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Abstract Brazil nut 2S albumins lack the essential amino acid
tryptophan. In order to improve the protein’s nutritional value
and create a basis for structural investigations, three separate
modified Brazil nut 2S albumin genes were constructed. The first
mutant contains five consecutive tryptophan codons, while the
other two modified genes encode proteins carrying single
tryptophan residues at sites that will allow confirmation of the
predicted protein structure through fluorescence quenching
techniques. The modified genes, under the regulation of the
CaMYV 35S promoter, were introduced into Nicotiana tabacum.
All three modified genes were correctly transcribed and the 2S
albumin accumulated in the seeds of transgenic plants.
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1. Introduction

Brazil nut (Bertholletia excelsa) 2S albumins are storage
seed proteins rich in the sulfur amino acid methionine [1].
These proteins have been extensively studied since they may
be useful for the improvement of the nutritional value of
crops. These studies have concentrated on gene characteriza-
tion [2-4] and expression of Brazil nut 2S albumins in trans-
genic plants [5-8]. In addition, studies on 2S gene promoter
structure [9] and post-translational processing [10] have been
performed. However, studies of seed proteins at the structural
level, in particular for the 2S albumins, are scarce. Such stud-
ies would make possible the evaluation of possible functions
of the protein and the definition of regions of the protein
which might tolerate changes with minimal biological effect.

A potential approach to determine elements of 3D structure
is the use of fluorescence quenching techniques [11]. This
method allows the detection of differential quenching of fluor-
escent light emission from tryptophan residues with distinct
solvent accessibility. Since Brazil nut 2S proteins have no
tryptophan residues, it would be necessary to introduce
them in order to take advantage of this technique. In addi-
tion, to allow structural analyses, such a modification would
improve the protein’s nutritional value since tryptophan is one
of the nutritionally essential amino acids.

We have modified a Brazil nut 2S albumin cDNA at three
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different sites in order to achieve these goals. The modified
genes were cloned into a binary plant vector under the control
of the CaMV 358 promoter and introduced into Nicotiana
tabacum via Agrobacterium tumefaciens. We show that the
wild type as well as the mutated sequences are transcribed
in the host plants. The modified proteins were correctly ex-
pressed in seeds as judged from their molecular weight and
were correctly targeted to protein bodies.

2. Materials and methods

2.1. Choice of the mutagenesis sites

The sites for the introduction of tryptophan residues were chosen
based on a predicted theoretical structure obtained through the use of
several algorithms: Chou-Fasman, Gor III, Segment 83 and by con-
sulting the HSSP database [12,13] (Fig. 1). In one case a leucine at
position 44 facing the interior of the large subunit and in the second
case an arginine which, according to the model, faces the outside of
the 2S subunit, were replaced by tryptophan residues. A third mod-
ification, 5 tryptophan residues in a row between positions 57 and 58,
was introduced in the variable region, the least conserved region
among 2S albumins from different species.

2.2. Site-directed mutagenesis

The starting material was an incomplete cDNA (pBN2S1) lacking
part of the sequence encoding the signal peptide [6]. In order to obtain
the complete sequence, a 334 bp EcoRI/Bgl/l fragment corresponding
to the 5’-end of the Brazil nut 2S albumin gene, containing the com-
plete signal sequences, was isolated from a genomic clone (EMBL
GenBank, accession no. X54490). This fragment was ligated to the
Bgll/EcoRI fragment of the 2S albumin cDNA isolated from pBN2S1.
The resulting EcoRI fragment was cloned into the EcoR1 site of pLM
1 (a modified form of pGEM 3Z"* lacking the Aval and PsiI sites).
This plasmid was called pLM 2, which, after destruction of its 3’
EcoRI site, became plasmid pLM 6 (Fig. 2), the starting material
for all subsequent manipulations.

