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Abstract

The catalytic moiety of Pseudomonas exotoxin A (domain 111 or PE3) inhibits protein synthesis by
ADP-ribosylation of eukaryotic elongation factor 2 (eEF2). PE3 is widely used as a cytocidal
payload in receptor-targeted protein toxin conjugates. We have designed and characterized
catalytically inactive fragments of PE3 that are capable of structural complementation. We
dissected PE3 at an extended loop and fused each fragment to one subunit of a heterospecific
coiled coil. In vitro ADP-ribosylation and protein translation assays demonstrate that the resulting
fusions — supplied exogenously as genetic elements or purified protein fragments — had no
significant catalytic activity or effect on protein synthesis individually, but in combination
catalyzed the ADP-ribosylation of eEF2 and inhibited protein synthesis. Although complementing
PE3 fragments are less efficient catalytically than intact PE3 in cell-free systems, co-expression in
live cells transfected with transgenes encoding the toxin fusions inhibits protein synthesis and
causes cell death comparably as intact PE3. Complementation of split PE3 offers a direct
extension of the immunotoxin approach to generate bispecific agents that may be useful to target
complex phenotypes.
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INTRODUCTION

Structural complementation, defined as the restoration of biological activity by noncovalent
interaction of different inactive polypeptides, is a classical experimental tool for studying the
structures and functions of oligomeric enzymes.! For monomeric enzymes, structural
complementation requires split fragments of the polypeptide chain, as in the case of the
subtilisin-treated fragments (S-peptide and S-protein) of ribonuclease A.2 More recently,
complementation has been used as a strategy for constructing reporter systems that respond
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conditionally to specific biophysical or biochemical signals. For example, split variants of
fluorescent proteins,3-9 GALA4 transcriptional activator,10 B-galactosidase,1! dihydrofolate
reductase, 12 B-lactamase, 2 luciferase,! and DNA methylasel® have been fused to peptides
and oligonucleotides to serve as reporters for library screening or biosensors for target-
specific interactions. Target recognition is coupled to a biophysical signal or survival
advantage that can be efficiently screened by high throughput methodologies.

Another recent use of complementation is to incorporate multiple cell-type specificities into
functional proteins of biomedical interest. One example is afforded by engineered anthrax
toxins harboring mutated subunits of the heptameric or octameric protective antigen.16:17
These subunits contain cleavage sites for cell-surface proteases — urokinase plasminogen
activator and matrix metalloprotease — which render them incompetent for intoxication
unless processed by cells that express both proteases. Here we report a complementing
system designed from a monomeric toxin: the catalytic domain (domain 11, or PE3) of
Pseudomonas exotoxin A. PE3 is a structural and functional homolog of the catalytic
domains of diphtheria toxin1819 and cholix toxin.20 PE3 inhibits protein synthesis by ADP-
ribosylating (with NAD™* as cofactor) a specific diphthamide residue in eukaryotic
elongation factor 2 (eEF2).21 Intoxication induces death of the host cell through the
activation of apoptotic pathways.22-24

From a biophysical point of view, covalent splitting of a monomeric protein significantly
increases the total entropy of the split fragments. The magnitude of this increase depends on
the extent to which the fragments retain the conformational constraints present in the
original structure. In the case of subtilisin-treated ribonuclease A and certain schemes for
split EGFP, this entropic penalty is not sufficient to prevent complementation. If the split
fragments become significantly unfolded relative to the intact structure, however, a
substantial net input in free energy may be required to drive complementation. Such a source
of free energy could be furnished by fusion of the split fragments to an unrelated domain
with strong affinity for heterodimerization. Thermodynamically, association of the latter
domain limits the translational degrees of freedom in the split fragments, effectively
destabilizing the fragments relative to the associated state and driving complementation.

We constructed a split toxin system by dissecting PE3 at an extended flexible loop and
fusing each fragment to a heterospecific, antiparallel coiled coil. Individually, the fusion
fragments are inactive. When both fragments are present, they spontaneously complement to
yield a functional enzyme that inhibits protein translation and kills cells. Pseudomonas
exotoxin A is widely used in targeted therapeutics such as immunotoxins for cancer and
HIV.25-31 Structural complementation of split PE3 system offers a potential strategy to
increase biological specificity by conditionally targeting two different molecular phenotypes
in the same cell.

