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We have expressed in Escherichia coli five isoforms of saporin, a

single-chain ribosome-inactivating protein (RIP). Translation

inhibition activities of the purified recombinant polypeptides in

�itro were compared with those of recombinant dianthin 30, a

less potent and closely related RIP, and of ricin A chain.

Dianthin 30, and a saporin isoform encoded by a cDNA from

leaf tissue (SAP-C), both had about one order of magnitude

lower activity in translation inhibition assays than all other

isoforms of saporin tested. We recently demonstrated that

saporin extracted from seeds of Saponaria officinalis binds to α2-

macroglobulin receptor (α2MR; also termed low density

lipoprotein-receptor-related-protein), indicating a general mech-

anism of interaction of plant RIPs with the α2MR system

[Cavallaro, Nykjaer, Nielsen and Soria (1995) Eur. J. Biochem.

INTRODUCTION

Plants synthesize toxic ribosome-inactivating proteins (RIPs),

that are N-glycosidases (EC 3.2.2.22) recognizing a specific

adenine (A4324 in the rat) located in a universally conserved

stem–loop region of 28S ribosomal RNA. The most repre-

sentative RIP is ricin, which in addition to the catalytic A-chain

subunit contains a B-chain that allows it to attach to and enter

the cells. Conversely, single-chain or type I RIPs, like saporin,

lack the B-chain [1]. RIPs might have great therapeutic potential

as chimaeric toxins, obtained with either genetic [2] or biochem-

ical manipulations, such as immunotoxins [3] or toxin conjugates

[4,5]. Thus they are useful for treating cancer and autoimmune

diseases and also against HIV infection [6]. By virtue of their

antiviral properties, type I RIPs might also be used to improve

defence mechanisms of transgenic plants of interest [7,8].

Saporin extracted and purified from seeds of Saponaria

officinalis (SAP-S) was found initially to be heterogeneous at two

amino acid positions, i.e. residues 48 (Asp or Glu) and 91 (Arg

or Lys) ([9,10] ; G. P. Nitti, unpublished work). This predicted

the existence of at least four seed isoforms and, indeed, several

different genomic clones were successively identified, confirming

the existence of a multigene saporin family [11]. In addition, a

leaf cDNA clone had been found to encode a saporin precursor,

giving rise to a mature polypeptide of 253 amino acids that

differed from SAP-S at 13 amino acid residues [12,13]. In contrast

with type II RIPs, type I RIPs are active not only against

Abbreviations used: RIP, ribosome-inactivating protein ; SAP, saporin isoform; α2MR, α2-macroglobulin receptor ; PAP, pokeweed antiviral protein ;
RP-HPLC, reversed-phase HPLC; 3D, three-dimensional ; TFA, trifluoroacetic acid ; TCA, trichloroacetic acid ; CHO, Chinese hamster ovary ; RAP,
receptor-associated protein ; LpL, lipoprotein lipase ; RNP, ribonucleoprotein.
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232, 165–171]. Here we report that SAP-C bound to α2MR

equally well as native saporin. However, the same isoform had

about ten times lower cytotoxicity than the other saporin isoforms

towards different cell lines. This indicates that the lower cell-

killing ability of the SAP-C isoform is presumably due to its

altered interaction with the protein synthesis machinery of target

cells. Since saporin binding to the α2MR is competed by heparin,

we also tested in cell-killing experiments Chinese hamster ovary

cell lines defective for expression of either heparan sulphates or

proteoglycans. No differences were observed in cytotoxicity using

native saporin or the recombinant isoforms. Therefore saporin

binding to the cell surface should not be mediated by interaction

with proteoglycans, as is the case for other α2MR ligands.

eukaryotic but also against prokaryotic ribosomal RNA [14].

Initial attempts to express dianthin 30 [15], as well as other type

I RIPs in Escherichia coli, did not involve tightly controlled

systems of expression and were unsuccessful, as reported for

Mirabilis antiviral protein [16], pokeweed antiviral protein (PAP)

[17] and saporin [11]. Thus presumably type I RIPs are all toxic

to E. coli ribosomes to various extents, whereas type II RIPs are

not [14]. In addition, all RIPs display different specificities for

ribosomes from different sources [1]. Indeed, RIPs must first

interact with the complex structure of the ribosomes in order to

recognize and then depurinate target rRNA. Therefore steps

towards elucidating structure}function relationships among type

I and type II RIPs would be highly desirable in order to engineer

highly selective cytotoxins.

EXPERIMENTAL

Plasmids, strains and DNA manipulations

BL 21 (DE3) pLysS (Novagen) strain was used for expression of

recombinant proteins. The pET-11d plasmid (Novagen) was

used in all the constructs. A single NcoI site (CCATGA) provides

the translational starting codon. A SacII–EcoRI fragment from

sequence 3 DNA [11] was ligated to pET-11d DNA digested with

EcoRI and NcoI in the presence of a linker-adapter containing

NcoI–SacII sites. The pET-11d–SAP-3 construct was sub-
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sequently engineered by substituting the original BamHI–EcoRI

fragment with 690 bp purified BamHI–EcoRI genomic fragments

from sequences 1, 4 and 6 genomic clones. This yielded pET-

11d–SAP-l, pET-11d–SAP-4 and pET-11d–SAP-6 respectively.

