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Crambin, a small hydrophobic protein (4.7 kDa and 46
residues), has been successfully expressed in Escherichia
coli from an artificial, synthetic gene. Several expression
systems were investigated. Ultimately, crambin was
successfully expressed as a fusion protein with the
maltose binding protein, which was purified by affinity
chromatography. Crambin expressed as a C-terminal
domain was then cleaved from the fusion protein with
Factor Xa protease and purified. Circular dichroism
spectroscopy and amino acid analysis suggested that the
purified material was identical to crambin isolated
from seed. For positive identification the protein was
crystallized from an ethanol-water solution, by a novel
method involving the inclusion of phospholipids in the
crystallization buffer, and then subjected to crystallo-
graphic analysis. Diffraction data were collected at the
Brookhaven synchrotron (beamline-X12C) to a resolution
of 1.32 A at 150 K. The structure, refined to an R value
of 9.6%, confirmed that the cloned protein was crambin.
The availability of cloned crambin will allow site-specific
mutagenesis studies to be performed on the protein
known to the highest resolution.
Keywords: crystal structure of crambin/expression of hydro-
phobic protein/fusion protein/recombinant crambin

Introduction

Crambin is a small (46 residue), hydrophobic protein with
no known function. It is isolated from the seeds of Crambe
abyssinica, has three disulfide bonds and is stable to 90°C.
It is homologous to a family of basic plant toxins that
includes mistletoe toxins such as Viscotoxin A3 and
cereal grain toxins such as hordothionins and purothionins
(Carrasco et al, 1981; Apel et al, 1990; Bohlmann and
Apel, 1991). The structural homology inferred from the
sequence was proven when the X-ray structures of two
members of the thionin family, cti-purothionin and fi-
purothionin, were solved in our laboratory (Rao et al, 1995;
Stec et al, 1995b).

Crambin isolated from the seeds of C.abyssinica is a
mixture of two forms: one has Pro22 and Leu25 (the PL
form) and the other Ser22 and Ile25 (SI form). All crambin
crystals (mixed and pure forms) diffract X-rays beyond
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1.0 A resolution. The mixed form has been solved
(Hendrickson and Teeter, 1981) and refined to a resolution
of 0.83 A (Teeter et al., 1993; Stec et al, 1995a), allowing
the investigation of this protein structure in unprecedented
detail. The protein disorder was modeled and the structure
of the surrounding solvent was described (Teeter, 1984;
Teeter and Hope, 1986) and the distinct patterns of protein
hydration (Roe and Teeter, 1993; Yamano and Teeter, 1994)
have also been elucidated.

Since crambin is a natural seed protein, its isolation
depends on the availability of seeds and a lengthy purification
process. Since the plant DNA sequence is not known,
studies involving mutant versions of the protein are difficult.
However, modern gene technology is sufficiently advanced
to allow the production of such a small protein by recombinant
methods from a synthesized gene. The production of
recombinant crambin should enable one to explore the
relationship of crambin's amino acid sequence to its
remarkably stable structure, to probe particular protein-
solvent interactions and to elucidate similarities between
crambin and homologous toxins.

This paper reports the process of generation, characteriza-
tion and crystallization of recombinant crambin. The cloned
protein was demonstrated to form well-ordered crambin
crystals and the X-ray structure was determined.

Materials and methods

Materials
The plasmid pKK223-3 was obtained from Pharmacia
Biotech (Piscataway, NJ). The plasmids for expression
(ompA and P1C-1II) were donated by Dr Masayori Inouye
from the Department of Biochemistry, UMDNJ-Robert Wood
Johnson Medical School and the plasmid pMAL-c and
Escherichia coli TB1 cells were from New England
BioLabs. Restriction enzymes were obtained from either US
Biochemical (Cleveland, OH) or New England BioLabs
(Beverly, MA) and used according to the manufacturers'
instructions. Electrophoresis grade agarose was from ICN
Biomedicals (Irvine, CA). The reagents for PCR were from
Perkin Elmer (Branchburg, NJ) and the Quick Spin columns
used for the purification of the polynucleotide resulting from
the DNA amplification were from Boehringer-Mannheim
(Indianapolis, IN).

