and Hymowitz, 1980), lipoxygenase (Hilde-
brand and Hymowitz, 1981), glycinin (Scallon, Dickinson,
and Nielsen, 1987; Cho et al., 1989), 3-conglycinin (Kita-
mura and Kaizuma, 1981), and urease (Kloth, Polacco,
and Hymowitz, 1987). In each inbred line, the defect is the
result of a mutation that is inherited as a simple Mende-
fian recessive (e.g., Orf and Hymowitz, 1979). Several seed
protein gene mutations have been studied and their mo-
lecular lesions have been characterized (Goldberg et al.,
1989). These studies demonstrated that the mutations are
caused by different processes and result in either tran-
scriptional or posttranscriptional defects in seed protein
gene expression. Soybean seed protein gene mutations
include a large 5’ deletion (8-conglycinin cgy. gene; Ladin,
Doyle, and Beachy, 1983), an insertion element within the
gene (lectin /e 1 gene; Goldberg, Hoschek, and Vodkin,
1983), elimination of the translation start codon (glycinin
gy. gene; Scallon, Dickinson, and Nielsen, 1987}, and an
inversion that separates the 5’ and 3’ gene regions (gly-
cinin gy, gene; Cho et al., 1989).

' Current address: Laboratorium voor Genetica, Rijksuniversiteit
_ Gent, B-9000 Gent, Belgium.
2 To whom correspondence should be addressed.

In an attempt to understand the molecular processes
controlling soybean seed protein gene expression, we
investigated Kunitz trypsin inhibitor (KTi) gene structure
and expression in a Kunitz trypsin inhibitor producing line
(KTi*) and in a Kunitz trypsin inhibitor null line (KTi"). The
KTi~ genetic lesion results in a substantial reduction of
Kunitz trypsin inhibitor protein and activity in soybean
seeds (Orf and Hymowitz, 1979). We showed recently that
KTi* soybean plants contain several Kunitz trypsin inhibitor
genes and that these genes are differentially expressed
during the soybean life cycle and in transformed tobacco
plants (Jofuku, 1987; Jofuku and Goldberg, 1989). In this
paper we show that only one member of the Kunitz trypsin
inhibitor gene family is affected by the Kunitz trypsin
inhibitor mutation. DNA sequence analysis indicates that
this gene, designated as KTi3, encodes the major Kunitz
trypsin inhibitor seed protein. Our results demonstrate that
the mutant Kunitz trypsin inhibitor gene contains one base
pair substitution and two base pair deletions that result in
a translational frameshift. The inability to correctly translate
the KTi3~ mRNA probably causes the reduced Kunitz
trypsin inhibitor mMRNA and protein levels in KTi~ embryos.

RESULTS

KTi~ Embryos Contain Reduced Levels of KTi3 RNA

The soybean genome contains at least 10 distinct Kunitz
trypsin inhibitor genes, several of which are expressed
during the soybean life cycle (Jofuku, 1987; Jofuku and
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Figure 1. Schematic Representations of the KTi1, KTi2, and KTi3
Kunitz Trypsin Inhibitor Gene Regions.

Relevant consensus sequences and their locations are shown
above the genes. Rl and Sall represent EcoRI and Sall restriction
endonucleases, respectively. Brackets surrounding genes enclose
DNA sequences that are more than 75% similar between the
KTi1/2 and KTi3 gene regions, and are more than 90% similar
between the KTi1 and KTi2 gene regions. Thin brackets below
the KTi1 gene and the KTi2 5’ region indicate KTi1 gene nucleo-
tides +674 to +829 that are duplicated to form a portion of the
5’ flanking region of KTi2. Arrows point to KTi2 and KTi3 3’
regions that do not contain the duplicated KTi1 DNA segment.
Bracketed lines designated as A-37 and pKT3 indicate the Kunitz
trypsin inhibitor cDNA plasmids A-37 (Goldberg et al., 1981a) and
pKT3 (Jofuku and Goldberg, 1989) that represent the KTi1/2 and
KTi3 mRNAs, respectively.

