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ABSTRACT: Ribosome inactivating proteins (RIPs) catalyze the hydrolytic depurination of one or more
adenosine residues from eukaryotic ribosomes. Depurination of the ribosomal sarcin—ricin tetraloop
(GAGA) causes inhibition of protein synthesis and cellular death. We characterized the catalytic properties
of saporin-L1 from Saponaria officinalis (soapwort) leaves, and it demonstrated robust activity against
defined nucleic acid substrates and mammalian ribosomes. Transition state analogue mimics of small
oligonucleotide substrates of saporin-L1 are powerful, slow-onset inhibitors when adenosine is replaced with
the transition state mimic 9-deazaadenine-9-methylene-N-hydroxypyrrolidine (DADMeA). Linear, cyclic,
and stem—loop oligonucleotide inhibitors containing DADMeA and based on the GAGA sarcin—ricin
tetraloop gave slow-onset tight-binding inhibition constants (K;*) of 2.3—8.7 nM under physiological
conditions and bind up to 40000-fold tighter than RNA substrates. Saporin-L1 inhibition of rabbit
reticulocyte translation was protected by these inhibitors. Transition state analogues of saporin-L1 have
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potential in cancer therapy that employs saporin-L1-linked immunotoxins.

Ribosome inactivating proteins (RIPs) are N-glycohydrolases
that catalyze the depurination of adenosine A4;34 from the highly
conserved sarcin—ricin loop of the 28S eukaryotic ribosomal
subunit RNA (/). Depurination inhibits the binding of elonga-
tion factor 2 to the ribosome, halts protein synthesis, and causes
cell death (2). RIPs with broad polynucleotide:adenosine glyco-
sidase activity can target other ribosomal sites and nonribosomal
substrates, including DNA, RNA, and poly(A) (3, 4). Saporin-L1
toxin, a RIP from the leaves of the Saponaria officinalis plant, can
release adenine from poly(A), herring sperm DNA, tRNA,
Escherichia coli TRNA, and globin mRNA at physiological
pH (3, 6). Fifteen saporin isoforms have been characterized from
S. officinalis, including nine seed, three leaf, and three root RIPs.
These isoforms differ in ribosome translation inhibition activity
and nascent cellular toxicity (7). Analysis of 50 type I and II RIPs
revealed only saporin-L1 with the ability to release adenine from
RNA of MS2, TMV, and AMCYV viruses at physiological pH, a
catalytic activity unique in the RIP family of enzymes (3).

Our goal is to develop transition state analogue inhibitors of
ribosome inactivating proteins. These may find use in rescue
therapy, by preventing the vascular leak syndrome sequelae
common in clinical trials of RIPs linked to antibodies directed
against cancer epitopes. Such inhibitors could provide extra-
cellular protection against circulating toxins. We model these
inhibitors on the transition state of ricin A-chain, the only RIP
for which transition state information is available. Kinetic
isotope effect studies established that ricin A-chain hydrolysis
of 10-mer RNA and DNA stem—loop substrates occurs through
leaving group activation and forms ribooxacarbenium ion transi-
tion states (8—70). Small RNA stem—loop structures are
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substrates for RIPs, and stem—loop substrate mimics of the
sarcin—ricin loop serve as inhibitor scaffolds. Substrate
stem—loop structures contain a GAGA tetraloop for RIP
recognition and alternating C-G base pairs for stem stability
and loop folding (Figure 1). Transition state analogues for ricin
A-chain featured protonated 1-aza sugars to mimic the oxacar-
benium ion intermediate and leaving groups with an elevated pK,
at the depurination site (8). Ricin A-chain shows robust catalytic
activity on stem—loop RNA substrates at pH 4 but is inactive
with these substrates at neutral pH. Transition state analogues of
ricin A-chain are nanomolar inhibitors at pH 4 but did not
protect ribosomes from ricin A-chain action at neutral pH.
Therefore, we searched for another RIP with robust catalytic
activity at physiological pH values and with the ability to be
inhibited by transition state analogues, a prelude to use as an
anticancer agent when linked to an appropriate recognition
motif (/7). Powerful inhibitors of the toxin can then provide an
extracellular, circulating rescue agent to prevent the post-therapy
vascular leak syndrome commonly associated with RIP immuno-
chemotherapy (12).

Saporin-L1 has not been kinetically characterized with small
substrates or inhibitors. Here we characterize its kinetic proper-
ties on small stem—loop substrates and on mammalian ribo-
somes and report novel transition state analogue inhibitors, all at
physiological pH values. Kinetic analysis takes advantage of a
sensitive and continuous assay for adenine linked to luciferase-
based light production (/3). Saporin-L1 catalyzes the depurina-
tion of adenines from A-10 (an RNA stem—loop 5-CGCGA-
GAGCG-3 mimic of the sarcin—ricin loop), linear and
covalently closed circular constructs related to A-10, and mam-
malian 80S ribosomes, all at physiological pH (Figure 1).

