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Abstract

Saporin L3 from the leaves of the common soapwort is a catalyst for hydrolytic depurination of 

adenine from RNA. Saporin L3 is a type 1 ribosome inactivating protein (RIP) composed only of a 

catalytic domain. Other RIPs have been used in immunotoxin cancer therapy, but off-target effects 

have limited their development. In the current study, we use transition state theory to understand 

the chemical mechanism and transition state structure of saporin L3. In favorable cases, transition 

state structures guide the design of transition state analogues as inhibitors. Kinetic isotope effects 

(KIEs) were determined for an A14C mutant of saporin L3. To permit KIE measurements, small 

stem–loop RNAs that contain an AGGG tetraloop structure were enzymatically synthesized with 

the single adenylate bearing specific isotopic substitutions. KIEs were measured and corrected for 

forward commitment to obtain intrinsic values. A model of the transition state structure for 

depurination of stem–loop RNA (5′-GGGAGGGCCC-3′) by saporin L3 was determined by 

matching KIE values predicted via quantum chemical calculations to a family of intrinsic KIEs. 

This model indicates saporin L3 displays a late transition state with the N-ribosidic bond to the 

adenine nearly cleaved, and the attacking water nucleophile weakly bonded to the ribosyl 

anomeric carbon. The transition state retains partial ribocation character, a feature common to 

most N-ribosyl transferases. However, the transition state geometry for saporin L3 is distinct from 

ricin A-chain, the only other RIP whose transition state is known.
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The nomenclature for saporin isozymes has been changed for those of leaf (L) origin. The saporin L3, described here, was previously 
known as saporin-L1 and is called that in early literature.42 This protein has been reassigned as saporin L3, the nomenclature used 
here.
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Ribosome inactivating proteins (RIPs) are enzymes that irreversibly depurinate adenine from 

the conserved sarcin–ricin loop of rRNA.1 Some RIPs are highly specific for a single 

adenine while others are found to remove more than one adenine per ribosome.2,3 Other 

RIPs remove adenine not only from RNA, but also from DNA and other polynucleotides;4,5 

as such they are referred to as polynucleotide adenine glycosylases.6 RIPs have been isolated 

from various plant tissues including leaves, bulbs, and seeds; the fruiting bodies of 

mushrooms; and other fungi. Most RIPs have been characterized with respect to their 

antiviral,7 antifungal,8 insecticidal,9 abortifacient,10 immunomodulatory,11 antitumor,12,13 

and neurotoxic14,15 properties.

Many RIPs display extremely high enzymatic efficiency. For example, each ricin A-chain 

molecule can depurinate thousands of ribosomes per minute, to give a kcat/KM value of 2.6 × 

108 M−1 s−1 on rabbit reticulocyte 80S ribosomes, a near diffusion-limited reaction 

indicative of a highly evolved catalyst.16,17 Accordingly, RIPs offer attractive properties 

when considered as potential therapeutic agents against cancers.

Several RIPs, including ricin, saporin, gelonin, and pokeweed antiviral protein, have been 

employed in the preparation of immunotoxins (ITs), carrying the toxin covalently linked to 

an antibody.18–20 The antibody component specifically targets the cell responsible for 

diseases and delivers the toxin to the cell. Several clinical trials have reported promising 

results for the application of ITs against solid tumors,21,22 bladder tumors,23,24 

hematological malignancies,25 anti-inflammatory conditions,26–28 anti-spasm centers,29 

ophthalmology disorders,30,31 and in pain killing.32 Impressive initial responses have been 

obtained in cancer therapy, particularly in hematological malignancies.25

Compared with conventional anticancer therapeutics, RIP-containing ITs show advantages 

of specificity, as well as acting on both dividing and non-dividing cancer cells. Since RIPs 

(e.g., saporin L3) target multiple adenine depurination sites, there is little possibility for the 

development of resistance. So far, the use of ITs in cancer therapy has not fully met the 

expectations from cellular studies. Two main challenges reported in clinical therapy are 

immunogenicity and vascular leak syndrome (VLS). VLS is caused by imperfect targeting 

such that excess RIP constructs, or RIP constructs lost to circulation following tumor lysis, 

enter the capillary bed with the loss of vascular integrity.33 VLS is the dose-limiting toxicity 

of immunotherapy. As a result, there is growing interest in the design of potent inhibitors of 

RIP toxin activity, which can function as rescue treatments following IT therapy. 