With sequence 6, an SspI restriction site allowed selection of

recombinant clones. An NcoI restriction site could be used

instead to select recombinants for the other saporin clones, since

sequence 3 lacks this site. The saporin-coding leaf cDNA [12]

was mutated to introduce a stop codon before the encoded

C-terminal propeptide [13]. The resulting construct, pET-11d–

SAP-C, was then fully sequenced to confirm that no changes

were introduced during the amplification step. DNA sequencing

was performed using the Pharmacia (Uppsala, Sweden) T7

sequencing kit. Oligonucleotides were synthesized with a 380B

automatic DNA synthesizer (Applied Biosystems).

Expression and purification of recombinant saporin isoforms

Induction of expression of the toxic genes was essentially

following manufacturer’s instructions (Novagen). A single-step

purification by ion-exchange chromatography was performed,

loading soluble fractions of protein onto a Mono S2 HR 5}5

FPLC2 column as described [18]. Total E. coli extracts and

fractions from column chromatography purificationswere loaded

onto 12.5% and 15% (w}v) polyacrylamide gels respectively.

For Western blot analysis, proteins transferred onto nitro-

cellulose were probed with a rabbit anti-saporin antiserum at a

1:1000 dilution, and detected with goat anti-rabbit–horseradish

peroxidase-conjugate antiserum [11]. Polyclonal rabbit anti-

bodies directed against native saporin were generously given by

D. A. Lappi, Advanced Targeting Systems, San Diego, CA,

U.S.A.

Protein content in the peak fractions from ion-exchange

chromatography purifications was determined with the Bio-Rad

Protein Assay. Bovine serum albumin (Bio-Rad) and native

saporin were utilized as standards.

Reversed-phase HPLC (RP-HPLC) and electrospray mass analysis

Native seed-extracted saporin, and all the recombinant isoforms

were subjected to RP-HPLC on a Hewlett Packard 1090M

apparatus (Wilmington, DE, U.S.A.) using a 1¬250 mm, 218

TD C18 Vydac column (The Separation Group, Hesperia, CA,

U.S.A.). Mobile phases A and B were respectively 0.1% tri-

fluoroacetic acid (TFA) in Milli-Q grade water and 0.078% TFA

in acetonitrile. Elutions were carried out with a linear gradient of

buffer B from 25% to 79% in 25 min at a flow rate of

0.085 ml}min. Separations were performed at 50 °C and elution

profiles were monitored with a Hewlett Packard 1040A Diode

array detector at the wavelength of 215 nm.

On-line RP-HPLC}electrospray mass spectrometry was per-

formed with samples of SAP-S, SAP-6 and SAP-C (a saporin

isoform encoded by a cDNA from leaf tissue) on a Hewlett

Packard 5989S MS-Engine single quadrupole instrument

equipped with a Hewlett Packard 59987A electrospray interface.

Eluates from the RP-HPLC were directly injected into the ion

source of the mass spectrometer. The electrospray potential was

approx. 6 kV. The quadrupole mass analyser was set to scan over

a mass-to-charge ratio (m}z) from 1000 to 1700, at 2 s per scan

for a total time of 10–12 s. The sum of data acquired over this

time constituted the final spectrum. Molecular masses were

calculated from several multiply-charged ions within coherent

series. Mass calibrations were performed with horse skeletal

muscle myoglobin (Sigma).

N-terminal sequence analysis

For protein sequence analysis, samples of SAP-3, SAP-4 and

SAP-Cafter SDS}PAGE were electroblotted onto polyvinylidene

difluoride membranes (Fluorotrans) at 300 mA for 45 min using

10 mM 3-(cyclohexylamino)-1-propanesulphonic acid (pH 11) in

10% (v}v) methanol as transfer buffer. The membrane was

stained for 1 min in Coomassie Blue R250}methanol}acetic acid

(1:400:100, by vol.) and destained in 50% methanol for 5 min.

Bands were excised from the membrane and arranged in the

cartridge block of the sequencer. Automated Edman degradation

was performed on a pulsed-liquid-phase Sequencer, model 477

(Applied Biosystems) equipped with a Mod. 120 A HPLC

instrument for detection of phenylthiohydantoin amino acids.

Biological assays of ribosome-inhibiting activities

Serial log dilutions ranging from 40 nM to 0.4 pM final con-

centration of each isoform in phosphate-buffered saline (PBS)

were assayed in duplicate, dispensing 2 µl of each dilution in

Eppendorf tubes on ice. A reaction mixture containing 2.5 µCi of

tritiated leucine (-[4,5-$H]leucine, 45–85 Ci}mmol, Amersham

International), 250 ng of bromemosaic virusRNAand 0.053 mM

amino acid mixture without leucine was added in 3 µl samples.

