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Non-glycosylated recombinant pro-concanavalin A is
active without polypeptide cleavage
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The complex post-translational processing of
concanavalin A (Con A) in maturing jackbeans is unique
because the non-glycosylated mature active protein is
circularly permuted in primary sequence relative to its
own inactive precursor (glycosylated pro-Con A) and to
other legume lectins. We show here that non-glycosylated
pro-Con A expressed in bacteria from recombinant cDNA
(rec-pro-Con A) folds in vivo and in vitro to a stable
form which is active without further processing. N-
glycosylation alone must therefore be sufficient to in-
activate pro-Con A-a novel role for glycosylation in
regulating activity during protein maturation.
Key words: concanavalin A/glycosylation/lectin/post-
translational processing/recombinant protein

Introduction
Concanavalin A (Con A) 'the most celebrated of the plant
lectins' (Goldstein and Poretz, 1986) is the only known
natural protein which is a circular permutation of another
(Goldenberg, 1989). The mature form of Con A is unique
in being circularly permuted in sequence relative to favin
(Cunningham et al., 1979) and other legume lectins
(Strosberg et al., 1986). Carrington et al. (1985) showed
that the amino acid sequence derived from a cDNA for Con
A precursor has direct, not circular, homology with other
legume lectins. It was suggested, in the face of some

controversy (Gatehouse and Boulter, 1985), that a post-
translational transposition and ligation (at mature residues
118 and 119) of two polypeptides must occur and that this
processing was consistent with the three-dimensional
structure of mature Con A (Figure 3). Bowles et al. (1986)
demonstrated independently that such a transposition of
fragments occurs by using pulse-chase experiments to
follow processing in vivo in immature Jack Bean cotyledons.
Immunoprecipitation, peptide mapping and N-terminal
sequencing of abundant precursors revealed a complex series
of events involving transient glycosylation and polypeptide
cleavages to yield mature active lectin by religation at
positions 118 and 119.
Our understanding of this novel form of protein maturation

(Sharon and Lis, 1986) is complicated by glycosylation of
the initial precursor (Figure 3), which we call pro-Con A,
to give an apparent molecular weight of 33 500 (Bowles
et al., 1986; Bowles and Pappin, 1988). Whereas mature
Con A is not a glycoprotein (Goldstein and Poretz, 1986),
pro-Con A made by the plant carries one N-linked
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oligosaccharide of the oligomannose type (Herman et al.,
1985) and this glycosylated pro-Con A is unable to bind to
a cross-linked dextran (Chrispeels et al., 1986) or ovalbumin
(Bowles et al., 1986) affinity matrix. The oligosaccharide
is removed in vivo before proteolytic cleavage since only
the initial precursor (apparent Mr = 33 500) is found to be
glycosylated (Marcus and Bowles, 1988) and the second
species detected by pulse-chase analysis is only slightly
smaller (apparent Mr = 30 600). Processing ultimately
generates the active lectin, but activation could involve
deglycosylation alone to leave a loop of peptide or could
necessitate removal of a glycopeptide (Herman et al., 1985)
near the ligand-binding site (Bowles and Pappin, 1988)
(Figure 3).

It was clearly necessary to produce non-glycosylated pro-
Con A to resolve the question of the activation step and
examine the properties of the protein. Glycosylated pro-Con
A may be obtained from immature seeds for subsequent
direct deglycosylation (Sheldon and Bowles, 1992), but
biological constraints limit the quantity which may be
prepared from its natural source. We have expressed pro-
Con A in Escherichia coli to see whether the non-
glycosylated recombinant protein (rec-pro-Con A) can fold
successfully. This is also the initial stage of a wider
programme on protein engineering various forms of this
lectin.