The transition state (TS) mimic 9-deazaadenine-9-methylene-
N-hydroxypyrrolidine (DADMeA ) replacement for adenosine in
the RIP recognition GAGA tetraloop motif inhibits saporin-L1
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FIGURE 1: Substrate and inhibitor constructs for saporin-L1 assays and inhibition. The top row shows transition state mimic DADMeA (9-DA),
a 9-deazaadenine N-hydroxypyrrolidine sugar. The A-10 RNA stem—loop substrate contains the GAGA tetraloop motif and alternating C-G
base pairs for stem structure and loop folding. A-10 (9-DA) 2’-OMe contains DADMeA at the target RIP depurination site of the GAGA
tetraloop and contains 2’-OMe-modified bases (excluding DADMeA). The middle row shows three 14-mer constructs containing DADMeA,
including A-14 (9-DA) 2’-OMe, RNA, or DNA scaffolds. Cyclic oxime G(9-DA)GA 2'-OMe or DNA constructs are tetramers with 5'- to
3’-oligonucleotide ends closed by a synthetic linker (/6). The bottom row shows linear inhibitors: tetramer G(9-DA)GA 2'-OMe, trimer
G(9-DA)Gs3 2'-OMe, dimer s3(9-DA)Gs3 2’-OMe, and monomer s3(9-DA)s3, where s3 denotes a propanol phosphate.

catalysis (Figure 1). We synthesized inhibitors against saporin-
L1, including monomer to 14-mer oligonucleotides, employing
the DADMeA transition state mimic (Figure 1). Stem—loop
inhibitor constructs, cyclic tetramer 5’ to 3’ covalently closed
circular GAGA tetraloops, and monomeric inhibitors were also
applied to saporin-L1. A minimal saporin-L1 inhibitor scaffold
with 2/-OMe-containing compounds designed to give enhanced
nuclease stability provided inhibition of saporin-L1 to low
nanomolar K; values and also protected ribosomes from sapor-
in-L1 action in rabbit reticulocyte lysates (Figure 1).

EXPERIMENTAL PROCEDURES

Materials. Oligonucleotide A-10 was purchased from
Dharmacon (Lafayette, CO). 5-DMT-protected 9-DA aza sugar
was synthesized and purified as previously described (8). DNA/
RNA synthesis reagents were purchased from Glen Research

(Sterling, VA) and ChemGene Co. (Ashland, MA). HPLC
purifications were preformed on a Waters 626 pump with a 996
photodiode array detector with Millennium software. The firefly
luciferase ATP assay kit (ATPlite) was purchased from Perkin-
Elmer (Waltham, MA). Phosphatase inhibitors (PhosSTOP)
were purchased from Roche Applied Science (Indianapolis,
IN). RNase inhibitor (SuperRNasin) was purchased from Am-
bion (Austin, TX). Ricin A-chain and saporin-S6 was purchased
from Aldrich Chemical Corp. (Ashland, MA). For translation
assays, the Flexi Rabbit Reticulocyte Lysate System, the lucifer-
ase assay system, and rabbit reticulocyte lysate (untreated) was
purchased from Promega (Madison, WI). Buffers and enzyme
preparations were checked for RNase activity using RNaseAlert
from Ambion. DEPC-treated water (0.1% DEPC stirred for 20
min followed by a 30 min autoclave treatment) was used in all
enzymatic reactions and buffers. All other reagents used were
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purchased at the highest available purity from Fisher Scientific
(Pittsburgh, PA) or Aldrich Chemical Corp. Concentrations of
adenine and oligonucleotides were measured using a NanoDrop
1000 instrument (Thermo Fisher Scientific, Waltham, MA).
Inhibitor concentrations were determined spectrophotometri-
cally, including the published millimolar extinction coefficient
of 8.5 at 275 nm and pH 7 for 9-deazaadenosine (/4). Enzyme
concentrations of saporin-L1 and saporin-S6 were determined
with the BCA protein assay kit from Pierce (Rockford, IL).
Luminescence measurements were taken on a GloMax 96-well
luminometer from Promega.

