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Abstract

Saporin L3 from Saponaria officinalis (soapwort) leaves is a type 1 ribosome-inactivating protein. 

It catalyzes the hydrolysis of oligonucleotide adenylate N-ribosidic bonds to release adenine from 

rRNA. Depurination sites include both adenines in the GAGA tetraloop of short sarcin-ricin stem-

loops and multiple adenines within eukaryotic rRNA, tRNAs, and mRNAs. Multiple Escherichia 

coli vector designs for saporin L3 expression were attempted but demonstrated high toxicity even 

during plasmid maintenance and selection in E. coli nonexpression strains. Saporin L3 is >103 

times more efficient at RNA deadenylation on short GAGA stem-loops than saporin S6, the 

saporin isoform currently used in immunotoxin clinical trials. We engineered a construct for the 

His-tagged saporin L3 to test for expression in Pichia pastoris when it is linked to the protein 

export system for the yeast α-mating factor. DNA encoding saporin L3 was cloned into a 

pPICZαB expression vector and expressed in P. pastoris under the alcohol dehydrogenase AOX1 

promoter. A fusion protein of saporin L3 containing the pre-pro-sequence of the α-mating factor, 

the c-myc epitope, and the His tag was excreted from the P. pastoris cells and isolated from the 

culture medium. Autoprocessing of the α-mating factor yielded truncated saporin L3 (amino acids 

22–280), the c-myc epitope, and the His tag expressed optimally as a 32 kDa construct following 

methanol induction. Saporin L3 was also expressed with specific alanines and/or serines mutated 

to cysteine. Native and Cys mutant saporins are kinetically similar. The recombinant expression of 

saporin L3 and its mutants permits the production and investigation of this high-activity ribosome-

inactivating protein.
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Ribosome-inactivating proteins (RIPs) (rRNA N-glycohydrolases, EC 3.2.2.22) are among 

the most toxic agents known. Type 2 heterodimer RIPs demonstrate a preference for the 

hydrolytic depurination of a single adenine residue from a GAGA tetraloop of the sarcin-

ricin loop within eukaryotic rRNA.1,2 Other RIPs, including the single-chain type 1 RIPs, 

are less specific and can remove more than one adenine per ribosome3,4 or from DNA and 

other adenosine-containing oligonucleotides.5,6 Depurination of the sarcin-ricin loop causes 

an irreversible inhibition of protein synthesis7,8 and cellular death.9–11 A single molecule of 

the most active RIPs is capable of inactivating >2000 ribosomes per minute and can cause 

death of targeted cells when the RIP molecule gains access to ribosomes.12 The unique 

toxicity of RIPs arises from their robust depurination catalytic activity.

RIPs are common in plants and exist in three groups according to their structural 

organization. All have a catalytically active A chain. Type 1 RIPs are monomeric 

enzymatically active proteins with molecular weights of approximately 30 kDa, and saporin 

L3 is in this group. Type 2 RIPs contain the catalytic A chain in a disulfide link to a lectin B 

chain. The B chain binds to galactose units on cell membrane glycoproteins and translocates 

the A chain into target cells. Ricin is a type 2 RIP, and these have highest inherent toxicity 

in their native form. Type 3 RIPs contain a single polypeptide chain with a variable 

extended C-terminal domain with unidentified functions. Ricin and other type 2 RIPs are 

potent toxins in their natural state with reported lethal dose toxicity as low as 3 μg/kg for 

mammals (inhalation).13 Type 1 RIPs lack a cellular entry mechanism and have low inherent 

toxicity. When linked to a cell recognition and entry element, type 1 RIPs become highly 

toxic and have shown impressive activity against hematological and solid tumors.14–16 

Cancer targets for saporin S6 conjugates include a dozen cancer-enriched CD proteins in 

addition to a family of growth factor and proliferation-related cellular receptors.16 Saporin 

S6 constructs are reported to translocate directly from endosomes into the cytoplasm, while 

ricin conjugates are reported to travel from endosomes to the Golgi to the endoplasmic 

reticulum and then to the cytosol.17 In addition to the construction of immunotoxins for 

treating cancer,9,16,18,19 other constructs have targeted autoimmune disease and HIV 

infections because of cell-specific targeted toxicity20–23

A goal of this research is to design and synthesize transition state analogues of the RIPs to 

act as rescue agents following treatment with immunotoxins. A major and dose-limiting 
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toxicity of immunotoxin therapy is vascular leak syndrome caused by off-target action of the 

toxins. Inhibition of excess immunotoxin following uptake of toxin by target tissues is 

expected to limit side effects and improve outcomes.