Neutralizing the ITs that are in excess or released from tumors upon lysis is expected to 

reduce the side effects.
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Current inhibitor designs for RIPs are targeted to ricin (the A-chain, termed RTA) and 

include transition state (TS) analogues,33 pterin, and purine scaffolds;34–36 rationally 

designed peptides;37 and aptamers selected via in vitro screening.38 Pteroic acid is a modest 

inhibitor of ricin discovered by virtual screening and has an IC50 of 600 μM.36 A series of 

inhibitors was designed based on structural data for pterin binding in the specificity pocket, 

with the most potent inhibitor in this study displaying an IC50 of 240 μM.39 Millard’s group 

reported a small molecule which protected 20% of cells from death from ricin constructs at a 

drug concentration of 300 nM, by preventing an active site residue from adopting the active 

conformation.40 The strongest inhibitor reported for ricin A-chain has a Kd value of 26 nM 

and was a mimic of the ribocation TS of the ricin reaction determined at pH 4.0.41 

Unfortunately, these inhibitors bind tightly to ricin only at low pH and do not protect 

eukaryotic ribosomes against ricin A-chain at physiological pH values. However, some of 

the TS analogue inhibitors designed for ricin show tight binding to saporin L3 with Kd 

values as low as 2.3 nM, making them potentially useful as a cancer therapy when 

administered in conjunction with saporin IT.42

Among the type 1 RIPs, saporin S6 isolated from Saponaria officinalis seeds has been used 

the most frequently to construct anti-cancer ITs. Although saporin S6 is reported to have 

high catalytic activity and killing efficiency of target cells after conjugation, its catalytic 

activity is less than that of saporin L3. In addition, saporin S6 is not inhibited by the 

transition state analogues designed against ricin A-chain that are effective for saporin L3.29 

Herein, we focus on the TS structure of saporin L3 as an essential step in understanding its 

catalytic mechanism, and to provide information for the future design of inhibitors. Saporin 

L3 is not well characterized, and we focus our attention on its TS structure, as isozymes of 

target enzymes are by now well-known to have distinct transition states and are therefore 

susceptible to specific design of transition state analogues.

Saporin L3 is a monomeric protein extracted from Saponaria officinalis leaves and is one of 

the most potent RIPs. Saporin L3 catalyzes the depurination of adenine residues from the 

conserved GAGA tetraloop of the sarcin-ricin loop (SRL) within eukaryotic rRNA, as well 

as depurination at other sites including rRNAs (Scheme 1). To permit isotopic labeling at 

specific positions and adenine release from a single site, we used a stem–loop RNA substrate 

(5′-GGGAGGGCCC-3′) containing an AGGG tetraloop with a single A as a substrate for 

saporin L3. We mutated and expressed saporin L3 as the A14C mutant since the native 

protein contains no Cys residues, and Cys14 provides a surface-accessible site for eventual 

linking of antibodies or nucleic acid elements for recognition of target cancer cells.

Kinetic isotope effects (KIEs) provide the only experimental approach currently available to 

study the TS structure (e.g., bond distances, angles, and charges) of enzymatic reactions. 

Intrinsic KIEs were determined for saporin L3 A14C using labeled stem–loop RNA 

substrates. The saporin TS structure was analyzed by a quantum computational approach in 

which computed TS models were constrained by experimental KIEs data. The TS structure 

of saporin L3 and its electrostatic potential surface, along with crystallographic data, provide 

an unprecedented tool for understanding catalysis and offer insight into tight-binding 

inhibitor design of TS analogues.
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RESULTS AND DISCUSSION

Synthesis of Saporin Substrate

Substrate specificity studies with saporin L3 using a single adenosine at different positions 

in a tetraloop indicated the stem–loop 5′-GGGAGGGCCC-3′(A10) is a slow substrate. As 

slow turnover is a desirable feature in the measurement of KIEs,43 A10 was used as the 

stem–loop substrate to study the saporin depurination reaction. A10 was synthesized by in 
vitro transcription with the A position labeled with [1′-3H], [1′-14C], [5′-3H], [5′-14C, 

7-15N], [5′-14C, 9-15N], [1′-14C, 9-15N], and [4′-3H].