Goldberg, 1989). Figure 1 presents schematic represen-
tations of three Kunitz trypsin inhibitor genes, designated
KTi1, KTi2, and KTi3, with their relevant consensus se-
quences and transcriptional orientations. Regions of the
Kunitz trypsin inhibitor genes represented by cDNA plas-
mids A-37 and pKT3 are also shown in Figure 1. Plasmid
A-37 contains sequences present in the KTi1 and KTi2
genes, whereas plasmid pKT3 contains sequences present
in the KTi3 gene (Jofuku, 1987; Jofuku and Goldberg,
1989). We demonstrated that the KTi1, KTi2, and KTi3
genes are expressed at relatively high levels during embry-
ogenesis and at lower levels in mature plant organ systems
(Jofuku, 1987; Jofuku and Goldberg, 1989). DNA sequenc-
ing studies presented here and elsewhere (Jofuku, 1987;
Jofuku and Goldberg, 1989) indicated that (1) the KTi1 and
KTi2 genes encode minor Kunitz trypsin inhibitor proteins,
(2) the KTi1 and KTi2 genes are nearly identical in nucleo-
tide sequence, (3) the KTi3 gene encodes the predominant
Kunitz trypsin inhibitor found in soybean seeds, and (4)
the KTi1/2 and KTi3 genes have diverged 20% at the DNA
sequence level.

We hybridized Kunitz trypsin inhibitor cDNA plasmids A-
37 and pKT3 (Figure 1) with soybean midmaturation stage
embryo polysomal mRNA gel blots to determine Kunitz
trypsin inhibitor KTi1/2 and KTi3 mRNA concentrations in
KTi* and KTi~ plants. Figure 2A shows that A-37 hybrid-
ized with approximately equal intensity to a 0.9-kb mRNA
in both KTi* and KTi~ mRNA populations. This result
indicated that the KTi1/2 mRNAs were present at similar
levels in wild-type and mutant embryos. By contrast, Fig-
ure 2B shows that pKT3 hybridized with a 0.9-kb KTi~
embryo mRNA that was approximately 100-fold less prev-
alent than that present in KTi* embryo mRNA. Similar
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Figure 2. Representation of KTi1/2 and KTi3 Kunitz Trypsin
Inhibitor mRNAs in KTi* and KTi~ Soybean Lines.

Two micrograms of KTi" and KTi~ midmaturation stage embryo
polysomal poly(A) mRNAs (Goldberg et al., 1981b) were fraction-
ated by electrophoresis on methylmercury hydroxide gels, trans-
ferred to nitrocellulose paper, and then hybridized with labeled A-
37 and pKT3 plasmid DNAs (Figure 1) under moderately stringent
reaction conditions (42°C; AT,,= —18°C). We showed elsewhere
that, at this criterion, there is roughly 20% cross-reaction between
each plasmid and heterologous KTi1/KTi2 or KTi3 mRNAs (Jofuku
and Goldberg, 1989). The 0.1X, 0.2X, and 1.0X lanes contained
0.2 ug, 0.4 ug, and 2 ug of KTi* midmaturation stage mRNA,
respectively. These reconstructions represented approximately
0.28%, 0.56%, and 2.8% of the embryo mRNA mass, respectively
(Goldberg, et al., 1981a).



results were obtained with KTi~ total embryo RNA (data
not shown), indicating that the concentration of the KTi3
mRNA was significantly reduced in KTi~ cells.

To determine whether the residual KTi3 mRNA detected
in KTi- embryos was derived from the KTi3 gene, we
utilized two experimental approaches. First, we hybridized
KTi* and KTi~ embryo mRNAs with a synthetic oligonucle-
otide probe complementary to KTi1, KTi2, and KTi3
mRNAs, and then extended the primer with reverse tran-
scriptase in the presence of only **P-dATP (Jofuku and
Goldberg, 1989). As shown in Figure 3A, the KTi1/2 and
KTi3 mRNAs differ by one nucleotide in the region 5’ to
the site of oligonucleotide hybridization (5’-GUUU-3" ver-
sus 5’-UUUU-3’). The extra uracil residue in the KTi3
mRNA permits extension of the oligonucleotide/KTi3
mRNA hybrid by one additional adenine in comparison to
that driven by KTi1 or KTi2 mRNA oligonucleotide hybrids.
Thus, the primer extension products produced by these
reactions should specify the relative KTi1/2 and KTi3
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Figure 3. Primer Extension Analysis of KTi1/2 and KTi3 mRNAs
in KTi3" and KTi3~ Plants.