Ricin A chain and saporin S6 are the most common RIPs in clinical trials. Both have been 

expressed in Escherichia coli and purified, and extensive mutagenesis studies have been 

reported.24–30 The extensive literature and use of both ricin A chain and saporin S6 in 

immunotoxins made it desirable to develop inhibitors for these targets. To this end, we 

designed and synthesized powerful inhibitors of ricin A chain, but the inhibitors are active 

only at low pH and did not protect ribosomes at physiological pH values.31,32 Likewise, 

these and similar inhibitors against RIPs did not inhibit saporin S6. We screened a family of 

proposed transition state analogues for enzymes of RNA adenine depurination against 

saporin isozymes. We found that saporin L3 has catalytic activity against stem-loop RNA 

that is higher than that of saporin S6 and is powerfully inhibited by transition state analogues 

originally designed for ricin A chain.33 Importantly, the same inhibitors protected 

mammalian ribosomes against the action of saporin L3.33 The features of high catalytic 

activity against RNA and the ability to inhibit the enzyme with transition state analogues 

make saporin L3 an ideal candidate for two-step immunotoxin therapy. All attempts to 

express saporin L3 in E. coli in our hands killed the host or selected for saporin L3 

catalytically inactivating mutations at the catalytic site, a reflection of the extreme cellular 

toxicity of saporin L3. Evidence of its toxicity comes from the ready expression of inactive 

catalytic site mutants of saporin L3 in the same strains of E. coli. Thus, inactive catalytic site 

mutants of saporin L3 have been expressed in E. coli and were used to nucleate crystals of 

active saporin L3 isolated from leaf extracts.27

We originally characterized and crystallized saporin L3 (leaf isozyme 3) by isolation from 

fresh Saponaria officinalis leaves and established its sequence by mass spectrometry.3,33,34 

This protein was originally classified as saporin L1 but has now been reclassified as saporin 

L3, the nomenclature used here.35 Fifteen saporin isoforms have been characterized from the 

S. officinalis plant, including nine seed, three leaf, and three root RIPs named saporin S, L, 

and R, corresponding to seed, leaf, and root isoforms, respectively. All saporin isoforms 

depurinate both eukaryotic and prokaryotic ribosomes with varied degrees of catalytic 

activity.36 Saporins are also highly resistant to denaturation and proteolysis.37 Saporin S6 

has been widely used in immunotoxin therapy, primarily by disulfide bonding to a carrier 

molecule.38,39 Of 50 type 1 and type 2 RIPs, only saporin L3 released adenine from RNA of 

MS2, TMV, and AMCV viruses at physiologic pH, making its catalytic activity unique to 

the RIP family of enzymes.40,41 There are no cysteine residues in the saporin L3 sequence to 

permit disulfide links to targeting molecules. Our goals in this study were to express saporin 

L3 and to introduce cysteine residues at solvent accessible locations distal to the catalytic 

site to provide reactive sulfhydryl groups for the conjugation of cancer cell recognition 

elements.

From previous studies, saporin L3 is 4800-fold more efficient (kcat/Km) at deadenylating 

stem-loop RNA (5′-GGGGAGACCC-3′) than saporin S6.42 Saporin L3 also depurinates 

RNA, DNA, and poly(A) substrates at neutral pH, which makes the expression difficult. 
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Here we report a Pichia pastoris expression system and kinetic characterization of the native 

form and cysteine mutants of saporin L3.

EXPERIMENTAL PROCEDURES

Materials

E. coli strain DH5α was from Novagen (Madison, WI). PstI, NotI, SacI alkaline 

phosphatase, T4 DNA ligase, dNTPs, BSA, lambda DNA/EcoRI + HindIII markers, and 

MgCl2 were purchased from Promega (Madison, WI). Cloned Pfu DNA polymerase was 

from Stratagene (La Jolla, CA). QIAprep and QIAquick purification kits were from Qiagen 

(Valencia, CA). X-33 Pichia strain, pPICZαB, zeocin, and anti-myc-HPR were purchased 

from Invitrogen. Yeast extract and peptone were obtained from Fisher Scientific. Rabbit 

reticulocyte lysate (untreated) and luciferease mRNA were purchased from Promega. Yeast 

tRNA was purchased from Invitrogen. Oligonucleotides were from Integrated DNA 

Technologies, Inc. All of the other reagents were of the highest purity commercially 

available.

Plasmid Construction

Total RNA was isolated from leaves of S. officinalis (RNeasy plant mini kit, Qiagen) as 

described in the manufacturer’s protocol. Poly(A) mRNA was extracted using an Oligotex 

Direct mRNA Micro Kit (Qiagen) as described in the manufacturer’s protocol. cDNA was 

reverse transcribed from isolated mRNA with a “3′ RACE System from Rapid Amlification 

of cDNA Ends” kit (Invitrogen) as described in the manufacturer’s protocol. Forward 1 and 

Reverse 1 primers as shown in Table 1 were used for forward and reverse DNA sequencing 

for SapL3, respectively, where the reverse sequencing primer features an added stop codon. 

The SapL3 gene was ligated into a pET-31b(+) vector (Emb biosciences) using standard 

cloning procedures. Plasmid pET31b(+) harboring the SapL3 gene encoding saporin L3 was 

employed as a template to construct a recombinant plasmid for the expression of the tagged 

enzyme using standard polymerase chain reaction (PCR) amplification methods. Forward 

and reverse oligonucleotide primers were designed incorporating PstI and NotI as the 5′-and 

3′-cloning sites, respectively. The PCR product was then ligated into expression vector 

pPICZαB cleaved with the same restriction enzymes. The resulting plasmid pPICZαB/

SapL3 was confirmed by sequencing and transformed into E. coli strain DH5α. Electro-

competent P. pastoris X33 cells were prepared according to Invitrogen protocols. The 

pPICZαB/SapL3 plasmid was then linearized by SacI and transformed to P. pastoris X33 

cells by electroporation for expression following the manufacturer’s instructions. The 

multicopy recombinants were selected on a high-concentration antibiotic YPD agar plate 

(1% yeast extract, 2% peptone, 2% dextrose, 2% agar, and 1000 μg/mL zeocin). The gene of 

interest integrated in the Pichia genome was analyzed by PCR production and sequencing.