Kinetic Isotope Effects

A family of KIEs at atomic positions surrounding the N-ribosidic bond of the A10 substrate 

was obtained for saporin L3 depurination. The Vmax/KM 3H KIE experiments were carried 

out under competitive conditions with [5′-14C] as the substrate remote label. The 15N 

and 14C KIEs were measured with [5′-3H] labeled substrate at the remote site and were 

corrected for the remote [5′-3H] KIE using eq 1. Remote 3H KIEs can report on distortional 

binding effects and therefore must be corrected for to obtain intrinsic values. The individual 

isotopic substitutions and measured KIEs are reported in Table 1.

(1)

Forward Commitment Factor

Intrinsic KIEs are useful in defining TS structure; however they can be masked by 

commitment factors. The forward commitment factor (Cf) reflects the probability of the 

Michaelis complex decomposing to unreacted substrates versus crossing the barrier to 

product formation. We determined Cf using the isotope trapping method developed by 

Rose.44 From a 40 μM preformed complex (Kd = 2 μM), a rapid-mix dilution into excess 

RNA allowed the monitoring of radiolabeled adenine formation. The data were plotted as a 

function of time, and Cf was calculated using eqs 2 and 3 (Figure 1). The amount of 3H-

RNA in the ES* complex was obtained from the equilibrium constant for A10 binding to 

saporin L3 A14C. In eq 2, extrapolation to zero time allows determination of the fraction of 

bound A10 converted to product (adenine). The Cf for the saporin L3 A14C reaction was 

determined to be 0.024, which indicates only 2.4% of the initial complex is converted to 

product. The small value for Cf indicates that the Michaelis complex of saporin-RNA 

converts to product slower than equilibration of bound RNA with unbound RNA. These data 

are consistent with the relatively slow kcat of 14.6 min−1 for this complex.

(2)
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(3)

Intrinsic KIEs and Their Significance

Intrinsic KIEs for the saporin L3 A14C reaction were obtained by correcting experimental 

KIEs for Cf using eq 4.

(4)

Intrinsic KIEs were determined to be 1.052 ± 0.008 for the primary anomeric carbon 1′-14C, 

1.023 ± 0.009 for the primary 9-15N, 1.045 ± 0.004 for the secondary 1′-3H, 0.973 ± 0.007 

for the remote 7-15N, 0.960 ± 0.004 for the 4′-3H, and 1.041 ± 0.006 for the remote 5′-3H 

(Table 1 and Figure 2). A control KIE using combined [9-15N, 1′-14C] additionally validated 

the individual measurements, a finding also consistent with a single concerted transition 

state.

The primary 1′-14C KIE at the reaction center indicates SN1 or SN2 hybridization of that 

carbon at the TS.45 For a fully associative SN2 TS, the primary 1′-14C KIE can be as large 

as 12% due to participation at the carbon center from both the leaving group and 

nucleophile. The primary 1′-14C KIE in an SN1 mechanism is small and can be near unity 

because of loss of the leaving group bond order and reaction coordinate motion. The 

intrinsic primary 1′-14C KIE for saporin L3 depurination is 1.052, indicating significant 

nucleophilic involvement at the TS, but less than a pure SN2 mechanism. The primary 9-15N 

KIE of 1.023 is similar to that expected for a fully broken C–N bond at the TS. The inverse 

7-15N KIE of 0.973 is consistent with protonation of N7 at the TS, resulting from increased 

bond order vibrational stiffness at the N7 position. Protonation of N7 at the TS prevents 

negative charge buildup in the purine leaving group upon breaking the C1′–N9 bond.

