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Abstract

The folate receptor (FR) has been widely recognized as an excellent target for the tumor-selective
delivery of cytotoxic agents, and four folate-drug conjugates have entered clinical evaluations for
the treatment of solid tumors to date. However, most of these conjugates required structural
modification of the cytotoxic warheads in order to achieve efficient drug release from the linkers.
We designed and constructed a novel folate conjugate of a highly-potent next-generation taxoid,
SB-T-1214, by exploiting bioorthogonal Cu-free “click” chemistry. The synthesis was highly
convergent and required no HPLC purification to obtain the final folate-taxoid conjugate 1.
Conjugate 1 demonstrated highly FR-specific potency (ICsq 2.1-3.5 nM) against a panel of cancer
cell lines, with a >1,000-fold decrease in cytotoxicity against normal human cells (IC5q >5,000
nM). The remarkable potency and selectivity of conjugate 1 can be attributed to highly FR-
specific receptor-mediated endocytosis as well as efficient release of the unmodified cytotoxic
warhead using a mechanism-based self-immolative linker.
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1. Introduction

Cancer is a group of over 200 diseases characterized by the uncontrolled growth and spread
of abnormal cells. Left untreated, it results in organ failure and death. Despite the recent
advances in our understanding of the molecular processes that lead to its development and
progression, cancer remains the second most common cause of death in the U.S. and a
leading cause of death worldwide.! Traditionally, treatment options include the use of
chemotherapy, which typically entails the administration of cytotoxic agents that act on the
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processes of cell division. The rationale for this treatment modality is that rapidly dividing
cancer cells will be more susceptible to the cytotoxic effects of the drugs than healthy
bystander cells. However, in reality, this is not the case. Commonly used therapies, such as
doxorubicin, paclitaxel and cisplatin, cause severe dose-limiting side effects due to their
adverse effects on the highly-proliferating cells in certain tissues, including the bone
marrow, heart and Gl tract. Therefore, there is an urgent need to develop safe and effective
alternatives to the existing chemotherapy options.

One strategy that has gained significant attention in recent decades is the use of tumor-
targeted drug delivery systems (TTDDS’s). By exploiting the molecular and physiological
differences between healthy and cancerous tissues, it is possible to rationally develop a
TTDDS that has the capability to deliver cytotoxic agents selectively to cancer cells thereby
reducing the off-target side-effects observed with traditional chemotherapy. An effective
TTDDS is typically composed of three basic components, i.e., (i) a highly potent cytotoxic
drug, (ii) a tumor-recognition moiety that directs the drug conjugate to cancer specific
receptors and promotes efficient internalization into cancer cells via receptor-mediated
endocytosis (RME), and (iii) a smart linker that is stable in blood plasma yet efficiently
releases the drug upon internalization.

The next-generation taxoids developed in our laboratory have demonstrated remarkably
enhanced potency against drug-sensitive and drug-resistant cancer cells, as well as tumor
xenografts, as compared to paclitaxel and docetaxel. 2 With subnanomolar 1Cs values
against a broad panel of cancer cell lines, these compounds are ideally suited to be used as
high-potency warheads for TTDDS’s.3 Many of these taxoids retain their remarkable
potency against multidrug resistant cell lines derived from colon, pancreatic and renal
cancers that overexpress the P-glycoprotein efflux pump.2 For example, one such next-
generation taxoid, SB-T-1214 has demonstrated profound activity against 3D-spheroids
derived from highly metastatic colon cancer stem cells, causing the down-regulation of stem
cell-related genes and eventually leading to apoptosis.* Accordingly, this next-generation
taxoid has been incorporated into various TTDDS’s, bearing biotin and omega-3-fatty acid
as tumor-targeting modules (TTMs),>7 as well as single-walled carbon nanotubes and
dendrimers as nano-scale vehicles.8-10

It is essential to use a well-designed mechanism-based linker system for efficacious TTDD.
The self-immolative disulfide linkers, which we have been developing, are rapidly cleaved
following internalization of drug conjugates, resulting in a cascade drug release via
thiolactonization to release the unmodified original drug (Figure 1).3 As the concentration of
glutathione is three orders of magnitude greater in tumor cells compared to that in the blood,
disulfide linkers are stable in circulation, yet break down during receptor mediated
endocytosis (RME).1 This mechanism-based drug release was demonstrated using a
fluorinated model system by 19F NMR spectroscopy, 3 12: 13 and has been validated in vitro
by confocal fluorescence microscopy (CFM) and flow cytometry using fluorescent probes.>
Thus, this “smart-linker system” has been successfully integrated into macromolecule- and
small molecule-based TTDDS’s.3: > 8
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Folic acid, also known as vitamin Bg, is the precursor for tetrahydrofolate and is necessary
for many biological processes required in cell division, such as DNA synthesis and repair.1
Consequently, many tumors exhibit greatly enhanced folate uptake and overexpress the
transporters required for its internalization.1® Folic acid—drug conjugates are internalized via
the folate receptor (FR), which is highly expressed in some tumors and virtually absent in
most healthy tissues.18 Folate-mediated tumor targeting has been demonstrated to be highly
effective both in vitro and in vivo.1” To date, four folate-drug conjugates have been
evaluated in clinical trials for the treatment of solid tumors and the leading candidate,
Vintafolide, has advanced to the phase Il clinical trials in patients with platinum resistant
ovarian cancer, and recently obtained expedited approval by EU.18-21 Thus, the FR is a
widely accepted and validated target for TTDD.

We report here the design, synthesis and biological evaluation of a novel and highly potent
folate—taxoid conjugate with extremely high specificity to FR-overexpressing cancer cell
lines.