Nuclease-treated rabbit reticulocyte lysate (10 µl ; Promega,

Madison, WI, U.S.A.) thawed on ice was added to the assay

tubes. Samples of 15 µl final volume were incubated at 30 °C for

60 min. The SAP-C dilutions tested range from 700 nM to 7 pM

final concentration. At the end of incubations, samples were

chilled on ice, brought to 0.1 mg}ml final concentration of

ribonuclease A then further incubated at 23 °C for 20 min. To

quantify the amount of radioactivity incorporated into translated

protein, spots were made in triplicate on 3MM Whatman filter

paper cut into small pieces. The filters were washed four times,

10 min each with 5% ice-cold trichloroacetic acid (TCA;

5 ml}filter), then boiled for 1 min in 5% TCA and washed with

ice-cold 95 °C ethanol twice. Filters were dried at 65 °C for

30 min and then radioactivity was measured by liquid scintillation

counting. Recombinant dianthin-30 mature polypeptide was also

assayed for comparison, as well as recombinant ricin A chain

(kindly supplied by J. Michael Lord, University of Warwick,

U.K.). The concentration inhibiting translation by 50% (IC
&!

)

was 200 pM for recombinant ricin A chain when tested in these

assays. The program MacALLFIT was used to process and

evaluate the data from SAP-C, SAP-3 SAP-4 and SAP-S

inhibition assays. Saporin RIP activities were also tested in

rabbit reticulocyte lysates measuring inhibition of luciferase

mRNA translation. Light emission of translated luciferase was

measured in a Berthold LB Lumat luminometer. Inhibition of

translation was reported as a decrease of light emission, i.e. as a

percentage of control luciferase translated in the absence of

saporin, which corresponds to 100% of light emitted. Negative

translation controls in the presence of the same concentrations of

non-toxic proteins (carbonic anhydrase or bovine serum albumin)

were identical with the control (results not shown). The IC
&!

of

SAP-C was 125 pM whereas that of recombinant ricin A chain

was 80 pM in these assays.

Cytotoxicity experiments

At least two independent cell-killing experiments were performed

using each of the following cell lines : murine LB6, treated as

described in [5], the human permanent cell line EA.hy 926,

obtained by fusing human umbilical vein endothelial cells with
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the tumour cell line A549 [19] and treated as in [20]. Three

Chinese hamster ovary (CHO) cell lines : CHO-K1, the parental

control cell line, and the two defective cell lines CHO-745 [21]

proteoglycan-deficient, and CHO-677 [22] heparan sulphate-

deficient, were kindly provided by J. Esko, University of Cali-

fornia, La Jolla, CA, U.S.A. All three CHO cell lines were

cultured in Ham’s F12 medium (ICN, Costa Mesa, CA, U.S.A.)

supplemented with 7.5% fetal bovine serum, 100 units}ml peni-

cillin, 0.1 mg}ml streptomycin sulphate and plated at a density of

3.75¬10% cells per ml in 80 µl}well. Briefly, cells were plated on

gelatin-coated 96-well plates (Costar, Cambridge, MA, U.S.A.)

16–18 h before the experiments, and treated for either 24 h (LB6)

or 48 h (CHO and EA.hy 926) in the absence or in the presence

of serial log dilutions (ranging from 1 nM to 1000 nM final in

100 µl} well) of either native saporin or the recombinant isoforms

SAP-3 and SAP-C. Each point was tested in quadruplicate.

At the end of the incubations in the presence of toxins, cells

were washed with PBS then pulse-labelled for 2 to 4 h with

-[4,5-$H]leucine (45–85 Ci}mmol, Amersham International) at

0.5 µCi}well. Total incorporation of radioactivity into protein

was measured by harvesting cells on glass fibre filters and liquid

scintillation counting. Cytotoxicity was calculated measuring the

ID
&!

.

Binding of 125I-labelled α2-macroglobin receptor (α2MR) to
immobilized saporin

Wells of microtitre plates (Polysorp, Nunc, Denmark) were

coated with 1 µg (100 µl of 10 µg}ml) of either native or

recombinant saporin isoforms in 50 mM NaHCO
$
, pH 9.6, for

2 h to provide about 80 ng (2.7 pmol) of immobilized

saporin}well. After blocking with binding buffer (10 mM

Hepes}140 mM NaCl}2 mM CaCl
#
}l mM MgCl

#
, pH 7.8) con-

taining 2% Tween-20 for 2 h at 20 °C, microtitre wells were

washed three times and incubated with 5–10 pM "#&I-labelled

α2MR in binding buffer containing 0.2% BSA for 16 h at 4 °C.

Following a wash with binding buffer, bound radioactivity was

eluted in 10% SDS and counted in a Packard (Meriden, CT,

U.S.A.) gamma-counter. In the absence of immobilized saporin,

binding of "#&I-labelled α2MR (blank value) amounted to less

than 0.2%. All values have been corrected accordingly. For

competition assays, "#&I-labelled α2MR (10 pM) was added to

the wells in the presence of either 400 nM receptor-associated

protein (α2MRAP) or 800 nM lipoprotein lipase (LpL, Sigma L-

2254), which was dialysed overnight against binding buffer.