Saporin-L1 Isolation. Saporin-L1 was isolated from the
leaves of S. officinalis (common soapwort) as described pre-
viously with modifications described below (7). Freshly harvested
leaves (10 g) were frozen and ground with a pestle under liquid
nitrogen. The powder was suspended in 80 mL of extraction
buffer [10 mM Na,HPO, (pH 5.5) (titrated with citric acid),
175 mM NacCl, 2.5 mM MgCl,, 1| mM CaCl,, one tablet of
complet protease inhibitor (Roche), 1% (w/v) poly(vinyl-
polypyrrolidone), 1% cellulase, 0.5% hemicellulase, and 150
units of pectinase]. The mixture was stirred at room temperature
for 3 h and then acidified to pH 4.0 with acetic acid. Triton X-100
was added to a final concentration of 0.5% (v/v), and the mixture
was stirred for an additional 1 h. The digested and lysed leaf
mixture was then filtered through cheese cloth and centrifuged at
25000g for 30 min. The supernatant was loaded on SP-Sepharose
FF resin (Amersham) pre-equilibrated in 10 mM sodium phos-
phate (pH 4.5). The column was extensively washed with 10 mM
sodium phosphate (pH 7.4), and the crude saporin-L1-containing
fraction was eluted with the same buffer containing 1 M NaCl.
The cluate was dialyzed against 10 mM sodium phosphate (pH
7.4), titrated to pH 4.5 with acetic acid, and loaded onto
carboxymethyl-FF (three 1 mL columns, Amersham) pre-equili-
brated in buffer [I0 mM sodium phosphate (pH 7.4)]. The
columns were washed extensively with buffer to achieve pH
equilibration. Saporin-L1 was eluted with a 50 min linear
gradient from 0 to 300 mM NaCl in 10 mM sodium phosphate
(pH 7.4) at a rate of 1 mL/min and was identified as an ~30 kDa
band by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS—PAGE). Saporin-L1 fractions were combined,
titrated to pH 4.5 with acetic acid, and loaded onto heparin HP
(three 1 mL columns, Amersham) pre-equilibrated in buffer.
Saporin-L1 was eluted with a 50 min linear gradient from 0 to
800 mM NaClin 10 mM sodium phosphate (pH 7.4) (1 mL/min).
Saporin-L1 was eluted as the last major peak in the chromato-
gram and was identified by SDS—PAGE. The >80% pure
saporin-L1 was concentrated with a spin Amicon concentrator
and purified to >95% homogeneity with a BioSep-SEC-S 2000
column (Phenomenex) equilibrated in 20 mM sodium phosphate
(pH 7.4) and ecluted at a rate of 1 mL/min (Supporting
Information). The gel filtration purification step was needed to
remove trace DNAase and RNAase activities from saporin-L1.
Saporin-L1 was concentrated to ~1 mg/mL and stored at 4 °C.
The yield was ~0.5 mg of saporin-L1 from 10 g of leaf material.
Isolation of saporin-L1 from S. officinalis seeds is described in the
Supporting Information. Commercial saporin-S6 was purified
with the heparin chromatography step as described above.

Saporin-L1 N-Terminal Sequencing and Mass Analysis.
Purified saporin-L1 from the leaves of S. officinalis was verified
by N-terminal sequencing at the Rockefeller University Proteo-
mics Resource Center (New York, NY). The N-terminal
sequence was VIIYELNLQG which matched previous reports

Biochemistry, Vol. 48, No. 41, 2009 9943

for the saporin-L1 isoform (7). The mass of saporin-L1 was
measured on a MALDI-TOF mass spectrometer in the linear
positive ion mode with external calibration. Protein samples
(~20 uM) were desalted with a ZipTip (Waters) as described by
the manufacturer and eluted onto a 100-well gold plate with 1 uL
of matrix solution (20 mg/mL sinapic acid in a 70% acetonitrile/
H,O with 0.1% TFA). The mass of saporin-L1 (28749 Da)
isolated from the leaves of S. officinalis was comparable to
previous reported masses for saporin-L1 leaf and vacuolar
isoforms (28740—28765 Da) (Supporting Information) (/5).

Synthesis of Oligonucleotide Inhibitors. Cyclic oligo-
nucleotides and 1-aza sugar phosphoramidites were synthesized
and purified as reported previously (/6). Stem—loop oligonucleo-
tides were synthesized on a 1 ymol scale with DMT-on mode
using an Expedite 8909 DNA/RNA synthesizer following stan-
dard synthesis protocols for p-cyanoethyl phosphoramidite
chemistry with acetyl-protected cytosine phosphoramidite and
5-benzylthio-1H-tetrazole as the activator. Cleavage from solid
support and base deprotection of a 1 wmol synthesis was
accomplished in 1.5 mL of AMA reagent (1:1 concentrated
NH4OH to 40% aqueous methylamine) for 45 min at 37 °C.
The reaction mixture was centrifuged, the supernatant collected,
and the resin washed twice with a 3:1:1 ethanol/acetonitrile/water
mixture. Combined supernatant and washes were evaporated to
dryness under vacuum. 2’-O-TBDMS deprotection of the A-14
(DADMeA) RNA (1 umol) was accomplished using 250 uL of an
anhydrous TEA HF/NMP solution (1.5 mL of N-methylpyrro-
lidinone, 750 uL of TEA, and 1.0 mL of TEA-3HF) heated to
65°C for 2 h (17). This reaction mixture was diluted with 2 mL of
0.5 M NH4OAc and evaporated to dryness under vacuum.

HPLC purification of the 5'-trityl stem—loop oligonucleotides
was accomplished to >95% purity on a Waters Delta-Pak
(7.9 mm x 300 mm) semipreparative C18 reversed phase column
at a rate of 3.5 mL/min in a 20 mM NH4OAc/5% CH;CN
mixture with a linear 0 to 40% gradient of CH;CN over 25 min.
Trityl-protected oligonucleotides were the major peak and eluted
at ~25 min. The major late-eluting fraction was evaporated to
dryness under vacuum. The pellet was dissolved in 1 mL of 80%
acetic acid in water and incubated at 30 °C for 1 h, and the
solution was evaporated to dryness under vacuum. HPLC
purification of the final oligonucleotide was accomplished to
>95% purity on a Waters Delta-Pak (7.9 mm x 300 mm)
semipreparative C18 reversed phase column at a rate of 3.5 mL/
min in 50 mM triethylammonium acetate (pH 7.0) with a linear
0 to 80% gradient of 50% aqueous methanol over 40 min. The
final product was evaporated to dryness in a speed vac concen-
trator and resuspended in sterile RNAase-free water.