Design of a split ADP-ribosylating toxin

The C-terminal catalytic domain of the Pseudomonas aeruginosa exotoxin A (PE3; residues
400 to 613), inhibits protein synthesis by ADPribosylation of eEF2. Our goal was to split
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PE3 into two inactive fragments that would structurally complement to form functionally
active enzyme.

We followed a rational, biophysical approach by seeking an optimal dissection site that
would minimize the thermodynamic (entropic) cost for reassembly. To do so, we screened
the protein backbone for extended segments that are unfolded and mobile, using B-factors
associated with the C® atoms in the refined crystal structure of wildtype exotoxin A32 as a
quantitative guide of dynamic fluctuations (Figures 1A and S1, Supplementary Data). Four
distinct flexible loops were identified: L1 (residues 458 to 463), L2 (residues 517 to 522),
L3 (residues 546 to 551), and L4 (residues 486 to 493) based on locally elevated B-factors.
Since their C® positions exhibit full occupancy, these segments represent dynamic and
disordered loops rather than discrete stable conformations. Comparison of crystal structures
of full-length exotoxin and PE3 bound to various NAD* analogs revealed that the
conformations of L1, L2, and L3 are coupled to residues in the catalytic cleft or ligand
binding.32 These loops are also proximal to Glu553, an essential residue in the catalytic
cleft.33 In contrast, L4 is distant from the catalytic site and also the most dynamic. It is also
the most extended of the four loops and should provide the most spatial tolerance for fusion
with a heterospecific domain. We therefore selected this loop for dissection of the PE3
monomer.

We split PE3 genetically at L4 between Asp*88 and Ala%89 and fused each fragment [PE3-A
(residues 400-488) and PE3-B (residues 489-613)] to each subunit of the antiparallel,
heterodimeric coiled coil (Acid-al and Base-al) devised by Oakley and Kim.34 The two
fusion fragments are designated PE3a., consisting of PE3-A:Base-al, and PE3p, consisting
of Acidal: PE3-B (Figure 1B). No cysteine residue is present in the constructs. The
antiparallel orientation of the coiled coil maintains correct polarity of the two fragments
upon dimerization, as demonstrated with a split GFP by Regan and coworkers.*

Structural complementation of split PE3 restores ADPRT activity

PE3a and PE3p were initially expressed as Hisg-tagged constructs in E. coli. While we
recovered PE3p by native purification, we could not isolate the PE3a fragment under native
or denaturing conditions. Recloning PE3a as a C-terminal fusion to maltose binding protein
(MBP) yielded protein when induced at 22°C. Co-expression of MBP-PEa and Hisg-PE3f
yielded a complex that co-purified on Co-NTA agarose. To confirm specific, noncovalent
association of the two fragments, the mixture was pulled down on amylose-agarose. The
PE fragment (17 kDa), which lacked MBP, co-purified with MBP-tagged PEa (61 kDa)
(Figure S2A, Supplementary Data). When fractionated by sizeexclusion chromatography,
the coil-bearing MBP-PEa and Hisg-PE3p complex (3 uM) eluted as a monodisperse
species with a retention volume similar to monomeric BSA (67 kDa; Figure S2B). While
below the calculated molecular weight of the MBP/Hisg-tagged a+p heterodimer (60.3 +
19.2 = 79.5 kDa), the complex eluted well ahead of carbonic anhydrase (29 kDa) and
cytochrome C (13 kDa). Cleavage of purified heterodimer with TEV protease yielded the a
+B heterodimer free of all purification tags (including MBP).

To probe whether the heterodimeric coiled-coil is required for complementation of split
PE3, we tested minimal constructs consisting only of PE3-A (residues 400-488) and PE3-B
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(residues 489-613) in pull-down experiments analogous to those described for PE3a and
PE3p. Unlike their coil-bearing counterparts, the minimal constructs did not co-precipitate
under the same conditions (c.f. Figures S2 and S3, Supplementary Data), indicating that
assisted dimerization is required for structural complementation of split PE3.