Multiple alignments, prediction of saporin secondary structure and
three-dimensional (3D) structure comparisons

The sequences of saporin, trichosanthin, PAP, momorcharin and

ricin used for our alignments were obtained from release 29 of

the Swissprot sequence database. Multiple alignments were

performed using the program PILEUP of the WISCONSIN

package, version 8.0, based on the progressive alignment method

[23] followed by manual adjustment. Co-ordinates of PAP (code

lPAG), α-momorcharin (lAHB) and ricin A chain (lrtc) were

obtained from the Brookhaven structure data bank [24]. The

superposition of the known 3D structures was performed within

the QUANTA (Molecular Simulations) molecular modelling

package using a least-squares fitting algorithm [25]. For the

secondary structure prediction of saporin, the method PHD [26]

was used. The overall three-state accuracy was improved by up

to 72% [26].

RESULTS

Construction and selection of clones coding for mature saporin
isoforms

Figure 1 is a schematic representation of the strategy used to

subclone the sequences coding for the mature polypeptides of

the different saporin isoforms in the pET-11d expression vector.

The isoform encoded by the sequence 3 genomic clone [11],

coding for the isoform termed SAP-3, was previously expressed

in E. coli fused to a bacterial signal sequence. Almost all the

recombinant saporin was expressed intracellularly in an insoluble

form, although some was exported to the periplasmic space. N-

terminal sequencing of purified osmotic shock extracts indicated

that part of the plant-encoded signal peptide was still present in

the recombinant product. Yet the RIP activity of the recombinant

saporin was 20 pM, almost identical with that of SAP-S [11].

Therefore the DNA of the genomic clone sequence 3 was digested

with SacII and EcoRI to remove the encoded leader peptide of

saporin. Purified DNA was ligated to NcoI}EcoRI-cut pET-11d

DNA in the presence of a specific adapter bearing NcoI and

SacII sites and restoring the missing coding sequence of mature

SAP-3. Since all the differences in amino acid residues present

Figure 1 Schematic representation of the saporin-coding region and
details of the pET-11d expression constructs

The N-terminal leader sequence and the C-terminal propeptide of preprosaporin (upper part of

the Figure) are shown together with the first and the last amino acid residue found in mature

saporin. The light grey box corresponds to the common N-terminal part of mature saporin.

Restriction enzyme sites used for cloning the mature saporin-coding portions are also indicated.
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Figure 2 Protein sequence alignment of the saporin isoforms expressed in E. coli

The complete amino acid sequence of SAP-1 is shown. Dots identify conserved residues among SAP-1 and the other saporin isoforms, whereas variations in amino acid residues are indicated

with bold type. Underlined is the ribosomal inactivating active site signature. The dianthin 30 (DIANT) sequence is also compared and aligned, and only the residues differing from SAP-1 are

shown. The asterisk indicates that after Thr47 a second threonine is found in dianthin 30 which has been omitted to optimize the alignment.

among the other encoded isoforms are contained within a DNA

stretch between two unique restriction sites, BamHI and EcoRI,

pET-11d–SAP-3 was used to obtain all subsequent constructs,

substituting the original BamHI–EcoRI fragment with those

encoding the other isoforms (for details, see Experimental

section). Thus only the ATG start codon is present before the

sequence coding for the various mature saporin isoforms.

Expression and purification of saporin isoforms

In Figure 2 the aligned amino acid sequences of the recombinant

mature saporins are shown. We have expressed the mature

saporin polypeptides, termed SAP-1 and SAP-3 following the

numbering of the respective genomic coding sequences [11], as

well as the isoform termed SAP-6, as three representatives of

seed-type isoforms. SAP-1 has one of the four possible seed-type

amino acid patterns at residues 48 and 91; however, instead of

having Phe"%*, which is present in the two other seed-type

isoforms, it has Ser"%*, like the SAP-C isoform (Figure 2). In

addition, SAP-6 has Ile)%, instead of Val, which is present in all

the other isoforms; however, we cannot exclude the possibility

that this variant might be an artifact due to the DNA amplifi-

cation step. We also expressed a polypeptide closely resembling

SAP-C, herein referred to as SAP-4, encoded by DNA sequence

4 [11]. Thus SAP-C and SAP-4 differ from all the other saporin

isoforms only in a few residues, mainly located in a region of

saporin close to the adenylate-binding site [11,27]. The protein

sequence of dianthin 30 is also shown for comparison. When

dianthin 30 was expressed in E. coli with the same host–vector

system that we used here, the IC
&!

observed in cell-free inhibition

assays was the same as that of native dianthin, i.e. about 300 pM

[18]. SAP-C differs from SAP-4 in four residues (Figure 2), two

of them being shared only with dianthin 30, i.e. Gln"$% and

Aspl'#.