Although TS information cannot be obtained from the crystal structures, it is helpful to see 

that crystallographic studies of saporin L3 with TS analogues contain the elements needed to 

form this TS structure.46 The crystal structure reveals the mechanism of adenine leaving 

group activation by π-stacking interactions between the adenine ring, Tyr123 and Tyr73. 

The N7-protonated adenine is stabilized by the backbone carbonyl oxygen of Glu121. The 

normal α-secondary 1′-3H KIE reflects an increase in the out-of-plane C1′–H1′ bending 

mode as C1′ rehybridizes from sp3 to sp2. For example, the intrinsic 1′-3H KIE of human 

PNP of 1.184 is consistent with a fully dissociative SN1 TS with full ribocation character.47 

The small α-secondary 1′-3H KIE of 4.5% for saporin L3 A14C clearly indicates less 

developed ribocationic character at the TS. The extent of bond contribution to C1′ from 

both leaving group and nucleophile can be estimated via computational analysis of potential 

TS structures when constrained by the intrinsic KIEs.
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Comparison of KIEs for Saporin and Ricin

Despite the 30% sequence identity shared between saporin and ricin, and the similarity of 

their reactions, substantial differences in TS structures are suggested by intrinsic KIE values 

(Table 2).

The intrinsic 1′-14C KIE for the ricin A-chain-catalyzed depurination of RNA and DNA 

were 0.993 and 1.015, respectively. For RNA depurination by ricin, the TS involves a 

dissociative ribocation. The intrinsic primary 1′-14C KIE for saporin L3 depurination is 

1.052, indicating significant nucleophilic involvement at the TS, but less than a pure SN2 

mechanism. Also, comparing the 1′-3H KIEs of saporin and ricin, the smaller α-secondary 

hydrogen KIEs of saporin L3 indicate a less dissociative TS. Similar 9-15N KIEs for saporin 

L3 and ricin indicate a fully broken C–N bond at both TSs. The large 5′-3H KIE for saporin 

reveals a significant distortion in the vibrational modes of 5′-hydrogens between the free 

substrate and the TS. The inverse 7-15N KIEs reveal N7 protonation at the TS for both 

enzymes.

Computational Modeling for the Saporin L3 TS

A TS model consistent with the intrinsic KIEs was determined using density functional 

theory calculations (B3LYP/6-31G*) as implemented in Gaussian 09. The TS model 

includes unmodified substrates, one water molecule, and active site residue Glu174 involved 

in water nucleophile activation. Bond distances of rC–N and rC–O from 1.6 to 3.0 Å were 

fixed at 0.2 Å steps in an initial approach to predict the enzymatic TS structures. Several 

features of the TS structure were varied, including systematic variation of bond distances 

along the reaction coordinate, inclusion of the nucleophilic water molecule, and the 

protonation state of the adenine N7. The best matches between the intrinsic and calculated 

KIEs were found with TS structures having bond distances of 1.8–2.2 Å to the attacking 

water nucleophile (rC–O) and 2.6–2.8 Å for the bond distance to the departing adenine 

nucleophile (rC–N).

To better simulate the enzyme active site, TS structures that best matched the intrinsic KIEs 

in the gas-phase calculations were recalculated using a polarizable continuum model (PCM) 

with two different solvents: acetone and water (with dielectric constants of 20.49 and 78.36). 

The best match to the intrinsic KIEs was obtained with either gas-phase or water 

calculations (Table 1 and Figure 1). The single TS structure that best matched the intrinsic 

KIEs exhibited a near complete loss of the C1′–N9 bond with a 2.68 Å distance and 

displayed a stronger bond order to the attacking water nucleophile with a C1′–O bond 

distance of 1.95 Å at the TS (Figure 3).

Molecular Electrostatic Potential Energy Surface Analysis

Using the structure of the TS as a stationary point permits calculation of the wave function 

for the TS and extraction of the molecular electrostatic potentials (MEPs). The MEPs 

defines the TS relative charge together with bond distances and angles. The changes in 

electrostatic potential and natural bond orbitals (NBO) of the ground state, TS, and products 

are shown in Figure 3. The late TS for saporin L3 causes the electron density at the TS to be 

more similar to product than to substrate. The N7 protonation of adenine is an important 
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characteristic of the TS, as it assists leaving group dissociation by neutralizing the leaving 

group, which otherwise would need to overcome the unfavorable barrier of ribocation–

adenine anion separation at the TS. Electrons from ribose flow to adenine as the C–N bond 

breaks, and this increases the pKa of N7, leading to its protonation.

