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Abstract

Cell-targeting conjugates of Saporin 6, a ribosome inactivating protein (RIP), were prepared using
the Saporin Ala 157 Cys mutant, a small molecule inhibitor of integrin avp3, and a potent
cytotoxin, auristatin F (AF). The conjugates selectively and potently inhibited proliferation of
tumor cells expressing the target integrins. We anticipate that the small molecule-RIP bioconjugate
approach can be broadly applied using other small molecule drugs.

Graphical Abstract

Cell-targeting conjugates of Saporin 6, prepared using a small molecule inhibitor of integrins avb3
and avb5 and Saporin A157C mutant, selectively and potently inhibited proliferation of tumor
cells expressing the target integrins.
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Ribosome-inactivating proteins (RIPs) are extremely potent toxins that act on both dividing
and non-dividing cells through a medium size (30 kDa) enzymatic ‘A’ chain as the toxin
domain.[X] They cause damage to ribosomes in an irreversible manner by removing one or
more adenine residues from ribosomal RNA (rRNA) and thereby arresting protein synthesis.
Most RIPs are classified as either type 1 or 2 (RIP1 and RIP2). RIP1 toxins contain only the
enzymatic ‘A’ chain, whereas RIP2 toxins also possesses a cell binding lectin ‘B’ chain that
mediates its cellular uptake. It is anticipated that such toxins could mediate strong
therapeutic effects when they are targeted to tumor cells and selectively taken up by such
cells.[2] Indeed, both RIP1 and ‘A’ chain of RIP2, upon conjugation to cell-targeting agents,
such as monoclonal antibodies (Abs) or growth factors, have shown promising results in
animal models. Studies with Ab-RIP or GF-RIP conjugates, however, did not progress
beyond early Phase 1 Clinical Trials, because the conjugates generated immune responses
and caused side effects. In addition, a large molecular size of the conjugates restricted their
penetration and distribution in solid tumors.[3! In the meantime, there are indications that the
side effects and immunogenicity of a RIP conjugate are minimized through PEGylation and
by using humanized Abs.[4] Molecular size of a RIP conjugate is also reduced modestly by
replacing a full length Ab with an Ab fragment. Nonetheless, an alternative approach that
reduces the size further can offer RIP conjugates with superior efficacies. With this notion,
we are developing a small molecule inhibitor (SMI)-directed approach for RIP delivery,
which can afford SMI-RIP conjugates without increasing the molecular size of a RIP.

A SMI of a cell surface receptor mediates selective delivery of both the low molecular
weight drug and large proteins to target cells similarly to a classical monoclonal Ab. This
SMI-directed drug delivery approach can utilize potent SMIs of cancer-associated targets
that are already available in large numbers.[®] Earlier, we developed SMI-cytotoxin
conjugates, using a potent dual SMI of integrins avp3 and avp5, and monomethyl-auristatin
(MMAE). MMAE and its analog, auristatin F (AF), are potent microtubule inhibitors and
vascular damaging agents (VDA),[12] previously used in antibody-drug conjugates. Integrins
avp3 and avp5 are known to overexpress in many human tumors and by endothelial cells
lining the vasculature in angiogenic tumors. Both integrins have been targeted with several
SMIs, Abs, SMI-drug, and SMI-bioconjugates for selective cancer therapy.[*3] Our studies
with SMI-MMAE conjugates have shown that the latter mediated a selective toxicity to
tumor cells expressing the target integrins.[] Separately, we prepared a series of chemically
programmed Abs (cpAbs) by chemical programing of a monoclonal Ab, 38C2, using potent
SMIs of integrins avp3, avps, avp6, and a5p1. These cpAbs mediated a strong anti-tumor
effect selectively to tumor cells expressing the respective integrin(s).[8] Along the same line,
we have now prepared two SMI-RIPE] conjugates using a RIP1 mutant, an ‘alanine 157
cysteine’ (A157C) mutant of Saporin 6 (viz., Sap-C).[®] Both conjugates are directed to
integrins avp3 and avp5 using a potent and dual SMI 1 of these adhesion recpetors (Figure
1).[20] The second conjugate, SMI(AF)-Sap, has SMI 1 and AF, 2,[111 coupled to Sap
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through a trifunctional linker. We reasoned that AF could dissociate from the conjugate upon
tumor-uptake, and enhance cell-killing effects of the SMI-Sap. Evaluation has shown that
both the SMI-Sap and SMI(Sap)-AF conjugates mediated highly selective and strong
toxicity to tumor cells expressing the target integrins. Additional conjugation of AF to Sap in
the SMI(AF)-Sap conjugate did not further enhance the cytotoxicity of the already very
potent SMI-Sap conjugate when measured /n vitro, but might provide an advantage when
targeting a tumor.