Tightly controlled conditions are required for efficient ex-

pression of the saporin and dianthin 30 genes in E. coli, since

these recombinant RIPs are quite toxic to the bacterial host [14].

Non-induced or induced bacteria were lysed, sonicated and cell

lysates were ultracentrifuged as described [18] ; soluble and

insoluble protein fractions were then analysed by SDS}PAGE,

followed by immunoblot analysis using rabbit anti-saporin

antiserum. No leaky expression of toxic saporin genes was

observed before induction of T7 RNA polymerase. After in-

duction, bacteria expressing the SAP-C isoform were growing at

a faster rate than those expressing the other saporin isoforms,

such that higher protein yields would be obtained both in the

soluble and in the insoluble fractions. Yields of soluble re-

combinant seed-type saporin isoforms were between 1 and

3 mg}litre of culture, similar to those of recombinant PAP

expressed using the same host–vector system described here [17].

However, yields were lower than those of the SAP-C isoform and

of recombinant mature dianthin 30 (up to 10 mg}litre of culture
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Table 1 HPLC-separated peak fractions of recombinant isoforms

Expected Mr values do not take into account the N-terminal methionine.

Expected Mr

Mono-S2
retention time

(min)

RP-HPLC

retention time

(min)

SAP-1 28560 9.37 20.45

SAP-3 28592 9.92 21.54

SAP-6 28592 9.92 21.61

SAP-4 28556 8.63 19.83

SAP-C 28505 10.20 19.55
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Figure 3 Ion-exchange chromatography purification of a saporin isoform

The elution profile of SAP-C is shown as representative of an HPLC purification performed after

loading of E. coli soluble extracts : x-axis, time in min (¬10) ; y-axis, UV monitoring expressed

as differential of potential. Retention time (min) corresponds to the SAP-C elution peak.

[18]), suggesting that the latter RIPs possessed lower E. coli host

toxicity (results not shown).

In all the extracts analysed, the soluble fraction contained the

vast majority (90%) of recombinant protein, and was therefore

used for purifying the different isoforms. A single-step purifica-

tion was performed by ion-exchange HPLC, exploiting the high

isoelectric point of saporin. All the isoforms eluted as single

peaksaround150 mMNaCl, asdid recombinant,maturedianthin

30 purified using the same procedure [18]. They also had similar

retention times (Table 1), ranging from 8.63 min for SAP-4 to

10.20 min for SAP-C, whose elution profile is shown in Figure 3.

The peak fractions from ion-exchange chromatography were

analysed by SDS}PAGE followed by Coomassie Blue staining

(Figure 4). The recombinant proteins had the expected relative

molecular mass (M
r
) of approx. 29000 as SAP-S. The three

recombinant seed-type isoforms SAP-1, SAP-3 andSAP-6 behave

Figure 4 SDS/PAGE analysis of the recombinant, purified saporin isoforms

Equivalent amounts of the peak fractions (approx. 1.2 µg) from column chromatography

purifications were run on a 15% polyacrylamide gel, then stained with Coomassie Brilliant Blue,

with the exception of SAP-S and SAP-C (3 µg). The asterisk in the right-most lane identifies

a faster migrating band in SAP-C. Markers (10−3¬Mr) are also indicated.

similarly, showing electrophoretic patterns most resembling that

of non-recombinant, native saporin extracted and purified from

seeds (SAP-S). The presence of a diffuse band, almost appearing

as two bands with a smear between them, was always observed

with SAP-S, and was suggested to be an artifact due to the

isoelectric point of 10.5 measured for native saporin [28].

Conversely, both SAP-C and SAP-4 isoforms migrated as a

sharper band with slightly lower electrophoretic mobility (Figure

4). However, their theoretical pIs cannot account for their

different mobilities. By increasing the amount of SAP-C loaded

onto the gels, a faint faster-migrating band can also be detected

(Figure 4, asterisk). Interestingly, it has been reported that leaf-

extracted saporins show on SDS}PAGE an M
r
higher than the

seed-extracted protein by approx. 1500–2000 [29].

Biochemical characterization of recombinant saporin isoforms

To assess the purity of the peaks from our ion-exchange

chromatography purifications, the recombinant isoforms were

also subjected to RP-HPLC. A single peak was eluted in each

case, as shown for SAP-C (Figure 5, top). Retention times

obtained with each recombinant isoform are summarized in

Table 1.

In addition, the M
r

was accurately estimated by

electrospray analysis of SAP-C and SAP-6 isoforms. For com-

parison, native seed-extracted saporin was also analysed. The

mass spectrum of SAP-S was centred on the value of M
r
28560

when directly injected in the ionization chamber. However, since

SAP-S is known to be heterogeneous, the mass spectrum analysis

was performed with SAP-S previously subjected to RP-HPLC

purification. Figure 5 (bottom) shows that three peaks were

eluted by RP-HPLC, having retention times of 19.83, 20.44 and

21.65 min. The two main peaks accounted for about 35% and

60% of the total protein respectively. Mass spectra of peak A

were resolved to three values of M
r

28546, 28555 and 28557.