Saporin L3 Expression

A single yeast colony was incubated in a small scale buffered complex glycerol medium 

{BMGY [1% yeast extract, 2% peptone, 100 mM potassium phosphate (pH 6.0), 1.34% 

YNB, 4 × 10−5% biotin, 1% glycerol, and 25 μg/mL zeocin]}, harvested and induced in 

methanol medium {BMMY [1% yeast extract, 2% peptone, 100 mM potassium phosphate 
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(pH 6.0), 1.34% YNB, 4 × 10−5% biotin, and, for induction, 0.5% methanol]}, and cultured 

at 28 °C and 220 rpm. For induction, methanol was added to a final concentration of 0.5% 

with additional equivalent additions every 24 h to maintain induction. At each induction 

time, 1 mL of the expression medium was analyzed for the saporin L3 expression level to 

establish the optimal induction time. The supernatant was stored at −80 °C for further 

analysis. Cell pellets were vortexed in cell breaking buffer [50 mM sodium phosphate (pH 

7.4), 1 mM PMSF, 1 mM EDTA, and 5% glycerol] and acid-washed glass beads (0.5 mm in 

size). Samples from lysate supernatants and pellets were analyzed by Western blotting to 

determine the optimal time postinduction. For large scale expression, a single colony was 

used to inoculate 50 mL of YPD in a 250 mL baffled flask and was grown at 28 °C in a 

shaking incubator at 230 rpm to an OD600 of 5. This culture was used to inoculate 1.25 L of 

BMGY in a 4 L baffled flask, grown at 28 °C until the culture reached an OD600 of 6. Cells 

were harvested by centrifugation at 4000 rpm for 20 min at room temperature. The cell 

pellet was suspended at an OD600 of 1 in BMMY medium with methanol induction. After 24 

h at 28°C while the mixture was being shaken, the medium was centrifuged and the 

supernatant used for enzyme purification.

Increased saporin L3 production could be obtained in Enpresso Y Defined medium (Biosilta, 

Oulu, Finland). A small YPD culture was inoculated with a single yeast colony and 

incubated overnight at 28 °C while being vigorously shaken. One milliliter of this inoculum 

was added to 100 mL of Enpresso Y Defined medium containing 1.5 units/L Reagent A and 

1% antifoaming agent. After incubation for 16 h at 250 rpm and 28 °C, 0.5% methanol and 9 

units/L Reagent A were added and incubation was continued for 8 h. Then 1% methanol and 

6 units/L Reagent A were added followed by overnight incubation. Finally, 0.5% methanol 

was added for the final 5 h before cells were harvested.

Purification of Recombinant Saporin L3

All purification steps were performed at 4 °C. PMSF (1 mM) and pepstatin A (10 μM) were 

added to the supernatant to prevent protease cleavage. The supernatant was adjusted to pH 

8.0 with 1 M NaOH and loaded onto a Ni-NTA affinity column (3 cm × 10 cm). The column 

was washed with 5 volumes of 100 mM sodium phosphate (pH 8.0) and developed with the 

same buffer containing a linear gradient of 0 to 0.5 M imidazole. The saporin L3 eluted with 

200 mM imidazole. The fractions with the highest purity as judged by sodium dodecyl 

sulfate (SDS) and Western blots were pooled together and concentrated with a 3000 kDa 

retention filter. The concentrate was purified on a HiLoad 16/600 Superdex 200 prep grade 

size exclusion column using 20 mM potassium phosphate buffer (pH 8). The desired protein 

band was located on the sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–

PAGE) gel and confirmed by mass spectrometry. The best preparations yield approximately 

1.3 mg/L culture medium.

Mass Spectrometric Analysis

The bands on the SDS–PAGE gel containing saporin L3 were washed sequentially with 50 

mM triethylamine bicarbonate (TEAB) buffer (Sigma-Aldrich) and dehydrated in ACN 

(Sigma-Aldrich) until they were completely destained. In-gel protein reduction and 

alkylation were conducted using 10 mM dithiothreitol (Sigma-Aldrich) at 55 °C for 30 min 
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and 55 mM iodoacetamide (Sigma-Aldrich) at room temperature for 30 min, respectively. 

Tryptic digestion was performed at 37 °C for 16 h using 20 μg/mL trypsin (Promega) 

contained in 50 mM ammonium bicarbonate buffer. The extract digest solutions were 

transferred to vials, dried in a speedvac, and stored at −80 °C until LC–MS/MS analysis.