Our studies started with synthesis of the two conjugates, SMI-Sap and SMI(AF)-Sap, which
were prepared by reacting Sap-C with compounds 3 and 4 as shown in Scheme 1 through the
maleimide-thiol coupling reaction.[24] Here, SMI 1 is coupled to maleimide function through
a bi-functional linker in compound 3, and through a tri-functional linker having AF, 2, at the
third end in compound 4. For the SMI-Sap and SMI(AF)-Sap production, the key
intermediates 3 and 4 were prepared starting with the readily available SMIs 5a or 5b in
three to five steps, (Scheme 1 and Supporting Information (SI, Scheme S-1). Separately,
Sap-C was produced in E. Coli, and isolated from the culture by cation exchange
chromatography and concentrating the eluants using Amicon (10 kDa MCWO), as
described.[®] The residual material underwent a dithiothreitol-mediated dithiol reduction
step, and was further purified by size-exclusion chromatography. Subsequently, Sap-C was
reacted with intermediates 3 and 4, and the crude products were purified using FPLC to
afford the desired SMI-Sap and SMI(AF)-Sap conjugates.

To evaluate the selectivity and cytotoxic activity of the Sap conjugates, we chose M21 and
M21-L human melanoma cells and MDA-MB-435 human breast cancer cell variants. The
M21 and M21-L cell lines express B1 integrins, including a5p1, but they differ from each
other in the expression of av integrins; while M21 cells express avp3 highly, avp5 integrin
moderately, and avp8 integrin weakly, the M21-derived M21-L cells lack the av subunit
gene and therefore express neither of the target integrins.[*®] In the MDA-MB-435 cell
model, the control cells moderately express the B3 integrin subunit gene which was knocked
down in 435B3-minus variant for comparison!1¢l. Both cell variants express low levels of
avp5 and avp6, and many of the 1 integrins.[17] We confirmed the expression of integrins
avp3 and avps in M21 cells and lack of av integrins in M21-L cells, as well as binding of
compound 1-derived cpAb 38C2-1to avp3 and avp5 integrins using M21 and UCLA-P3
cells, the latter expressing avp5 but not avp3, as described previously (Figures 3). We
further analyzed and confirmed that 38C2-1 bound strongly to OVCAA433 cells and variants
of the human colon cancer SW480 cell line, including puro control SW480, SW480 3, and
SW480 B6 cells (See Supporting Information). OVCA433 cells express integrins avp5 and
avp6, and the puro control SW480 cells express avp5 integrin, whereas in SW480 3 and
SW480 B6 cells, the B3 and B6 integrin was experimentally over-expressed.[18] These data
suggest that SMI 1 is a broad inhibitor of several av integrins, including avp3, avp5, and
avp6. Because there was no appreciable binding to M21-L cells, we concluded that 38C2-1
did not bind integrin a5B1 or other 1 integrins. We further argued that the two SMI-Sap
and SMI(AF)-Sap conjugates might mediate toxicity to M21 cells through binding to the
avp3 and avps integrins, to 435ScrB through all three avp3, avp5, and avp6 integrins,
and to 435p3-minus cells through avp5 and avp6 in the absence of B3 integrin. We
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determined the selectivity and cytotoxic activity of our first SMI-Sap conjugate by
incubating M21 and M21-L cells with the test conjugates. Unconjugated SMI 1 and the
unmodified Sap-C were used for comparison. The results are shown in Figure 4A-B.
Evidently, the SMI-Sap conjugate mediated cell-killing of M21 cells at a subnanomolar
IC50, whereas both inhibitor 1 and Sap-C were nontoxic at up to 10 nM concentration
(Figure 4A). As shown in Figure 4B, the SMI-Sap conjugate mediated toxicity to M21 cells,
whereas the M21-L cells lacking the target integrins were not affected under the conditions
tested (at 20 nM SMI conjugate).

In subsequent experiments, we examined and compared the two SMI-Sap and SMI(AF)-Sap
conjugates using M21 and M21-L cells, and determined whether AF addition in the second
conjugate amplified the effects of Sap in SMI(AF)-Sap conjugate. As shown in Figures 4C
and 4D, the SMI(AF)-Sap also mediated a strong and selective toxicity to M21 cells, but the
effect on M21 cells was not different from the SMI-Sap conjugate. These results document
two major findings. First, the SMI clearly delivers target specificity and the constructs are
stable until internalized by the target cells to enable cytotoxic activity. Second, the presence
of Sap alone as the cytotoxic moiety of the conjugates is sufficient to fully execute target cell
killing. Nevertheless, additional inclusion of AF in the SMI(AF)-Sap conjugate might
enhance desired effects within the complexity of a tumor where one type of cytotoxic moiety
might not be sufficient to achieve full target toxicity. Importantly, the unchanged efficacy
between SMI-Sap and SMI(AF)-Sap in our models demonstrates that this double conjugate
targets cells with equal selectivity and equal efficacy, providing strong evidence for stability
and maintained targeting potency of an SMI, even in a complex multi-functional conjugate.
Importantly, the /n vitro data show that the SMI(AF)-Sap conjugate is not metabolized by
the cells to release free AF, indicating that the selectivity is fully maintained with this
conjugate based targeting mechanism. In fact, using compound 14 (AF with linker), we
found that the free compound indeed caused a low toxicity to M21 cells at 20nM
concentration. This unwanted effect is eliminated when the compound is included in the
stable conjugate and taken up by the targeted cells only.