2. Results and Discussion

2.1. Design of Folate-Taxoid Conjugate

As Figure 2 illustrates, conjugate 1 was designed to include a folic acid moiety for tumor
targeting, a PEGylated dipeptide spacer and a self-immolative linker bearing a highly-potent
next-generation taxoid, SB-T-1214. Due to the finite number of FRs (1-3 x 106)15.22 on a
given tumor cell and the 8-12 hour receptor recycling rate,3 the use of potent warheads
with ICgq values of low nM or below is necessary to achieve meaningful activity in solid
tumors.24 Furthermore, the cytotoxic drug should be released inside the cancer cell
unmodified to fully retain its activity. Early drug conjugates that did not possess these
qualities were found to possess insufficient potency and/or specificity.2>-27 Thus, our
TTDDS bearing a self-immolative disulfide linker and a highly potent next-generation
taxoid is ideally suited for the development of FR-targeted drug conjugates.

We developed a convergent and scalable route to the novel folic acid—taxoid conjugate 1. As
Figure 2 shows, we incorporated a chemically modified Glu-Arg dipeptide unit as a handle
for bioorthogonal chemistry, i.e., click reaction, and used solid phase peptide synthesis
(SPPS) to construct a water-soluble folyl-dipeptide component 2, bearing an azidoethy!l
triethylene glycol moiety in the Glu residue. Charged amino acid residues were incorporated
into the conjugate to reduce passive diffusion to cells?® and to increase the solubility of the
folic acid moiety to facilitate chemical transformations. The use of a cyclooctyne group in
the taxoid-linker component 3 enables a Cu-free click reaction?® with component 2 to
assemble the conjugate 1 in minimal linear synthetic steps without need for elimination of
residual Cu-related impurities.

2.2. Synthesis of Conjugate 1

The synthesis of component 2 by means of SPPS is illustrated in Scheme 1. First, the EDC
coupling of Fmoc-(S-Glu-OBut with 11-azido-3,6,9-trioxaundecan-1-amine gave 4 in 83%
yield, and the subsequent deprotection of tert-butyl ester gave Fmoc-Glu(w-N3)-OH (5) in

nearly quantitative yield.
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Next, the peptide couplings, starting with Fmoc-(S)-Arg(Pbf)-Wang resin (6), were
performed sequentially using HOBt and HBTU as coupling agents and piperidine for Fmoc
deprotection. The sequence of couplings was as follows (Fmoc of the Wang-resin bound
amino acid or peptide was removed before coupling in each case): (i) 6 with 5 to form
Fmoc-Glu(w-N3)-Arg-O-Wang; (ii) H-Glu(w-N3)-Arg-O-Wang with Fmoc-(9)-Glu(y-OH)-
a-OBut to afford Fmoc-Glu(a-OBub)-y-Glu(w-Ns3)-Arg-O-Wang. Finally, H-Glu(a-OBut)-y-
Glu(w-N3)-Arg-O-Wang was coupled with N10-trifluoroacetylpteroic acid to afford y-(N1°-
trifluoroacetyl-a-OBut-folyl)-Glu(w-N3)-Arg-O-Wang, which was treated with TFA/
TIPS/H,0 to cleave the peptide from the Wang resin to give y-(N19-trifluoroacetylfolyl)-
Glu(m-N3)-Arg-OH (7) in 56% overall yield from 6. The trifluoroacetyl group of 7 was
removed by ammonium hydroxide to afford y-folyl-Glu(w-N3)-Arg-OH (2) in quantitative
yield.

Initial attempts at conjugation were made by using the standard Cu(l)-catalyzed click
chemistry. However, the Cu-mediated reaction failed to produce the desired conjugation
product, probably due to the interactions between Cu(l) and free folic amide as well as basic
amino acid residues. Accordingly, a Cu-free and strain-promoted azide-cyclooctyne [3+2]
cycloaddition was employed for the final conjugation.29 Cyclooctynylmethyl-benzoate 8
was prepared using the literature procedure2® with modifications, which gave the desired
product 11 in significantly improved overall yield (Scheme 2).2° Hydrolysis of 8, followed
by NHS activation provided activated ester 10. Using excess 4,7,10-trioxa-1,13-
tridecanediamine, 10 was converted to monosubstituted amino-PEG3-cyclooctyne 11 in
good isolated yield.

Drug-linker construct 12, bearing SB-T-1214 and the self-immolative disulfide linker was
synthesized according to the procedure previously reported by us.3? Cyclooctyne-PEG-
amine tether 11 was coupled to the free acid of 12 to afford click-ready taxoid conjugate 3.
When equimolar amounts of 2 and 3 were reacted in a 1:1 ethanol:water mixture, drug
conjugate 1 was formed and precipitated out of solution during the course of the reaction. In
this way, 1 was isolated by centrifugation and filtration in 60% yield, without
chromatographic purification (Scheme 3). Thus, this synthetic strategy using Cu-free click
chemistry without any protecting groups in the coupling partners avoids any use of HPLC
purification, which may be adapted for gram-scale preparation of taxoid-folate conjugate 1