A 21-base primer was synthesized that is complementary to
nucleotides +84 to +105 in the KTi3 Kunitz trypsin inhibitor gene
(Figure 8) and to nucleotides +61 to +82 in the KTi1/2 Kunitz
trypsin inhibitor genes (Jofuku and Goldberg, 1989). Nucleotide
13 of the primer is divergent between the KTi3 and KTi1/2 genes.
An excess of labeled primer was hybridized separately with KTi3"
and KTi3~ midmaturation stage polysomal poly(A) mRNAs, and
reverse transcriptase was used to extend the primer in the pres-
ence of only **P-dATP (Jofuku and Goldberg, 1989). The extended
primers were sized on a DNA sequencing gel. The 25-nucleotide
(nt) product represents the KTi3 mRNA, and the 24-nucleotide
product represents the KTi1/2 mRNAs. The 26-nucleotide product
in the KTi* lane may represent extension of a related Kunitz
trypsin inhibitor mRNA (Jofuku and Goldberg, 1989).
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mRNA levels in KTi* and KTi~ embryos. Figure 3B shows
that the 24-nucleotide KTi1/2 mRNA product was pro-
duced at approximately equal levels by both KTi* and KTi~
embryo mRNAs. By contrast, the 25-nucleotide KTi3
mRNA product was produced at a higher level than the
KTi1/2 mRNA product with KTi* mRNA, and was greatly
reduced in the KTi~ embryo mRNA population.

In the second approach, we hybridized KTi* and KTi~
embryo mRNAs with the KTi3 gene probe shown in Figure
4A, and then measured the size of S1 nuclease-resistant
DNA fragments. The stringency of both the hybridization
criterion and the S1 nuclease protection assay permitted
the detection of only KTi3 mRNA sequences. Figure 4B
shows that KTi* embryo mRNA protected the predicted
DNA fragments (Figure 4B, lane KTi*). By contrast, KTi~
mRNA did not detectably protect any KTi3 DNA sequence
(Figure 4B, lane KTi"). Together, these results indicate that
the level of KTi3 mRNA is greatly reduced in KTi~ embryo
cells, and that the concentrations of KTi1, KTi2, and related
KTi embryo mRNAs are not detectably affected by the
KTi3 gene mutation.

KTi3~ Gene Transcription Is Unaffected in Mutant
Embryos

The studies presented in Figures 2 to 4 suggested that
KTi8 mRNA is reduced in KTi~ embryos as a consequence
of a defect at either the transcriptional or posttranscrip-
tional levels. We synthesized *’P-nuclear RNAs (NRNAs)
in vitro using KTi* and KTi~ embryo nuclei (Walling, Drews,
and Goldberg, 1986; Cox and Goldberg, 1988), and then
hybridized the **P-nRNAs with DNA gel blots containing
KTi3 gene sequences to determine whether the mutant
Kunitz trypsin inhibitor gene was transcriptionally active.
Figure 5 shows that the KTi* and KTi~ **P-nRNAs pro-
duced equivalent hybridization signals with the KTi3 gene
(Figure 5, lanes KTi3). Similar results were obtained with
genes unaffected by the KTi3~ gene mutation, although
the hybridization signals were gene-specific (Figure 5,
lanes Le 17 and CG-4). These data indicate that the KTi3
Kunitz trypsin inhibitor gene is transcribed at the same
relative rate in both KTi* and KTi~ embryos, and that the
reduction in KTi3~ embryo mRNA is due to posttranscrip-
tional events.