NanoLC–MS/MS Analyses and Database Searching

Trypsin-digested peptides from in-gel digestion were subjected to LC–MS/MS using the 

Acquity UPLC system (Waters) coupled to an LTQ Orbitrap Velos mass spectrometer 

(Thermo Fisher Scientific). Reversed-phase chromatographic separation was conducted on a 

75 μm inner diameter × 250 mm C18 BEH300 column (1.7 μm particle size, Waters) over a 

43 min linear gradient of 2 to 40% solvent B (solvent A being 0.2% formic acid and solvent 

B being 100% ACN and 0.2% formic acid). The mass spectrometer was operated in the 

data-dependent mode. Survey full-scan MS spectra (from m/z 300 to 2000) were acquired in 

the Orbitrap with a resolution of 60000 at m/z 400 and an FT target value of 1 × 106 ions. 

The 10 most abundant ions were selected for CID and dynamically excluded for 15 s. For 

protein identification, raw MS/MS data were analyzed with Proteome Discoverer version 1.4 

and searched using Mascot against the NCBI protein database. The following Mascot search 

parameters were used: peptide tolerance, 15 ppm; fragment tolerance, 0.6 Da; trypsin-

missed cleavage, 1; fixed modifications, carbamidomethyI (C), variable modifications, and 

oxidation of methionine. Protein identifications were automatically accepted if they 

contained at least two unique peptides assigned with at least 95% confidence.

Site-Directed Mutagenesis

The mutated genes for the saporin L3 variants containing cysteine instead of Ala14, Ser59, 

Ala192, and Ala246 were prepared using the QuikChange site-directed mutagenesis kit 

following the manufacturer’s instructions. The resulting mutant genes were sequenced at 

GENEWIZ to confirm the presence of the mutation. The mutant enzymes were expressed in 

yeast, and the resulting enzymes were purified to homogeneity as described above.

Isolation of Ribosomal RNA

Rabbit reticulocyte rRNA was obtained by centrifuging untreated lysate through a sucrose 

cushion of 1 M sucrose, 20 mM Tris-HCl (pH 7.5), 500 mM KCl, 2.5 mM MgCl2, 0.1 mM 

EDTA, and 0.5 mM DTT for 2 h at 100000 rpm and 4 °C. The pellets were washed on ice in 

0.25 M sucrose, 20 mM Tris-HCl (pH 7.5), 100 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 

and 1 mM DTT, resuspended in 0.5 M NH4Ac, 1 mM EDTA, and 0.2% SDS, and then 

precipitated by addition of 2.5 volumes of ethanol and centrifugation for 30 min at 4 °C. The 

ribosome pellets were washed with 75% ethanol, spun down, and stored in TE (Tris-EDTA) 

buffer. The concentration of rRNA was calculated by the absorbance at 260 nm using an 

extinction coefficient of 5 × 107 cm−1 M−1.43

Enzyme Assay

The concentration of saporin L3 was determined with the bicinchoninic acid (BCA) assay by 

using the BCA protein assay kit with bovine serum albumin as the standard. The saporin L3 

catalytic activity was determined by the release of adenine from RNA, coupled to ATP 
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production using the luciferase reaction.42 Assays were started by the addition of RNA to 50 

μL reaction mixtures to give a final RNA A10 concentration of 100 μM. Steady state kinetic 

parameters were determined with varying concentrations of the RNA substrate in a 96-well 

luminometer plate and reactions initiated by 300 pM saporin.

pH Dependence

The pH dependence of saporin L3 Ala14Cys (pH 4–8.2) was studied by adenine production 

from A10 RNA and analyzed by ultraperformance liquid chromatography (UPLC). Citric 

acid buffer (final concentration of 10 mM) was used in the pH range of 4.0–6.0, and sodium 

phosphate buffer (final concentration of 10 mM) was used in the pH range of 6.5–8.2. A 

Waters Acquity UPLC instrument system (Waters Co.) equipped with a photo diode array 

detector (190–400 nm) was used for analysis, and the system was controlled with MassLync 

version 4.1. Separations were performed using a Waters Acquity UPLC HSS T3 C18 column 

(2.1 mm × 100 mm, 1.7 μm) with a flow rate of 0.6 mL/min, and a gradient elution of H2O 

(A) and acetonitrile (B) with 98% A maintained from 0 to 0.8 min, followed by the level of 

A being decreased to 40% from 0.8 to 2.2 min, the level of A being increased to 98% from 

2.2 to 2.4 min, and this concentration being maintained from 2.4 to 3.0 min. The injection 

volume of the sample was 10 μL. Adenine release was calculated by interpolation of the 

observed adenine peak area with the corresponding standard adenine calibration curve. 

Adenine release was kept below 20% of the substrate RNA.

Data Analysis

Data were fit with KaleidaGraph (Synergy Software, Reading, PA) and MassLynx version 

4.1 (Waters). Apparent steady state kinetic parameters for saporin L3 were determined by 

fitting the data to the Michaelis–Menten equation (eq 1)

(1)

where Km represents the Michaelis–Menten constant for the RNA of interest (A) and kcat is 

the turnover number of the enzyme (e).