Linear inhibitors were synthesized in DMT-off mode on an
Expedite 8909 synthesizer under conditions otherwise identical to
those used for stem—loop oligonucleotides. After deprotection in
AMA, the oligonucleotides were purified by HPLC to >95%
purity as described for stem—loop structures in 50 mM triethy-
lammonium acetate (pH 7.0) with a linear 0 to 50% gradient of
50% aqueous methanol over 40—60 min.

Stem—loop, cyclic, and linear oligonucleotide structures were
confirmed using a MALDI-TOF mass spectrometer as described
previously (16). Observed and calculated masses for the final
compounds are given as Supporting Information. Prior to use in
inhibition assays, stem—loop oligonucleotides were heated to
95 °C for 1 min and cooled on ice.

Saporin-L1 Kinetic Assay. The kinetics of saporin-L1 on
substrate A-10 RNA (5-CGCGAGAGCG-3') were determined
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using a continuous coupled assay for quantifying free adenine by
linking it to the production of light from luciferase (/3). In brief,
2x assay buffer was prepared in two steps: [50 mL of charcoal-
filtered solution containing 100 mM tris-acetate (pH 7.7), 2 mM
phosphoenolpyruvic acid, 2 mM sodium pyrophosphate, 2 mM
5-phospho-p-ribosyl-1-pyrophosphate (PRPP), 15 mM NH4SO,,
15 mM (NH4),M00,, and phosphatase inhibitors in RNAase-free
water] was stored at —80 °C in 1 mL aliquots. Prior to use, the
assay buffer was completed by the addition of 10 mM MgSO,,
8 units of APRTase, 8 units of phosphoenolpyruvate dikinase,
200 uL of p-luciferin/luciferase (ATPLite) reagent, and 1 uL of
SuperRNasin (Ambion) per 1 mL of 2x assay buffer. One unit of
enzyme activity was defined as the amount that forms 1 ymol of
product/min at 20 °C.

Varying concentrations of A-10 RNA (5-CGCGAGAGCG-
3") were mixed 1:1 with assay buffer in a 96-well luminometer
plate, and reactions were initiated with 300 pM saporin-LI
(50 uL total reaction volume). Luminescence was measured with
a luminometer in kinetic acquisition mode for several minutes.
Adenine standards were prepared under identical assay condi-
tions. The initial rates of adenine formation were calculated by
converting the luminescence rate (lumens per second) to the
enzymatic rate (picomoles of adenine per minute per picomole of
enzyme) calibrated from the adenine standard curve. Kinetic
parameters k., and K, were calculated by fitting initial rates to
the Michaelis—Menten equation, and inhibitor dissociation
constants were obtained by fitting the data to the equation for
competitive inhibition with the assumption that substrate and
inhibitor act as competitive inhibitors.

Rabbit ribosomes (80S) were purified from the rabbit reticu-
locyte lysate by sucrose cushion centrifugation (/3). Saporin-L1
(300 pM) was analyzed for kinetic parameters with ribosomes as
the substrate as described for the A-10 RNA substrate. The
ribosome concentration was determined by depurinating (to
completion) two stock concentrations with 500 nM RTA and
comparing the final luminescence to the adenine standard curve
fit. RTA releases 1 mol of adenine from 1 mol of ribosome and
thus provides a method of quantitation.

Saporin-L1 Inhibition Assays. Saporin-L1 inhibition con-
stants for stem-loop, circular, and linear oligonucleotides were
determined in a competition assay using RNA A-10 substrate
with quantitative analysis of adenine release as described for
kinetic assays. Varying concentrations of inhibitor were preincu-
bated with 300 pM saporin-L1 for 10 min in 1 x continuous assay
buffer at 20 °C. Reactions were initiated by the addition of A-10
(~80 uM), and light generation (RLU) was assessed in a
luminometer over several minutes to yield the initial rates
(lumens per second). The maximum rate of catalysis (k.,) was
calculated from the Michaelis equation as described in kinetic
assays. In cases where slow-onset inhibition was observed, K;*
was used to define the inhibition. Preincubation of inhibitor with
saporin-L1 followed by initiation of the reaction with substrate
provided a direct measure of K;*. Values for the inhibition
constant (K;*) were calculated by fitting post slow-onset rates
to the equation for competitive inhibition, v = ke,[SI/[[S] + K-
(1 + I/K;*)], where v is the initial reaction rate, [S] is the substrate
concentration, K, is the Michaelis constant for A-10, and k,, is
the initial rate at A-10 saturation. For tight inhibition, when the
concentration of inhibitor was <5 times greater than the enzyme
concentration, a correction was made for free inhibitor concen-
tration. The free inhibitor concentration was determined by the
relationship I = I, — (1 — v;/v,)E,, where I, is total inhibitor
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concentration, v; and v, are the inhibited and uninhibited steady
state rates, respectively, and E, is the total enzyme concentration.

Protein Translation Assays. Saporin-L1 inhibition of pro-
tein translation was assessed using a reticulocyte lysate transla-
tion system to express luciferase from mRNA as described by the
manufacturer. For the determination of 1Cs, 30 uL translation
reaction mixtures in triplicate with varying concentrations of
saporin-L1 were incubated at 37 °C for 1.5h. A 10 uL aliquot was
sampled, and luminescence was measured with a luciferase
detection kit (Promega) according to the manufacturer’s protocol
in a 96-well plate format on a luminometer. The percent transla-
tion relative to control was plotted versus the log of saporin-L1
concentration and fit to a dose—response curve for the calcula-
tion of IC50.