KTi* and KTi~ Plants Contain a Single KTi3 Kunitz
Trypsin Inhibitor Gene

We hybridized Kunitz trypsin inhibitor cDNA plasmids
(PKT3 and A-37) with DNA gel blots containing EcoRI-
digested KTi* and KTi~ leaf DNAs at a reduced criterion
(AT,, = —30°C) to determine the KTi3 gene copy number
in these lines, and to compare the sizes of DNA fragments
that contained Kunitz trypsin inhibitor gene sequences. We
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Figure 4. S1 Nuclease Analysis of KTi3 Gene Expression in KTi*
and KTi~ Embryos.

(A) Map of relevant restriction endonuclease sites within the KTi3
gene region. The line labeled with an asterisk indicates the 3.1-
kb Sall/EcoRI DNA fragment from AClone 4A (Figure 7) that was
used as a probe in the S1 nuclease mapping experiments shown
in (B). The predicted size of the S1 nuclease-resistant KTi3
mRNA/DNA hybrid is indicated. bp, base pairs.

(B) S1 nuclease protection of KTi3 mRNA sequences in KTi" and
KTi~ embryos. An excess of labeled DNA fragment containing the
5’ end of the KTi3 gene was hybridized separately with 2 ug each
of KTi* and KTi~ embryo mRNA. The resulting hybrids were
digested with S1 nuclease, and the S1 nuclease-resistant hybrids
were fractionated by electrophoresis on a DNA sequencing gel.
DNA fragment sizes (bp) were determined relative to a known
DNA sequence ladder and are shown to the right.

showed elsewhere (Jofuku, 1987; Jofuku and Goldberg,
1989) that, under similar conditions, pKT3 and A-37 hy-
bridized with the 5.5-kb and 0.6-kb KTi3 EcoRI DNA
fragments, the 4.0-kb KTi1/KTi2 EcoRl DNA fragment
(Figure 1), and other EcoRl DNA fragments containing
related Kunitz trypsin inhibitor gene sequences. As seen
in Figure 6, the hybridization patterns obtained with the
KTi* and KTi- DNAs were identical with the exception of
a KTi1/2 EcoRI DNA fragment polymorphism in one KTi*
line (compare Figure 6, lanes KTi¢ and KTig). The 5.5- and
0.6-kb KTi3 gene fragments were indistinguishable in size
and copy number in the KTi* and KTI~ DNAs (Figure 6,
lanes KTi*, KTI"). We conclude that both the KTi" and

KTI~ genomes contain one KTi3 Kunitz trypsin inhibitor
gene, and that no gross sequence alterations have oc-
curred within the mutant KTi3 gene region.

KTi3* and KTi3~ Genes Possess Similar Structures

We described elsewhere the isolation and characterization
of the KTi3* Kunitz trypsin inhibitor genomic clone, AClone
4A (Jofuku, 1987; Jofuku and Goldberg, 1989). To com-
pare the KTi3* and KTi3~ gene regions, we selected Kunitz
trypsin inhibitor genomic clones from a KTi~ genomic DNA
library. Figure 7 shows the restriction maps, gene loca-
tions, and transcriptional orientations of the KTi3" genomic
clone (A\Clone 4A) and the KTi3~ genomic clone (AClone
TIM6). As seen in Figure 7, no significant differences in
restriction endonuclease sites were observed between the
two gene regions. In addition, at least 40 other restriction
endonuclease sites within and flanking the KTi3~ gene
were identical with those contiguous to the KTi3" gene
(data not shown). Heteroduplex analysis also showed that
KTi3" and KTi3~ gene regions were indistinguishable at
the level of the electron microscope (data not shown).

We reacted Kunitz trypsin inhibitor phage DNAs with
soybean KTi* midmaturation stage embryo mRNA under
conditions that form R-loops (Fischer and Goldberg, 1982)
to visualize and compare KTi3* and KTi3~ gene structures.

Lel "

Figure 5. Hybridization of Seed Protein Gene Sequences with
32P-Nuclear RNAs.