2.2.1. Substitution of Leu*’. The strategy employed is depicted in
Fig. 3A. A 517 bp EcoRI/Pvull fragment, spanning the 5'-region
down to one triplet before the Leu** codon, was isolated. This frag-
ment was ligated to a 60 bp synthetic double-strand polynucleotide,
starting at its 5'-end with the Trp codon TGG instead of CTG (Leu),
and extending to the unique PsI site in the gene’s coding region. The
resulting 577 bp fragment was ligated to the large EcoRI/PstI frag-
ment from pLM 6 resulting in plasmid pLM 7. Screening was carried
out on the basis of the Pvull site so destroyed.

2.2.2. Substitution of Arg®®. This mutation was made in two steps
(Fig. 3B): first a double-stranded synthetic fragment carrying the Aval
site at its 5'-end and terminating blunt at the ATG preceding the
Arg® AGG codon was synthesized. In the subsequent step a fragment
in which the Arg® codon (AGG) was replaced by the Trp codon
TGG and extending to the BamHI site was produced via PCR. The
ligated fragments were cloned into the large BamHI/A4val fragment of
pLM 6. The resulting plasmid, carrying the mutated cDNA
(Arg® > Trp®0), was called pLM 8.

2.2.3. Insertion of 5 Trp codons between positions 57 and 58 in the
variable region of the large subunit. A 60bp DNA fragment corre-
sponding to the Pstl/4val fragment of pLM 6 containing five Trp
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Fig. 1. Theoretical structure of the 2S albumin. The photo shows 4 of the 5 helices presumably present in 2S Brazil nut albumin. Note that
Leu** faces the interior of the molecule while Arg®® faces outwards — both amino acids are represented in ball model (image produced on

SGI ONYX VTX, using the Insight II software).

codons between Arg®” and Met® was synthesized (Fig. 3C). This frag-
ment was used to replace the wild type Pstl/Aval fragment in pLM 6.
Since the mutants were 15 bp longer than the original fragment, the
mutated clones, coined pLM 9, were identified by sizing on 6% poly-
acrylamide gels. All mutations were verified through sequencing.

2.3. Construction of binary vectors

The modified gene fragments, as well as a control, were inserted
into pMV 25 (Plant Genetic Systems, Gent, Belgium) between the
Ncol and Xbal site. pMV 25 contained the 35S promoter and 3’
OCS cassette flanking those restriction sites. In each case this was
done in two steps. First, from each plasmid (pLM 6-9) the 5’ Ncol/
Pst1 (278 bp) and the 3’ Pstl/Xbal fragments were isolated and ligated
to each other. The resulting Ncol/Xbal fragment was inserted between
the Ncol and Xbal restriction sites of pMV 25. The resulting plasmids
were designated pLM 10 (control), pLM 11 (Leu* - Trp*?), pLM 12
(Arg®® - Trp?®) and pLM 13 (+five Trp codons). The four resulting
35S8-2S albumin-3’ ocs cassettes were isolated with EcoRI and HindIII
and cloned into the EcoR1 and HindIlI sites of pGSV 6, an Agrobac-
terium binary vector derived from plasmids described by Deblaere et
al. [14]. The resulting plasmids were designated pTLM 14-17, respec-
tively.

2.4. Transformation of N. tabacum

pTLM 14-17 were introduced into N. tabacum (cv. SR1) as de-
scribed by Horsh et al. [15). Kanamycin resistant plants were selected,
transferred to the greenhouse and allowed to produce seeds which
were used for further analysis.

2.5. RNA extraction and Northern blot

Total RNA from leaves was extracted using the method described
by Jones et al. [16]. Northern blots were performed according to a
standard procedure [17]. The blots were probed using the entire, radi-
olabelled pLM 10 plasmid.

