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Conversion of Enediynes into Quinones by Antibody Scheme 1.Bergman Reaction of Enediynalin the Presence
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The Bergman cycloaromatization reactias of tremendous 4

interest to organic chemists and chemical biologists alike because
of its key role in the mechanism of action of the naturally Several reports have delineated the importance of strain, strain
occurring enediyne antitumor antibiotics such as calicheamicin release, and distance control in determination of activation barriers
y1, dynemycin A, and esperamicin;A At present there is no  for the cycloaromatization reactidnt was anticipated, therefore,
known synthetic or naturally occurring catalyst for this reaction. that antibodies elicited to naphthalene hapfewould possess
However, selective activation of therapeutically relevant enediynes binding sites capable of compressing the substrate enedlynol
at their site of actiorin »ivo is imperative due to their potentand into a more active ground-state conformation by enforcing a
nonselective cytotoxicity and thus remains an intensive area for reducedcd distance. Concurrently, these antibodies would also
research. stabilize the highly aromatic nature of the Bergman transition
Given that antibodies can be programmed to catalyze reactionsstate®®® The structural differences betweeh and the diyl
thought beyond the scope of both biological and chemical intermediate&2 were hoped to be sufficient thatwould bind only
catalysist we were interested in eliciting antibody catalysts for weakly to antibodies elicited tdand would enabl@ to dissociate
the Bergman cyclization of stable enediyne substrates, thusinto solution to abstract 2[fHfrom either bulk solvent or a suitable
offering a new approach for the “triggering” of enediynes. Herein donor to give the stable tetrali® Similarly the low structural
we report the generation of an antibody, 5H7, that catalyzes thehomology betweerb and substratel would mean that the
Bergman cycloaromatization reaction of the 10-membered ring antibodies elicited would selectively stabilize the transition state
monocyclic enediynol (Figure 1). Remarkably, the diyl inter-  for the Bergman reaction relative to the ground state.
mediate2 of the antibody-catalyzed reaction is not trapped by  Hapten5 was synthesiz€cand coupled to the carrier proteins
2[H*] to give tetralin 3, but in an unprecedented manner by keyhole limpet hemocyanin (KLH) and bovine serum albumin
molecular oxygen to give quinorng as the exclusive product.  (BSA), via its sulfoN-hydroxysuccinimide ester, and the K-
This finding is even more significant because we have discoveredconjugate was used to immunize 129Gix mice. Monoclonal

that this formal oxidation of enediynd to quinone4 occurs antibodies were generated using hybridoma technéfdgygive
spontaneously under biologically relevant conditions and that 35 clones with BSA5 binding specificity.
quinone4 is more cytotoxic than its enediyne parent In toluene and in the presence of 1,4-cyclohexadiene (1,4-CHD)

The starting point for our investigation began with the choice as an H donor, enediynoll smoothly cycloaromatizes to give
of a suitably stable enediyne substrate. Monocyclic enedijol tetralin 3 (ty» = 6 h, 37°C). However, this is not mirrored in
the core enediyne structure from calicheamyginwas chosen aqueous buffer [pH 6.8, 500 mM 3¥morpholino)propane-
because, extrapolating from available data in organic solvents, sulfonic acid (MOPS), 5% DMSO, 37C].1! Preliminarily, this
it was hypothesized that there should be a low but detectable ratewas rationalized as being due to water being a pooddhor.
of cycloaromatization in aqueous buffer at&7. The propargylic However, with 1,4-CHD present (in excess) and now under

hydroxyl group was included to enhance cycloaromatizatiamd biphasic condition$ still no tetralin 3 is formed. In fact, only
improve aqueous solubility. The trifluoroacetamide group was uncharacterized polymerization products are observed.

included to elicit a key locus for substraterecognition within Instead of the expected tetrali®, a product of unknown
the antibody combining site. constitution was consistently generated from enediyinohder
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(7) For details of the synthesis of enediyrpltetralin 3, quinone4, and
naphthalené, please refer to the Supporting Information.