Results
Expression was accomplished with the pIN-il-ompA vector
(Ghrayeb et al., 1984) which uses the ompA leader to direct
a fusion protein into the periplasmic space where cleavage
of the bacterial signal occurs. The coding sequence for pro-
Con A was manipulated (Figure 1) so that Escherichia coli
signal peptidase would generate the authentic N-terminus
(corresponding to mature residue 119 = Ser). Constructs
were checked by DNA sequencing, which also revealed three
minor differences (Figure la) from the sequence originally
reported (Carrington et al., 1985): nucleotide 360 [-] is A
not C which gives the sequence ...GCAAGCTT... a Hindm
site; nucleotide 246 is T not G so that residue 33 (mature
Con A 151) is Asp not Glu; nucleotides 256 and 257 are
G and A not A and G so that residue 37 (mature Con A
155) is Glu not Arg. Both of these residues now agree with
the directly determined protein sequence of mature Con A
(Cunningham et al., 1975).

Induction of expression (Figure 2) was generally followed
by a reduction in growth rate, the appearance of soluble
product and formation of protein aggregates (Ghrayeb et al.,
1984). The major portion of the product was recovered from
the cell debris after sonication by solubilization with
guanidine hydrochloride. Dilution (rather than dialysis which
resulted in co-precipitation) was used for refolding before
affinity purification on cross-linked dextran. SDS-PAGE
showed that total cell extract (Figure 2, lane 3) treated by
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the simple purification steps described yielded very pure rec-
pro-Con A (Figure 2, lane 2). The affinity column facilitated
the removal of all other proteins including any pre-pro-Con
A. Approximately 200 jig rec-pro-Con A was purified from
a 500 ml culture. N-terminal sequencing, performed on a
MilliGen/Biosearch 6600 ProSequencer after dialysis of the
purified protein against 0.1 % SDS, showed exact
correspondence for 19 residues with the sequence predicted

a nt
B

1 61 148
Nc

360
H

I

from pIN-pro. (For cycles 2-18 the average repetitive
sequence yield was 95% and initial sequence yield was 27
pmol). No other N-terminal sequences were detected.
Glycosylated pro-Con A isolated from jackbeans has been
sequenced for the first 12 residues (Bowles et al., 1986;
Chrispeels et al., 1986) and our results match exactly. Our
results thus provide further confirmation that residue 122
of mature Con A (4 of pro-Con A) is Glu not Gln

504 550 933 1027
B

1.. 1
I I

aa -29 1 AspcGlu
(119) (151) (155)

1,::1:
M

119 135
(237) (1)

252 261
(118)

b

,GEMconA

M13mpl Xb+E

1B

EcoR I site
primer G

CAAGGTGAATTCATCAAC
EcoPI site ProconA

pIN3ompA2 E+B

Ampr

Ps

M13mpl8

Deletion Primer

pI N3ompA2

AINPR

Ampr

Ps

Xb+B

ompA signol sequence -1 ProconA

.*. GTAGCGCAGGCCGCTGAATTCATCAACACATGAG...

GTAGCGC 4T-CACATGAG Deletion Primec

Xb+B

H

Fig. 1. (a) Map of pre(plant signal)-pro-Con A coding sequence (Carrington et al., 1985) derived from cDNA: nt, nucleotide number; aa, amino
acid residue numbers of pro-Con A (corresponding amino acid residue numbers of mature Con A in parenthesis); / , plant signal peptide
residues -29--1; spacer peptide residues 120-134 and C-terminal extension residues 253 -261; M, Asn 123 glycosylation site (Bowles
et al., 1986; Chrispeels et al., 1986). Other abbreviations as in (b). For explanation of sites marked ( ) see Results.(b) Construction of rec-pro-Con
A expression vector pIN-pro. The coding sequence was excised from the plasmid pGEM-Con A as an XbaI-EcoRI fragment. After cloning toMl13mp 18, an EcoRI primer (shown on right) was made to alter one base (G 143 -A) to generate a new EcoRI site just upstream of the first codon
of the pro-Con A sequence. The fragment from this new EcoRI site to the 3' BamHI site was cloned to pIN-III-ompA2 (Ghrayeb et al., 1984) to
generate pIN-El. However, pIN-El carries the pro-Con A sequence in the wrong reading frame and has an intervening sequence between the ompA
signal peptide and the N-terminus of pro-Con A. After cloning the XbaI-BamHI fragment to M13mpl8, the deletion primer (shown on right) was
used to remove this intervening sequence and place the 21 amino acid ompA signal adjacent to the authentic N-terminus of pro-Con A. The fragment
was then reinserted in the XbaI and BamHI sites of pIN-III-ompA2 to create the final construct pIN-pro. This construct was checked by DNA
sequencing and was then used to express rec-pro-Con A in the periplasm of E.coli. E, EcoRI; H, Hindlll; B, BamHI; Xb, XbaI; Nc, Ncol; Ps, PstIlIppP, lpp promoter; lacP', lac promoter-operator; ompA, ompA signal sequence.
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(Cunningham et al., 1975) and residue 124 of mature Con
A (6 of pro-Con A) is Asn not Asp (Cunningham et al.,
1975).