We measured the ADP-ribosyltransferase (ADPRT) activity of split PE3 by the
incorporation of a fluorescently-labeled NAD* analog (6-carboxyfluorescein-17-NAD™*, 150
UM) to purified, recombinant yeast eEF2 (2 uM). ADPRT activity was first measured at a
subunit concentration of 20 uM (Figure 2). Consistent with the pull-down data, coil-free
PE3-A and PEB exhibited no ADPRT activity — individually or in combination —
functionally confirming the absolute requirement of a heterodimerization domain for
complementation of the PE3 fragments. For the coil-bearing fragments, neither PEa. nor
PE fragment was active individually, but together exhibited ADPRT activity, as did intact
PE3 (positive control). Incorporation of fluorescence by the PEa+PEp heterodimer and
intact PE3 was abolished by excess unlabeled NAD*. Titration of the a+p heterodimer
showed a potency in ADPRT activity of 16 + 8 uM, compared with 4.9 £ 2.6 pM for intact
PE3, a ~4-fold difference (Figure 3).

Split PE3 inhibits protein synthesis following structural complementation

To evaluate the effect on protein synthesis by split PE3, we used rabbit reticulocyte lysate
(RRL), a partially-purified, cell-free system containing all components required for protein
synthesis from mRNA substrates. We treated RRL with 300 nM purified PE3a and/or PE3,
or intact PE3, for 30 min with or without NAD™ (50 uM). Luciferase mRNA was added to
the reactions and protein synthesis was measured after 90 min by incorporation of [3°S]-
methionine into luciferase and detected by phosphorimagery of SDS-PAGE gels (Figure
4A). Consistent with the ADPRT results, whereas RRL pre-treated with PE3a and PE3B
individually produced [3°S]-luciferase, those exposed to both fragments (after TEV
cleavage) or intact PE3 did not (Figure 4A,; top panel). Inhibition of protein synthesis by the
combined fragments was ADPRT-mediated, as confirmed by their dependence on NAD™
(bottom panel). Although the MBP/Hisg-tagged a+p heterodimer was manifestly dimeric
before TEV cleavage, it did not inhibit protein synthesis, suggesting MBP prevented
refolding of the catalytic domain or blocked the docking of eEF2 or NAD*.

To determine the dose-dependent activity of the PE3 a+p heterodimer, RRL was titrated
with PE3 a+p heterodimer (activated by TEV cleavage) or intact PE3 in the presence of 50
UM NAD*, before addition of firefly luciferase mMRNA. Residual translational activity was
assessed by luciferin chemiluminescence (Figure 4B). A global fit of both data sets gave an
apparent 1C5q of 1.4 £ 0.4 nM for intact PE3 and 41 = 11 nM (complex) for the a+p
heterodimer, a ~40-fold difference. Utilization of NAD* was assessed by titrating RRL with
NAD* in the presence of 300 nM of either toxin (Figure 4C). Under these conditions, the
apparent 1Csq values are 52 + 12 nM and 1.1 + 0.3 pM for intact PE3 and the a+f
heterodimer (~22-fold difference), respectively. In summary, complementation of split PE3
substantially regains the specific enzymatic activity of intact PE3.

J Mol Biol. Author manuscript; available in PMC 2015 February 06.
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Inhibition of protein synthesis by split PE3 triggers cell death

We then investigated whether inhibition of protein synthesis could be achieved using tag-
free constructs synthesized in situ. mMRNA encoding PE3a, PE3, and intact PE3 were
separately prepared by in vitro transcription of pcDNA3.1-based plasmids. Purified mMRNA
was added to RRL to generate the corresponding protein in situ before the addition of
luciferase MRNA. To account for the depletion of amino acid precursors from the first round
of translation, we also included a control sample with mRNA encoding EGFP. Consistent
with results using recombinant protein fragments, the combination of PE3a and PE3pB
mRNA inhibited translation similarly as intact PE3, while PE3a or PE3 individually had
no significant effect beyond the EGFP control (Figure 5A).