The pH dependence of the kcat value was determined by fitting the data to eq 2, which 

describes a curve with a slope of +1 at high pH and a plateau region that defines a limiting, 

pH-independent kcat value at low pH, i.e., kcat(lim).

(2)

RESULTS AND DISCUSSION

Saporin Expression Is Toxic to E. coli

Saporin L3 catalyzes the release of adenine from RNA, DNA, and poly(A) substrates at 

neutral pH, which makes their expression toxic to E. coli. Experimental evidence of this 

toxicity is the observation that catalytic site mutants rendering saporin L3 inactive are 

readily expressed in E. coli.43 Saporin L3 is encoded by the vacuolar saporin gene 
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(GenBank accession number AAZ79488) in the S. officinalis plant. The vacuolar saporin 

protein consists of 299 amino acids, while the saporin L3 RIP isolated from plants (259 

amino acids) is encoded from amino acid 22 to 280 of this precursor. The first 22 amino 

acids of vacuolar saporin make up a secretion signal peptide, while the 19 C-terminal amino 

acids make up the vacuolar targeting sequence. Both vacuolar saporin cDNA and saporin L3 

cDNA were investigated with various E. coli vectors. Expression of saporin L3 

demonstrated extreme toxicity even in systems that minimized protein production and used 

vectors for plasmid maintenance and selection in nonexpression E. coli strains (Table 2). 

Tightly controlled regulation of vector expression, including pBAD and tet promoters, also 

resulted in toxicity, as did several E. coli vectors designed for saporin L3 secretion 

expression. A stable saporin L3 plasmid was obtained by expressing saporin L3 as an 

inclusion body using a KSI fusion vector. Inclusion body saporin L3 production occurred 

with this system, but the highly insoluble fusion protein was resistant to fusion protein 

cleavage, purification, and refolding. In other vectors, sparse colonies were observed during 

PCR insert selection for saporin L3. PCR sequencing of plasmids isolated from these 

periplasmic or cytosolic vectors consistently revealed frame shift mutations, premature stop 

codons, or amino acid mutations within the saporin L3 coding sequence. Intein-mediated 

protein ligation methods were also designed for saporin L3 expression. We employed an 

intein kit for the expression of fragment saporin L3 but found the hydrophobic N-terminal 

region of vacuolar saporin (amino acids 1–85 or 22–85) to be highly cytotoxic to E. coli 

within the intein vectors. This toxicity prevented plasmid maintenance or selection even in 

nonexpression strains. The secretion expression of saporin L3 in Kluyveromyces lactis yeast 

was also explored. Attempts featured a vector encoding the α-mating factor in a fusion 

protein to saporin L3. However, selection and maintenance of this plasmid in E. coli were 

not successful, and the few transformants showed mutations in the open reading frame.

Expression and Purification of Saporin L3 in Yeast

We explored the secretion expression of saporin L3 in P. pastoris yeast using a pPICZαB 

expression vector that included a C-terminal c-myc epitope of 10 amino acids 

(EQKLISEEDL) followed by a linker and polyhistidine tag (NSAVDHHH-HHH). The N-

terminal yeast α-mating factor signal sequence (89 amino acids) directs the saporin L3 

construct to the cell secretion system where the α-mating factor is cleaved by Kex2 or 

Ste13. The expression of the saporin L3 gene (SapL3) construct is tightly regulated by a 5′-

fragment containing the AOX1 promoter through repression/derepression and induction 

mechanisms. Glucose represses transcription, even in the presence of the inducer methanol. 

Methanol is necessary to induce any detectable levels of AOX1 expression. The c-myc 

epitope provides a signal for Western blotting and as a spacer for the His6 tag.

The SapL3 gene was cloned into the pPICZαB vector and used to transform E. coli DH5α 

cells. The pPICZαB/SapL3 plasmid was successfully amplified and confirmed by nucleotide 

sequence analysis. Following P. pastoris transformation, PCR analysis of Pichia DNA 

sequencing showed the SapL3 gene to be integrated into the Pichia genome. Heterologous 

expression of soluble saporin L3 from pPICZαB/SapL3 was achieved within 3 h of 0.5% 

methanol induction at 28 °C in Pichia (Figure 1). Western blot analysis of the c-myc epitope 

from the supernatant and pellet at each time point demonstrated secretion of protein into the 
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medium and no detectable protein expression without methanol induction. Therefore, the 

pPICZα is a tightly controlled expression vector for expressing saporin L3. Purified saporin 

L3 was analyzed by SDS–PAGE and Western blotting, revealing two protein bands (Figure 

2). The in-gel digestion mass spectrum analysis showed that the α-mating factor is cleaved 

by either Kex2 or Ste13, to give two alternative saporin L3 proteins. The difference in these 

two proteins results from the tetrapeptide EAEA, ~0.4 kDa. The saporin L3 has a molecular 

weight value of approximately 32 kDa from SDS–PAGE in agreement with the expected 

MW of 31800 Da from the expressed construct (Figure 2).33 Saporin L3 catalytic activity 

was determined using the luciferase reaction, which can distinguish between RNA N-

glycosidase and RNAase activities.42 By using the luciferase assay system to measure AMP 

production in the presence of saporin L3, the lack of phosphodiester cleavage was 

established. Therefore, the saporin catalytic activity we measured is not contaminated with 