For the determination of ECs, triplicate reaction mixtures of
2.1 nM saporin-L1 with increasing inhibitor concentrations were
preincubated at room temperature for 10 min in 5 uL of buffer
[20 mM tris-acetate (pH 7.4), 25 mM KCl, and 5 mM MgCl,].
Translation mix (25 uL) was added (final saporin-L1 concentra-
tion of 300 pM) to the preincubated samples, and they were
incubated at 37 °C for 1.5 h. A 10 uL aliquot was sampled, and
luminescence was measured with the luciferase detection kit
(luminescence) as described above. A control with the maximum
inhibitor concentration without saporin-L1 established that the
oligonucleotide itself did not affect luciferase expression. The
percent translation relative to control (no saporin-L1) was
plotted versus the log of inhibitor concentration and was fit to
a dose—response curve for the calculation of ECs,.

RESULTS AND DISCUSSION

Saporin-L1 Catalysis. Initial rate kinetics were measured by
coupling the adenine product to a luciferase—luciferin coupled
assay with quantitation via luminescence (/3). Saporin-L1-
catalyzed deadenylation of A-10 gave a hyperbolic saturation
curve with a ke 0f 440 &+ 16 min~ ' and a K,, of 95 + 7uM at pH
7.7 (Table 1). MALDI-TOF analysis of the saporin-L1 reaction
product showed that both adenosines in the GAGA tetraloop of
A-10 were depurinated during prolonged incubations (Sup-
porting Information). Cyclic oxime RNA GAGA, a circular
oligonucleotide substrate, was also depurinated by saporin-L1
with kinetics comparable to those of A-10 RNA with a k¢, of 301
4+ 27 min~" and a K;, of 82 & 15 uM (Table 1). The synthetic
linker in circular oxime GAGA substrates folds the tetraloop for
RIP recognition and is proposed to mimic the structure of
stem—loop oligonucleotides (Figure 1) (16). Linear GAGA was
also investigated as a saporin-L1 substrate and gave a k., of 293
+29min~"and a K,, of 266 & 39 uM (Table 1). The K, for linear
GAGA is ~3-fold higher than for A-10 or cyclic oxime RNA
substrate, while the catalytic turnover rate (k.,) is comparable.
Linear GAGA is less structured in solution than stem—loop or

Table 1: Kinetic Parameters for Saporin-L1

substrate ke min™") Ky (M) ke/ Ky M7 57
A-10 RNA 440 + 16 9547 7.7 % 10*
cyclic oxime GAGA 301427 82415 6.1 x10*
linear GAGA 293 +29 266+ 39 1.8 x 10*
poly(A)* 61 +1 639432 1.6 x 10°
A-10 RNA (saporin-S6)  0.354+0.04 360460 16

“Kinetic constants for poly(A) were previously reported in 20 mM Tris-
HCI (pH 7.8), 100 mM NH,4CI, and 10 mM magnesium acetate (3).
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cyclic oligonucleotides and requires higher concentrations for
equivalent catalytic rates. To the best of our knowledge, previous
kinetic constants for saporin-L1 catalysis have only been re-
ported for poly(A) RNA, with a ke 0f 61 + 1 min~" and a K, of
639 £ 32 uM at pH 7.8 (Table 1) (5). A-10 RNA depurination by
saporin-L1 is 10-fold faster (k.,,) and 4.5-fold tighter (K},) than
that of poly(A) RNA under comparable conditions, to give a
45-fold increased catalytic efficiency (kcai/Kin)-

Saporin-S6 Catalysis. Although saporin-S6 is more highly
characterized than saporin-L1, it was resistant to inhibition by
the transition state analogues. We measured A-10 catalysis by
saporin-S6, an RIP from S. officinalis seeds. Saporin-S6 was a
commercial preparation and was further purified to remove
contaminating saporin-L1 (Experimental Procedures). Saporin-
S6 and saporin-L1 coeluted on carboxymethyl resin but were
separated by heparin chromatography (Supporting Infor-
mation). Saporin-S6 initial rate catalysis with A-10 RNA as a
substrate gave a key of 0.35 £ 0.04 min~ ' and a K,, of 360 =+ 60
uM at pH 7.7 (Table 1). Saporin-L1 catalyzes (k.,;) A-10 RNA
approximately 1500 times faster and has a 4-fold lower K, than
saporin-S6. Thus, saporin-L1 is 4800-fold more efficient (kcy/
K,) at catalyzing A-10 RNA depurination than saporin-S6
(Table 1). Ricin A-chain is incapable of a single turnover of
A-10 above pH 6.5 but at pH 4.0 gives a ke, of ~4 min~" on this
substrate (18). Saporin-S6 was previously reported to catalyze the
depurination of a 35-mer synthetic SRL mimic with a GAGA
tetraloop at pH 7.6 with a k¢, of 0.4 min~! and a K, of 9 uM,
while RIPs trichosanthin, gelonin, cinnamomin A-chain, and
ricin A-chain had no detectable activity at physiological pH
values (19).