To probe the effect on protein synthesis by the split PE3 fragments in live cells, the same
pcDNAZ3.1 plasmids constitutively expressing PE3a, PE3, or intact PE3 (500 ng total
DNA) were transiently transfected into HEK293 cells. Protein synthesis was quantified by
the incorporation of [3H]-leucine at 24 and 48 h after transfection (Figure 5B). Individually,
PE3a and PE3p had no significant effect on [3H]-leucine incorporation over vector control.
In contrast, at a total dose of 500 ng DNA, co-transfected PE3a and PE3p strongly inhibited
protein synthesis by 24 h to an extent similar to intact PE3. To corroborate these
observations, we examined the effect on protein synthesis using a destabilized EGFP
(dEGFP) (Figure 5C) that is rapidly cleared by proteasomal degradation.3% In agreement
with the [®H]-leucine data, cellular dEGFP fluorescence was indistinguishable from vector
control at 24 h after transfection of PEa or PEB. Co-transfection of both plasmids at a total
dose of 500 ng DNA led to a significant loss of fluorescence similar to intact PE3. Neither
treatment reduced dEGFP fluorescence to the same extent as cycloheximide, a chemical
inhibitor of protein synthesis, reflecting a lag time between transfection and protein
expression.

Cytotoxicity of split PE3 was measured by cellular metabolic status (reduction of XTT or
resazurin) at 48 and 72 h after transfection (Figure 6). At a dose of 500 ng of total DNA, no
significant difference in cell viability was observed after individual transfection of PE3a or
PE3p relative to vector control. Co-transfection of PE3a and PE3B (500 ng total DNA) was
significantly more toxic than either plasmid alone and to a similar extent as intact PE3
(Figure 6A). To estimate the difference in cytotoxic potency for the two toxins, we prepared
serial 2-fold dilutions with vector DNA to maintain a constant quantity of total DNA (500
ng). A 7-fold difference was observed between the intact and a+ toxins at 48 h after
reverse transfection (Figure 6B). Given the different gene sequences encoded by the two
plasmids, the titrated doses of DNA cannot be directly interpreted as equivalent protein
concentrations. The data should be interpreted as the expected difference in toxicity if the
constructs were delivered genetically and their expression driven by the same promoter.

DISCUSSION

Our objective in this study was to develop a complementing cytotoxin using the catalytic
domain of Pseudomonas exotoxin A (PE3). As proof-of-principle, we dissected PE3 and
fused each fragment to one subunit of a heterospecific coiled coil (Figure 1). Individually,
the fusion fragments, PE3a and PE3p, have no effect on protein translation in vitro — as

J Mol Biol. Author manuscript; available in PMC 2015 February 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Boland et al.

Page 6

purified proteins or genetic elements — or when transfected as plasmids into live cells. The
two fragments associate noncovalently to form an a+p heterodimer (Figure 2) capable of
ADP-ribosylating eEF2 (Figure 3) and inhibiting protein synthesis in a NAD*-dependent
manner, with an 1C5q of ~40 nM complex (Figure 4). Following transfection, PE3a and
PE3p fragments inhibit protein synthesis only in combination (Figure 5) and are able to
intoxicate HEK?293 as well as intact PE3 (Figures 6). As an inhibitor of protein synthesis,
the potency of the a+p heterodimer is approximately 40-fold lower than intact PE3 (Figure
4B). We observed that neither the a+p heterodimer nor intact PE3 caused complete cell
death by chemical transfection due to the efficiency constraints of this method, as others
have also reported.36:37 Since the cytocidal properties of PE3 are historically well-
established 21:38-40 and used to great effect in therapeutic toxin conjugates,25-31 our
objective here is to characterize the functional properties of complementing PE3 relative to
intact PE3 under identical experimental conditions.

Perturbation to the catalytic activity in split PE3 relative to the intact protein

Observed differences in potency in terms of ADPRT activity (~4-fold), inhibition of protein
synthesis (~40-fold) or NAD™ utilization (~22-fold difference) between intact and split PE3
reflect the oligomeric stability of the PE3 a+p heterodimer as well as its relative catalytic
activity in the dimeric state. We found that structural complementation required
thermodynamic stabilization by a dimerization domain. To drive heterodimerization, we
have chosen the antiparallel coiled coils by Oakley and Kim, who showed that they are
quantitatively dimeric at a complex concentration of 10 pM.34 We expect that other
oligomerizing domains would also be tolerated, to the extent that their orientation does not
strain the structure of the a+p heterodimer.