2.6. ELISA

ELISA tests, modified after Voller et al. [18], were performed with
50 ul of total protein extract (1 ug/ul). Proteins were extracted from
mature tobacco seeds in PBS (150 mM NacCl; 2.5 mM KCl; 10 mM
Na;HPO4; 1.7 mM KH,PO4; pH 7.4) and 0.5 mM PMSF. The
amount of protein in each sample was quantified using the BioRad
assay. Brazil nut 2S albumin adsorption was determined using poly-
clonal mouse antibodies against Brazil nut 28 albumin, alkaline phos-
phatase coupled to mouse anti-IgG (Promega) and p-nitrophenyl
phosphate as a chromogenic substrate. The samples were read in a
‘Metertech £ 960° Microplate reader at 405 nm.

2.7. Immunoblot
Immunoblot analyses were carried out according to Karey and

Sirbasku [19]. Polypeptides were transferred onto a Zeta probe mem-
brane (Bio-Rad) and probed with the Brazil nut 2S albumin specific
polyclonal mouse antibodies. The bands were visualized with alkaline
phosphatase coupled to mouse anti-IgG (Promega), BCIP (5-bromo-
4-chloro-3-indolyl phosphate p-toluidine salt) and NBT (p-nitrotetra-
zolium chloride). Quantification of 2S albumins was performed by
comparing the band intensities with that of a purified 2S Brazil nut
albumin standard of known concentration using Maclntosh ‘Image’
software.

2.8. Immunocytochemical localization of 2s proteins
Seeds from plants transformed with pTLM 16 were analyzed by in
situ immunocytochemistry according to Grossi de Sa et al. [20].

3. Results and discussion

3.1. Theoretical 2S albumin structure and choice of
mutagenesis sites

The goal of our work was twofold, to improve the nutri-
tional value of the Brazil nut 2§ proteins and to create a basis
for future modeling work. Brazil nut 2§ storage albumins,
while rich in methionine, are deficient in tryptophan which
is an essential amino acid in human and animal diets. Further-
more, the fluorescence properties of this amino acid are useful
in protein structure determination. To select possible positions
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Fig. 2. Plasmid pLM6. =: 2S promoter. The main restriction sites
in the 28 coding region are indicated and the sites where mutations
have been induced are marked by triangles.
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Fig. 3. Strategies of mutagenesis. (A) Substitution of Leu' by tryptophan. A synthetic fragment containing the TGG codon was ligated to the
EcoR1/Pwll fragment and introduced into pLM6. (B) Substitution of Arg® by tryptophan. This mutagenesis was performed in two steps: first
a 500 bp fragment was amplified by PCR using an oligonucleotide containing the desired TGG codon. The PCR fragment was then ligated to
a synthetic oligonucleotide in order to complete the 4val/BamHI fragment and subsequently ligated into pLMB6. (C) Insertion of 5 Trp residues.
A synthetic Pstl/Aval fragment containing 5 Trp codons between Met® and Arg®® was used to replace the original fragment in pLM 6.

in the protein for tryptophan insertion, it was necessary to
establish a plausible theoretical tertiary structure of the 2S
protein. In our model (Fig. 1) the 2S albumin assumes the
conformation of a ‘protein globule’ formed by 5 o-helices and
connecting turns. In this model, Leu* faces the molecule’s
hydrophobic core, while Arg®® faces the surface. Replacement
of these two residues with tryptophan would allow the accu-
racy of the model to be tested by fluorescence quenching
techniques. These mutations were predicted not to influence
structural features of the model.

Similar reasoning led to the design of a Brazil nut 2§ albu-
min containing five tryptophan residues in the variable region
previously used by Vandekerckhove et al. [21] for the insertion
of the neuro-pentapeptide Leu-enkephalin. The success of that
and several other insertions in that region [22] in the 28 albu-
min of Arabidopsis suggested that the tryptophan insertion
would also be tolerated.