(8) (@) Snyder, J. PJ. Am. Chem. So&989 111, 7630-7632. (b) Magnus,

A.; Smith, S.; Marshall, A.; Partridge, L. J.; Blackburn, G. 3.Am. Chem. P.; Carter, P.; Elliot, J.; Lewis, R.; Harling, P.; Pitterna, T.; Bauta, W. E.;
Soc.1997 119, 2315-2316. (f) Toker, J. D.; Wentworth, P., Jr.; Hu, Y.; For'g, S.J. Am-_CChefI‘- 30‘19920114 (%EM_ZSSQB 868-18

Houk, K. N.; Janda, K. Dibid. 200Q 3244-3245. (g) Yli-Kauhaluoma, J. (9) Morao, I.; Cos®, F. P.J. Org. Chem1999 64, 1868-1874.

T.; Ashley, J. A.; Lo, C.-H.; Tucker, L.; Wolfe, M. M.; Janda, K. D. Am. (10) Konler, G.; Milstein, C.Nature 1975 256, 495-497.

(11) For details of kinetic experiments, the SRB assay and SDS gel and
ELISAs, please see the Supporting Information.

(12) For an example of antibody catalysis under biphasic conditions, please
see: Ashley, J. A,; Janda, K. D. Org. Chem1992 57, 6691-6693.
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02 w displays saturation kinetics with enediynblk..app = 1.0 +
30x10% ® 0.1 x 1073 min™%; Kpapp(l) = 23.4 4+ 1.2 uM] and a rate
enhancement under ambient aerobic conditidgsappkunca)?®
of 6.2 x 1P (Figure 1B)?* IgG 5H7 is stoichiometrically inhibited
1.0x10% by haptend, supporting the notion that this catalytic process is
- occurring within the antibody combining site.
! 5 5 A 250 ’J 25 500 750 1000 Catalytic antibodies are known to accept reactive intermediates,
oguoldoselM -y heto [1yuM such as 1,3-dipolésand carbocation® However, generation of
Figure 1.11 (A) Comparative cytotoxicity of enediynd! (a; ECso= 9.6 a biradical intermediate, such asin an antibody combining site
+ 1.7 uM) and quinone4 (B; ECso = 2.5 + 0.3 «M) against a human has not to date been observed and breaks new ground for the
pancreatic adenocarcinoma cell line (SW1990). Each point is the meanclasses of reactive molecules that antibodies can process. I9gG
+ SEM of n=8 determinations. Thg-axis is absorbance (measured at 5H7 performs multiple turnovers with neither an appreciable
540 nm) of sulforhodamine B (SRB) dye (which is proportional to cell reduction in rate, nor structural modification (confirmed by SDS-
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concentration)x-Axis is log[dose] of eitherl or 4. (B) Hanes-Woolf gel and ELISA analysis)t This is of particular significance

plot of initial rates of formation«) (¥) of quinone4 from enediynoll because enediynes are known to cause proteolysis and protein

(10-1000M) in the presence of I9G 5H7 (@M): y = 204.8 + 5631 agglomeratior?® We speculate therefore that 5H7 may be binding

= 0.998.Vinax = 1/gradient (4.2 0.1 x 1073 uM/min); Ky = —(x- oxygen so that as the diyl intermediaZeis generated in the

intercept) (23.4£ 1.2 uM). Each point is the meas: SEM value of at antibody combining site it may be intercepted by the proximate

least duplicate determinations. oxygen molecule, thus protecting the immunoglobulin from

damage?

structural elucidatio®® LCMS and'H NMR characterization both In conclusion, we have discovered a unique conversion of

supported the structure as being quindnand this was further  enediynes into quinones that occurs in aerated aqueous solution

confirmed by independent synthesis. _ and is of interest not only from a mechanistic standpoint but also
The rate of formation of, k; = 6.05x 10~* M~ min~* [pH may be of relevance to the therapeutic mechanism of naturally

6.8, 500 mM MOPS, 5% DMSO, 22C],** is proportional to  occurring enediyne antibiotics. In addition we have evolved an

dissolved oxygen concentration, with no formatiordafccurring antibody that catalyzes the conversion of the stable cyclic enediyne

under degassed conditions. This suggests that molecular oxygersypstratel via the diyl intermediate into the quinone product

is intercepting the diyl intermediaformed during the Bergman 4 This result pushes back the boundary of antibody-catalyzed
reaction ofl to give4. Previous examples of quinone generation reactions and the reactive intermediates they are known to handle.
from enediynes involve diyl trapping by the radical spin-probe |y addition, it opens up a new strategy for effective activation of

2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO), followed by heat-  enediyne systems that, with suitable kinetic parameters, may
ing.*> To our knowledge, this is the first example of a diyl yjtimately find use in vivo.

intermediate produced during the Bergman reaction that is trapped
by molecular oxygen, and the mechanism is under further
investigation.