RNase activity.44–46

Introduction of Cys Links into Saporin L3

Delivery of toxins to cancer cells is the goal of immunotoxin therapy. The relatively 

oxidizing environment of the plasma compared to the reducing environment of cancer cells 

provides the rationale for covalent disulfide links between recognition molecules and the 

toxin. Saporin L3 has no Cys residues, and we selected solventexposed Ala or Ser residues 

remote from the catalytic site to introduce Cys linkage groups with minimal disruption of 

secondary protein structure. The appropriate mutations were introduced by antisense primers 

using PCR from the plasmid described above. Residues selected for independent Cys 

introduction included two near the N-terminus (Ala14 and Ser59) and two near the C-

terminus (Ala192 and Ala246). All of these are on the opposite face of the monomeric 

protein from the RNA binding pocket (Figure 3). The resulting plasmid inserts were 

sequenced to confirm the presence of desired mutations. Expression of these four constructs 

and analysis of extracts by Western blots showed expression was successful in three of the 

four constructs, with the level of expression decreasing in the following order: Ala14Cys > 

Ala246Cys > Ser59Cys ≫ Ala192Cys [the first of which was abundant and the last of 

which was just above the limit of detection (not shown)]. Saporin L3 Ala14Cys was 

expressed and purified to homogeneity as described for wild-type saporin L3 (Figure 4). 

Under nonreducing conditions, the monomeric A14C formed disulfide bonds with a second 

molecule to give a molecular weight of approximately 64 kDa from Western blots, which 

demonstrates that the Ala14Cys form is chemically available for conjugation.

Steady State Characterization of Saporin L3 with RNA

The steady state kinetic parameters were determined for native saporin L3 with RNA 

constructs in 100 mM Tris (pH 7.7) at 25 °C using the adenine-based luminescent assay42 

(Table 3). The 10-base stem–loop structures 5′-CGCX4X5-X6X7GCG-3′ where X = G at all 

but the indicated position, where it is replaced by a single A in the stem-loop structure, were 

used as substrates. For example, RNA-6A10 has the sequence 5′-CGCGGA6GGCG-3′. The 

kinetic parameters were obtained by fitting the data to eq 1 (e.g., RNA-6A10 in Figure 5). 

Catalytic turnover numbers with RNA stem-loop structures with different sequences in the 

tetraloops gave kcat values for RNAs-5,7-A10, -4A10, -5A10, -6A10, and-7A10 of 289, 62, 

187, 392, and <3 min−1, respectively (Table 3). The results establish that saporin L3 cleaves 
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adenine from A at positions A4–A6 but only poorly from A7 in these tetraloops. Saporin L3 

showed similar catalytic efficiency on the canonical GAGA tetraloop (RNA-5,7-A10) as 

with a single adenine at position A6 (RNA-6A10), giving kcat/Km catalytic efficiency values 

of 6.9 × 104 and 8.0 × 104 M−1 s−1, respectively (Table 3). The catalytic efficiencies for 

RNA-4A10 and RNA-3G,4A,8C-A10 are not significantly different from each other, 

indicating that an altered GC sequence in the stem of the A10 substrate is not important for 

substrate binding and catalysis. Saporin L3-catalyzed release of adenine from rRNA, yeast 

tRNA, and luciferase mRNA was measured at pH 7.7. The initial rates of catalysis as a 

function of rRNA concentration gave a kcat of 213 ± 12 min−1 and a Km of 94 ± 10 nM when 

fit to the Michaelis–Menten equation (Figure 5C). The catalytic efficiency (kcat/Km) is 3.8 × 

107 M−1 s−1, which is ∼3.7-fold lower than values reported for RTA catalysis.24 However, 

quantitation of the release of adenine from rabbit rRNA reveals that saporin L3 can 

depurinate up to 290 adenines/mol from rabbit rRNA (not shown). Moreover, saporin L3 

also releases adenine from tRNA and luciferase mRNA at physiological pH. The kinetic 

parameters for yeast tRNA are 467 ± 14 min−1 (kcat) and 58 ± 5 μM (Km) (Figure 5D). The 

kinetic parameters for luciferase mRNA are 199 ± 9 min−1 (kcat) and 58 ± 5 ng/mL (Km) 

(Figure 5E). The catalytic action of saporin L3 was compared to that of saporin S6 on rabbit 

rRNA and yeast tRNA. Saporin S6 gave a kcat on rRNA of 1.28 min−1, which is ~200-fold 

slower than that of saporin L3, and the kcat/Km is 1.8 × 106 M−1 s−1, which is ~20-fold less 

efficient than saporin L3. Saporin S6 showed no significant catalytic activity (up to 200 μM) 

on yeast tRNA with 34 nM enzyme (see the Supporting Information).