We assessed the FR-specific anticancer activity of conjugate 1, as compared to free SB-
T-1214 and paclitaxel in cell lines with varying degrees of FR expression, i.e., ID8 (murine
ovarian, FR***),31 MX-1 (human breast, FR**), L1210-FR (murine leukemia, FR**)3! and
WI-38 (normal human lung fibroblast, FR— 32 33), Results are summarized in Table 1. As
anticipated, free SB-T-1214 was found to be highly potent with single digit nanomolar ICsg
values against all cell lines, including normal cell line, WI38. In sharp contrast, conjugate 1
did not show any appreciable cytotoxicity against W138 (ICsg >5,000 nM), while exhibiting
excellent potency, equal to that of SB-T-1214, against D8 ovarian cancer cell line (FR***).
The result suggests that conjugate 1 was internalized by receptor-mediated endocytosis
(RME) and released a free drug (SB-T-1214) inside the cells highly efficiently. The result
also indicates that there was sufficient endogenous glutathione (GSH) or other thiols in this
cancer cell line.
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Conjugate 1 also exhibited high potency against MX-1 (FR**) and L1210FR (FR**) cell
lines. Although the 1Csq values for conjugate 1 were in the same range as those for SB-
T-1214 by taking into account the standard deviations (S.D.s), there was a possibility that
the endogenous thiol level was not sufficient in this cell line. If it were the case, free SB-
T-1214 would not be released in spite of efficient internalization of 1. In order to examine
this possibility, two experiments were performed, i.e., (i) addition of glutathione ethyl ester
(GSH-OEt) after 24 h incubation followed by additional 48 h incubation and (ii) addition of
GSH at the 24 h period followed by additional 48 h incubation. Thus, the total incubation
time was 72 h, which was the same as the experiment without addition of GSH-OEt or GSH.
Since GSH-OEt would get into the cancer cells, while GSH would not, the comparison of
two results should indicate the extent of internalization and release of free SB-T-1214
outside and inside of the cancer cells.

As Table 1 shows, the IC5q value of conjugate 1 against MX-1 was reduced to 2.08 + 1.30
nM on addition of GSH-OEt, which was the same as that for free SB-T-1214 within S.D.,
while the value was unchanged by the addition of GSH. The result may suggest that the
endogenous thiol in MX-1 cells was not quite sufficient to release all warheads inside the
cells. In the case of L1210FR, there seems to no change in ICsq values by the addition of
GSH-OEt or GSH within S.D. Also, the 1C5q values for free SB-T-1214 and conjugate 1 are
comparable within S.D. Thus, it appears that there was more or less sufficient endogenous
thiol to release warheads. The results clearly demonstrate that the internalization of
conjugate 1 via RME was excellent for these two FR** cells.

It should be noted that there was more than three orders of magnitude difference in the ICsg
values against FR-overexpressing cancer cells and that against FR- cells, i.e., normal WI138
cells. This demonstrates the extremely high cancer cell selectivity of conjugate 1 through
FR-targeting.

It would also be worthy of note that the RPMI cell culture medium used in the MTT assays
naturally includes folic acid, which could interfere with the RME of conjugate 1.
Nevertheless, the results shown in Table 1 indicate that the internalization of conjugate 1 via
FR-RME was not affected by the folic acid in the RPMI medium, which may imply that
folic acid necessary for cell growth is predominantly supplied to the cells through folate
transporter such as the reduced folate carrier,34 but not via FR-RME.

In conclusion, we have constructed novel taxoid-folate conjugate 1, using a combination of
SPPS with synthetically modified amino acids and Cu-free click chemistry. The synthetic
route requires no HPLC purification and can therefore be adapted for a gram-scale synthesis
of this conjugate. Conjugate 1 exhibited highly FR-specific potency against a panel of
cancer cell lines, and a >1,000-fold decrease in cytotoxicity against healthy cells, as
compared to the free drug. The remarkable FR-specific potency exhibited by conjugate 1
demonstrates the power of rational drug-conjugate design in the context of developing safe
and effective new chemotherapy options. Further biological evaluation of folic acid
conjugates of next generation taxoids is actively underway in our laboratory.
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3. Experimental

General Methods

Materials

1H and 13C NMR spectra were measured on a Varian 300 MHz spectrometer or a Bruker
400 or 500 MHz NMR spectrometer. Melting points were measured on a Thomas-Hoover
capillary melting point apparatus and are uncorrected. TLC was performed on Sorbent
Technologies aluminum-backed Silica G TLC plates (Sorbent Technologies, 200 um, 20 x
20 cm), and column chromatography was carried out on silica gel 60 (Merck, 230-400 mesh
ASTM). LC/HRMS analysis was performed on an Agilent LC-UV-TOF system with a
G6224A TOF mass spectrometer, operating in the n/z range of 100-3200 Da with a
resolution of 20,000 at m/z = 1,522 Da. Purity was determined with a Shimadzu L-2010A
HPLC HT series HPLC assembly, using a Phenomenex® PFP column (Kinetex, 2.6y, 100 x
4.6 mm) with aqueous ammonium acetate and acetonitrile as the mobile phase at a flow rate
of 0.6 mL/min and a gradient of 40 — 80% acetonitrile for the 0-40 minute period. Low-
resolution mass spectra were obtained using flow injection analysis on an Agilent LC-MSD
with a single quadrupole mass analyzer operating in the m/z range of 100-1500 Da. High-
resolution mass spectra were obtained at the Institute of Chemical Biology & Drug
Discovery Mass Spectrometry Laboratory, Stony Brook, NY, or at the Mass Spectrometry
Laboratory, University of Illinois at Urbana Champaign, Urbana, IL.

The chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and VWR
International, and used as received or purified before use by standard methods. N10-
trfluoroacetylpteroic acid was purchased from Irvine Chemistry Laboratory and used as
received. Tetrahydrofuran was freshly distilled under nitrogen from sodium metal and
benzophenone. Dichloromethane was distilled under nitrogen from calcium hydride. 3,6,9-
Trioxa-11-azido-undecan-1-amine was prepared according to the literature method.3> 10-
Deacetylbaccatin 111 was generously provided by Indena, SpA, Italy.