Given the known cytotoxicity of both enediyrfé¢$ and
quinone¥’ the relative cytotoxicity of bothl and 4 were ) ) ) . o ]
investigated against a human pancreatic adenocarcinoma cell line S,iUpp(;)sf“r)sQ Information ,IA;alla_Fle.f k.CO”?P'ete d_syntg(;tg |nformalgﬁlns A
(Figure 1A). Against this cell line quinongis more toxic (EGo or 1 ands—s; experimental details of kinetic studies, SRB assay,
> - . and SDS-page analyses (PDF). This material is available free of charge
= 2.5+ 0.3 uM) than its parent enediyng (9.6 + 1.7 uM). ia the Internet at htto://oub

. . e . . via the Internet a p://pubs.acs.org.

This observation may have ramifications in terms of the overall
therapeutic mechanism of the naturally occurring enediyne
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antibiotics. Perhaps in addition to their accepted therapeutic JA0058642

mechanism, which is known to proceed viaabstraction from (18) For leading reviews detailing the mechanism of action of enediyne
DNA8 and proteing? their quinone derivatives may be playing antibiotics, see: (a) Schor, N. Eancer Ther1997, 229-240. (b) Smith, A.

a significant role. L.; Nicolaou, K. C.J. Med. Chem1996 39, 2103-2117. (c) Goldberg, I. H.
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3, 1351-1356.

(13) In a typical experiment the enediyrnb(10 uL of a stock in DMSO) (20) At ambient aerobic conditions the dissolvegld@ncentration is 268
is added to a glass vial containing MOPS (100 mM, pH 6.8) either in the uM (as measured by an Orion 862A dissolved oxygen meter).
presence or absence of antibody (#@) and allowed to stand at 37C. At (21) The Hanes-Woolf plot is a preferred linear representation of kinetic
times throughout the assay, aliquots (20 are removed and injected directly data because no weighting of the lewalues to minimize the error associated
onto an RP-C18 Vydac HPLC column to allow separation of substrared with their measurement is required. For an in-depth explanation please see
products (detection at 254 nm). EnediyrioRr = 11.8 min, tetralind Ry = Cornish-Bowden, AFundamentals of Enzyme Kineti¢ortland Press Ltd.:
14.2 min,4 Ry = 6.3 min [mobile phase 28:72 acetonitrile:water (0.1% TFA)  London, 1995; pp 1954.
1 mL/min). (22) For a review of antibody-catalyzed cationic cyclization reactions see

(14) The observed rate and oxygen-dependence were investigated byLi, T.; Lerner, R. A.; Janda, K. DAcc. Chem. Red4997 30, 115-121.
pseudo-first-order kinetics in which the oxygen concentration was variee-(200 (23) Jones, G. B.; Wright, J. M.; Hynd, G.; Wyatt, J. K.; Yancisin, M.;
10004M) while holding enediynoll at a fixed and higher concentration (2 Brown, M. A. Org. Lett.200Q 2, 1833-1836.

mM). For a graphical representation of the rate data, please see the Supporting (24) This hypothesis is strengthened by the observation that during the

Information. screening of the haptérspecific antibody panel for catalytic activity a number
(15) (a) Grissom, J. W.; Gunawardena, G.Tétrahedron Lett1995 36, of clones were degraded in the presence of enedign@ata not shown).
4951-4954. (b) Jones, G. B.; Plourde, G. \W@rg. Lett. 2000 2, 1757 Attempts to measure oxygen binding to 5H7 have been hampered by
1759. experimental limitations. To a best approximation, Kgof O, for 5H7 is
(16) Nicolaou, K. C.; Dai, W.-MAngew. Chem., Int. Ed. Endl991, 30, 1.07 mM (Supporting Information). This value is approaching the maximum
1387-1416. concentration of dissolved oxygen possible in our buffer system. Therefore,

(17) Lin, A. J.; Pardini, R. S.; Cosby, L. A,; Lillis, B. J.; Shansky, C. W.;  we are unable to explore Minding above the theoretic#, and cannot
Sartorelli, A. C.J. Med. Chem1973 16, 1268-1271. prove that oxygen binds to the antibody combining site.