Lt 2

Fig. 2. Expression of rec-pro-Con A in E.coli and purification by
affinity chromatography. SDS -polyacrylamide gel (15%) stained with
Coomassie Blue: lane 1, standard Con A (Sigma, Type IV); lane 2,
purified recombinant pro-Con A; lane 3, total cell protein from E.coli
W620recA(pIN-pro); arrow a shows the position of rec-pro-Con A,
arrow b the position of pre(ompA signal)-pro-Con A inferred from
Western blots; lane 4, molecular weight markers. [Mature Con A
(lane 1), Mr = 25 600 (calculated from amino acid sequence
(Cunningham et al., 1975) plus metal ions) to 26 500 [generally
reported (Goldstein and Poretz, 1986)], migrates anomalously to a
position corresponding to 30 000 on SDS -PAGE (Herman er al.,
1985; Bowles et al., 1986). Rec-pro-Con A (lane 2) predicted
Mr = 28 200 from translated DNA sequence migrates to approximate
position 32 000].

Soluble product was always present after induction and
could be recovered directly (i.e. without denaturation and
refolding) by affinity adsorption from the supernatant after
sonication. N-terminal sequence analysis (performed as
above) confirmed that this soluble product was rec-pro-Con
A. We have subsequently found that a further reduction in
growth temperature to 23°C results in an increased amount
of soluble rec-pro-Con A. Osmotic shock (Nossal and
Heppel, 1966) also released soluble rec-pro-Con A which
could adsorb to Sephadex G-75 and was identified by
Western blotting. Pre(ompA) -pro-Con A was detected in
the cell pellet after sonication (Figure 2) but could not be
found in the periplasmic fraction. No bands from a control
culture harbouring pIN-I1-ompA2 correspond to rec-pro-
Con A on Western blots.

Discussion
Some of the rec-pro-Con A produced in our system must
therefore fold de novo to a soluble active form in E.coli
periplasm. The major portion may be correctly folded and
be bound to cell components or precipitate if its threshold
of solubility is exceeded-this limit appears to be lower in
vitro than for mature Con A. [Directly deglycosylated plant
pro-Con A is also reduced in solubility (Sheldon and Bowles,
1992)]. Alternatively, in the heterologous environment the
major portion of rec-pro-Con A may be incorrectly folded
and therefore may aggregate (Mitraki and King, 1989) in
the periplasm (Ghrayeb et al., 1984).
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Fig. 3. Putative tertiary structure for pro-Con A (after Carrington et al., 1985; Bowles et al., 1986; Chrispeels et al., 1986). Circles represent ca-

carbon atoms with coordinates taken from the 2.OA resolution structure for the mature Con A protomer [2CNA, Brookhaven Protein Data Bank and

Reeke et al. (1975)]. Infilled circles represent a-carbons in $-sheets; open circles, those not forming part of regular secondary structures. The

saccharide-binding site is near the Ca2 and Mn2+ ions. The 15 residue surface loop and 9 residue C-terminal extension are of undetermined

conformation and are shown as broken lines (---- -) sketched approximately to scale for an extended polypeptide chain. Residue numbers of

mature Con A are shown in brackets as in Figure 1. The site of co-translational N-glycosylation in the plant is shown (M). During processing in

jackbeans, pro-Con A is deglycosylated, an endopeptidase cleaves A on the C-side of four asparagine residues (Bowles et al., 1986) and residues