Comparing the TS with a TS Analogue

Some inhibitors designed to match the ricin A-chain TS (obtained at pH 4) are also good 

inhibitors of saporin L3 at neutral pH values.42 A four-base cyclic, covalently closed RNA 

construct with a stem–loop structure containing a TS mimic for the ricin A-chain 

depurination site was the best inhibitor at 2.3 nM for saporin L3.42 Saporin L3, unlike ricin 

A-chain, can also be inhibited by RNA analogue constructs without the hairpin step-loop 

structure. TS analogue constructs based on the TS of ricin A-chain also had Kd values 

between 3 and 9 nM for saporin L3.42 In addition to the powerful inhibition at physiological 

pH, these inhibitors protected rabbit reticulocyte ribosomes against inactivation by saporin 

L3.42

With knowledge of the saporin L3 TS, it is of interest to compare the MEP for the saporin 

L3 TS to that of a small, linear TS analogue construct that binds tightly to saporin L3, but 

not to ricin A-chain (Figure 4). The MEP surface for JMG29642 reveals a distinct 

electrostatic similarity between the TS structure and the inhibitor. The binding affinity of TS 

analogues is related to how closely their electrostatics matches that of the TS structure.

In the JMG296 inhibitor design, the N9 of adenine is replaced with carbon to create a stable 

9-deazaadenine mimic of the glycosidic bond and the N7 is protonated.50 The increased 

distance between the ribocation mimic and the 9-deazaadenine by a methylene group 

provides geometric approximation of a fully dissociative TS. Ribocationic charge at C1′ 
was achieved by N1′. The MEP of this inhibitor provides a sufficiently good match to the 

MEP of the TS to provide a binding affinity of 105 for the KM/Kd ratio.42 Despite this 

powerful binding, this inhibitor lacks the electrostatic potential provided by the 2′-

hydroxyribosyl. This omission is a necessary chemical feature to provide chemical stability 

of the inhibitor. These changes, together with other ribocation scaffolds, might be considered 

for future inhibitor design to enhance binding affinity to saporin L3.

Conclusion

KIEs were determined for the depurination of stem–loop RNA by saporin L3 A14C. Stem-

loop RNA (5′-GGGAGGGCCC-3′) was synthesized with isotopic labels in the A-

depurination position and used as substrates for KIE analysis. TS structure was analyzed by 

a quantum computational approach. Our analysis indicates the leaving group and attacking 

water nucleophile are positioned 2.68 and 1.95 Å (respectively) from the ribosyl carbon 

reaction center at the TS. Knowledge of the TS structure and MEP for the saporin L3 

reaction reveals distinct transition states among the RIPs. Our model of the saporin L3 TS 

shows high similarity to a nanomolar TS analogue inhibitor. The TS structure and MEP 

provide information to enable the design of additional potent inhibitors. Potent inhibitors of 

saporin L3 may be of utility in the implementation of IT cancer therapy.
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METHODS

Materials

Radiolabeled glucose and ribose substrates were purchased from American Radiolabeled 

Chemicals Inc. Enzymes used in the synthesis of ATP from glucose or ribose were 

purchased from Sigma or expressed in our laboratory (e.g., ribokinase, phosphoribosyl 

pyrophosphate (PRPP) synthase, and adenine phosphoribosyltransferase (APRTase)). The 

T7 RNA synthesis kit and RNA-free reagents used in RNA handling were purchased from 

Ambion. The DNA template was obtained from Integrated DNA Technologies, Inc. Saporin 

L3 A14C was purified as previously reported.51

Synthesis of 7-15N and 9-15N Adenines—[7-15N]Adenine was synthesized from 4,6-

diamino-5-[15N]nitrosopyrimidine using a method adapted from Sethi et al. (Supporting 