Overlaid on the thermal stability of the PE3 dimer is the intrinsic catalytic activity of the
dimeric state itself (i.e. the activity if the coiled coil were covalently linked). To minimize
the deficit in intrinsic activity of split PE3, we chose to dissect PE3 at L4 instead of the other
disordered loops, in view of L4’s highly disordered conformation and the lack of coupling to
the catalytic residues in the crystal structures of the PE3 apoenzyme (PDB: 11KQ) and PE3-
NAD* holoenzyme (1DMA).32 Merill and coworkers have reported that L4 may be involved
in conferring specificity for eEF2.41 However, in co-crystal structures involving eEF2,4243
L4 remains completely disordered and does not make any close contact with eEF2, so the
nature of the L4’s coupling to the catalytic mechanism is unclear. In addition, the site of
dissection between Asp*88 and Ala*8? is at least 6.5 A away from the closest eEF2 contact
and points away from eEF2 into the solvent (Figure S4, Supplementary Data). The
Asp*88/Ala*89 junction is or near the optimal site for dissecting PE3 in terms of minimizing
perturbation on the enzyme’s conformation or blockage of the binding interface with eEF2.
Our functional data in terms of ADPRT activity, inhibition of protein synthesis, and
cytotoxicity all indicate that the our split PE3 design retains substantively the activity of
intact PE3, and may serve in applications using PE3 or the homologous catalytic domain of
diphtheria toxin.

J Mol Biol. Author manuscript; available in PMC 2015 February 06.
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Potential applications

Diphtheria toxin (DT), and by extension Pseudomonas exotoxin A, is famously known for
their “one-molecule-can-kill-a-cell” potency.*4 Both toxins are widely used in targeted
therapeutics for various oncologic (particularly leukemic), infectious, and autoimmune
diseases.25-31 Replacement of the native receptor-binding domains with other ligands, such
as monoclonal antibodies, results in toxin fusions with redirected specificity for other cell-
surface receptors.#>46 Currently, targeting is typically limited to single receptors such as
CD22,47 the IL-2 48 and 1L-13a2 receptors,*9 viral envelope glycoproteins,>%:51 and the
EGFR family of receptor tyrosine kinases.?2-26 Alternatively, targeting can be achieved with
toxin transgenes whose expression is controlled by a tissue- or disease-specific
promoter.57-62 Whichever the route, biological specificity is limited to cases where the
phenotype is unique to the targeted cells, such CD20, a B cell-lineage restricted antigen, in
non-Hodgkin’s lymphoma.63

In many diseases, a receptor or gene is overexpressed, but not unique, relative to normal
cells. In these cases, monospecific targeting leads to unintended toxicity to normal cells. For
example, because the HER2 receptor, a major marker in several cancers, is also found on
myocardial tissues, targeting HER2 alone leads to cardiotoxicity in vivo.54:6% To increase
biological specificity, several PE- and DT-based toxin conjugates with two ligands or
antibodies directed at separate receptors on the target cells have been reported.56
Complementing PE3 represents an orthogonal strategy for bispecific targeting of a single
cell. By directing the delivery or expression of each inactive fragment against a different
molecular target, toxicity can be focused to a more refined biological phenotype.
Complementation offers comparable cytotoxicity with potentially enhanced level of
selectivity than bispecific ligands because toxicity is conditional on the presence of both
fragments. Since complementation cannot occur in cells that present only one or the other
target, off-target cells would be spared.

Our in vitro translation assays with purified PE3 fragments indicate that tagged a+
heterodimer does not inhibit protein synthesis even though it is dimeric. The heterodimer is
activated by the removal of the MBP and Hisg tags with TEV protease. Thus, the targeted
delivery of a highly sequence-specific protease or incorporation of the cleavage site of a
diseasespecific protease offers potential opportunities for additional specificities.

Our data also show that structural complementation occurs when the fragments are
expressed in situ, supporting genetic delivery as an alternative approach to target phenotypes
that are transcriptionally regulated.5”:58 This is an advantage over bispecific toxins based on
the anthrax protective antigen.18:17 In conclusion, complementing PE3 represents a
potentially flexible platform for developing bispecific therapeutics by targeted transduction
of the fragments or by delivery as transgenes under the control of specific promoters. Given
the vast body of experience with exotoxin-based therapeutics,2>~27 complementing PE3 may
be readily adapted to the many exotoxin-based targeted therapies already in use.