118 and 119 are ligated.
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Pea lectin expressed from a cDNA sequence forms
insoluble aggregates in the cytoplasm of E. coli (Stubbs et al.,
1986) which may be refolded from the denaturant in vitro
to give an active protein. The product is a fusion protein
which is not processed in the bacterial cell and thus contains
extra amino acid residues in three regions (Stubbs et al.,
1986). After refolding it is active as a single chain even
though the native pea lectin is cleaved to give one ca- and
one (-chain per protomer. Recombinant pea lectin is
homologous to our recombinant pro-Con A, rather than to
mature Con A. Our findings are therefore consistent with
those of Stubbs et al. (1986). The only processing which
appears to take place in our system is cleavage of the ompA
signal (Figure 2) to generate the authentic N-terminus. It has
long been known (Becker et al., 1976)-since fragmented
Con A monomers occur naturally (Figure 2, lane 1)-that
the absence of a peptide bond between residues 118 and 1 19
(Figure 3) does not affect either the crystal structure or the
biological activity of the mature molecule.
The cDNA used in our work (Figure 1) was originally

obtained from Canavalia ensiformis (Carrington et al.,
1985). A cDNA for Con A has since been cloned from the
closely related Canavalia gladiata (Yamauchi and
Minamikawa, 1990) and on expression in E. coli no precursor
forms [either pre(plant signal)-pro-Con A or pro-Con A]
could be detected. Some evidence has been presented
(Yamauchi and Minamikawa, 1990) which implies that
complete processing occurs in order to generate mature Con
A (of unstated cellular location). This is in contrast to our
system where rec-pro-Con A is clearly stable and no
evidence of in vivo processing akin to that in the plant
(Bowles et al., 1986) or consequent mature product was seen
(Figure 2).
Most significantly, our results are completely consistent

with those of Sheldon and Bowles (1992) for direct
deglycosylation in vitro by N-glycanase of glycosylated pro-
Con A isolated from jackbeans.

In this paper we have primarily addressed the question
of the role of N-glycosylation of a precursor protein. Non-
glycosylated recombinant pro-Con A is active in
carbohydrate binding, as shown (Figure 2) by its adsorption
to cross-linked dextran and elution by a monosaccharide
derivative for which native Con A has high affinity
(Goldstein and Poretz, 1986). N-terminal sequencing
substantiates electrophoretic and blotting evidence that further
(proteolytic) processing is not necessary for activation. We
have thus shown that it must be glycosylation alone and not
the circular permutation of primary structure (relative to
mature Con A), and the consequent 15 residue surface loop
(Figure 3)-which is responsible for inactivation of pro-Con
A synthesized de novo in the plant system. Inhibition of
glycosylation by tunicamycin treatment of maturing
jackbeans inhibits transport of pro-Con A (Faye and
Chrispeels, 1987). Inactivation of this initial lectin precursor
by co-translational N-glycosylation appears to be essential
for its transport from the rough endoplasmic reticulum and
subsequent intracellular trafficking (Bowles and Pappin,
1988; Sheldon and Bowles, 1992). Glycosylation may also
increase the solubility of pro-Con A. Since deglycosylation
without peptide cleavage must be sufficient to activate
carbohydrate binding this implies that subsequent steps in
the plant (Bowles and Pappin, 1988) must process already
active forms of this lectin. We are not aware of any

precedents (Rademacher et al., 1988; Paulson, 1990) for
glycosylation as a mechanism of inactivation of protein
precursors. The oligosaccharide chain might lie within the
binding site of the same or an adjacent subunit thus self-
neutralizing the lectin, or it might otherwise stabilize an
inactive conformation of this protein. The detailed molecular
basis for inactivation is not yet known and further
characterization of rec-pro-Con A is in progress.