Peak B yielded a single value of M
r
28557. The same analysis was

performed with the recombinant isoforms SAP-C and SAP-6,

coupling RP-HPLC separation to electrospray mass analysis.

The single RP-HPLC peak of SAP-C was resolved into two mass

values of 28502.4 and 28617.6, representing respectively 46%

and 54% of the total. A similar situation was observed with

SAP-6. The RP-HPLC peak was resolved into two mass values

of 28574 and 28715 representing respectively 24% and 76% of

the total. Therefore, in the case of the recombinant isoforms, the
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Figure 5 RP-HPLC analysis of SAP-S and SAP-C

(Top panel) The elution profile of SAP-C is shown as a representative example. All recombinant

isoforms were loaded onto a C18 Vydac column and eluted using a linear gradient from 25 to

79% (v/v) acetonitrile at 50 °C. A single peak was obtained in each case. y-axis : UV monitoring

expressed as differential of potential. (Bottom panel) For comparison, elution profile of native

seed-extracted saporin.

Table 2 Comparison between SAP-3 and SAP-C RIP activities

*Means³S.E.M. of at least two experiments each counted in triplicate. †Means³S.D. of one

representative experiment performed in quadruplicate. N.D.¯ not determined.

SAP-3 SAP-C SAP-S

Cell-free IC50* (pM) 17³4 157³27 12³5

Cell lines ID50† (nM) EA.hy 926 20³5 200³30 N.D.

LB6 50³15 500³50 N.D.

CHO-K1 150³30 " 1000 90³10

CHO-745 150³30 " 1000 100³20

CHO-677 150³25 " 1000 150³30

presence of two mass spectra should be solely related to either

the presence or the absence of an N-terminal methionine. The

accuracy of mass determinations was 99.9% (Table 1).

The RP-HPLC coupled to electrospray mass analysis of

recombinant seed-type isoform SAP-1 (which correspond to the

same batch of preparation of the protein loaded onto the

SDS}PAGE) revealed the presence of a single mass of 28683,

Table 3 Binding of SAP-C to the α2MR

Binding of 125I-labelled α2MR was measured as described in the Experimental section and is

expressed as the percentage of added tracer. Data are means³S.D. of a representative

experiment performed in triplicate. N.D.¯ not determined.

125I-labelled α2MR bound (%)

SAP-C SAP-S

Total binding 12.42³1.8 11.89³2.3

 EDTA (5 mM) 3.87³0.22 3.81³0.62

heparin (10 IU/ml) 0.92³0.34 1.68³0.30

LpL (800 nM) 0.88³0.11 N.D.

RAP (400 nM) 1.40³0.53 N.D.

thus corresponding to 100% of polypeptide still bearing the

initiator Met. The electrophoretic pattern shows, however, two

migrating bands as observed with the native seed-extracted

saporin.

The isoforms SAP-3, SAP-4 and SAP-C were further charac-

terized by N-terminal sequencing. After PVDF-blotting either

the smeared band of SAP-3 or those corresponding to SAP-4 and

SAP-C were excised and microsequenced. Each isoform had

either Met or Val as first amino acid residue, as detected by

automated Edman degradation of the purified polypeptides. The

relative percentages of Met and Val were respectively 52%

and 48% for SAP-3, and 60% and 40% for both SAP-4 and

SAP-C.

Ribosome-inactivating activity of recombinant saporin isoforms

The specific ribosome-inhibiting capabilities of the natural and

of the recombinant proteins were compared using a cell-free

translation system (Experimental section), assaying activities of

these RIPs in serial log dilutions. The saporin isoforms SAP-1,

SAP-6, SAP-4 and SAP-3 all had IC
&!

values of approx.

10–20 pM, like that of SAP-S, as previously observed [11]. In

contrast, SAP-C showed an IC
&!

of 175 pM in the range of

activity of the less potent RIP dianthin 30. Processing these data

using a statistical program, MacALLFIT, yielded the IC
&!

s for

SAP-3, SAP-C and SAP-S shown in Table 2.

We next compared the cytotoxicity of the recombinant proteins

in cell-killing experiments, testing LB6 murine cells and the

human hybrid permanent cell line EA.hy 926. In two independent

experiments, SAP-3 was equally cytotoxic with SAP-S on both

LB6 [5] and EA.hy 926 [20] cells, whereas SAP-C had lower

cytotoxicity (approx. 10-fold less than that of SAP-3) with both

LB6 and EA.hy 926 (Table 2) cells.