3.1. Fmoc-Glu(w-N3)-OtBu (4)36—To a solution of Fmoc-(S)-Glu-OtBu (200 mg, 0.47
mmol) and 3,6,9-trioxa-11-azido-undecan-1-amine (120 mg, 0.56 mmol) in CH,Cl, (10 mL)
was added a suspension of EDCeHCI (135 mg, 0.71 mmol) in CH,Cl, (5 mL). The solution
was stirred at room temperature for 4 hrs and the reaction was monitored by TLC. Upon
completion of the reaction, water (20 mL) was added to the reaction mixture and extracted
with CH,Cl, (3 x 20 mL). The combined organic layers were washed with brine (3 x 15
mL.), dried over MgSQy, filtered and the filtrate was concentrated in vacuo. The crude
product was purified by column chromatography on silica gel with increasing amounts of
EtOAC in hexanes (hexanes:EtOAc 1:0-1:3) to afford 4 (234 mg, 83%) as a white solid: 1H
NMR (400 MHz, CDCls3) 6 1.46 (s, 9H), 1.95 (m, 1H), 2.16-2.27 (m, 3H), 3.34 (m, 2H),
3.44 (m, 2H), 3.55 (m, 2H), 3.63 (m, 10H), 4.21 (m, 2H), 4.39 (m, 2H), 5.69 (d, J = 8.0 Hz,
1H), 6.27 (s, br, 1H), 7.30 (t, J = 7.6 Hz, 2H), 7.39 (t, J = 7.2 Hz, 2H), 7.60 (m, 2H), 7.75 (d,
J=7.6 Hz, 2H); 13C NMR (100 MHz, CDCl3) § 28.01, 28.73, 32.51, 39.33, 47.21, 50.67,
54.11, 60.39, 66.94, 69.75, 70.01, 70.27, 70.53, 70.60, 70.66, 82.37, 119.97, 125.15, 127.08,
127.71, 141.31, 143.75, 143.96, 156.25, 171.16, 171.97. HRMS (ESI) calcd for
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C3oH44N50g (M+H)*: 626.3190, found: 626.3188 (A —0.3 ppm, —0.2 mDa). All data were
in agreement with literature values.36

3.2. Fmoc-Glu(w-N3)-OH (5)36—A solution of 4 (170 mg, 0.15 mmol) in CH,Cl, (8 mL)
was cooled to 0 °C and TFA (2 mL) was added dropwise. The mixture was stirred at 0 °C
for 3 hrs and the reaction progress was monitored by TLC. Upon completion of the reaction,
the mixture was diluted with CH,Cl, (30 mL), washed with H,O (5 x 20 mL) until the pH
of the aqueous was no longer acidic. The organic layer was then dried over MgSQy, filtered,
and the filtrate was concentrated in vacuo to afford 5 as a yellow oil that was triturated using
ether/hexanes to an off-white solid (155 mg, 98%): 1H NMR (400 MHz, CDCl3) § 2.11 (m,
1H), 2.19 (m, 1H), 2.39 (m, 1H), 2.48 (m, 1H), 3.35 (m, 2H), 3.46 (m, 2H), 3.55 (m, 2H),
3.63 (m, 10H), 4.21 (t, J = 7.2 Hz, 1H), 4.37 (m, 2H), 6.01 (d, J = 6.8 Hz, 1H), 6.69 (s, br,
1H), 7.30 (t, J = 7.2 Hz, 2H), 7.39 (t, J = 7.2 Hz, 2H), 7.59 (m, 2H), 7.75 (d, J = 7.6 Hz,
2H); 13C NMR (100 MHz, CDCls) § 28.62, 32.30, 39.60, 47.12, 50.61, 53.40, 67.04, 69.45,
69.93, 70.11, 70.40, 70.54, 119.96, 125.14, 125.20, 127.12, 127.73, 141.28, 143.70, 143.93,
156.27, 173.56, 173.62. HRMS (ESI) calcd for CogH3sN50g (M+H)*: 570.2564, found
570.2560 (A —0.7 ppm, —0.4 mDa). All data were in agreement with literature values.36

3.3. N10.-TFA-Folyl-Glu(w-Ng)-Arg-OH (7)—Fmoc-Arg(Pbf)-Wang resin (6) (150 mg,
75 pmol) was suspended in DMF (2 mL), shaken 1 hr, and the solution was filtered off. A
20% solution of piperidine in DMF (2 mL) was added to the resin, and the mixture was
shaken for 30 min. The solvent was filtered off, and the resin was washed with DMF (2 x 2
mL). A solution of 5 (130 mg, 225 pmol), DIPEA (165 pL), HOBt (35 mg, 225 pmol) and
HBTU (85 mg, 225 umol) in DMF (1.835 mL) was added to the resin, and the reaction
mixture was shaken for 4 hrs. The solution was then filtered off and the beads were washed
with DMF (3 x 2 mL).

To the resin was added a 20% solution of piperidine in DMF (2 mL), and the mixture was
shaken for 30 min. The solution mixture was filtered off, and the resin was washed with
DMF (2 x 2 mL). A solution of Fmoc-Glu-OtBu (95 mg, 225 umol), DIPEA (165 L),
HOBt (35 mg, 225 pmol) and HBTU (85 mg, 225 pmol) in DMF (1.835 mL) was added to
the resin, and the reaction mixture was shaken for 4 hrs. The solution was filtered off, and
the resin was washed with DMF (3 x 2 mL). At this stage, a qualitative ninhydrin test was
performed, and, if free amine was observed, the previous coupling step was repeated.

To the resin was added a 20% solution of piperidine in DMF (2 mL), and the mixture was
shaken for 30 min. The solution was filtered off, and the resin was washed with DMF (2 x 2
mL). A small aliquot was dried in vacuo, and a 95:2.5:2.5 mixture of TFA:TIPS:H,0 (50
uL) was added to the resin. After 30 min, the solution was siphoned off with a pipette and
evaporated by N stream before being dissolved in methanol to run FIA analysis for H-
Glu(a-OBuY)-y-Glu(m-N3)-Arg-OH. MS (ESI) calcd for CosHgsN19010 (M+H)*: 633.33,
found 633.3.

