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An acyclic enediyne functions possibly through spontaneous Bergman cyclization to induce DNA cleavage,

inhibit cancer cell growth, and lead cancer cellsto apoptosis pathway.
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Abstract Enediyne cytotoxic drugs have attracted much atteribecause of their unique structure and
potent anticancer activity. However, acyclic eneély are long considered as inactive at physiolbgica
temperature due to their long C1-C6 distance. Bystitig the steric bulkiness of the functional groapthe
alkynyl termini and the electron-withdrawing effettthe ene moiety, herein, a simple acyclic enegliyas
designed and synthesized to achieve the onseeohtt Bergman cyclization at physiological tempemin
polar solvents. The spontaneous generation of idehihtermediates was confirmed through EPR aiglys
and further supported by spin trapping experimeadjcal indicator experiment, and high resolutios M
analysis. The reactive diradicals generated in agsienedia induced single and double stranded deavt
DNA, and showed high cytotoxicity to Hela cells.€Tl€s, value of the enediyne compound is comparable to

many clinical used anti-tumor agents.
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I ntroduction

Cancer is one of the major diseases seriously tdmasy the lives of human beings. Searching for
medicines employed in cancer treatment is therefdrgreat importance in medicinal chemistiyA
number of anticancer agents have been used fdcallipractice’® and there have been many ways to
load these drugs!! Unfortunately, many conventional anticancer agefase failures in their
development due to the insurgence of multidrugstasce'*** Enediyne antitumor agents, on the other
hand, are promising to solve this problem thankgh&r unique radiomimetic cytotoxic mechanisi®
Indeed, enediyne compounds are acknowledged assttbagest antitumoral agents, with their half
maximal inhibitory concentration (K ranging from submicromolar to picomolar towardswale

spreading of cancer cell lines.

Neocarzinostatin (NCS) is the first member of naltienediyne family secreted fro&ireptomyces
macromomyceticus in 1965° Afterwards, more than 20 kinds of natural enedigampounds have been
discovered, such as Calicheamicihflynemicins®! and Esperamicin®. These compounds are named for
an enediyne structure, which induce DNA cleavageancer cells through diradicals generated from a
Bergman or Bergman-like cyclization. At present, ¥@nd Calicheamicins have been employed in
clinical treatment; studies on the modificationnatural enediynes also emerdé? However, due to the
complicated molecular structure, the difficultydnemical synthesis of most natural enediyne comg®un
isolated from microorganisms brings a great obetdol the development of new types of enediynes
antitumoral drugs. For example, Nicolaou et allscflr 35 steps of organic reactions to the toyatlsesis
of Calicheamicing® Besides, the yield of natural enediynes or anaegs also problematic due to the
tedium synthetic proceduféhindering the industrialization of enediyne anticenagents. To this end,
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developing new enediyne anticancer compounds wiitiple structure and high tumor cell suppression
efficiency is of great significance.

In most cases, the chemically synthesized eneduitbssimple molecular structure are inert towards
thermal Bergman cyclization at physiological tengtere. Nicolaotf has pointed out that the C1-C6
distance of an enediyne compound should be shtmer 3.35 A (which was later on expanded by
Schreiner et al. to be 3.4A for a spontaneous Bergman cyclization to takegkt ambient temperature.
Many strategies have been adopted to lower dowmniset temperature of enediyne compounds, such as
introducing strong electron-withdrawing grou§3: coordinating with metal iori$3® or embedding the
enediyne moiety into a highly strained 9- or 10-rbemring®”*® Recently, our work revealed that by
incorporating the ene moiety of enediyne into etmtideficient maleimide framework, the onset
temperature of thermal Bergman cyclization is dcafly lowered dowr?® The maleimide-based enediyne
compounds with triethoxy group at alkyne terming active at around 100 4€#! When the orthoester
groups were hydrolyzed i@n acidic environment, the enediyne was activatedatd& Bergman
cyclization at low temperature, leading to the fatibn of reactive diradicals for DNA-cleavage and

tumor cell suppression.