Action of Saporin-L1 on 80S Ribosomes. Action of
saporin-L1 on 80S rabbit reticulocyte ribosomes (40 nM) showed
multiple adenines released with a rate of 50 min~" which is 250-
fold faster than the rate of release of adenine from A-10 RNA at
an equivalent concentration. We observed a continuous, linear
rate for the formation of adenine from 80S rabbit ribosomes
extending beyond one adenine per ribosome. Thus, saporin-L1
lacks sarcin—ricin loop specificity as the primary ribosomal
depurination target. Previous reports indicate that saporin-L1
depurinates up to 36 adenines/mol from 80S rat ribosomes while
saporin-S6 releases 1—2.5 adenines/mol (20). Moreover, saporin-
L1 was reported to release ~6 adenines from the 80S rat ribosome
before 50% inhibition of protein synthesis was observed in in
vitro translation assays with a poly(U) transcript (5). Thus,
adenines other than those at the sarcin—ricin loop are removed

150000
0
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preferentially. Most other ribosome inactivating proteins are
highly specific in releasing 1 mol of adenine/mol of ribosome
from the eukaryotic sarcin—ricin loop (/). Thus, both ricin
A-chain and saporin-S6 release only 1 mol of adenine/mol of
80S rabbit ribosome under our assay conditions. Ribosomal
proteins surrounding the sarcin—ricin loop are known to influence
the ribotoxic mechanism of RIP substrate recognition (21, 22).
Saporin-L1 Inhibitors. DADMeA (9-DA in the figures) is a
nonhydrolyzable methylene-bridged 9-deazaadenine 1-aza sugar
with features of the transition state for depurination of A-10
constructs by ricin A-chain. The replacement of N for C at C1’ of
the ribosyl group mimics the carbocation of the dissociated
transition state (8, /0). Replacing adenine with 9-deazaadenine
caused an elevated pK, at N7, another feature of the transition
state. The methylene linker between the 9-deazaadenine and the
hydroxypyrrolidine places the base analogue and ribocation at
approximately the same distance as found at the transition state.
The omission of the 2’-hydroxyl found in RNA is required for the
chemical stability of 9-DA. Replacing the scissile adenosine with
9-DA within the 14-mer stem—loop structure [A-14 (9-DA)
RNA] resulted in an inhibitor (A-10 RNA as a substrate)
with a K;* of 3.7 & 0.7 nM at pH 7.7 (Table 2). The slow-onset
inhibition (K;*) observed for saporin-L1 binding of inhibitors
such as A-14 (9-DA) RNA was common to all inhibitor
constructs listed in Table 1 excluding s3(9-DA)s3 and 9-DA
(Figure 2). Inhibitor A-14 (9-DA) DNA oligonucleotide inhib-
ited saporin-L1 with a K;* of 3.1 + 0.5 nM, similar to that of A-14
(9-DA) RNA (Table 2). 2'-OMe A-14 (9-DA), a nuclease stable
14-mer oligonucleotide, is also similar to the RNA/DNA versions
with a K;* value of 5.6 & 0.8 nM (Table 2). Thus, high binding
affinity is observed for A-14 (9-DA) constructs in RNA, DNA,
and 2'-OMe structural motifs. A 10-mer inhibitor A-10 (9-DA)

Table 2: Inhibition Constants for Saporin-L1 Inhibitors?

Ki* (nM)

inhibitor inhibitor K;* (nM)

A-14 (9-DA) 2'-OMe
A-14 (9-DA) RNA

5.64+0.8 G(9-DA)GA 2'-OMe 8.7 £2.3
3.7£0.7 G(9-DA)Gs3 2-OMe 7.5+ 1.6
A-14 (9-DA) DNA 3.14+0.5 s3(9-DA)Gs3 2-OMe 6.4 £+ 1.7
A-10 (9-DA) 2'-OMe 4.2+1.3 s3(9-DA)s3 690 £ 100°
cyclic oxime (9-DA) 2’-OMe 3.9+0.5 9-DA >0.5 x 10%
cyclic oxime (9-DA) DNA 2.3+ 0.1

“See Figure 1 for structures of inhibitors. °K; values with no slow onset
observed.

300,
q
200
K*=23%201nM
100
0 v v v v "
0 20 40 60 80 100

cyclic oxime (9-DA) DNA (nM)

FI1GURE 2: Slow-onset inhibition of saporin-L1 by transition state mimics. (A) Plot of lumens (RLU) vs time for saporin-L1 catalysis of A-10 with
increasing inhibitor [A14 (9-DA) 2’-OMe] concentrations. (B) Competitive inhibition curve fit of rate vs increasing concentrations of tetramer
cyclic oxime G(9-DA)GA DNA inhibitor. Kinetics were measured after a 10 min enzyme—inhibitor preincubation equilibration to achieve slow-

onset binding (K;¥).
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FIGURE 3: Inhibition of translation by saporin-L1 and protection by saporin-L-1 inhibitors. (A) Saporin-L1 inhibition of protein translation
(percent relative to control) in rabbit reticulocyte lysate assays. The mean and standard error of the mean (SEM) of triplicate data points were fit to
a dose—response curve. (B) Protein translation rescue from 300 pM saporin-L1 (percent relative to no saporin-L1) with increasing concentrations
[log(nanomolar)] of dimer s3(9-DA)Gs3 inhibitor in a ribosome reticulocyte lysate assay. The mean and SEM error of triplicate data points were
fit to a dose—response curve. (C) Saporin-L1 (300 pM) rate of release of adenine from 40 nM 80S ribosome vs s3(9-DA)Gs3 inhibitor
concentration. (D) Plot of panel C as a dose—response curve fit for the percentage of 80S catalysis [percent relative to no s3(9-DA)Gs3)] vs
increasing concentrations [log(nanomolar)] of dimer s3(9-DA)Gs3 inhibitor. The zero inhibitor value shown in panel C is not plotted in panel D.