A solution of N10-TFA-pteroic acid (90 mg, 225 pmol), DIPEA (165 pL), HOBt (35 mg,
225 pmol) and HBTU (85 mg, 150 pmol) in DMF (1.835 mL) was added to the resin, and
the reaction mixture was shaken for 4 hrs. The solution was filtered off, and the resin was
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washed with DMF (3 x 2 mL). A small aliquot was dried in vacuo, and a 95:2.5:2.5 mixture
of TFA:TIPS:H,0 (50 pL) was added to the resin. After 30 min, the solution was siphoned
off with a pipette and evaporated by N, stream before being dissolved in methanol to run
FIA analysis for y-(N10-trifluoroacetyl-a-OBut-folyl)-Glu(w-N3)-Arg-OH. MS (ESI) calcd
for C4oHs54F3N16013 (M+H)*: 1023.40, found 1023.4.

The resin was then transferred into a conical vial, dried in vacuo and a 95:2.5:2.5 mixture of
TFA:TIPS:H,0 (2 mL) was added. The mixture was shaken lightly for 1 hr and the yellow
solution was siphoned off with a pipette, transferred to a round bottom flask, and the
solution was concentrated in vacuo. Upon the addition of ether (5 mL), the yellow oil was
triturated to a pale yellow solid, which was dissolved in water (20 mL), washed with ether (3
x 10 mL), and lyophilized to afford 7 (43 mg, 56%) as a pale yellow solid: 1H NMR (400
MHz, CD30D) 6 162-1.80 (m, 4H), 1.83-1.98 (m, 3H), 2.06-2.18 (m, 2H), 2.28-2.40 (m,
1H), 2.36 (t, J = 7.6 Hz, 2H), 2.45 (t, J = 8.4 Hz, 2H), 3.24 (m, 2H), 3.37 (m, 2H), 3.55 (t, J
= 5.6 Hz, 2H), 3.60-3.71 (m, 10H), 4.31 (dd, J = 8.8, 5.6 Hz, 1H), 4.44 (m, 1H), 4.61 (dd, J
= 9.6, 4.8 Hz, 1H), 5.20 (s, 2H), 7.58 (d, J = 8.4 Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H), 8.73 (s,
br, 1H). HRMS (ESI) calcd for C4gHs4F3N16013 (M+H)*: 1023.4003, found 1023.4024 (A
2.1 ppm).

3.4. Folyl-Glu(w-N3)-Arg-OH (2)—To a round bottomed flask containing 7 (20 mg, 20
umol) was added a pH 9 solution of NH4OH in H,0 (2 mL). Deprotection of the NIO-TFA
moiety was monitored by FIA, and after 1 hr the sample was lyophilized to afford 2 (20 mg,
100%) as a pale yellow solid: MS (ESI) calcd for C3gHs5N15012 (M+H)*: 927.41, found
927.4. Compound 2, thus obtained, was used directly for conjugation with cyclooctynyl-
linker-taxoid 3 via click chemistry.

3.5. 4-(Cyclooct-2-ynylmethyl)benzoic acid (9)2°—To a solution of methyl 4-
(cyclooct-2-ynylmethyl)benzoate (8)2° (600 mg, 2.34 mmol) in dioxane (25mL) was added
water (6 mL) and LiOH (1.10 g, 45 mmol). The suspension was then heated to 50 °C for 4
hrs, and the reaction was monitored by TLC. Upon completion of the reaction, dioxane was
removed under vacuum, water (20 mL) was added, and the reaction mixture was acidified to
pH 2 with conc. hydrochloric acid. Ethyl acetate (50 mL) was added, and the organic layer
was washed with water (2 x 30 mL), brine (3 x 30 mL), dried over MgSOQy, filtered, and the
filtrate concentrated in vacuo to afford 9 (514 mg, 91%) as a white solid: 1H NMR (500
MHz, CDCl3) 6 1.36-1.47 (m, 2H), 1.58-1.66 (m, 1H), 1.66-1.89 (m, 3H), 1.90-1.96 (m,
1H), 2.72-2.78 (m, 2H), 7.27 (d, J = 8.5 Hz, 2H), 7.95 (d, J = 8.5 Hz, 2H); 13C NMR (125
MHz, CDCl3) 6 20.89, 28.49, 29.97, 34.49, 36.49, 40.31, 41.71, 51.98, 94.97, 96.17, 128.10,
128.94, 129.60, 145.69. All data were in agreement with the literature values.2®

3.6. N-4-(Cyclooct-2-ynylmethyl)benzoylsuccinimide (10)3’—To a solution of 9
(242 mg, 1.00 mmol), NHS (150 mg, 1.30 mmol) and DMAP (160 mg, 1.30 mmol) in
CH,Cl, (10 mL) was added a solution of DIC (150 mg, 1.30 mmol) in CH,Cl, (5 mL) at 0
°C. The resulting solution was stirred for 2 hrs at room temperature and the reaction was
monitored by TLC. Upon completion of the reaction, water was added (10 mL), and the
reaction mixture was extracted with CH,Cl, (3 x 15 mL). The combined organic layer was
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washed with brine (3 x 20 mL), dried over MgSOy, filtered, and the filtrate concentrated in
vacuo. The crude product was purified by column chromatography on silica gel with
increasing amounts of EtOAC in hexanes (hexanes: EtOAc 1:0 — 2:3) to afford 10 (282 mg,
83%) as a white solid: m.p. 114-115 °C; 'H NMR (500 MHz, CDCl5) § 1.45 (m, 2H), 1.66
(m, 1H), 1.72-1.91 (m, 3H), 1.98 (m, 1H), 2.10 (m, 1H), 2.15-2.22 (m, 2H), 2.71-2.82 (m,
3H), 2.93 (s, br, 4H), 7.39 (d, J = 8.0 Hz, 2H), 8.09 (d, J = 8.0 Hz, 2H); 13C NMR (125
MHz, CDCl3) 6 20.87, 25.71, 28.50, 29.95, 34.78, 36.45, 40.43, 41.71, 95.40, 95.73, 122.96,
129.52, 130.65, 148.16, 161.86, 169.31. HRMS (ESI) calcd for CogHpoNO4 (M+H)*:
340.1549, found 340.1565 (A 4.7 ppm). All data were in agreement with literature values.3’