Information Figure S1).52 [9-15N]Adenine was synthesized from [4-15N]diamino-6-

chloropyrimidine using methods adapted from Sethi et al.52 and Jones et al. (Supporting 

Information Figure S2).53

Synthesis of Radiolabeled ATPs—[1′-3H]ATP, [1′-14C]ATP, [5′-14C]ATP, 

[5′-3H]ATP, and [4′-3H]ATP were synthesized enzymatically from [1-3H]ribose, 

[2-14C]glucose, [6-14C]glucose, [6-3H]glucose, and [5-3H]glucose, respectively (Supporting 

Information Figure S3). [7-15N, 5′-14C]ATP, [9-15N, 1′-14C]ATP, and [9-15N, 5′-14C]ATP 

were synthesized from [6-14C]glucose, [1-3H]ribose, and [7-15N], [9-15N] adenine, 

respectively. The reaction mixture for the synthesis of radiolabeled ATPs from ribose 

contained 100 mM phosphate buffer, at a pH of 7.4, 2 mM adenine, 10 mM MgCl2, 0.1 mM 

ATP, 20 mM PEP, and 20 μCi of labeled D-ribose in a reaction volume of 1 mL. Ribokinase 

(5 units), myokinase (2 units), pyruvate kinase (2.5 units), PRPP synthase (5 units), and 

APRTase (2 units) were added to initiate the reaction. The reaction mixture for the synthesis 

of radiolabeled ATPs from D-glucose contained 100 mM phosphate buffer, at a pH of 7.4, 50 

mM glycylglycine, 50 mM KCl, 20 mM MgCl2, 1 mM glucose, 40 mM PEP, 1 mM DTT, 2 

mM NADP+, 2 mM adenine, and 20 μCi of labeled D-glucose in a reaction of 1 mL. The 

reaction was initiated by adding myokinase (4 units), pyruvate kinase (3 units), 

phosphoriboisomerase (5 units), glucose-6-phosphate dehydrogenase and phosphogluconic 

acid dehydrogenase (1 unit each), APRTase and PRPPase (5 units each), and hexokinase (1 

unit). Reaction mixtures were incubated for 12 h at 37 °C, and the ATP was purified by 

reverse phase HPLC on a waters C18 Deltapak column with a linear gradient from 2 to 50% 

acetonitrile in 8 mM tetrabutylammonium bisulfate and 50 mM potassium monophosphate, 

at a pH of 6.0 over 50 min at a flow rate of 1 mL/min, and then desalted on the same column 

eluting with 25% acetonitrile.

Synthesis of Radiolabeled RNA—Isotopically labeled stem loop RNAs were 

synthesized by incorporating labeled ATPs via T7 RNA polymerase in 20 μL reaction 

mixtures containing 3 μM duplex 5′-TAATACGACTCACTATAGGGAGGGCCC-3′ and 5′-

GGGCCCTCCCTATAGTGAGTCGTATTA-3′, 10 mM GTP, 5 mM CTP, 1 mM 

radiolabeled ATP, two units of T7 polymerase, and incubated at 37 °C for 4 h. The RNA was 

purified by electrophoresis with TBE buffer on 15% acrylamide gel. The RNA was eluted 
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from the gel with 0.5 M NH4Ac, 1 mM EDTA, and 0.2% SDS, then precipitated by adding 

2.5 volumes of ethanol and centrifuging 30 min at 4 °C. The RNA pellets were washed with 

75% ethanol, spun down, and stored in TE (Tris-EDTA) buffer.

Kinetic Isotope Effects Measurement

Kinetic isotope effects were measured in 10 mM sodium phosphate buffer and 1 mM EDTA, 

at a pH of 7.2 at 37 °C containing 3H and 14C-labeled RNA. One label in the RNA was at 

the position of interest for KIE measurement and the other at a remote site. For example, 

measurement of the [1′-3H] KIE was carried out under competitive conditions54 with a 

[5′-14C, 1′-1H] labeled substrate. The 15N KIEs were measuring using [5′-14C] to represent 

the isotopic 15N label and the silent 14N label was represented by [5′-3H] at the remote site. 