3.2. Analysis of transgenic plants
N. tabacum was transformed with plasmids pTLM 14 (the
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Fig. 4. Northern blot analysis of total leaf RNA from transgenic
plants. Lanes: 1, untransformed plant; 2,3, transgenic plants type
14 (normal 2S albumin); 4, transgenic plant type 15 ( mutation
Leu* —»Trp*); 5-8, transgenic plants type 16 (mutation
Arg® — Trp®); 9-11, transgenic plants type 17 (modified 2S albu-
min containing 5 additional tryptophan codons).

unmodified control) and pTLM 15 (Leu'—-Trp#), 16
(Arg®” - Trp*®) and 17 (5 Trp insertion) resulting in the trans-
genic plants, types 14-17. Several previous reports of the in-
troduction and expression of modified seed storage protein
genes into transgenic plants have appeared. A modified f-
phaseolin gene containing 6 additional methionine codons
was introduced in N. tabacum [23). The modified protein
was degraded, either in the Golgi apparatus or in the protein
bodies [23]. As mentioned above, modified forms of the Ara-
bidopsis 28 albumins have been expressed in A. thaliana, Bras-
sica napus and N. tabacum [21,22]. Those experiments were
successful, the proteins being synthesized and stably accumu-
lated in seeds. The differing results show that, despite the lack
of an enzymatic function, seed protein modifications are not
guaranteed to succeed. Therefore, the transgenic plants carry-
ing the modified Brazil nut 2S albumin genes were analyzed
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Fig. 5. ELISA test of seed proteins. Proteins were extracted from
seeds of transgenic plants type 14, 15, 16 and 17 (R1) and were ana-
lyzed using mouse anti-2S polyclonal antibody as described. The col-
umn marked ‘0’ shows the background level in untransformed plants.
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Fig. 6. Immunoblot analysis of R1 seed extracts from transgenic
plants. Lanes: 1, 50 ng purified Brazil nut 2S albumin; 2, seed ex-
tracts (10 pg total protein) from an untransformed control plant; 3—
6, extracts from transgenic types 14, 15, 16 and 17, respectively (10
ug total protein).

with respect to RNA level expression as well as protein accu-
mulation and compartmentalization.

3.2.1. RNA analysis. To evaluate in which of the kanamy-
cin resistant plants the modified genes were being transcribed,
Northern blots using total RNAs from leaves of the four
transgenic lines were performed. In all cases the RNAs hybri-
dizing with the radiolabeled Brazil nut 2S albumin probe
show the same electrophoretic mobility as the RNA from
the plants transformed with the unmodified 2S albumin
(Fig. 4, lane 2). In this assay the 15 nucleotide difference in
the case of pTLM 17 transformed plants is undetectable. The
variable amount of 2S albumin mRNA detected in the various
RNA preparations was presumed to be due to normal posi-
tion effects. However, plants with pTLM 17 consistently had
lower levels of 2S albumin mRNA. The sample size and pre-
cision of the technique used were not sufficient to determine if
that was due to lower stability of the mRNA encoded by
pTLM 17.

3.2.2. Protein analysis. R1 seeds originating from plants
found to be positive for Brazil nut mRNA expression in the
leaves were analyzed for the presence of the corresponding 2S
albumins. Since it was not clear whether the modified proteins
would react with antibodies against normal Brazil nut 2S
albumin, initially ELISA techniques were used with protein
extracts from untransformed plants, plants transformed with
the wild type sequences and plants transformed with the con-
structs containing three mutations. As can be seen in Fig. 5,
extracts from seeds of progeny of Northern-positive plants,
regardless of the type of modification, react with antibodies
raised against unmodified 2S albumin. Extracts from seeds
from transgenic plants type 16 gave the strongest responses,
while those from type 17 showed consistently lower signals.
This is consistent with the results of the Northern analysis,
where leaves of plants carrying that construct had lower 28
albumin mRNA levels than the other lines.

