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Abstract: C-1027 is an extremely potent antitumor agent that causes double-stranded DNA cleavages. It
is a unique small molecule—protein complex composed of a highly reactive enediyne chromophore, which
upon binding reacts with its target molecule DNA through radical-mediated hydrogen abstraction and an
apoprotein that encapsulates the chromophore serving as its carrier to reach DNA. Although C-1027 has
favorable properties as an effective drug delivery system, it slowly self-decomposes due to the reactivity
of the chromophore toward the apoprotein. Understanding how the C-1027 destroys itself may enable
design of its analogues that overcome this limitation. In this paper, mechanistic insights into the self-reactivity
of C-1027 that facilitates its own decomposition are described. We provide evidence that the formation of
the Gly96 radical, which promotes the oxidative protein scission and the subsequent chromophore release,
is the major pathway for the self-decomposition of C-1027. On the basis of the newly isolated products of
the self-decomposition, we propose that the apoprotein effectively protects two different structural elements
of the chromophore that are essential for its biological activity: the nine-membered enediyne moiety
(necessary for DNA cleavage) and the benzoxazine moiety (necessary for DNA intercalation). Using an
engineered apoprotein analogue kinetically more stable toward the chromophore radical, we show that
enhanced overall properties can be achieved for the natural C-1027 with respect to stability and antitumor
activities. The results present the first example of a rationally designed C-1027 analogue reported to display
superior in vitro antitumor activity to the natural C-1027. Our findings may have implications for design of
proteins that can stably encapsulate highly reactive small molecules.

Introduction (10489 Da) is a single polypeptide chain of 110 amino acid
residues cross-linked by two disulfide boridsi is bound
noncovalently in a cleft of the apoprotein. The solution NMR
structure of the complex formed betwe®mand the apoprotein
(Figure 2}* showed that most of the chromophet@poprotein
contacts are made between the hydrophobic groups of chro-

C-1027 is an extremely potent antitumor antibiotic isolated
from Streptomyces globispors-1027. It has been shown to
display highly effective cytotoxicity against cultured cancer cells
as well as marked growth inhibitory effect against transplantable
mouse and human tumor cells inoculated into nude fhitlee
cytotoxicity of C-1027 is believed to originate from its highly  (2) (a) Edo, K.; Mizugaki, M.; Koide, Y.; Seto, H.; Furihata, K.; Otake, N.;

B _hindi ~ P _ Ishida, N.Tetrahedron Lett1985 26, 331. (b) Myers, A. G.; Proteau, P.
sglecnye DNA-binding property and th.e DNA nggglng reac J.; Handel, T. MJ. Am. Chem. S0d.988 110, 7212. (c) Maeda, H., Edo,
tivity. Like other macromolecular enediyne antibiotics, such as K., Ishida, N., EdsNeocarzinostatinSpringer: Tokyo, 1997. '
neocarzinostati#3 kedarcidin® and maduropeptiﬁ,C-lOZ? is (3) Conjugation of neocarzinostatin to poly(styreseemaleic acid anhydride)

) . . . produces the pharmaceutical SMANCS, which has been used to treat
composed of a highly reactive enediyne chromophore in hepatoma in Japan since 1994. Maeda, H.; Ueda, M.; Morinaga, T.;
| ith teinl( Fi 159 Th tei Matsumoto,J. Med. Chem1985 28, 455.
complex with an apoproteinl( Figure 1): € apoprotéin (4) (a) Leet, J. E.; Schroeder, D. R.; Hofstead, S. J.; Golik, J.; Colson, K. L.;
Huang, S.; Klohr, S. E.; Doyle, T. W.; Matson, J. A. Am. Chem. Soc.