Synthesis of the crambin gene
The DNA necessary to produce the crambin protein was
designed to have residues Ser22 and Ile25 in the protein
sequence. In the material isolated from the seeds of
C.abyssinica there is heterogeneity at these two positions.
The synthetic gene for crambin was also designed to have
a number of unique restriction sites and used codons that
were observed at high frequency in E.coli (Figure IB).
Each DNA strain was synthesized on an Applied Biosystems
381A DNA Synthesizer in three segments. The staggered

1233



B

810 EcoO109

888 Aal

984 Ssp

GAATTCATC Leader of originally

GluPheMet synthesized fragment

Eag I
Sac I Kpn I BamH I

TCGAGCTCGGTACCCGGCCGGGGATCC ATCGAGGGTAGG PCR p r o d u c t

I leGluGlyArg

-3 0

I Cleavage site of

Factor Xa

Cla I B33H I I Sal I
1187 Xmn

1308 Sea

431 Mu
612 BstEII

4417
1818 Spl

2142 Bam

2313 Esp

Thr^rCyaCyaProSerlleValAlaArgSerAsnPheAanValCysArgLeuProGly

1 5 10 15 20

SnaB I Nsi I

ACCfiGCGAAGCGATCTCCGCTACCTACACCGGAT

ThrSerGluAlalleCysAlaThrTyr'nu^lyCysIlellelleProGlyAlaThrCys

21 25 30 35 40

Hind I I I
Ava I Spe I Pst I

CCGGGTGATTACGCGAACTAGTAACTSCAGCCAAGCTT

ProGlyAapTyrAlaAsnEND

41 45 I End of Crambin Sequence

3559

Fig. 1. (A) pEK-122 plasmid map, showing the synthetic gene insertion and selective endonuclease cutting sites. (B) DNA and amino acid sequence of the
synthetic crambin with leader sequences and endonuclease cutting sites. (C) pMAL-c vector showing the insertion of the MBP-crambin sequence and selected
endonuclease cutting sues.

segments from the two strands were mixed and treated with
DNA ligase. The synthetic crambin gene was cloned into
the phagemid pUC119 to form phagemid pEK77. Single-
stranded DNA isolated after coinfection with the helper
phage M13KO7 (Vieira and Messing, 1987) was used in
Sanger sequencing to verify the sequence of the synthetic
crambin gene.

Expression of the synthetic crambin gene in E.coli
In order to express crambin from the synthetic gene six
systems were tested.
(i) The plasmid system that uses the strong E.coli pyrB
promoter that can be induced upon uracil depletion (Nowlan
and Kantrowitz, 1985).
(ii) The plasmid pKK223-3 that uses the strong hybrid
tac-lac promoter. Expression of a gene downstream from
this promoter is induced upon the addition of IPTG.
Escherichia coli JM101 was used as the host strain.
(iii) The plasmid pET-3a that uses the strong T7 promoter
(Studier and Moffatt, 1986; Studier et al, 1987) in the host
strain BL21(DE3).
(iv) The plasmid that expresses the signal peptide from the
outer membrane of E.coli (ompA) from the tac promoter
(Cole et al, 1982).

(v) The plasmid PIC-III, which expresses a (3-galactoside
fusion protein from the lac promoter (Inouye et al, 1986).
After expression, the resultant P-galactosidase-crambin fusion
protein was cleaved with cyanogen bromide to produce the
crambin protein.
(vi) The pMAL-c vector in E.coli TB1 cells that forms a
fusion protein with the maltose binding protein.

Initial cloning and expression

In order to make use of the pyrB and T7 expression systems
it was necessary to introduce an Ndel restriction site at the
translation start. Site-specific mutagenesis was performed by
the Kunkel method (Kunkel et al, 1987) utilizing single-
stranded DNA isolated from pEK77. Verification of the
mutation was accomplished by restriction analysis and DNA
sequencing. The crambin gene was removed from the
resulting plasmid and ligated in the position normally
occupied by the pyrl gene in the pyrBI operon resulting in
plasmid pEK122 (Figure 1A).

Construction and manipulation of pMAL-c—crambin DNA

DNA for the crambin gene was amplified using the plasmid
pE 122 as a template. Two oligomers of 28 and 24 nucleotides
were synthesized:

1234



Expression, purification and characterization of recombinant crambin

5' CCCCAAGCTTCAGTTACTAGTTCGCGTA 3' 28

5'

Seal
I

CCCCAGTACTACCTGCTGCCCATC 3' 24

These oligonucleotides were complementary to the sequence
defining the 3'- and 5'-ends of the crambin gene on pEK122,
but the one complementary to the 5'-end was modified to
include an Seal restriction site to provide an appropriate
end for ligation into the polylinker region of pMAL-c. The
introduction of the Seal site provided the compatible blunt-
end ligation site to use with the blunt-ended Stul site on the
pMAL-c vector.