Herein, by sophisticated adjusting the steric mdks of the substituents at the alkyne termini, the
onset temperature of an acyclic enediyne was muoetlldo close to physiological temperature.
Spontaneous Bergman cyclization which was attribitas arisen in polar solvents, leading to dirddica
formation. The acyclic enediyne showed remarkalftstoxicity towards Hela cell line, and induced
apoptosis in the cancer cells.

Experimental
Materials

Toluene and tetrahydrofuran (THF) were dried ovaiciom hydride and distilled before use. Other
chemicals were of commercial grade and used asivegte 3,4-Diiodo-N-benzylmaleimide 1),*?
3,3,3-triethoxy-1-propyné&® and catalyst NHC-PdgB-chloropyridind* were synthesized according to
literature procedures with minor modification. Ttetailed synthesis of these precursors is presented
the ESI.

Synthesis of enediyne compounds

2-Ethoxy-2-ethynyl-[1,3]dioxolane (compound 2). 3,3,3-triethoxy-1-propyne (4.776 g, 27.76 mmol),
succinic acid (0.147 g, 1.24 mmol), and ethylenedl (3.923 g, 63.20 mmol) are successively weighed
in a 50 ml sealed bottle. The solution system wiirsed for 2 h at 120 °C and purified by silica
chromatography with hexane/ethyl acetate = 10/&lasnt to give a colorless liquid (2.01 g 51.29%).
NMR (CDCl, ppm): 4.03-4.07 (m, 4 H, -O-GFCH,-), 3.63-3.69 (q, 2 H, J = 7.2 Hz, -QH2.55 (s, 1 H,
C=CH), 1.15-1.19 (t, 3 H, J = 7.2 Hz, @H3C NMR (CDCE, ppm): 113.1, 77.5, 71.1, 64.8, 59.6, 14.8.
HR-MS (ESI): m/z calcd. for &1,00s;Na (M + NaJ: 165.0528; found: 165.0525.
1-Benzyl-3,4-bis-(2-ethoxy-[1,3]dioxolan-2-ylethynyl)-pyrrole-2,5-dione (enediyne 3). Compoundl (263.4
mg, 0.6 mmol), Cul (45.7 mg, 40%), NHC-Pd@lchloropyridine (102.0 mg, 25%), DIPEA (244.4 mg,
1.8 mmol) were successively added to a solventurexbf dry THF (3 mL) and toluene (6 mL) under
nitrogen. Then, compouri(0.2558 g, 1.8 mmol) was added dropwisely. Thetanéxwas stirred at 20 °C
for 15 h. After the completion of the reaction aatted by TLC, the mixture was directly purified b
column chromatography over magnesium silicate (hefathyl acetate = 4 : 1) to yield a red viscous

liquid (0.12 g, 42.8%). The product was storedoat temperaturéH NMR (CDCk, ppm): 7.29-7.32 (m,
2



5 H, Ph), 4.69 (s, 2 H, Gi 4.16-4.14 (m, 8 H, Cp), 3.76-3.82 (q, 4 H, J = 7.1 Hz, @H1.24-1.27 (t, 6
H, J = 7.1 Hz, Ch. **C NMR (CDCL, ppm): 165.6, 135.5, 129.3, 128.9, 128.7, 12828.3, 128.0,
114.2, 103.3, 72.0, 65.4, 60.5, 42.8, 15.2. HR-M8§:(m/z calcd. for GsH,gNOg (M + 2H): 469.1738;
found: 469.1739.

Characterizations

H NMR (500 MHz) and*C NMR (125 MHz) spectra were recorded in chlorofd®DCl;) on an Ultra
Shield 500 spectrometer (BRUKER BIOSPIN AG, Mag8gstem 500 MHz/54 mm) and referenced to
Me,Si. Mass spectra were recorded on a Micromass LCTHidds spectrometer using the ESI method or
El method. Differential scanning calorimetry (DS@ps carried out with a Pyris Diamond thermal
analysis workstation equipped with a model 822e D8@lule under a constant nitrogen flow. The
electron paramagnetic resonance (EPR) study waredaut with the enediynes dissolved in DMSO or
chloroform at a concentration of 8 mM. Measuremevese performed with an X-band EMX-8/2.7C EPR
spectrometer (Bruker, Germany). The settings ofsliectrometer were as follows: sweep width, 200G;
time constant, 163.84 ms; conversion time, 40.96 masolution, 1024 points; modulation frequency,
100.00 kHz; modulation amplitude, 1.00 G; and micwe power, 6.370 mW.