Great efforts are currently ongoing to identify sequential

events starting from cell-surface toxin binding to the final step,

taking place in the cytosol, of ribosome depurination. Most of

these studies have been carried out on the internalization pathway

of the ricin holotoxin [30]. We previously demonstrated that

saporin entry into the cells is not a passive mechanism as was

generally believed, but is mediated by a large and widespread

receptor, the α2MR [31]. α2MR is a multifunctional endocytic

receptor bearing multiple binding sites [32]. Therefore we per-

formed solid-phase binding experiments to α2MR, comparing

SAP-S with the recombinant SAP-3 and SAP-C isoforms. In this

assay, SAP-3 was able to bind to α2MR as efficiently as SAP-S

(A. Nykiaer, unpublished work). In addition, SAP-C also bound

equally well to α2MR (Table 3). Binding could be inhibited by

EDTA, heparin and both the competitors LpL and RAP, as
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previously shown for SAP-S [31]. This confirms the specificity of

α2MR binding (Table 3).

Finally, since heparin competed with the binding of saporin

isoforms to α2MR, we compared the cytotoxicities of SAP-S,

SAP-3 and SAP-C in CHO cell lines defective in proteoglycan

biosynthesis [22]. We tested mutant 745, which lacks one of the

first acting enzymes, xylosyltransferase ; therefore, assembly of

both heparan sulphate and chondroitin sulphate does not take

place. This mutant has less than 15% proteoglycans compared

with wild-type CHO cells. Conversely, mutant 677 is defective

specifically in heparan sulphate biosynthesis but makes about

three times as much chondroitin sulphate as the wild-type cell

line. When we tested either SAP-S or the recombinant isoforms

on these CHO cell lines, no differences could be observed in

specific cytotoxicy between wild-type and mutant CHO cells

(Table 2).

DISCUSSION

Plants express several RIP isoforms in a tissue-dependent [33,34]

and season-dependent fashion [1,35], but the reason for such

wide heterogeneity remains unclear. This might represent a plant

defence mechanism. Indeed, depurination of tobacco ribosomes

catalysed by several RIPs correlates, for instance, with their

antiviral activity in the infected plants [8]. Moreover, ribosomes

from several species of dicotyledonous plants are sensitive to

their own RIP, including PAP [36], dianthin 32 [37] and saporin

[2].

In this study we have expressed several saporin isoforms in

E. coli and compared their RIP activities, as a first step to

determining whether amino acid variations present among them

could reflect different specificities or catalytic properties. Three

seed-type (SAP-1, SAP-3, SAP-6) as well as two closely related

isoforms termed SAP-C and SAP-4 were selected for expression.

After purification of the recombinant isoforms, we observed

that seed-type isoforms migrated on SDS}PAGE with a pattern

similar to that of native saporin, whereas SAP-C and SAP-4

showed a different electrophoretic behaviour. However, by RP-

HPLC only one single peak was eluted on loading each of the

recombinant isoforms, while SAP-S was confirmed to be hetero-

geneous. Although the electrophoretic mobility of SAP-C is

altered, accurate mass analysis showed that SAP-C has an

M
r
consistent with its theoretical one. Therefore the reason for

the heterogeneity in the electrophoretic mobilities of our saporin

isoforms remains unclear. Similarly aberrant electrophoretic

mobilities had been observed previously, e.g. a decrease in

mobility after removal of a protein’s signal peptide [38]. Also, the

relative mobility of a mutant G-protein was affected by a single

amino acid change [39].

The specific inhibitory activity of the saporin isoforms was

compared with that of seed-extracted saporin and of recombinant

dianthin 30. Only the recombinant highly expressed leaf isoform,

SAP-C, showed similar potency to dianthin 30, whereas all the

other recombinant isoforms had similar RIP activity to the seed-

extracted saporin. Saporin isoforms extracted from leaves of S.

officinalis showed almost one order of magnitude lower inhibitory

activity in rabbit reticulocyte lysates, when compared with seed

isoforms extracted from the same plants [34]. However, only the

N-terminal sequences of these isoforms were determined and

none of them matches the recombinant isoforms expressed in our

work [34].

A truncated saporin lacking the first 28 residues of the mature

peptide had virtually no depurinating activity [40]. Indeed, Tyr"'

and Arg#% are invariant residues, present in saporin and dianthin

as well, which are thought to play a crucial role in stabilizing a

Figure 6 Superposition of Cα traces

Cα traces of superposed X-ray structures of ricin A chain, PAP and momorcharin are shown.

The N-terminus and the prominent loop at the C-terminus of ricin A chain are indicated together

with the position of key active site residues. The asterisks identify the loops (80–85) and

(107–111) protruding from the PAP structure, and the solid triangle corresponds to a loop

(203–206) in momorcharin. The solid circle marks the putative position of the saporin exposed

residue Lys134, which is substituted by Gln in SAP-C. ter, terminus.

helix bend, allowing the two catalytic residues Glu"(( and Arg")!