Steady State Characterization of Saporin L3 Ala14Cys with RNA

The kinetic parameters of purified saporin L3 Ala14Cys were established with RNA-5,7-

A10 (5′-CGC-GA5GA7GCG-3′) as the substrate in a discontinuous coupled assay for 

quantifying free adenine in 100 mM Tris (pH 7.7).42 Saporin L3 Ala14Cys catalyzed the 

deadenylation of RNA-5,7-A10 to give a hyperbolic saturation curve with a kcat of 52 ± 1 

min−1 and a Km of 87 ± 6 μM (Figure 6B). Compared to that of native saporin L3, the kcat is 

decreased 5-fold and the Km is similar to that of the native enzyme. The activities of the 

saporin L3 A14C mutant on ribosome RNA, yeast tRNA, and luciferase mRNA are also not 

substantially different from that of the native saporin L3 (Figure 6C–E). The activity of 

saporin L3 A14C against RNA-5,7-A10 was unchanged in the presence of 1 mM 

dithiothreitol. The crystal structure predicts that mutation at the surface of saporin L3 A14C 

is remote from the binding site; thus, the change in catalytic efficiency is transmitted via the 

remote protein architecture (Figure 3). The catalytic activity of the Ala14Cys mutant is 

robust; its Cys is chemically available as shown by subunit disulfide cross-linking (Figure 

4), and it provides a candidate for antibody conjugation.

Effects of pH on kcat and Km

Previous studies with ricin A chain revealed robust catalytic activity and tight binding of 

transition state analogues. However, ricin A chain is active only at low pH values and has no 

significant catalytic activity on stem-loop RNA or binding of transition state analogues at 

physiological pH values.22–24 The effects of pH on the kcat and Km values for saporin L3 

Ala14Cys with RNA-GG(4A10) (5′-GGGA4GGGCCC-3′) were determined in the pH range 

of 4.0–8.2. Unlike that of ricin A chain, the catalytic activity increased as a function of pH 
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and at pH 8.2 gave a kcat value 27 times that of the rate at pH 5.1. The pH study had the goal 

of determining the ionization state and the apparent pKa values of groups that participate in 

the reaction of RNA depurination. The kcat decreased with a decreasing pH and reached a 

plateau at lower pH values, with a limiting value of 6.2 min−1, defining an apparent pKa 

value of 6.9 ± 0.1 (Figure 7). The pH profile is consistent with acid–base catalysis in which 

a deprotonated group with a pKa of 6.9 is required for reaction rates greater than 6.2 min−1 

(Table 4). One proposed role for this group is to act as a catalytic base to abstract a proton 

from H2O to form the reactive hydroxyl group to participate in a nucleophilic attack at the 

anomeric carbon, and thus to cleave the C–N bond of the RNA. Previous crystallographic 

analyses of the saporin L3 active site revealed Glu174 is positioned near the anticipated 

location of the anomeric carbon of the target adenosine in substrate RNA and is a candidate 

for the role of general base.42

CONCLUSIONS

Saporin L3 is highly toxic to E. coli. The toxic protein was expressed in P. pastoris yeast by 

excretion to the medium via the α-mating factor. Excreted, processed saporin L3 is purified 

from the medium via a C-terminal His6 purification sequence. Saporin L3 shows broad 

substrate specificity beyond ricin-sarcin loop structures and hydrolyzes multiple adenine 

bases from all RNA structures tested, accounting for its exceptional toxicity during 

expression. An Ala14Cys mutation introduces a covalent attachment site with a modest 

decrease in catalytic activity and an unchanged substrate Km value. The study provides an 

approach for production and mutation of the highly cytotoxic saporin L3. The Ala14Cys 

variant provides a chemically accessible Cys and retains high catalytic activity.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Time course expressions of saporin L3 in P. pastoris X33. Samples were taken at different 

time points for Western blot analysis with anti-myc antibodies.
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Figure 2. 
Purification of recombinant saporin L3 expressed in P. pastoris X33 as analyzed by SDS–

PAGE and Western blotting. The left panel shows a gel with Coomassie blue staining and 

the right panel Western blot analysis with anti-myc antibodies.
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Figure 3. 
Crystal structure of saporin L3. The structure is shown in cartoon representation. The RNA 

ligand is colored blue. The residues colored cyan are targets for mutation to cysteine. The 

structure is from Protein Data Bank entry 3HIW.
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Figure 4. 
Purification of recombinant saporin L3 A14C expressed in P. pastoris X33 as analyzed by 

SDS–PAGE (left) and Western blotting under reducing conditions (middle). A Western blot 

under non-reducing conditions shows cross-linking of saporin L3 A14C to the dimer (right).
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Figure 5. 
Continuous assay kinetics of saporin L3 in 100 mM Tris (pH 7.7). Panel A shows initial rate 

slopes (lumens per second) with saporin L3 and increasing concentrations of RNA-6A10 

(5′-CGCGGAGGCG-3′) as a substrate. Panel B shows the kinetic curve fit of the 

experimental data to the Michaelis–Menten equation. Panels C–E show the kinetic curve fits 

for saporin L3 catalysis of rabbit rRNA, yeast tRNA, and luciferase mRNA, respectively. 