PCR amplification reactions were performed in 100 (il
volumes, following the procedure from Perkin-Elmer Cetus.
The oligonucleotides were purified from the reaction mixture
using Quick Spin columns and the DNA was recovered after
centrifugation at 200 r.p.m. (1100 g) for 2 min. The final DNA
fragment resulting from the PCR reaction was digested with
the restriction enzymes HindUl and Seal, isolated from a 1%
agarose gel and treated with calf intestinal alkaline phosphatase
and was then ligated into the pMal-c vector which had been
digested with Stul and HindUl. The size of the DNA fragment
was checked by electrophoresis on both an 8% polyacrylamide
gel and a 1.8% agarose urea gel, using DNA size standards
(BioRad, Melville, NY).

Competent E.coli TB1 cells were transformed with the
ligation mixture following the New England BioLabs proced-
ure. The cells were spread on LB plates containing 100 (J.g/
ml ampicillin, 80 ^g/ml of X-gal and 0.1 mM IPTG and
incubated overnight at 37°C. Rapid plasmid preparations were
performed on nine recombinant transformants. The construc-
tion was verified by restriction analysis with Aval and Spel.

Expression and purification of the fusion protein

The strain with the plasmid containing fusion protein was
grown in 1 1 of LB medium containing 2 mg/ml of glucose
and 100 |ig/ml of ampicillin until A^ = 0.5 (~2Xl$ cells/
ml). IPTG was added to a final concentration 0.3 mM and
then the culture was incubated for ~20 h.

After expression, the cells were harvested and lysed utilizing
the method T (New England BioLabs). The supernatant
obtained after centrifugation at 9000 g for 30 min was applied
to an amylose resin column and purified according to the affinity
chromatography procedure indicated by the manufacturer (New
England BioLabs). The eluted fusion protein samples were
pooled and concentrated to ~1 mg/ml.

Cleavage of fusion protein and purification of crambin

The cleavage of the fusion protein (MBP-crambin) was per-
formed with Factor Xa (New England BioLabs). This highly
specific protease has a unique cleavage site following the
sequence Ile-Glu-Gly-Arg. The fusion protein purified on the
amylose column was dialyzed against Factor Xa cleavage
buffer (20 mM Tris-Cl, pH 8.0 with 500 mM NaCl, 2 mM
CaCl2 and 1 mM NaN3). The fusion protein was gently
sonicated for 5 min to disaggregate it. The cleavage reaction
was carried out at 6°C, 0.2 mg of Factor Xa was added per
20 mg of fusion protein and the reaction incubated at room
temperature for 48-72 h.

The separation and purification of crambin were accomp-
lished by FPLC using a reverse phase pepRPC column
(Pharmacia, Piscataway, NJ) with a gradient of 10-90%

acetonitrile with 0.05% trifluoroacetic acid. The crambin
sample was eluted and then run over the same column with
the same gradient again. Electrophoretic analyses of proteins
were performed on SDS-polyacrylamide gels (Laemmli, 1970).

Circular dichroism spectroscopy and amino acid analysis
To evaluate the integrity (folding) of the crambin purified from
E.coli, circular dichroism measurements were performed on a
Jobin Yvon Auto Dichrograph interfaced to an Apple II
computer at room temperature. The spectra for the crambin
purified from E.coli after the digestion with Factor Xa and for
the native protein (isolated from seeds) were measured.

The amino acid analysis was performed as a courtesy by
Dr D.J.Strydom, following the method of Cohen and Michaud
(1993), at the Harvard Medical School in the Center for
Biophysical, Biological and Medicinal Science.

X-ray structure determination
Recombinant crambin was crystallized by a variation of the
original vapor diffusion method (Teeter and Hendrickson,
1979). A solution of 20 |il of 3.8 mg/ml protein with 2.5 mM
phospholipids (diC7PC) in 80% ethanol-20 mM Tris buffer
was equilibrated against 60% ethanol-water. Long needles of
an average size of 0.02X0.02X0.2 mm grow in ~1 month.
The protein crystallized in the monoclinic space group P2\
with cell dimensions a = 40.602(5) A, b = 18.492(3) A, c =
22.113(3) A and p = 90.47(1)°, which are similar to the cell
dimensions reported previously (Teeter and Hendrickson,
1979).

Data were collected at Brookhaven utilizing the synchrotron
X12C-beamline on a very small crystal of approximate size
0.02X0.02X0.15 mm at 150 K by the flash cooling method
of Hope, as previously described (Teeter and Hope, 1986). A
crystal was mounted in the nylon loop on the top of a glass
fiber and frozen by sudden exposure to a 150 K N2 stream
produced by an Oxford Cryostream low-temperature device.
The crystals scattered beyond 1 A resolution.