The reaction mixture was prepared in a total volume of 310 μL (at least 1 × 106 cpm). The 

first portion of 60 μL was incubated at 37 °C for 3 h in the absence of saporin L3 as a 

control. The second portion of 60 μL was incubated with 30 nM saporin L3 at 37 °C for 3 h 

to give 100% completion. The third portion containing three parts of 60 μL reaction 

mixtures was incubated at 37 °C for 20 min by addition of 1 nM saporin L3 to give 20–30% 

completion. The reactions were stopped by heating to 95 °C for 10 min. Addition of 0.6 M 

NaOH and incubation at 37 °C overnight converted RNA to nucleotides and depurinated 

RNA into nucleotides and ribose phosphates. The reactions were neutralized with formic 

acid. Reactions were passed through charcoal columns and eluted with 50 mM ribose in 50 

mM potassium phosphate buffer at a pH of 6.0.43 Fractions (2 mL) of the eluate were 

collected, dried by speedvac, resuspended in 200 μL of H2O, mixed with 10 mL of liquid 

scintillation counter cocktail (Ultima GoldTM) and counted in a Wallac 1414 LSC, 

PerkinElmer scintillation counter.

3H and 14C counts for each sample were calculated according to eq 5 and eq 6. Here, the 14C 

ratio for cpm A to cpm B used a pure 14C labeled RNA standard. The cpm A and cpm B 

channels were set such that all 3H counts appear in cpm A and only 14C counts appear in 

cpm B.

(5)

(6)

The KIE values were determined by the partial and complete reaction based on the eq 7:54

(7)
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where f is the fraction of the reaction conversion and Rf and Ro are the ratios of heavy to 

light at partial and 100% reaction conversion.

Measurement of Commitment Factor

Forward commitment for depurination by saporin L3 was measured by an isotope trapping 

experiment under rapid-mixing pre-steady-state conditions.44,55 Forward commitment is the 

ratio of k3 and k2 in the reaction scheme below:which is the fraction of the A10 bound to the 

ES* complex to convert to product (k3 relative to k2) in the first catalytic turnover.

Briefly, 20 μL of 60 μM enzyme was rapidly mixed with 20 μL of 40 μM [1′-3H]RNA (4 × 

106 cpm) in 10 mM sodium phosphate buffer and 1 mM EDTA, at a pH of 7.2 for 3 s. The 

reaction mixture was diluted immediately by a 1000-fold molar excess of unlabeled RNA 

substrate. Then, 150 μL aliquots were collected every 20 s for 2 min and quenched with 0.6 

M NaOH. The mixture was neutralized by formic acid and then passed through the charcoal 

column and eluted with 50 mM ribose in 50 mM potassium phosphate buffer at a pH of 6.0. 

Then, 2 mL fractions of the flow through were collected and prepared for the radioactive 

analysis.

Computational Modeling of Transition-State Structure

All structure optimizations and energy and frequency calculations were performed using 

density functional theory in B3LYP and using a 6–31g* basis set as implemented in 

Gaussian 09.56 The crystal structure of the E. coli 23s rRNA GAGA tetraloop (PDB: 483D) 

was used as the initial geometry for the reactant free solution (ground-state). It was located 

as a global minimum, and frequency calculations performed on the optimized structure 

contained no imaginary frequencies.57 A previously published crystal structure of saporin 

with an RNA dimer at the catalytic site (PDB: 3HIT) was used as the starting point reactant 

geometry for the transition state calculations.46 The transition state structures were 

optimized from a fully formed intermediate by varying C1–hydroxyl and C1–N9 bond 

distances as well as the N7 protonation state. Bond frequencies for ground and transition 

states were calculated with Gaussian 09 and used as an input to the ISOEFF98 program for 

KIE computations.58,59 The molecular electrostatic potential surfaces (MEPs) were 

calculated with the CUBE program from Gaussian and the files were visualized with 

GaussView 3.0.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Commitment to catalysis for the saporin A14C-RNA complex at pH 7.2. The complex of 

saporin and [1′-3H]RNA was either terminated or diluted with a large excess of unlabeled 