DNA cleavage experiments

The freshly prepared enediy@ewas respectively dissolved in DMSO j2) at concentrations of 200
mM, 100 mM and 50 mM, and added to a solution @escoiled plasmid FX174 RF1 DNA (0.5 mg/mL)
in TE buffer (pH 7.6, 4iL). Control samples were separately incubated witte DMSO and DNA. All
the systems were incubated at 37 °C for 48 h. Afteubation, each system (&) was mixed with a
6xloading buffer (luL) and subjected to a 0.8% agarose gel electroglwoeg 128 V (101 mA) for 30
min, stained by ethidium bromide and then the gelk whotographed on the UV transilluminator
(FR-200A) and analyzed by scanning densitometry.

Cell viability

The cell viability tests were investigated by an Massay*> Human uterine cervix carcinoma Hela cells
were respectively cultured in Dulbecco’s modifieaigke’'s medium (DMEM) containing 10% fetal bovine
serum (FBS) at 37 °C under a humidified atmosplwergaining 5% carbon dioxide. The cells were
trypsinized until it reaching 70% confluence in ttigsue culture flasks with buffered saline solatio
containing 0.25% trypsin and 0.03% EDTA.

Cells were seeded into a 96-well plate at a derdi§000 cells per well in 200L of the cell culture
medium. After 24 h of incubation, the culture mediwas removed and the cells were then exposed to
0.75, 1.5, 3.13, 6.25, 12.5, 25 and 9@ concentrations of enediyn®@ The enediyne solution was
sterilized by a 0.222m membrane filter (Sartorius Stedim Biotech, Frang@ae concentration of DMSO
was 0.1 %. The culture medium (0.05% DMSO) was @sed blank control. After incubation for another
determined period of 48 h, 20 L of sterile filtered MTT
(3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetraamnbromide) stock solution (5 mg/mL) in PBS (pH)7.4
was added to each well and the cells were furtharbated for 4 h at 37 °C to allow the yellow dyédeé
transformed into blue crystals. Then, the unreadietlwas removed by aspiration, and 2000f DMSO
was added to each well to dissolve the dark blystals. Finally, the optical density was measurgdb
microtitre reader at a wavelength of 492 nm. Thecspphotometer was normalized using culture
medium without cells. Cell viability (%) related tmntrol wells containing cell culture medium wittio

enediyne was calculated by [AJ[A] contror

Flow cytometric analysis



Cell death was analyzed by fluorescence-activagdidsorting (FACS) using Annexin V and propidium
iodide (PI) staining assay. HelLa cells were seédeds-well plate at a density of 1<1€ells per well and
incubated in DMEM/FBS incubation medium and allowedsettle for 24 h. The medium was replaced
with the fresh one containing enediyB€30uM). After incubation for 48 h, the cells were wadhevice
with cold PBS, trypsinized and centrifuged. Thea tells were collected for Annexin V and propidium

iodide (PI) staining and analyzed by flow cytometry

Results and discussion

Scheme 1. Synthesis of enediyne 3. a) succinic acid, 120 °C, 2h; b) Cul, NHC-PdCl,-3-chloropyridine, DIPEA,

THF/ toluene, 20 °C, 15 h.