DNA fragments containing the KTi3 Kunitz trypsin inhibitor gene,
the Le 1 lectin gene (Goldberg et al., 1983), and the CG-4 -
conglycinin gene (Barker et al., 1988; Harada et al., 1989) were
fractionated by electrophoresis, transferred to nitrocellulose pa-
per, and hybridized with **P-nuclear RNAs synthesized in vitro
from either KTi* or KTi~ midmaturation stage embryo nuclei.
Hybridization conditions used are described in the legend to
Figure 2.
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Figure 6. Kunitz Trypsin Inhibitor Gene Representation in KTi*
and KTi~ Genomes.

Soybean leaf nuclear DNAs were digested with EcoRl, fraction-
ated by electrophoresis, transferred to nitrocellulose paper, and
hybridized with a mixed probe containing plasmids A-37 and pKT3
(Figure 1) under a reduced hybridization criterion (30°C, AT, =
—30°). KTi~, KTi# and KTi3 refer to DNAs from P.l. 157440,
Forrest, and Dare soybean varieties, respectively. Sizes of EcoRI
DNA fragments that reacted with the A-37/pKT3 probe are shown
to the left. KTi1/KTi2 and KTi3 refer to the EcoRI DNA fragments
that contain the KTi1/KTi2 and KTi3 gene sequences, respec-
tively. The KTi1/2 DNA fragment that is polymorphic with respect
to an EcoRl site is designated with an asterisk. The reconstruction
lanes (copies per haploid genome) contained 0.2 and 1.0 copy
equivalents of EcoRI-digested AClone 4A phage DNA (Figure 7).
AClone 4A contains the KTi3" Kunitz trypsin inhibitor gene and is
schematically shown in Figure 7.

Figure 7 shows that R-loops obtained with the KTi3* gene
(AClone 4A) were simple, and that the average R-loop size
correlated well with the size of the Kunitz trypsin inhibitor
mRNA (data not shown). This finding suggested that, like
the KTi1 and KTi2 genes (Jofuku, 1987; Jofuku and Gold-
berg, 1989), the KTi3" gene lacks detectable introns.
Similarly, Figure 7 shows that R-loops formed between
the KTi3~ gene (AClone TIM6) and KTi* embryo mRNA
were identical in structure and size to those obtained with
the KTi3" Kunitz trypsin inhibitor gene. Using these exper-
imental criteria, our results indicated that the KTi3* and
KTi3~ trypsin inhibitor genes were indistinguishable from
each other, and that no detectable rearrangements, inser-
tions, or deletions occurred within the KTi3~ gene or
contiguous DNA regions.
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The KTi3~ Kunitz Trypsin Inhibitor Gene Contains
Mutations That Result in a Translational Frameshift

We sequenced the KTi3" and KTi3~ genes to determine
whether small sequence alterations may have occurred
within the KTi3~ gene region. Figure 8 presents the KTi3"
gene sequence. As predicted from the R-loops shown in
Figure 7, the KTi3 gene lacks introns. Translation of the
KTi3 gene sequence indicates that the KTi3 gene encodes
the major Kunitz trypsin inhibitor protein found in soybean
seeds (Kim et al., 1985).

We compared the KTi3* and KTi3~ gene sequences and
found that they were identical from nucleotides —148 to
+887, with the exception of nucleotides +481, +486, and
+487 (Figure 8). As shown in Figure 9A, two deletions and
one G — T transversion occurred within the KTi3~ coding
region. Figure 9B shows that these mutations result in a
translational frameshift that causes four stop codons
to be inserted into the KTi3~ mRNA reading frame. We
conclude that these mutations result in premature termi-
nation of KTi3~ mRNA translation, and are responsible for
the reduction in KTi3 mRNA (Figures 2 to 4) and Kunitz
trypsin inhibitor protein in KTi~ embryos.

Clone 4A
A KTi3* KTi4
RI Sall RI Rl RI RI Kpnl RI
| l |
AL As
A Clone TIM6 — :
KTi3™ KTi4
Riy RIRI RI RI Kpnl RI Rl

L

Figure 7. R-Loop and Restriction Endonuclease Site Analyses of
KTi3 Kunitz Trypsin Inhibitor Gene Regions in KTi* and KTi~
Plants.