J Mol Biol. Author manuscript; available in PMC 2015 February 06.
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MATERIALS AND METHODS

Molecular cloning

Synthetic genes were designed from sequences for Pseudomonas aeruginosa exotoxin A
(Genbank: K01397.1) and the antiparallel heterodimeric coiled coil reported by Oakley and
Kim.34 Inserts (PEa, PE, and PE3; Figure 1B) were cloned into the Nhel/EcoRl sites of
pcDNAZ3.1(+) for eukaryotic expression or T7-driven transcription in vitro. The same inserts
were cloned into the Ncol/Sacl sites of pET28b or the Ncol/Ndel sites of pET15b for
bacterial expression. PEa was also cloned as a C-terminal fusion to maltose binding protein
(MBP) in pMal-p2x (New England Biolab). All constructs for bacterial expression include
additional sequences encoding Hisg tags separated by cleavage sites for TEV protease
(ENLYFQJIG). Sequences were verified by Sanger sequencing.

Protein overexpression and purification

pET-based plasmids were transformed into BL21(DE3)Star E. coli (Invitrogen) and grown
in LB Miller medium at 37°C. At ODggq ~ 0.6, cells were induced with IPTG to 0.5 mM.
Induction was maintained for 4 to 5 h. Cells were harvested by centrifugation at 6,000 x g
for 10 min. Cell pellets were resuspended in Buffer A (0.1 M TrisHCI, pH 7.5, 0.5 M NaCl,
10% wi/v glycerol, 10 mM imidazole) with PMSF added at 0.1 mM, sonicated on ice, and
cleared by centrifugation at 60,000 x g for 30 min. The supernatant was loaded onto Co-
NTA agarose resin, washed exhaustively with Buffer A, and eluted in Buffer B (Buffer A
with 150 mM imidazole). Fractions were checked by SDS-PAGE with Coomassie Blue
staining. Protein concentration was determined by UV absorption at 280 nm based on a
calculated extinction coefficient of 91,790 and 16,960 M~1 cm™1 for uncleaved PEa and
PE fragments, respectively. Recombinant TEV protease (plasmid 8830; Addgene) was
overexpressed in E. coli strain BL21(DE3)-RIL and purified on Co-NTA as described.8”

Pull-down assay

Samples (10 pg) were incubated with 100 pL of amylose-agarose slurry (New England
Biolab) for 1 h at room temperature. The resin was washed twice with 1 mL of Buffer C (20
mM TrisHCI, pH 7.4, 200 mM NaCl, 1 mM EDTA) and eluted in 150 pL of Buffer D
(Buffer C plus 10 mM maltose). Aliquots (12 pL) were separated by SDS-PAGE and
detected by Coomassie Blue staining.

Size-exclusion chromatography

Samples (300 pL) were loaded onto a Superdex 200 10/300 GL column and eluted under the
control of an AKTAPurifier instrument (GE). The column was eluted isocratically with
Buffer C at 0.5 mL/min and detected by UV absorption at 280 nm.

ADP-ribosylation assay

Yeast eEF2 was purified as previous described®® from S cerevisiae in which the native
chromosomal eEF2 has been replaced by a recombinant, C-terminally Hisg-tagged copy.
eEF2 (2 uM; extinction coefficient of 74,300 M~1 cm™1 at 280 nm) was incubated with 150
UM 6-carboxyfluorescein-17-NAD™ (Trevigen) and with or without toxin construct and/or
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unlabeled NAD™* (750 uM) at 30°C for 2 h. These assay conditions are based on kinetic
characterizations reported by Douglas and Collier.89 Unincorporated and eEF2-bound
fluorescent label were separated by centrifugation through a desalting spin column (MWCO
7,000; Thermo Scientific). Fluorescence of the eluate was read in a black 96-well plate with
a plate reader at 485/528 nm.