The terminal alkyne with dioxolane-type orthoestabstituent?) was firstly synthesized from orthoester
exchange reaction between 3,3,3-triethoxy-1-propgnd ethylene glycol with succinic acid as the
catalyst. The Sonogashira reaction betwkand?2 to produce3 was achieved at 20 °C using an air-stable
and highly reactive Pd catalyst, NHC-PgiBtchloropyridine, developed by Michael et*alt should be
noted that this reaction should be run at low temafoee to reduce the consumption of the enedBne
through the reactions like thermal Bergman cydiiwatind the formation of side products (see beliow)
the reaction mixture. The obtained enediy®ewvas characterized by NMR spectroscopy and high
resolution mass spectroscopy (ESIt Figure S1 ahda®@d stored in a refrigerator.
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Figure 1. Comparison of enediyne 3 and another acyclic enediyne (4) with a similar molecular structure.
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The attributed thermal Bergman cyclization of eyedi3 is characterized with differential scanning
calorimetry (DSC) experiment (ESIT Fig. S3). A sigoexothermal peak was found starting at 49 °C,
which, to the best of our knowledge, is among tbeest onset temperature for thermal Bergman
cyclization of an acyclic enediyne, and is veryseldo physiological temperature, implying a spoatars
Bergman cyclization would occur in physiologicalvennment. Comparing the molecular structure of

)49 both with an electron-deficient maleimide

enediyne3 with a previously reported enediyde(Fig. 1
moiety and two orthoester substituents at the alkyarmini, it is striking to find out that by sirhp
releasing the steric hindrance raised by the xalbtibulky triethoxy groups, the thermal cyclizatics
drastically activated, which is indispensable fartlier applications in DNA-cleavage and tumor cell

suppression.

A Enediyne in DMSC B Enediyne PBN adduct |
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Figure 2. EPR spectra of enediyne 3 (A) and PBN adduct 5 (B) in DMSO at ambient temperature.

Electron paramagnetic resonance (EPR) spectrosisofyyically used to verify the radical nature of
Bergman cyclization. Freshly prepared enediyhevas dissolved in dimethylsulfoxide (DMSO) at
ambient temperature and immediately subjected & &Rralysis. As shown in figure 2a, an intense singl
peak at 3520 G is clearly observed, indicatingfémmation of carbon-centered free radicil&ven after
the sample was stored for one week, the EPR peslesponding to free radicals had not decayed
significantly (ESIT Fig. S4). The spectrum becafighfly complicated, probably due to the generatién
polymeric speci€¢§ through the coupling of the free diradicals. Algluet al. showed that if there was an
alkoxyl group at the ortho-position to the freeicadl intra-molecular H-transfer would occur, halpito
stabilize the free radic4l. At the same time, this process renders the cyidizastep essentially
irreversibleand produce other kinds of free radicfl$nterestingly, when enediyr& was dissolved in
chloroform, no free radical signal was observedEiPR spectrum (ESIt Fig. S5), implying that the
polarity of the solvent also shows strong influenoa the thermal cyclization of this kind of enediy
compounds. This unexpected solvent effect is atilller investigationywe currently believe that it is
related to the polarization of enediysgstem by the solvent molecuf®sNevertheless, this phenomena
suggests a simple yet efficient drug loading apgnp& other words, the enediyne is safely preskiue
nonpolar environments (for example, in the nonpalare of a micellar drug delivery system) and then

activated when they are released in cancer cdll mighly polar cytosol microenvironments.

The reactive free diradicals generated from theroyalization can be converted into stable free
radical in the presence of spin trafsTo this end, freshly prepared enediyBeand excess of
N-tert-butyl-a-phenylnitrone (PBN) were dissolved in DMSO andtkap37 °C for 1 h (Scheme 2). The
diradical intermediates might interact with 1 oe@Quivalent of PBN to produce two different types of
nitroxide radicals. ESI-MS analysis showed an istepeak at m/z of 645.2811 (ESIt Figure S6),
corresponding to the radical molecular ion {Vbf the single PBN-adduct. Meanwhile, EI-MS anays
showed a peak at m/z of 821.3881 (ESIt Figure &#yesponding to the double PBN-adduct. The single

PBN-adduct of enediyné) was separated out and subjected to EPR analsishown in figure 2b,
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three sets of peaks with an intensity ratio of1L:: 1 and hyperfine splitting constant\(Aof 14.05 G,
similar to that of the calicheamicin-derived pheradical PBN monoadduct (& 14.6)>! confirming the
conversion of carbon-free radicals to nitrogen @tygadicals. The hyperfine splitting of each segbediks
is probably originated from the neighboring methgmeup.
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Scheme 2. Bergman cyclization of enediyne 3 and related PBN addition (5).