Finally, we examined the two SMI-Sap conjugates using the MDA-MB-435ScrB and 435b3-
minus cell variants, and found that both conjugates mediated a strong cytotoxic effect (IC50
values of ~5 nM) to these cells (Figures 4E, 4F). These results indicate that on tumor cells
that express multiple target integrins recognized by the SMI component of the drug
conjugate, experimental knock-down of one of at least three av containing target integrins
still left sufficient recognition sites on the tumor cells for effective cell killing. This result is
remarkable in view of the fact that avp3, the target experimentally reduced in this cell
model, is the major av integrin on MDA-MB-435 breast cancer cells. Thus, the threshold for
target expression by tumor cells to be effectively eliminated by the SMI-drug conjugates is
apparently remarkably low. The result demonstrates that the conjugates are exclusively
selective, highly effective and the targeting mechanism very sensitive.

In summary, we have shown for the first time that a RIP1 mutant, such as Sap-6 A157C,
reacts with an SMI or a heterodimer of two SMI drugs through thiol-maleimide coupling to
afford bi- or tri-functional SMI-RIP1 conjugates. In this manner, we have coupled Sap-6
A157C mutant to an SMI that targets integrins avp3 and avp5, as well as an integrin SMI-
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AF (AF as a second SMI) heterodimer to afford SMI-Sap and the SMI(AF)-Sap conjugates,
respectively. Both conjugates mediate strong and selective toxicity to tumor cells expressing
the target integrins, with addition of AF conjugation to potentially convey tumor relevant
cytotoxic efficacy while maintaining exquisite selective targeting. We conclude that this
SMi-directed strategy for RIP delivery might be broadly applied using other RIPs and SMIs,
while inclusion of second SMI drug designed to neutralize another intracellular target
through a noncleavable linker is possible without compromising selectivity and cellular
uptake of very potent SMI-RIP conjugates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structure of a RIP1 mutant, Saporin 6 alanine 157 cysteine (A157C), and small the molecule
inhibitor of integrins avp3 and avp5, as well as the potent cytotoxin, Auristatin F used here.
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Figure 2.

Analysis of Saporin and conjugates using (A) gel, and (B) ESI mass spectral analysis.
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Figure 3.
Flow cytometry analysis showing (a) the avp3/avp5 integrin expression level in M21 cells,

and (b) binding of cpAb 38C2-1, prepared by chemical programming of aldolase Ab 38C2
using a diketone derivative, 1a, of a potent avp3/avp5 integrin SMI, 1, to M21 and UCLA-
P3 tumor cells expressing the target integrins. APC labeled anti-mouse polyclonal Ab (at a
1:100 dilution, i.e., 10 pg/mL in FACS buffer) was used to detect the binding of the control
Abs (10 ug/mL) and cpAb 38C2-1 (20 pg/mL) to cells. The y-axis gives the relative mean
fluorescence intensity in linear scale, and the x-axis describes cell line name. Key: Abs used
to detect integrin expression on M21, M21-L, and UCLA-P3 cells were: VNR1 (for avp3),
P1F6 (avp5), 2077Z (avp6), 14E5 (avp8), P5D2 (B1), and P1D6 (a5).
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Effect of the SMI-Sap and SMI(AF)-Sap conjugates on cell viability and proliferation. SMI-
Sap conjugate mediates cellular toxicity to M21 cells at a subnanomolar IC50, but not to
M21-L cells (A and B). SMI 1 and Sap also show minimum toxicity to M21 cells at 20nM
concentration. SMI-Sap and SMI(AF)-Sap conjugates mediate strong toxicity (sub-
nanomolar IC50) to M21 cells (C) but not to M21-L cells. SMI-Sap and SMI(AF)-Sap
conjugates are also active against MDA-MB-435 cell variants 435 B3- in which the B3
integrin subunit gene had been knocked down, as well as to 435 ScrB in which 3 integrin
expression had been restored by transduction with the g3 wild type gene (E, F). To measure
effects of the compounds and conjugates on tumor cell viability and proliferation, 5x1034
cells were plated into 24 well plates and incubated with or without compounds and
conjugates at various concentration. After 72 hrs, cells were harvested and counted. Live
cells were identified and counted based on trypan blue exclusion. Cell-survival assay was
performed once, and there were three replicates.
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Scheme 1.
Synthesis of Sap conjugates, SMI-Sap and SMI(AF)-Sap, using Saporin 6 alanine 157

cysteine’ (Sap A157C) mutant and a small molecule inhibitor (SMI) of avp3/avp5 integrins
or the SMI-Auristatin F (AF) heterodimer. Key: a) TCEP buffer, purification using FPLC, b)
Cu-catalyzed alkyne-azide coupling (Cu-AAC) reaction, c) Peptide coupling reaction.
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