In vitro protein synthesis assay. Rabbit reticulocyte lysate (Promega) was treated with
purified proteins or their corresponding mRNA (generated by in vitro transcription of the
pcDNA-based plasmids) in the presence or absence of NAD*. Samples for SDS-PAGE
analysis were incubated with a methionine-free amino acid mixture supplemented with
[35S]-methionine (1175 Ci/mmol; MP Biomedical, Solon, OH). Following incubation at
30°C for 30 min, 400 ng of firefly luciferase mMRNA were added. After an additional 90 min
incubation, luciferase was assayed by chemiluminescence (unlabeled samples) using a
commercial luciferin reagent (Promega) or by SDS-PAGE (3°S-labeled samples). Gels were
dried onto blotting paper and visualized by phosphorimagery using a Storm 860 instrument
(GE Healthcare).

Cell culture and transfection

HEK?293 cells were maintained in RPMI 1680 medium containing 10% heat-inactivated
fetal bovine serum. Cells were seeded in 24- or 96-well plates in complete medium at 10° or
2 x 10% per well, respectively, 24 h before transfection. Cells in 24-well plates (500 uL)
were transfected with 500 ng plasmid DNA per well using Fugene HD (Promega), according
to the manufacturer’s directions. Cells in 96-well plates (100 pL) were transfected with 50
ng of DNA using a reverse transfection procedure.

Cell-based protein synthesis assay

At 24 or 48 h after transfection, medium was replaced with leucine-deficient medium
supplemented with 1 UCi of [3H]-leucine/mL (Perkin Elmer, Billerica, MA) and incubated
for 1 h. Plates were washed twice with 1 mL of PBS and counted in 0.5 mL scintillation
fluid. Counts were normalized to cells transfected with pcDNA3.1 vector.

Alternatively, a destabilized-EGFP reporter plasmid was constructed by subcloning the
CMV promoter from pcDNA3.1(+) between the Bglll/Kpnl sites of pd2EGFP-1 (Clontech).
HEK293T cells stably expressing this construct were transiently transfected with PE3-
related plasmids. After 24 h, cellular fluorescence was measured by flow cytometry at
488/510 nm. Data were gated to an untransfected sample and analyzed using FlowJo (Tree
Star, Ashland, OR). A minimum of 10,000 events were counted for each sample.

Cell viability assay

At the indicated time points after transfection, cell viability was assessed by the metabolic
reduction of XTT or resazurin. The XTT assay was performed in 24-well plates by adding
100 pL of activated XTT reagent (Biotium, Hayward, CA) to each well. After 6 h,
background absorbance (675 nm) and absorbance of reduced XTT (475 nm) were measured
and subtracted. For resazurin reduction, cells were reverse-transfected in 96-well black
plates. Twenty pL of resazurin reagent (Cell-Titer Blue, Promega) was added to each well
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and incubated at 37°C for 2 h. Resorufin fluorescence was measured at 530/565 nm. All
treatment data were normalized to cells transfected with pcDNA3.1 vector alone.

Data analysis

Statistics and least-square curve fitting was performed using Origin (Northampton, MA).
Hypothesis testing was performed by two-sample t-tests or ANOVA with Bonferroni’s
method for multiple comparisons. Statistical comparison is taken at p < 0.05. Error bars
denote standard error of the mean (SEM) from replicate experiments as indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS
PE3 Pseudomonas aeruginosa exotoxin A domain 11 (residue 400 to 613)
ADPRT ADP-ribosyltransferase
eEF2 Eukaryotic elongation factor 2
MBP Maltose-binding protein
RRL Rabbit reticulocyte lysate
DT Diphtheria toxin
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Figure 1. Design of split PE3
A, Backbone trace of PE3 (residues 400 to 613) taken from the refined structure of the wildtype exotoxin A (PDB: 1I1KQ),

colored by B-factor. The four mobile loops identified are labeled L1 to L4. The site of dissection, Asp#88/Ala%89, is indicated by

the solid triangle. The catalytically essential Glu553 residue is shown in gold. B, Schematic and homology model (templated to