2'-OMehad a Ki* of 4.2 4 1.3 nM, similar to that of 2’-OMe A-14
(9-DA) (Table 2). This observation is reminiscent of previous
reports with ricin A-chain showing similar K, values for small
constructs of RNA, DNA, and 2'-OMe-modified substrates (23).
Limited quantitative kinetic and substrate specificity data are
available for other RIPs.

Circular Inhibitors. Cyclic DNA and cyclic 2’-OMe-mod-
ified G(9-DA)GA oligonucleotides inhibited saporin-L 1 with K;*
values of 2.3 £ 0.1 and 3.9 &+ 0.5 nM, respectively (Table 2
and Figure 2B). Thus, 9-DA cyclic tetramers inhibit saporin-L1
1.4-fold tighter than the larger A-14 stem—loop counterparts.
This similarity in K;* supports a primary role for the stem in
sarcin—ricin stem—loop mimics in folding the tetraloop for RIP
recognition (/6). Circular oxime (9-DA) DNA binds saporin-L1
40000-fold tighter than A-10 RNA or cyclic oxime RNA sub-
strate, an increase in binding energy of ~6 kcal/mol.

Linear Inhibitors. We also investigated monomer, linear
dimer, trimer, and tetramer inhibitor scaffolds containing 9-DA
in the RTA scissile adenosine position (Figure 1). Linear tetramer
G(9-DA)GA 2'-OMe bound saporin-L1 only ~2-fold less tightly
than its cyclic oxime counterpart and gave a K;* of 8.7 + 2.3 nM
(Table 2). Linear trimer [G(9-DA)Gs3] and dimer [s3(9-DA)Gs3]
2'-OMe inhibitors bound comparably with K;* values of 7.5+ 1.6
and 6.4 £+ 1.7 nM, respectively (Table 1 and Figure 1). The linear
dimer s3(9-DA)Gs3 phosphodiester also binds with an affinity
similar to those of stem—loop and cyclic oxime 2’-OMe inhibitors
(Table 2). A monomer phosphodiester [s3(9-DA)s3] inhibited
saporin-L1 with a K;* value of 690 £ 100 nM, while 9-DA alone
was not an inhibitor (Table 2). Dimer [s3(9-DA)Gs3] is the
tightest linear inhibitor for saporin-L1, binding ~15000-fold

tighter than A-10 RNA, an increase in binding energy of ~5.6
kcal/mol. Removal of the 3'-Gs3 moiety of the dimer inhibitor to
give the monomer [s3(9-DA)s3] reduced the binding affinity for
saporin-L1 10-fold and therefore the binding energy by ~2-fold
(Table 2). Thus, the 3'-Gs3 moiety of dimer s3(9-DA)Gs3
contributes half the binding energy for inhibitor association with
saporin-L1. NMR structural determinations of GAGA tetra-
loops and the reported crystal structure of a 29-mer RNA SRL
mimic show the G;A,G3A4 tretraloop conformation with A, and
G; available for direct hydrogen bonding, while G, and A, form
a sheared base pair (24, 25). Surprisingly, none of the inhibitors
for saporin-L1 (Table 2) were effective against saporin-S6 at
concentrations up to 10 uM. Saporin-S6 also catalyzes A-10
deadenylation but at a much slower rate and with a higher K,
(Table 1).

Saporin-L1 Translation Inhibition. Saporin-L1 inhibited
the translation of luciferase mRNA by rabbit reticulocyte lysate
in a cell-free translation assay with an ICsq of 45 pM (Figure 3A).
Previous reports of saporin-L1 inhibition (ICsp) in ribosome
translational assays are comparable and vary from 250 pM to 11
nM with poly(U) mRNA for polyphenylalanine expression
(5—7). Saporin-L1 has been reported to release more than 6
mol of adenine/ribosome to cause the arrest of translation (5).
Although the sarcin—ricin loop is not the first adenylate targeted
by saporin-L1 in the 80S ribosome, the robust depurination
activity is highly toxic to ribosomes and protein translation. Ricin
A-chain and saporin-S6 specifically depurinate the sarcin—ricin
loop and have ICs, values of 30 and 8 pM, respectively, in rabbit
reticulocyte lysate translation assays, similar to that of 45 pM for
saporin-L1 (Figure 3A) (26).
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Saporin-L1 Inhibitor Implications for Toxin Immu-
notherapy. Saporin-L1 immunotoxin conjugates have been
shown to be as cytotoxic to cells as saporin-S6 conjugates (27).
The catalytic A-chains of saporin-S6 and ricin have been
investigated as anticancer agents in phase I/II clinical trials using
chimeric immunotoxin conjugates in the treatment of lympho-
mas (1, 28—30). Therapeutic uses of immunotoxins have been
limited by the vascular leak syndrome, a side effect resulting from
inappropriate toxin targeting to the capillary bed of endothelial
cells, causing edema and multiorgan failure (12, 3/—33). Thus,
cancer therapies that employ RIP-linked immunotoxins remain a
challenge. Inhibitors to RIPs could provide a way to rescue
normal cells following treatment of a targeted tissue with
immunotoxins.