The average molecular weight of the tRNA from brewer’s yeast used from calculating Km is 

approximately 25 kDa.
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Figure 6. 
Continuous assay kinetics of saporin L3 Ala14Cys in 100 mM Tris (pH 7.7). Panel A shows 

initial rate slopes (lumens per second) with saporin L3 Ala14Cys with increasing levels of 

RNA-5,7-A10 (5′-CGCGAGAGCG-3′) as a substrate. Panel B shows the fit of the kinetic 

data to the Michaelis–Menten equation. Panels C–E show the kinetic curve fits for saporin 

L3 A14C catalysis of rabbit rRNA, yeast tRNA, and luciferase mRNA, respectively. The 

average molecular weight of the tRNA from brewer’s yeast used from calculating Km is 

approximately 25 kDa.
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Figure 7. 
Effects of pH on the kcat for saporin L3 with stem-loop (5′-GGGA4GGGCCC-3′) RNA as 

the substrate. Data were fit to eq 2, yielding a kcat(lim) of 6.2 ± 1 min−1 and a pKa of 6.9 ± 

0.1.
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Table 1

Nucleotide Sequences and the Purpose of Primers Used in This Study

primer Sequence purpose

For1 5′-GTAATTATATATGAATTGAATCTCC-3′ forward DNA sequencing

Rev1 5′-CTAATTGTTGTCTACGTTCAGAAAGATC-3′ reverse DNA sequencing

AOX1for 5′-GACTGGTTCCAATTGACAAGC-3′ external primer for sequencing

AOX1rev 5′-GCAAATGGCATTCTGACATCC-3′ external primer for sequencing

SapL3for 5′-AACTGCAGGCGTAATTATATATGAATTGAATC-3′ forward primer used for amplification with 
PstI extension

SapL3rev 5′-AGCGGCCGCATTGTTGTCTACGTTCAG-3′ reverse primer used for amplification with NotI 
extension

A14Cfor 5′-CTCCAAGGTACTACCAAGTGCCAATACTCGACATTTCTC-3′ mutagenesis

A14Crev 5′-GAGAAATGTCGAGTATTGGCACTTGGTAGTACCTTGGAG-3′ mutagenesis

S59Cfor 5′-GAGTTAATCTCAAAGCTTGCACTGGAACTGTCTCACTTG-3′ mutagenesis

S59Crev 5′-CAAGTGAGACAGTTCCAGTGCAAGCTTTGAGATTAACTC-3′ mutagenesis

A192Cfor 5′-GTACTTAACAATTTTGATACATGCAAGGAGGTTGAACCCGTTCC-3′ mutagenesis

A192Crev 5′-GGAACGGGTTCAACCTCCTTGCATGTATCAAAATTGTTAAGTAC-3′ mutagenesis

A246Cfor 5′-GGAGGGTGACTACTGTGTGCGAAGTGGAAATAGGGATC-3′ mutagenesis

A246Crev 5′-GATCCCTATTTCCACTTCGCACACAGTAGTCACCCTCC-3′ mutagenesis
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Table 3

Kinetic Parameters of Saporin L3 Measured in 100 mM Tris (pH 7.7)

substrate kcat (min−1) Km (μM) kcat/Km (M−1 s−1)

5,7A10 (5′-CGCGAGAGCG-3′) 289 ± 4   70 ± 3 (6.9 ± 0.4) × 104

4A10 (5′-CGCAGGGGCG-3′) 67 ± 2 174 ± 10 (6.4 ± 0.4) × 103

5A10 (5′-CGCGAGGGCG-3′) 187 ± 25 421 ± 81 (7.4 ± 1.8) × 103

6A10 (5′-CGCGGAGGCG-3′) 392 ± 10 82 ± 5 (8.0 ± 0.6) × 104

7A10 (5′-CGCGGGAGCG-3′) –     –   (2.3 ± 0.2) × 103

G(4A10) (5′-GCGAGGGCGC-3′) 208 ± 7   222 ± 14 (1.6 ± 0.1) × 104

rabbit rRNA 213 ± 12    0.094 ± 0.010a (3.8 ± 0.4) × 107

yeast tRNA 467 ± 14  58 ± 5b (1.3 ± 0.1) × 105

luciferase mRNA 199 ± 9    58 ± 5c –

a
The concentration of rRNA was calculated by the absorbance at 260 nm using an extinction coefficient of 5 × 10−7 cm−1 M−1.43

b
The average molecular weight of the tRNA from brewer’s yeast used from calculating Km is approximately 25 kDa.47

c
In units of nanograms per milliliter.
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Table 4

pH Profile of Saporin L3 Ala14Cys with RNA-GG(4A10) as a Substrate in 10 mM Buffer at 37 °C with 7.5 

nM Enzyme

pH kcat (min−1) Km (μM) kcat/Km (μM−1 min−1)

4.0   7.2 ± 0.3   8.5 ± 1.2 0.85 ± 0.12

5.1   4.8 ± 0.2   6.7 ± 1.2 0.72 ± 0.13

6.0   8.7 ± 0.4 10.5 ± 1.5 0.83 ± 0.12

7.2 14.6 ± 0.3   2.1 ± 0.2 6.95 ± 0.68

7.7 63.4 ± 0.7   7.4 ± 0.3 8.6 ± 0.4

8.2 128 ± 4   17 ± 2 7.53 ± 0.92
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