3.7. 1-Amino-13-[4-(cyclooct-2-yn-1-yImethyl)benzamido]-4,7,10-trioxa-1,13-
tridecane (11)—A solution of 10 (100 mg, 0.30 mmol) in CH,Cl, (10 mL) was added
dropwise to a solution of 4,7,10-trioxa-1,13-tridecane-diamine (650 mg, 3.0 mmol) in
CH,Cl, (5 mL), and the resulting mixture was stirred at room temperature for 3 hrs. The
solution was washed with water (3 x 20 mL) and brine (3 x 15 mL), dried over MgSQy,
filtered, and the filtrate was concentrated in vacuo to give a yellow oil with trace white solid
of NHS. The oil was dissolved in cold Et,0O (20 mL), filtered to remove the precipitated
NHS, and the filtrate was concentrated in vacuo to afford 11 as a yellow oil (114 mg,

73%): 1H NMR (500 MHz, CDCl3) § 1.42 (m, 2H), 1.58 (m, 1H), 1.62 (t, J = 7.0 Hz, 2H),
1.63-2.03 (m, 9H), 2.06 (m, 1H), 2.18 (m, 2H), 2.66 (m, 1H), 2.70-2.81 (m, 4H), 3.45-3.72
(m, 14H), 7.24 (d, J = 7.5 Hz, 2H), 7.35 (S, br, 1H), 7.74 (d, J = 7.5 Hz, 2H); 13C NMR (125
MHz, CDCl3) 6 20.90, 28.49, 28.90, 29.97, 33.07, 34.81, 36.61, 38.56, 39.62, 40.13, 41.68,
69.50, 70.09, 70.31, 70.41, 70.49, 70.54, 94.83, 96.36, 127.03, 128.93, 132.76, 143.65,
167.31. MS (ESI) calcd for CogHa1N2O4, (M+H)*: 445.30, found: 445.3 (M+H).

3.8. 4-(Cyclooct-2-yn-1-ylmethyl)benzoyl-NH-PEG3-(CH5),NH-linker-SB-T-1214
(3)—To a solution of 11 (80 mg, 70 pmol), 10 (38 mg, 84 umol) and DMAP (11 mg, 91
umol) in in CH,Cl, (3 mL) was added EDC'HCI (16 mg, 84 mmol) at room temperature.
The resulting solution was stirred for 5 hrs, and the reaction was monitored by TLC. Upon
completion of the reaction, water was added (10 mL) and the reaction mixture was extracted
with CH,Cl, (3 x 10 mL). The combined organic layer was washed with brine (3 x 10 mL),
dried over MgSQy, filtered, and the filtrate was concentrated in vacuo. The crude product
was purified by column chromatography on silica gel with increasing amounts of methanol
in CH,Cl, (CH,Cly:methanol 1:0-20:1) to afford 3 (68 mg, 62%) as a white solid: m.p.
108-111 °C; IH NMR (500 MHz, CDCls3) § 0.86-0.99 (m, 2H), 1.06-1.15 (m, 2H), 1.14 (s,
3H), 1.23 (s, 3H), 1.28 (d, 3H), 1.34 (s, 9H), 1.36-1.45 (m, 2H), 1.54-1.61 (m, 2H), 1.66 (s,
3H), 1.70-1.97 (m, 5H), 1.72 (s, 3H), 1.74 (s, 3H), 1.90 (s, 3H), 1.99-2.08 (m, 1H), 2.04 (s,
3H), 2.10-2.20 (m, 3H), 2.24-2.42 (m, 2H), 2.35 (s, 1H), 2.48-2.56 (m, 1H), 2.60-2.75 (m,
3H), 2.88 (g, J = 6.5 Hz, 1H), 3.16-3.32 (m, 2H), 3.45 (m, 2H), 3.50 (m, 2H), 3.55 (dd, J =
11.5, 6.0 Hz, 2H), 3.55-3.75 (m, 8H), 3.79 (d, J = 7.0 Hz, 1H), 3.97 (d, J = 21.0 Hz, 1H),
4.05 (m, 2H), 4.17 (d, J = 8.5 Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H), 4.91 (dd, J = 7.0, 10.0 Hz,
1H), 4.87-5.03 (m, 4H), 5.11 (d, J = 7.0 Hz, 1H), 5.66 (d, 7.0 Hz, 1H), 6.11 (s, br, 1H), 6.18
(t, J=9.0 Hz, 1H), 6.29 (s, 1H), 7.03 (s, br, 1H), 7.20-7.35 (m, 3H), 7.22 (d, J = 8.0 Hz,
2H), 7.47 (t, J = 7.5 Hz, 2H), 7.60 (t, J = 7.5 Hz, 1H), 7.71 (d, J = 8.0 Hz, 2H), 7.78 (m, 1H),
8.11 (d, J = 7.5 Hz, 2H); 13C NMR (125 MHz, CD30D) § 9.17, 9.37, 9.59, 11.47, 13.04,
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14.16, 14.84, 18.54, 20.67, 20.72, 20.91, 22.22, 22.47, 22.68, 28.26, 28.51, 29.04, 29.09,
29.99, 31.34, 31.62, 33.53, 33.67, 34.69, 34.83, 35.51, 36.66, 37.63, 37.67, 38.75, 38.79,
40.15, 41.74, 43.21, 45.68, 46.27, 46.42, 58.47, 69.76, 70.04, 70.29, 70.45, 70.51, 71.84,
72.12, 75.08, 75.20, 75.46, 76.42, 79.26, 80.98, 84.52, 94.91, 96.35, 127.02, 127.79. 127.86,
128.32, 128.66, 129.01, 129.30, 130.20, 130.52, 130.58, 131.01, 131.08, 132.64, 133.64,
137.59, 143.84, 167.00, 167.27, 168.19, 172.06, 175.07, 204.13. HRMS (ESI) calcd for
CgaH112N3021S, (M+H)*: 1562.7230, found: 1562.7192 (A —2.4 ppm). HPLC: t = 20.82
min.