Materials and methods
Recombinant DNA manipulations
The pIN-III-ompA vectors (Ghrayeb et al., 1984) were obtained from
M.Inouye (UMD New Jersey) together with E coli strain W620recA (Wurtzel
et al., 1981). DNA cloning followed standard methods (Sambrook et al.,
1989). Site-specific mutagenesis (Kunkel et al., 1987) was performed with
a Bio-Rad kit and DNA sequencing (Sanger et al., 1977) used the M13
system. Primers were synthesized on an Applied Biosystems 391EP DNA
synthesizer.

Growth, induction and lysis of cells
E.coli W620recA(pIN-pro) was grown in 500 ml M9 medium (Sambrook
et al., 1989) supplemented with 0.5% (w/v) cas-amino acids, glucose (4
mg/ml), thiamine (2 Ag/ml), glutamic acid (300 jig/ml), uracil (40 jg/ml)and ampicillin (100 jig/ml) at 37°C, 250 r.p.m., to an A6W of 0.5-0.6.
Isopropyl- 1 -thio-4-D-galactopyranoside was added to a final concentration
of 1 mM and the temperature reduced to 30°C (or below) for a further
5-6 h. Cells were then collected and resuspended in 50 ml MOPS-metals
buffer t20 mM MOPS [3-(N-morpholino)propanesulphonic acid] pH 7.0,
1 mM CaCl2, 1 mM MnC12, 1 M NaClI and lysed by sonication (3 x30
s) on ice. The lysate was placed on ice for 1 h followed by centrifugation
at 27 000 g for 30 min at 4'C.

Detection of expressed product
Cell fractions were checked for the presence of recombinant products by
SDS-PAGE (Laemmli, 1970) and Western blotting using a Bio-Rad
Immuno-Blot assay kit (alkaline phosphatase) and either rabbit anti-Con A
serum (Sigma) or rabbit anti-SDS-Con A serum prepared by ourselves.
Antibody preparation and Western blotting procedures followed standard
methods (Harlow and Lane, 1988).

Refolding aggregated product
The pelletted cell debris was resuspended in 2 ml denaturant (7 M guanidine
hydrochloride in MOPS-metals buffer) and placed on a rotator overnight
at 4°C. Following centrifugation (27 000 g for 30 min at 4'C) supernatant
was mixed for 30 min with 0.5 ml DEAE-Sephacel (Pharmacia) equilibrated
in the same denaturant (Stubbs et al., 1986), then centrifuged as before.
The DEAE-Sephacel pellet was discarded and the supernatant containingunbound protein diluted at least 30-fold with MOPS-metals buffer.

Affinity chromatography
Either cell lysate containing de novo soluble product or product solubilized
from pelleted cell debris by denaturant and refolded (as above), was passed
down a column (10x65 mm) of Sephadex G-75 (Pharmacia, dry particle
size 40-120 jim). This acts as an affinity adsorbent for Con A (Goldstein
and Poretz, 1986) and the concentration of methyl a-D-mannopyranoside
necessary to elute native Con A (Sigma, Type IV) was found to be 1 mM.
(For native Con A, 85.1 % of the applied protein [A280] bound to the
column; 77.5% was specifically eluted by methyl a-D-mannopyranoside
and 7.6% could not be recovered. A new column of affinity matrix was
therefore used for each separation to avoid cross-contamination. The
proportion of rec-pro-Con A binding to the matrix was estimated bydensitometry on Western blots of crude and purified samples in a JoyceLoebl Chromoscan 3. From a crude sample, 83.2 % of the detectable rec-
pro-Con A bound to the column; 72.2% was specifically eluted by methyl
a-D-mannopyranoside and 11.0% remained bound to the Sephadex G-75.)The sample was loaded at a low flow rate (0.05 ml/min) and the column
washed (1 ml/min) to base line A280 with MOPS-metals buffer, then
eluted (1 ml/min) with 1 mM methyl a-D-mannopyranoside in the same
buffer whence only one A280 peak emerged. This was collected and then
concentrated by centrifugal ultrafiltration (Centricon 10, Amicon), recovered
in 0.5 ml MOPS-metals buffer, and analysed by SDS-PAGE (Laemmli,
1970) and Western blotting.
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