of ricin to interact [41]. Also, it was demonstrated that aromatic

and charged residues in the first α-helix of ricin A chain, at the

N-terminus, are necessary for ricin activity [42]. Iodination of

extractive saporin at Tyr residues results in protein aggregation

and, presumably, in an inactive RIP (U. Cavallaro, unpublished

work). Thus arginine and tyrosine residues at the N-terminus

might be involved in correct saporin folding as well. In this work,

N-terminal sequencing of recombinant SAP-C confirmed that no

degradation at the N-terminus was present. The presence of the

initiator methionine should not affect the catalytic RIP activity

of either recombinant saporin isoform and might simply reflect a

low efficiency in its removal by the E. coli methionyl-amino-

peptidase. Mis-folding of the SAP-C isoform was ruled out

because SAP-C was expressed at high level in soluble form and

was resistant to protease degradation to the same extent as SAP-

S (M. S. Fabbrini, unpublishedwork). Far-UV circular dichroism

(CD) analysis showed that the CD spectra of SAP-4 and SAP-C

were almost indistinguishable and accounted for an αβ-type

architecture, as found in ricin A chain (G. Fossati, unpublished

work).

Ricin A-chain and crystallized type 1 RIPs share the same

overall tri-dimensional folding pattern, despite sharing only

about 30% sequence similarity [43]. However, all residues in the

catalytic active-site cleft of ricin A chain are conserved among

type 1 and type 2 RIPs (Figure 6). Therefore mutation of these

same key catalytic residues in other RIPs always results in a

drastic loss of activity, as recently demonstrated for the type 2

RIP abrin [44].

To identify regions involved in substrate recognition and

binding, we aligned several RIP sequences with their corre-

sponding X-ray-structure-derived secondary structures. A pre-
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diction of the secondary structure of seed-type saporin was

obtained by multiple alignment using the neural network system

PHD. Structurally conserved regions among the RIPs correspond

to regions of high local amino acid similarity. However, major

structural differences between PAP and ricin A-chain do not

seem to account for their differing ribosome specificity [45].

Molecular electrostatic potential distribution, calculated for

residues close to the adenylate-binding site, mapped onto the

solvent surface, indicating that there is considerable variation

between ricin, PAP and dianthin 30. This could account for the

differences in ribosome specificity exhibited by these RIPs [46].

Thus exposed residues at putative RNA-binding domains might

be likely candidates responsible for the heterogeneity observed

between RIP activities.

Proteins binding RNA contain one or more copies of a

putative RNA-binding domain consisting of two ribonucleo-

protein (RNP) consensus motifs : a hydrophobic hexapeptide

stretch, RNP-2, and an octapeptide motif, RNP-1 [47]. A RNP-

like structural motif was identified in ricin A chain [42] that

shows similarity to the recently solved 3D structure of the RNP

motif of UlA spliceosomal protein [48]. This motif overlaps with

a RNP domain tentatively identified in the RIPs we examined,

including a putative hydrophobic RNP-2 found in the core β-

sheet that contains the active-site residue Tyr)! involved in

sandwiching together with Tyr"#$ the formycin monophosphate

analogue at the adenylate-binding site. Within this RNP-2 like

motif, the first three positions are conserved among saporin and

other RNA-binding proteins [49]. Conserved residues in the

RNP-1- and RNP-2-like motifs might be critical for the RIP’s

association with rRNA, whereas exposed residues in the most

variable regions, especially in unstructured loops, may account

for differences in specificity. From our putative model of saporin

structure, we predict that Lys"$% of the saporin sequence (which

is substituted by Gln"$% in SAP-C and dianthin-30) is located at

a conserved surface loop found in the putative RNA-binding

domain (Figure 6). Therefore we postulate that the difference in

SAP-C activity might be due to impaired RIP–ribosome in-

teraction.

To test this hypothesis, SAP-C was assayed in cytotoxic

experiments. If steps from receptor binding and internalization

to retrograde transport along the endomembrane system, to

toxin translocation to the cytoplasm, were as efficient for SAP-

C as for native saporin and only ribosome recognition was

impaired, we would expect to observe a similar difference in

potency between SAP-C and the seed-type isoforms, as found in

the cell-free inhibition assays. Indeed, SAP-C was about ten-fold

less cytotoxic irrespective of the cell line tested. Since SAP-C was

able to bind efficiently to the putative receptor mediating saporin

internalization, our data clearly support this hypothesis. Con-

versely, the polymorphism of saporin seed-type isoforms, in-

volving residues at positions 48 and 91 that are also located in

loop regions, presumably did not affect substrate recognition

and activity, at least in reticulocyte lysates. The three other SAP-

C substitutions compared with SAP-4 are found in α-helix

structures. Although we cannot exclude the possibility that they

contributed to the observed lower ribosome-inhibiting activity,

these residues are presumably not accessible to the solvent

surface.

Finally, to further investigate the role of proteoglycans in

saporin internalization, we tested mutant CHO cell lines in cell-

killing experiments. The same extent of loss of potency was

obtained again when comparing the cytotoxicity of SAP-C with

that of SAP-3 and SAP-S. However, since no significant dif-

ferences in cytotoxicity were observed among seed-type saporin

isoforms against the mutant CHO cells, heparan sulphate proteo-

glycans do not seem to facilitate the concentration of saporins at

the cell surface, as was shown for other α2MR ligands [50,51].
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