Maps of restriction endonuclease sites that are present within
KTi3 Kunitz trypsin inhibitor gene regions are shown. Insert sizes
of the Kunitz trypsin inhibitor phages were 16.6 kb (AClone 4A)
and 16 kb (AClone TIM 6), respectively. Boxes and arrows indicate
gene locations and transcriptional orientations, respectively. As
and )\ _refer to the long and short A phage arms, respectively.
KTi4 box refers to the KTi4 Kunitz trypsin inhibitor gene (Jofuku
and Goldberg, 1989) and represents maximum gene length. KTi4
gene structure has not yet been determined, nor is it known
whether KTi4 is a functional gene. R-loops were formed by
hybridizing Kunitz trypsin inhibitor phage DNAs with an excess of
KTi* midmaturation stage embryo mRNA (Fischer and Goldberg,
1982; Jofuku and Goldberg, 1988). KTi3"* and KTi3~ R-loops are
shown below their respective genes.
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Figure 8. KTi3" Kunitz Trypsin Inhibitor Gene Sequence.

Nucleotides are numbered from the transcription start site (+1).
The amino acid sequence derived from the nucleotide sequence
is also shown. The sequence of the KTi3™ gene is identical to the
KTi38* sequence shown with the exception of nucleotides +481,
+486, and +487 (indicated by arrows). Boxes specify a TATA-
like sequence, the translation start codon, the gene region that is
mutated in the KTi3~ genome, and the sequence complementary
to the 21 nucleotide primer used for the primer extension experi-
ment shown in Figure 3.

DISCUSSION

The KTi3 Gene Encodes the Major Soybean Kunitz
Trypsin Inhibitor Protein

Kunitz trypsin inhibitor is a prevalent protein that is found
in soybean seeds (Ryan, 1981; Vodkin, 1981; Vodkin and
Raikhel, 1986). This protein accumulates during seed de-
velopment, is present in the embryonic axis and cotyledons
(Horisberger and Tacchini-Vonlanthen, 1983), is packaged
into protein bodies (Horisberger and Tacchini-Vonlanthen,
1983; Vodkin and Raikhel, 1986), and is not significantly
degraded at germination (Freed and Ryan, 1978; Horis-
berger and Tacchini-Vonlanthen, 1983). In addition, Kunitz
trypsin inhibitor protein (Vodkin and Raikhel, 1986) and
Kunitz trypsin inhibitor mRNA (Jofuku and Goldberg, 1989)
are present in lower amounts in mature plant organ sys-
tems. The physiological significance, if any, of Kunitz tryp-
sin inhibitor protein is not known, although a nonrelated
trypsin inhibitor has been shown to protect plants from
insect predation (Hilder et al., 1987).

The soybean genome contains at least 10 distinct DNA
sequences that are complementary to Kunitz trypsin inhib-
itor cDNA plasmids (Jofuku, 1987; Jofuku and Goldberg,

1989). Several of these DNA sequences (e.g., KTi1, KTi2,
and KTi3) represent functional genes that are expressed
in a developmental-specific manner during the soybean life
cycle and in transformed tobacco plants (Jofuku and Gold-
berg, 1989). The KTi3 gene has a higher relative transcrip-
tion rate than the KTi1 and KTi2 genes (Jofuku and Gold-
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Figure 9. A Frameshift Mutation within the KTi3~ Kunitz Trypsin
Inhibitor Gene.

(A) Nucleotide sequence comparison of the KTi3" and KTi3~
genes. DNA sequence ladders represent nucleotides +460 to
+520 of the KTi3* and KTi3~ gene regions. Nucleotides +481 to
+490 of the KTi3* gene sequence and the corresponding KTi3™
sequence are shown to the left. Boxes correspond to nucleotides
that are conserved between the two genes. The asterisks show
the nucleotides that have been mutated in the KTi3™ gene.