Folate-taxoid conjugate (1)—To a solution of folyl-w-azide 2 (12 mg, 13 pmol) in water
(1 mL) was added a solution of cyclooctynyl-linker-taxoid 3 (20 mg, 13 pmol) in ethanol (1
mL.), and the resulting yellow solution was stirred at room temperature in the dark for 2
days. During the course of the reaction, a yellow precipitate formed and the solution became
increasingly colorless. The resulting suspension was centrifuged, the supernatant decanted
and the residual solid was washed with EtOH/H,0 (1:1) (3 x 3 mL) followed by Et,0 (3 x 3
mL). After suspension of the resulting solid in water (1 mL) and lyophilization, folate-taxoid
conjugate 1 (19.4 mg, 60%) was obtained as a yellow solid: 1H NMR (DMSO-dg, 500 MHz)
8 0.82-0.98 (m, 2H), 0.99-1.11 (m, 4 h), 1.06 (s, 3H), 1.12-1.37 (m, 4H), 1.20 (d, J=6.5
Hz, 3H), 1.24 (S, 3H), 1.39 (s, 9H), 1.43-1.90 (m, 14H), 1.53 (s, 3H), 1.61 (s, 3H), 1.67 (s,
3H), 1.72 (s, 3H), 1.82 (s, 3H), 1.92-2.12 (m, 6H), 2.13-2.30 (m, 4H), 2.31-2.41 (m, 2H),
2.34 (s, 3H), 2.66 (m, 1H), 2.72-2.94 (m, 3H), 2.95-3.21 (m, 8H), 3.40-3.52 (m, 24H,
overlaps with H,0), 5.58 (d, J = 7.0 Hz, 1H), 3.76 (m, 1H), 5.89-4.10 (m, 4H), 4.11-4.31
(m, 3H), 4.37 (m, 1H), 4.49 (s, 2H), 7.72 (m, 1H), 4.83 (d, J = 8.0 Hz, 1H), 4.89-5.10 (m,
3H), 5.17 (m, 1H), 5.49 (d, J = 7.0 Hz, 1H), 6.01 (t, 1H), 6.33 (s, 1H), 6.65 (d, J = 6.5 Hz,
2H), 6.95 (m, 2H), 7.22-7.37 (m, 5H), 7.37 (t, J = 7.5 Hz, 1H), 7.55 (t, J = 7.5 Hz, 2H),
7.58-7.72 (m, 4H), 7.75 (t, J = 7.5 Hz, 1H), 7.77 (s, br, 1H), 7.89 (s, br, 1H), 8.02 (d, J = 7.5
Hz, 2H), 8.07 (s, br, 1H), 8.32-8.45 (m, 2H) 8.41-8.49 (m, 1H), 8.65 (s, 1H); 13C NMR
(125 MHz, DMSO-dg) & 8.76, 8.84, 10.24, 13.15, 14.21, 18.36, 20.38, 20.47, 20.76, 21.51,
21.91, 22.99, 23.69, 24.80, 25.13, 25.96, 26.08, 26.81, 27.73, 27.92, 28.23, 28.39, 29.19,
29.50, 29.81, 29.88, 30.03, 31.28, 31.64, 32.06, 32.39, 32.95, 33.06, 35.24, 35.41, 35.89,
36.26, 36.30, 36.40, 37.05, 37.09, 38.27, 38.29, 43.49, 45.96, 46.11, 46.40, 46.69, 47.42,
47.69, 49.74, 52.45, 53.03, 53.49, 57.95, 68.52, 68.76, 69.52, 69.82, 70.01, 70.03, 70.14,
70.25, 70.34, 70.88, 71.02, 74.99, 75.12, 75.78, 77.21, 78.59, 80.87, 84.06, 111.75, 120.72,
121.90, 122.44, 127.39, 127.90, 128.40, 128.84, 129.12, 129.36, 129.99, 130.40, 131.66,
132.64, 132.95, 132.96, 133.30, 133.33, 133.89, 134.57, 136.25, 136.45, 137.31, 137.36,
139.99, 142.79, 143.35, 143.73, 144.87, 145.55, 149.05, 151.03, 154.36, 155.40, 157.58,
165.60, 166.53, 166.58, 169.27, 170.07, 170.68, 171.64, 171.94, 172.16, 172.66, 203.03.
HRMS (ESI) calcd for C1ooH167N19033822+ (M+2H)2+: 1245.5719, found: 1245.5696 (A
-1.8 ppm). HPLC: t = 5.53 min.