PDB co-ordinates from 1DMA and 1R48) of the fusion constructs PEa and PEP generated by linking the split PE3 fragments to
a heterodimeric coiled coil by Oakley and Kim 34, NAD* is shown as black sticks.
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Figure 2. Structural complementation of split PE3 restores enzymatic activity
ADP-ribosyltransferase activity was measured by incorporation of 6-carboxyfluorescein-17-NAD™ into yeast eEF2 as described

in Materials and Methods. Background intensity refers to the fluorescence of a mock sample containing fluorescein-NAD*
alone. PE3 constructs were present at 20 UM (complex in the case of split PE3 fragments). The split PE3 fragments harboring a
heterospecific coiled-coil are designated a and B, and their coiled-free counterparts A and B, following the nomenclature as
described in the main text. Bars represent means + SEM from duplicate measurements. Asterisks indicate statistically significant
differences (p < 0.05) from background. Note the lack of ADPRT activity in coil-free PE3-A and PE3-B.
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Figure 3. Comparative enzymatic activities of split and intact PE3
ADPRT activity was measured by incorporation of 6-carboxyfluorescein-17-NAD* into yeast eEF2 as described in Materials

and Methods. Concentrations for split PE3 refer to the PEa.:PER complex (harboring a heterodimeric coiled coil) or PE-A+PE-B
(coil-free). The coil-free fragments do not heterodimerize as judged by pull-down experiments (Figure S2, Supplementary
Data). Relative fluorescence incorporation was normalized against the fluorescence of a mock sample containing fluorescein-
NAD™* alone. Symbols represent means + SEM from duplicate measurements. Lines are best fits to the Hill equation.
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Figure 4. Split PE3 inhibits protein synthesisfollowing structural complementation in a dose-dependent manner
Rabbit reticulocyte lysate (RRL) was treated with various purified constructs as indicated for 30 min. prior to the addition of 400

ng of luciferase MRNA. Residual translational activity was measured as [°S]-labeled luciferase or by luciferin
chemiluminescence. A, Lysate were treated with the indicated protein constructs at 300 nM in the presence or absence of 50 uM
NAD*. Densitometric measurements of [3°S] incorporation for all samples, except for intact PE3 and the a+p heterodimer in the
presence of NAD*, were randomly +15%. B, RRL was titrated with intact PE3 (solid squares) or TEV-activated PE3 a+p
heterodimer (open squares) in the presence of 50 pM NAD*. C, Titration with NAD™ in the presence of 300 nM intact PE3
(solid) or a+p heterodimer (open). Symbols represent means of four experiments = SEM. Lines are best fits to the Hill equation.
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Figure 5. Complementation of genetically encoded split PE3 inhibits protein synthesisin vitro and in live cells
A, Rabbit reticulocyte lysate was treated with purified mMRNA encoding the indicated constructs in the presence of 50 uM

NAD™. Two different total MRNA doses (800 and 400 ng) were used. To account for the depletion of amino acid precursors
prior to addition of luciferase mMRNA, 800 ng of a control mMRNA encoding for EGFP was also tested. Densitometric comparison
of [3°S] incorporation with a no-mRNA sample showed ~50% lower intensity for EGFP and other samples (except for those
treated with intact PE3 and the a+f heterodimer, which are undetectable above background). B, HEK293 cells were transfected
with expression plasmids encoding intact PE3 or various combinations of PEa and/or PEP fragments. After 24 and 48 h, protein
synthesis was measured by [3H]-leucine incorporation. Bars represent means + SEM relative to vector control from triplicate
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experiments. Asterisks without brackets indicate statistically significant differences (p < 0.05) from vector control for the
corresponding time point. Brackets indicate pairwise comparisons as shown. C, HEK293T cells stably expressing a destabilized
EGFP (dEGFP) were transfected with plasmids as for the [3H]-leucine uptake assay. Cellular dEGFP was measured by flow
cytometry at 24 h after transfection. Bars represent means + SEM relative to vector control from four experiments.
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Figure 6. Co-transfection of split PE3 causes cell death
HEK?293 cells were transiently transfected with expression plasmids encoding the indicated constructs and incubated for 48 or

72 h. A constant amount of total DNA (500 ng per 10° cells) was used in each treatment. A, Cytotoxicity relative to intact PE3
was measured by XTT reduction. Bars represent means of viability relative to vector + SEM from four experiments. Asterisks
without brackets indicate statistically significant differences (p < 0.05) from vector control for the corresponding time point.
Brackets indicate pairwise comparisons as shown. B. Relative dose dependence of cytotoxicity as measured by resazurin
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reduction. The dose of plasmids encoding each construct was diluted with vector as indicated while maintaining the total DNA
at 500 ng. Symbols represent means of four experiments + SEM. Lines are best fits to the Hill equation.
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