The data were collected on the 30 cm MAR area detector
system mounted on a CAD4 goniometer by co scan using X =
1.08 A radiation. The data were collected in 32 frames, each
for 180 s and over 3° rotation. The data collection was
completed in 4 h. More than 12 000 reflections were collected
giving 6032 independent observations. The programs DENZO,
XDISPLAYF and SCALEPACK developed by Otwinowski
and Minor (Gewirth, 1994) were used to process the data.

In the process of data reduction, we noticed that more than
one crystal was loaded into the loop. Further, the Emerge
deteriorated with increasing frame number. Therefore, the final
three frames were not used. The collected data set was 75%
complete at 1.32 A resolution with an R^^ of 11.2%.

The newly developed program SHELXL-93 (Sheldrick,
1993) was used to refine the model. The starting model for
the refinement was the model of crambin as refined by the
full matrix least-squares method to an R value of 9.0% (Stec
et ai, 1995a). All disordered atoms were removed except for
a few clearly resolved water molecules with partial occupan-
cies. The initial isotropic U^ values were taken from the
FMLS model (Stec et al., 1995a).

After -100 cycles of conjugate gradient least squares at
1.32 A resolution and four sessions of manual rebuilding, the
refinement converged to an R factor of R = 9.6% for all
reflections with Fo > 2a in 12-1.32 A resolution (R = 8.7%
on Acs and 11.8% on all reflections). The discretely disordered
residues are modeled in Figure 3 as well as additional water
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Fig. 2. Bond—stick model of crambin with disordered residues labeled (heavy atoms only). The disordered side chains are depicted in heavy lines.

,1225 CDl VI225CD1 11225 CDl

CDl

Fig. 3. The electron density (2FO-FC in continuous lines at the 1.4o level) for Ser22 and Ile25 and the difference density (Fo-Fc in broken lines at the 2.4o
level) show that only the SI form is present as expected. The alternative positions for Ser OG and He CDl have 200 added to the residue number.

molecules. The final model had 851 separate atom positions.
The structure contains 381 non-hydrogen protein atoms includ-
ing alternative positions in 11 residues, 367 hydrogens and
128 water molecules (combined occupancy 90.4). The 111
water sites and 38 protein atoms had partial occupancies.

The model was refined with all the heavy atoms isotropic
and with hydrogens calculated in idealized positions. The
sulfur atoms were refined anisotropically. The disorder was
explicitly modeled for both protein atoms as well as solvent
molecules. The final 2FO-FC electron density map was very
well defined even for disordered atoms (Figure 3). The differ-
ence map was featureless with a maximum of <0.36 electron/
A3. Details of the structure will be discussed elsewhere.

Results
Cloning and expression of crambin
Initially, we tried to express recombinant crambin using several
expression systems. The first expression system tested was
based on a plasmid, which used the strong E.colipyrE promoter
(Nowlan and Kantrowitz, 1985). Here the pyrl gene was
replaced with the synthetic crambin gene and left under the
control of the pyrB promoter to transcribe both the catalytic
subunit of aspartate transcarbamylase and crambin. The level
of crambin expression could be monitored by checking the
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level of catalytic activity of aspartate transcarbamylase. The
induction of expression occurred upon pyrimidine depletion.

Subsequently, we tried three other systems. The first system
was based on the plasmid pKK223-3, which bears the inducible
lac promoter. The second system was based on the plasmid
pET-3a that contains the phage T7 promoter which is activated
by the production of T7 polymerase (Studier and Moffatt,
1986; Studier et al., 1987). The third system used a vector
signal peptide from the outer membrane of E.coli (ompA).

The results from all these methods were evaluated by SDS-
urea polyacrylamide gel electrophoresis (Swank and Munkres,
1971). The amount of protein detected on the gels was low.
However, it proved to be difficult to evaluate the production
of crambin by electrophoresis due perhaps to its hydrophobicity
and small size. With the pET-3a system, we also checked the
initial mRNA expression levels and found that a message
was present.

Expression of a crambin fusion protein
After evaluation of the previous results, we decided to construct
a fusion protein for heterologous expression. We hoped that
the fusion protein would eliminate the problems associated
with the small size and hydrophobicity of crambin and that
the overproduction of the fusion protein would be easier to
monitor by electrophoresis. Our constructs consisted of soluble