3.9. Cell Culture—AllI cell lines were obtained from ATCC unless otherwise noted. Cells
were cultured in RPMI-1640 cell culture medium (Gibco) or DMEM culture medium
(Gibco), both supplemented with 5% (v/v) heat-inactivated fetal bovine serum (FBS), 5%
(v/v) NuSerum, and 1% (v/v) penicillin and streptomycin (PenStrep) at 37 °C in a
humidified atmosphere with 5% CO,. L1210FR cells (a gift from Dr. Gregory Russell-
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Jones, Access Pharmaceuticals Pty Ltd., Australia) were grown as a suspension in
supplemented RPMI-1640. ID8, MX-1 and WI-38 (ATCC) cells were cultured as
monolayers on 100 mm tissue culture dishes in a supplemented RPMI-1640 cell culture
medium. Cells were harvested, collected by centrifugation at 850 rpm for 5 min, and re-
suspended in fresh culture medium. Cell cultures were routinely divided by treatment with
trypsin (TrypLE, Gibco) as necessary every 2—4 days and collected by centrifugation at 850
rpm for 5 min, and resuspended in fresh cell culture medium containing varying cell
densities for subsequent biological experiments and analysis.

3.10. In Vitro Cytotoxicity Assays—The cytotoxicities of paclitaxel, SB-T-1214 and 1
were evaluated in single-agent administrations and in time-dependent equimolar
combinations in vitro against various cancer and non-cancer cell lines by means of a
quantitative colorimetric assay using tetrazolium salt-based analysis (“MTT assay”38; MTT
= 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma Chemical Co.). The
inhibitory activity of each compound is represented by the I1Csq value, which is defined as
the concentration required for inhibiting 50% of the cell growth. Cells were harvested,
collected, and resuspended in 100 pL cell culture medium at a concentrations ranging from
0.5-1.5 x 104 cells per well over a 96-well plate. For adhesive cell types, cells were allowed
to descend to the bottom of the wells overnight, before fresh medium was added to each well
upon removal of the old medium. In DMSO stock solutions, compounds were each diluted
to a series of concentrations in cell culture media to prepare test solutions. After removing
the old medium, these test solutions were added to the wells in the 96-well plate to give final
concentrations ranging from 0.5 to 5,000 nM (100 pL), and the cells were subsequently
cultured for 72 h. For the leukemia cell lines, cells were harvested, collected, and
resuspended in the test solutions ranging from 0.5 to 5,000 nM (100 pL) at 0.5 to 0.8 x 10%
cells per well over a 96-well plate and subsequently incubated for 72 h. After removing the
test solution medium, the fresh solution of MTT in PBS (40 pL of 0.5 mg MTT / mL) was
added to the wells, and the cells were incubated at 37 °C for 3 h. The MTT solution was then
removed, and the resulting insoluble violet formazan crystals were dissolved in 0.1 N HCl in
isopropanol with 10% Triton X-100 (40 pL) to give a violet solution. The
spectrophotometric absorbance measurement of each well in the 96-well plate was run at
570 nm using a Labsystems Multiskan Ascent microplate reader. The ICsq values and their
standard errors were calculated from the viability-concentration curve using Four Parameter
Logistic Model of Sgmaplot. The concentration of DMSO per well was <1% in all cases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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flow injection analysis
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liquid chromatography
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SPPS solid phase peptide synthesis

TFA trifluoroacetate/trifluoroacetic acid
TIPS triisopropylsilane

TLC thin-layer chromatography

TOF time-of-flight

TTDDS tumor-targeted drug delivery system
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Figure 1.

Mechanism of the self-immolative disulfide linker.
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Figure 2.
Retrosynthetic analysis for the folic acid conjugate of next-generation taxoid SB-T-1214 (1)
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Scheme 1.

Synthesis of folyl(dipeptide)-PEG-azide 2

Reagents and Conditions: a) 11-azido-3,6,9-trioxa-11-undecan-1-amine, EDC'HCI, CH,Cl,,
83%; b) TFA, CH,Cl,, 98%; c) piperidine, DMF; d) 5, HOBt, HBTU, DMF; e) piperidine,
DMF; f) Fmoc-Glu(OH)-OtBu, HOBt, HBTU, DMF; g) piperidine, DMF; h) N10-TFA-
pteroic acid, HOBt, HBTU, DMF; i) TFA, TIPS, H,0, 56%; j) NH4 OH, H,0, quant.
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Scheme 2.
Synthesis of amino-PEGgs-cyclooctyne 11

Reagents and Conditions: a) LiOH, H,0, dioxane, 50 °C, 91%; b) NHS, DIC, DMAP,
CH,Cl5, 83% c.) 4,7,10-trioxa-1,13-tridecanediamine, CH,Cly, 73%.
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a) DMAP, CHoCly, 62%; b) 2, EtOH, H,0, 60%

Scheme 3.
Synthesis of folate-taxoid conjugate 1
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ICgq values (nM)?2 of conjugate 1 compared with free SB-T-1214 and paclitaxel against cancer cell lines with

varying levels of FR expression

ID8P (FR**) | MX-1¢ (FR**) | L1210-FRA (FR™) | WI-388 (FR-)
paclitaxel® 138427 5.59 +2.12 276+75 55.7+95
sB-T1o14f | 282070 1.89+0.80 2.66+1.33 4.89+224

4f 252+150 | 343+223 351+1.16 > 5,000
19 (GSH-OEY) ND. 2.08+1.30 3.35+2.00 N
1N (GSH) ND. 342+298 3.87+261 ND

aIC5o: concentration required for 50% growth inhibition;

b . h .
murine ovarian cancer cell line (F

R,

c .
human breast cancer cell line (FR**);

d . . .
murine leukemia cell line (FRY™);

ehuman lung fibroblasts (normal) cell line (FR-);

fCells were incubated with each drug for 72 h.;

gAfter cells were treated with 1 for 24 h, GSH-OEt (6 equiv.) was added and then incubated for another 48 h (Total 72 h);

hAfter cells were treated with 1 for 24 h, GSH (6 equiv.) was added, and then incubated for another 48 h (total 72 h).

INot determined.
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