Saporin-L1 Translation Inhibition Rescue by the TS
Inhibitor. Protein translation, its inhibition by saporin-L1,
and its rescue by inhibitors were studied in rabbit reticulocyte
preparations. The minimal saporin-L1 inhibitor dinucleotide
$3(9-DA)Gs3 2-OMe was used (Figure 1). The toxicity of
saporin-L1 to cell-free translation caused ~90% inhibition at
300 pM saporin-L1 and was rescued by increasing concentrations
of $3(9-DA)Gs3 with an ECs, of 36 £ 2 nM (Figure 3B). The
ECsy:K;* ratio for s3(9-DA)Gs3 comparing translation assays
and inhibition kinetics was ~6, supporting strong saporin-L1
inhibition in complex assays at physiological pH (Figure 3B and
Table 2). Dinucleotide s3(9-DA)Gs3 also inhibits saporin-L1
release of adenine from purified 80S rabbit ribosomes and gave
an [Csy of 7.8 & 1.1 nM (Figure 2C,D). The calculation of a K,
value for 80S rabbit ribosomes was limited by practical concen-
trations of ribosomes from reticulocyte lysate and therefore
precluded direct K;* calculation. However, the ICs, value
for $3(9-DA)Gs3 was comparable to the K* measured for
$3(9-DA)Gs3 in A-10 competition assays (Figure 2D and
Table 2). Thus, TS inhibitors of saporin-L1 are equally effective
in preventing ribosome depurination and depurination of small
nucleic acid substrates.

SUMMARY AND CONCLUSIONS

Saporin-L1 is highly active on mammalian ribosomes and
potently inhibited by the transition state mimic DADMeA
(9-DA) when incorporated into the depurination site of
stem—loop, circular, and linear nucleic acid scaffolds appropriate
for RIP recognition. This activity occurs under physiological
conditions. The oligonucleotide context is essential as 9-DA
alone is a poor inhibitor. Small oligonucleotide inhibitors featur-
ing DADMeA bind up to 40000-fold tighter than small
stem—loop RNA substrates. Nine inhibitors exhibited slow-onset
binding to saporin-L1 with dissociation constants from 8.7 to 2.3
nM. Inhibitors constructed on RNA, 2/-OMe, and DNA scaf-
folds supported 9-DA binding with only small scaffold effects.
Covalently closed circular inhibitors constructed on DNA or
2'-OMe RNA scaffolds were also excellent inhibitors. Dinucleo-
tide s3(9-DA)Gs3 was the smallest tight-binding inhibitor of
saporin-L1. In ribosome translation rescue assays, s3(9-DA)Gs3
restored protein synthesis by inhibiting saporin-L1 depurination
activity. Direct competition assays between 80S rabbit ribosomes
and s3(9-DA)Gs3 established saporin-L1 inhibition with a disso-
ciation constant of 7.8 nM.

Transition state inhibitor efficacy for RIP activity at physio-
logical pH has been previously limited by the pH 4.0 activity used
for the development of ricin A-chain transition state analogues.
Ricin A-chain and other type I and II RIPs have a low pH
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catalytic optimum on nucleic acid substrates such as stem—loop
RNA, poly(A), and/or hsDNA, while the natural ribosome
substrate is depurinated optimally at physiological pH (6, 18,
34). Saporin-S6 has a substrate specificity distinct from that of
saporin-L1 and was not inhibited by saporin-L1 transition state
mimics at neutral pH. Saporin-L1 rapidly catalyzes depurination
of stem—loop, circular, and linear truncated mimics of the
sarcin—ricin loop at neutral pH, a unique feature in the RIP
family of N-glycohydrolases (Table 1) (35). Although saporin-L1
is reported to catalyze release of adenine from poly(A), hsDNA,
tRNA, E. colirRNA, and globin mRNA at pH 7.8 (5, 6), the 80S
ribosome is a preferred substrate.

Tight-binding inhibitors of saporin-L1 that prevent ribosome
damage at physiological pH provide a breakthrough in the
development of immunotoxin cancer therapy. It should be
possible to use saporin-L1 conjugates to target cancer cells.
Following tumor lysis, rescue of the organism from vascular
leak syndrome might be effected with the small, stable, and tight-
binding inhibitors of saporin-L1 characterized here.

SUPPORTING INFORMATION AVAILABLE

Details of saporin-L1 purification, mass spectral characteris-
tics of chemically synthesized oligonucleotides, and curve fits of
kinetic data to yield the kinetic and inhibition constants for
saporin-L1. This material is available free of charge via the
Internet at http://pubs.acs.org.
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