It is difficult to monitor the generation of freadicals in aqueous solution with EPR experimenttdue
the absorption of microwave irradiation by waterlesoles. To this end, a free-radical-indicator relye
developed by Li. et af was adopted. A mixture of enediyB€1 mg) and the indicator (2 mg) in DMSO
(1 ml) was suspended in water (5 ml) and maintaatezb °C. The color of the mixture slowly turnetbi
pink in 10 min (ESIT Fig. S8), indicating the fortiom of free radicals through the reaction that was
attributed to Bergman cyclization. This color changriginated from the attack of the spirocyclic
rhodamine amide (the indicator) by the diradicaaes, resulting in the restoring of tieconjugation
systent? In comparison, in the absence of the indicatoe, ¢hlor of the enediyn8 in aqueous media

stayed unchanged under the same condition.

The high reactivity of enediynd was indirectly evidenced by ESI-MS analysis of larexpected
reaction mixture during the synthesis of enedignkn this Sonogashira reaction, the temperaturevoas
restrictively controlled below room temperatureugbly 25 °C), and a complicated mixture of various
radical addition and abstraction products was abthi As indicated in the high resolution mass
spectrometry spectrum (ESIt Figure S9), hydrogemodoin the reaction system and the raw material
alkynes were attacked by the highly reactive frémadicals generated from spontaneous Bergman

cyclization of enediyn8, generating at least three different kinds of eiddiproducts (ESIT Scheme S4).

The radical-forming processes of enediygnder mild conditions is fascinating and puzzlisgnaost
of the other enediyne compounds with similar stitedtfeatures, like acceptor substitution the eas, p
small cycle annealed at the ene part, and bulkyitexl groups, were considered to be inactive at low
temperature. We acknowledge that our findings gairesy the current understanding of electronic effec
in Bergman cyclization, and we have also invesigatther possible mechanisms of generating radical
species from a close shell enediyne compound,@ikeC5 cyclizatior?® enediyne dimerizatiorf: Since
the calculated barrier for C1-C5 cyclization is evieigher and the dimerization of enediyne is not
supported by mass spectroscopy analysis in thikwee tentatively consider the generation of raldica
species is most likely from the Bergman cyclizatmfnenediyne compounds. The discrepancy between
theoretical calculation and experimental resulesa@mmon. In an early report by P. Schreiner gf dhe
authors found that while the carbonyl-substituteeédéynes showed high tendency to polymerize under
room temperature, the calculated energy barrier8(2&al/mol) of these compounds for Bergman
cyclization were comparable or even higher thars¢hof many stable enediyne compounds. Therefore, at
the current stage, we prefer to base more on thergrental results. The high activity of enediyhés
probably due to the contribution of the electrohdrawing effect action by maleimide group and OR
substituents which facilitate Bergman cyclization Helping the enediyne system to distort and algo b

decreasing electron-electron repulsion betweeninhglane alkyner-bonds®® Herein, we tentatively
6



attribute the formation of radicals to the Bergnegnlization but we cannot exclude other radicakforg
processes. Deeper investigations into the reaatiechanism of this kind of enediyne compounds alle st
underway in our group. Nevertheless, the high reiactof enediyne3 under low temperature to produce

free radicals is essential for its DNA-cleavagdigband tumor cell cytotoxicity.
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Figure 3. Schematic illustration of the cleavage of DNA by enediyne 3 (left) and agarose gel electrophoresis of supercoiled
plasmid DNA (right). Lane 1, free DNA; Lane 2 DNA + DMSO; Lane 3, DNA + enediyne 3 (66.7 mM); Lane 4, DNA +

enediyne 3 (33.3 mM); Lane 5, DNA + enediyne 3 (16.7 mM). The solvent system is [Water : DMSO = 2 : 1].