RNA at 3 s. Aliquots were removed at the indicated time points and analyzed for product 

formation. If there is no significant commitment to catalysis, the labeled RNA in the 

Michaelis complex will be displaced by the unlabeled RNA. If there is significant 

commitment to catalysis, the amount of labeled products formed will be greater. The 

ordinate intercept is indicated for a 50% Cf for comparison.
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Figure 2. 
Intrinsic KIEs for saporin L3. The A (red) in the stem–loop RNA 10-mer is the site of 

depurination for which the KIEs were measured. Intrinsic KIEs are reported for specific 

positions with uncertainty (standard deviation) in the third decimal place given in 

parentheses. Calculated KIEs for the TS are shown in blue.
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Figure 3. 
Transition structure geometry, molecular electrostatic potential surfaces (MEPs), and NBO 

charges for the reaction of saporin L3 A14C. Panel a shows the geometry of the transition 

state. Panels b, c, and d show the MEPs of the TS, GS, and products, respectively. nuc = 

nucleophilic water at the TS. MEPs were calculated using the CUBE subprogram of 

Gaussian 03 for the optimized geometry at the B3LYP/6-31G(d,p) level of theory and 

visualized with Molekel 4.0 at a density of 0.02 electron/Å3.
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Figure 4. 
Comparison of MEPs for the transition state (a) of saporin A14C, and the transition-state 

mimic center of JMG296 (b), a 3.3 nM TS analogue. The Kd values are dissociation 

constants for the inhibitors following slow-onset inhibition. The full chemical structure of 

JMG296 is shown in the panel c.
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Scheme 1. 
Depurination of RNA by Saporin L3
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Table 1

KIEs for RNA Depurination Catalyzed by Saporin L3 A14C

RNA 10-mer type of KIE experimental KIE intrinsic KIE computed KIE

[1′-14C], [5′-3H] primary 14C 1.051 ± 0.008a 1.052 ± 0.008 1.052

[9-15N, 1′-14C], [5′-3H] combined 14C + 15N 1.062 ± 0.009a 1.064 ± 0.009 1.073

[1′-3H], [5′-14C] α-secondary 3H 1.044 ± 0.004 1.045 ± 0.004 1.048

[4′-3H], [5′-14C] γ-secondary 3H 0.961 ± 0.004 0.960 ± 0.004 0.943

[5′-3H], [5′-14C] δ-secondary 3H 1.040 ± 0.006 1.041 ± 0.006 1.042

[7-15N, 5′-14C], [5′-3H] secondary 15N 0.974 ± 0.007a 0.973 ± 0.007 0.984

[9-15N, 5′-14C], [5′-3H] primary 15N 1.022 ± 0.009a 1.023 ± 0.009 1.022

a
KIEs were corrected for the 5′-3H KIE according to the expression: KIEexperimental = KIEobserved(5′-3H KIE).

ACS Chem Biol. Author manuscript; available in PMC 2017 July 10.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yuan et al. Page 21

Table 2

Intrinsic KIEs for Saporin and Ricin

10-mer saporin with RNA ricin with RNAa ricin with DNAb

[1′-14C], [5′-3H] 1.052 ± 0.008 0.993 ± 0.004 1.015 ± 0.001

[9-15N, 1′-14C], [5′-3H] 1.064 ± 0.009 1.012 ± 0.004

[1′-3H], [5′-14C] 1.045 ± 0.004 1.163 ± 0.009 1.187 ± 0.008

[4′-3H], [5′-14C] 0.960 ± 0.004 0.992 ± 0.004

[5′-3H], [5′-14C] 1.041 ± 0.006 0.996 ± 0.003 1.014 ± 0.004

[7-15N, 5′-14C], [5′-3H] 0.973 ± 0.007 0.981 ± 0.008

[9-15N, 5′-14C], [5′-3H] 1.023 ± 0.009 1.016 ± 0.005 1.023 ± 0.004

a
Values taken from Chen et al.48

b
Values taken from Chen et al.49
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