(B) Nucleotide and amino acid sequence comparisons of the KTi3"
and KTi3~ Kunitz trypsin inhibitor genes and proteins. Only nu-
cleotides +478 to +498 and translated amino acids 119 to 125
are shown. Arrows refer to the nucleotides that have been mu-
tated in the KTi3™ gene [shown as asterisks in (A)]. The asterisks
designate translational stop codons that result from these three
mutations.



berg, 1989), and produces a more prevalent Kunitz trypsin
inhibitor mRNA (Figures 2 and 3). Comparison of the KTi3
gene translated protein sequence (Figure 8) with that of
the Kunitz trypsin inhibitor Ti® allelic form (Kim et al., 1985)
indicates that they are identical. The translated protein
sequence has 24 amino acids at the amino terminus and
11 amino acids at the carboxy terminus that are not
present in the mature Kunitz trypsin inhibitor protein. We
presume that the extra amino acids at the amino terminus
represent a signal peptide that is processed during trans-
lation (Vodkin, 1981), and that those at the carboxy ter-
minus are cleaved during seed maturation (Crouch et al.,
1983). We conclude that the KTi3 gene is highly expressed
in KTi* plants, and that this gene encodes the predominant
Kunitz trypsin inhibitor protein stored in soybean seeds.

The KTi~ Phenotype Is Due to a Mutation in the KTi3
Structural Gene

KTi~ seeds fail to accumulate significant amounts of both
Kunitz trypsin inhibitor protein and activity (Orf and Hy-
mowitz, 1979), although there is cross-reacting material
that interacts with Kunitz trypsin inhibitor antibodies (K. D.
Jofuku and R. B. Goldberg, unpublished results). Presum-
ably, the cross-reacting material represents the products
of divergent Kunitz trypsin inhibitor genes (e.g., KTi1 and
KTi2). The KTi~ phenotype is inherited as a simple Men-
delian recessive trait (Orf and Hymowitz, 1979). Figures 8
and 9 show that three mutations have occurred in the
KTi3~ gene coding region. These mutations lead to a
frameshift that causes premature termination of KTi3
mRNA translation and result in the production of a trun-
cated protein (Figure 9B). Because there are no other
detectable alterations in the KTi3~ gene (Figure 8), or
flanking DNA regions (Figures 6 and 7), we conclude that
mutations within the KTi3™ structural gene are responsible
for the Kunitz trypsin inhibitorless phenotype.

Posttranscriptional Events Reduce KTi3 mRNA Levels
in KTi3~ Embryos

The representation of KTi3 gene transcripts in KTi3™ em-
bryo polysomal RNA (Figures 2 to 4), and total RNA (R. D.
Schipper and R. B. Goldberg, unpublished results), is at
least 100-fold lower than that found at the same develop-
mental stage in KTi3" embryos. Thus, the reduced KTi3
mRNA prevalence in KTi~ embryo cells is due to an actual
reduction in KTi3 mRNA molecules rather than simply a
release of KTi3 mRNA from KTi3~ embryo polysomes. By
contrast, the relative transcription rate of the KTi3 gene is
the same in KTi3* and KTi3~ embryos (Figure 5). This
result indicates that the KTi3~ gene is transcriptionally
active, and that transcription is not affected detectably by
the KTi3~ frameshift mutation. We conclude that the re-
duction in KTi3~ mRNA is due to posttranscriptional events
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such as increased turnover of KTi3™ gene transcripts within
the nucleus, altered nuclear export efficiency, reduced
KTi3~ mRNA cytopiasmic stability, or a combination of
these events. The reduction of Kunitz trypsin inhibitor
protein in KTi~ seeds is a direct consequence of the lower
KTi3 mRNA levels, although the production of truncated
polypeptides may contribute to the reduction as well.

Frameshift mutations in other plant and animal genes
also result in lower cytoplasmic mRNA levels. For example,
a frameshift that causes stop codons to be inserted into
the bean (Phaseolus vulgaris) Pdiec1 lectin gene results in
a 600-fold reduction of Pdlect mRNA (Voelker, Staswick,
and Chrispeels, 1986). Similarly, nonsense mutations and
translational frameshifts that produce stop codons in the
human g-globin gene reading frame also result in a drastic
lowering of 3-globin cytoplasmic mRNA levels (Orkin and
Kazazian, 1984). These studies, and the results presented
here, strongly suggest that uninterrupted translational
processes are required in order to establish correct cyto-
plasmic levels of individual mRNAs.