The DNA-cleavage ability of enediyrewas estimated by measuring the conversion of soped
plasmid DNA from native supercoiled form (Form § tircular relaxed form (Form II, single-strand
cleavagef’ The DNA samplesd§X174 supercoiled plasmid RF1 DNA Oyg/uL in TE buffer) with
different concentration of enediyr3ewere incubated for 48 h at 37 °C, which were sttbje to agarose
gel electrophoresis to analyze the conversion oAy photographed scanning. As shown in figure 3,
the supercoiled DNA is significantly converted torfn Il in the presence of 16.7 mM of enediy3 @ ane
5). In comparison, the control samples were nacéd (Lane 1, free DNA; Lane 2 DNA+DMSO). When
the concentration of enediyne increased, the DNA gampletely fractured into strips (33.3 mM, Lane 4
66.7 mM, Lane 3), demonstrating the strong DNA-céegge performance of enediyne in physiological
environments.
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Figure 4. MTT assay of the cell viability of Hela cell in the presence of enediyne 3.

Cell viability (% of control)

The cytotoxicity of enediyn® was investigated by using the MTT metffboh a tumor model line
cell. Firstly, freshly prepared enediyBewas dissolved in DMSO, diluted with cell cultureedium to a
series of concentrations and then respectivelyurdt with Hela cells for 48 h. A control sample was
involved with the addition of the same amount of 8®1to the cell culture media. As shown in figure 4,
the cell viabilities of Hela cell are lower than%®@vhen the concentrations of enediyhare beyond 0.75
uM. In addition, the cell viability clearly shows moentration dependence of enediyédn contrast, the

previously reported maleimide based enediynes Witth onset temperature (150 °C) exhibited no
7



cytotoxicity, suggesting that the cytotoxicity ofiexliyne3 is derived from the free radicals generated
probably through Bergman cyclization. Specificalthe 1G, value of enediyned fit from the cell
variability curve is 8.3uM, comparable to many clinical anticancer drugse Icisplatin’® Irinotecan’®
and doxorubicif? It is speculated that enediyBewith a low molecular weight shows great potendifl
being a bullet in a drug carrier to increase cytmity like nature enediyne antibiotics with

multi-functional groups.

Flow cytometry analysis is a common method of detgadrug cytotoxic pathways. Hela cells were
used as model cancer cells and co-cultured witlligne 3 (30 uM) for 48 h, followed by staining with
annexin V-FITC and propidium iodide (Pl) to evaluahe percentage of live (annexin V-/PI-), early
apoptotic (annexin V+/PI-), late apoptotic (anneXim/Pl+) and necrotic (annexin V-/Pl+) cells. The
cellular density plots that treated with enediy®are shown in figure 5. Compared with the untreated
control group, enediyn®d exhibits the ability to induce apoptosis. Similarcommonly used anti-tumor
agents such as cisplatin and its biotin-tagged d¢exed. This result unambiguously confirms that

enediyne3 acts on DNA-damage in cells to cause cancer eelitdthrough apoptosis pathway.

Control 30 uM

018 3.06 18.3 637

Figure 5. Flow cytometry analysis of enediyne 3.

Conclusions

A novel acyclic enediyne functions at physiologitexhperature was designed and synthesized wittesubt
balancing of the steric and electronic effects wlenular design. Spontaneous Bergman cyclizatioichwh
was attributed of the enediyne has arisen to pr@diicadical in a polar solvent DMSO at ambient
temperature. The free radicals are highly reactoxeards spin trapping agents and hydrogen donors,
showing effective DNA-cleavage abilities and higytotoxicity towards tumor cells. Flow cytometry
analysis showed that the inhibition of the cancell gariability by the enediyne is mainly through
apoptosis pathway. In conclusion, thanks to itsngmoeous thermal cyclization at physiological
temperature, this highly reactive enediyne is psingi to act as a radiomimetic agent with strongviygt

on DNA-cleavage and high cytotoxicity to canceiscel
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