When total protein extracts were analyzed on SDS-PAGE
followed by immunoblots, the extracts from plants type 14-16
showed only one band reacting with the anti-2S-antibody
(Fig. 6). This band had an identical electrophoretic mobility
to that of the purified Brazil nut 2S albumin. The overall
pattern of the immunoblot analysis was in agreement with
the ELISA tests; again extracts from seeds of type 14, 15
and 16 gave stronger signals than those from type 17, where
the Brazil nut 2S albumin band is barely visible. To exclude
the possibility that apparent low expression levels of modified
Brazil nut 28 albumin in type 17 plants were unique to the
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individual plants analyzed, seeds from 22 independent RO
transformants of this type were analyzed using ELISA. All
type 17 transformants showed low levels of 28 albumin
(Fig. 7). Therefore, consistently low expression in type 17
transformants is most likely due to a lower mRNA stability
and not to incorrect processing or storage of the protein, since
the protein product of the pTLM 17, though only weakly
visible, shows the same electrophoretic behavior as the wild
type protein.

Quantification of the immunoblot shown in Fig. 6, using
the known amount of purified Brazil nut 28 albumin in lane 1
as a standard, indicates that the transgenic plant lines used in
that experiment of types 14, 15 and 16 express the transgenic
proteins at 0.30, 0.16 and 0.27% of the total extractable pro-
teins. This expression level is better than that obtained with
chimeric Brazil nut 2S genes in B. napus [6], but less than the
levels with modified Arabidopsis 2S albumins expressed in
Arabidopsis [22], and the levels (1.7-4%) obtained by Alten-
bach et al. [24] in B. napus. Part of the difference may be due
to our use of the relatively constitutive 35S promoter instead
of a strong seed promoter. The former was used because the
primary purpose of the present work was to determine if the
different modifications made would result in stable protein
accumulation, and because it was thought that isolation of
pure modified 28 albumins for structural studies might be
more straightforward from leaf tissue.

3.2.3. In situ immunocytochemical localization. The results
presented so far indicate that all the mutated 2S sequences are
expressed and result in proteins with electrophoretic behavior
on SDS-PAGE identical to that of wild type Brazil nut 2§
albumins. This suggests that the mutated proteins are cor-
rectly processed. Most dicot storage proteins are synthesized
on the rough endoplasmic reticulum, pass through the lumen
of the ER and the Golgi complex and subsequently are stored
in vacuolar derived protein bodies, also called protein storage
vacuoles (PSV). In order to verify whether the modified pro-
teins were correctly compartmentalized in the PSV, immuno-
cytochemistry was performed using seeds from type 16 plants.
Fig. 8B shows transgenic tobacco seed storage parenchymatic
cells after immunogold labeling with Brazil nut 2S albumin-
specific antibodies. Gold particles are observed over the pro-
tein bodies, but not over the lipid bodies or in the untrans-
formed control (Fig. 8A). Therefore, at least in the case of the
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Fig. 7. ELISA test of type 17 transformants. RO seed extracts (1 pg/
ul of protein) were analysed using anti-2S polyclonal antibodies.
The column marked ‘0’ shows the background level in untrans-
formed plants.



158

L. H. Marcellino et al/IFEBS Letters 385 (1996) 154-158

” e

Fig. 8. Immunocytochemical localization of modified 28 albumin in mature seeds from transformed tobacco. (A) Untransformed seed control
(%21500). (B) Endosperm from type 16 seeds (X 28000). P, protein body; O, oil body.

Arg® - Trp® modification the modified proteins are correctly
targeted to the storage organelles.

Brazil nut methionine-rich 28 albumins contain no residues
at all of the essential amino acid tryptophan. This is also the
case for other methionine-rich proteins from corn and rice
[25]. We show here that modified Brazil nut 2S sequences
designed in part to correct this deficiency and, simultaneously
to provide the starting material for structural studies of the 2S
albumins, are correctly expressed and targeted in transgenic
tobacco seeds. Furthermore, the transgenes were stably inher-
ited by R1 progeny.
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