The precise mechanism by which the KTi3 mRNA level
is reduced in KTi~ embryos is not yet known. Because
KTi3 gene transcripts do not undergo splicing reactions in
the nucleus (Figures 7 and 8), the simplest explanation for
our results is that the half-life of KTi3 mRNA is lowered in
KTi~ embryos. Premature uncoupling of KTi3~ mRNA from
embryo polysomes by translation termination could resuit
in greater susceptibility of KTi3~ mRNA molecules to ri-
bonucleases that are responsible for normal mRNA turn-
over in embryo cells. Decreased cytoplasmic stability of
eukaryotic mRNAs containing nonsense mutations has
been directly demonstrated by pulse-chase studies in ani-
mal cells (Kinniburgh et al., 1982; Ross and Pizarro, 1983;
Maquat, Chilcote, and Ryan, 1985). Although we have no
evidence to suggest that this also occurs in KTi~ embryos,
the direct correlation between polysome loss and seed
protein MRNA degradation during seed dehydration (Gold-
berg et al., 1981a, 1981b; Walling et al., 1986; Barker,
Harada, and Goldberg, 1988) suggests that the presence
of seed protein mRNAS in polysome structures contributes
to their stability during seed development.

Posttranscriptional processes have been shown to be
important in regulating seed protein gene expression (Wall-
ing et al., 1986; Goldberg et al., 1989; Harada, Barker,
and Goldberg, 1989). The precise details by which post-
transcriptional events establish seed protein mRNA levels
remain to be determined.

METHODS

Growth of Plants and Developmental Staging

KTi* soybean lines Dare and Forrest were obtained from the
USDA soybean germplasm collection in Stoneville, MS. The Kunitz
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trypsin inhibitor KTi~ line, P.I. 157740, was obtained from Dr. T.
Hymowitz, Agronomy Department, University of lliinois. Plants
were grown in the greenhouse and embryos were harvested and
staged as described previously (Goldberg et al., 1981b).

Isolation of Kunitz Trypsin Inhibitor Phages and cDNA
Plasmids

The characteristics of the KTi3* Kunitz trypsin inhibitor recombi-
nant phage, AClone 4A, and cDNA plasmids A-37 and pKT3 were
described by Jofuku and Goldberg (1989).

DNA Isolation and Labeling

Soybean, plasmid, and phage DNAs were isolated as described
by Jofuku and Goldberg (1989). DNAs were labeled to specific
activities of >10® cpm/ug by nick translation as specified by
Bethesda Research Laboratories.

Polysomal mRNA Isolation

Soybean polysomal poly(A) mRNAs were isolated as outlined by
Cox and Goldberg (1988). Total embryo cell RNAs were isolated
according to the guanidinium thioisocyanate procedure of Chirg-
win et al. (1979).

Construction of a KTi~ Genomic DNA Library

A X Charon 35 partial Sau3A library of soybean KTi~ nuclear DNA
was constructed as described by Jofuku and Goldberg (1988,
1989). This library contained over 10° phages of which >99%
were recombinants.

Gel Blot Studies

DNA and mRNA gel blot experiments were carried out according
to procedures as outlined in Jofuku and Goldberg (1988, 1989).

Primer Extension and S1 Nuclease Studies

Extension of DNA/RNA hybrids with reverse transcriptase was
performed according to the procedure outlined by Jofuku and
Goldberg (1989). S1 nuclease protection experiments were car-
ried out according to the procedures of Berk and Sharp (1977)
and Rosbash et al. (1979).

R-Loop Analysis
R-loops were formed between Kunitz trypsin inhibitor phage DNAs

and soybean KTi* mid-maturation stage embryo mRNAs as de-
scribed by Fischer and Goldberg (1982) and Rosbash et al. (1979).

32p.Nuclear RNA Synthesis

Synthesis of labeled RNA from isolated nuclei was carried out as
described by Walling et al. (1986) and Cox and Goldberg (1988).
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