T Department of Chemistry, Graduate School of Science, Tohoku 1992 114, 7946. (b) Kawata, S.; Ashizawa, S.; Hirama, MAm. Chem.
University. Soc 1997, 119, 12012, ‘ . _
* Research and Analytical Center for Giant Molecules, Graduate School ) Eggro'\id%r,_ ?,ia?s'(’)nc(’js%’. KD'OL"é K#)h\;\,ﬂS.AEri, (Z:%'Q;nNéé‘gggfyl’l% R
of Science, Tohoku University. 9351. oo A Doyie, 1 TR A '
S Institute of Applied Biochemistry, University of Tsukuba. (6) (a) Minami, Y.; Yoshida, K.; Azuma, R.; Saeki, M.; Otani, Tretrahedron
Y Hanno Research Center, Taiho Pharmaceutical Co., Ltd. Lett. 1993 34, 2633. (b) Yoshida, K.; Minami, Y.; Azuma, R.; Saeki, M
(1) (a) Otani, T.; Minami, Y.; Marunaka, T.; Zhang, R.; Xie, M.-¥..Antibiot Otani, T.Tetrahedron Lett1993 34, 2637. (c) lida, K.; Ishii, T.; Hirama,
1988 41, 1580. (b) Zhen, Y.; Ming, S.; Bin, Y.; Otani, T.; Saito, H.; M.; Otani, T.; Minami, Y.; Yoshida, KTetrahedron Lett1993 34, 4079.
Yamada, Y.J. Antibiot 1989 42, 1294. (c) McHugh, M. M.; Gawson, L. (d) lida, K.; Fukuda, S.; Tanaka, T.; Hirama, M.; Imajo, S.; Ishiguro, M.;
S.; Matsui, S.; Beerman, T. ACancer Res2005 65, 5344. Yoshida, K.; Otani, TTetrahedron Lett1996 38, 4997.
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Figure 1. Structures of the C-1027 chromophof®, (p-benzyne biradical?), phenyl radicals3, 4), and the aromatized chromophofs).(

Figure 2. NMR structure of the aromatized chromophosg l§inding site

in the C-1027 apoprotein (ref 11, PDB accession number 1HZL). The side
chains that protrude into the binding site are shown, and acidic, hydrophilic,
and hydrophobic residues are colored red, blue, and yellow, respectively.
Radical centers (C3 and C6) and possible hydrogen soureesf(Bly96

and H3 of Pro76) are labeled.

mophorel (the macrocyclic core and the benzoxazine) and the
hydrophobic side-chains of the apoprot&in.

Chromophord. is a member of the enediyne structural family,
which is characterized by two acetylenic groups conjugated to
a double bond within a nine- or ten-membered AAgS In
contrast to all other enediyne natural products known, which

(7) Biosynthesis of the C-1027 chromophore was reported. (a) Liu, W.;
Christenson, S. D.; Standage, S.; ShenSBence2002 297, 1170. See
also: (b) Christenson, S. D.; Liu, W.; Toney, M. D.; ShenJBAm. Chem.
Soc 2003 125, 6062. (c) Liu, W.; Ahlert, J.; Gao, Q.; Wendt-Pienkowski,
E.; Shen, B.; Thorson, J. 8roc. Natl. Acad. U.S.A2003 100, 11959. (d)
Murrell, 3. M.; Liu, W.; Shen, BJ. Nat. Prod.2004 67, 206. (e) Van
Lanen, S. G.; Dorrestein, P. C.; Christenson, S. D.; Liu, W.; Ju, J.; Kelleher,
N. L.; Shen, B.J. Am. Chem. So@005 127, 11594.
For synthetic studies towar see: (a) Inoue, M.; Kikuchi, M.; Hirama,
M. Tetrahedon Lett2004 45, 6439. (b) Inoue, M.; Sasaki, T.; Hatano, S.;
Hirama, M.Angew. Chem., Int. EQ004 43, 6500. (c) Inoue, M.; Hatano,
S.; Kodama, M.; Sasaki, T.; Kikuchi, T.; Hirama, NDrg. Lett 2004 6,
3833 and references therein.
(9) For an account, see: Inoue, Bull. Chem. Soc. Jpr2006 79, 501.
(10) Otani, T.; Yasuhara, T.; Minami, Y.; Shimazu, T.; Zhang, R.; Xie, M.-Y.
Agric. Biol. Chem.1991, 55, 407.
(11) Tanaka, T.; Fukuda-Ishisaka, S.; Hirama, M.; Otani]. ™Mol. Biol. 2001,
309, 267.

8

~

require external activators such as nucleophiles to initiate the
electronic rearrangement, the nine-membered enediyne moiety
of 1 spontaneously aromatizes at room temperature via a
Masamune-Bergman rearrangeméhtwithout an activator
(1—2—3/4—5, t1» = 0.8 h in ethanol). Consequently, when
not bound to the apoproteid, displays the highest reactivity
among the enediyne family. The Masamuifgergman cycliza-
tion step is known to be rate-limiting for synthetic noncyclic
enediyned®cOn the other handl displays unique reactivity
as suggested by our previous studiesland related model
compounds that it is in equilibrium withand that the hydrogen
abstraction by the cyclizep-benzyne intermediat®{>3/4) is
the rate-limiting steg7~1°

Structural and biochemical studies have revealed that two
structural elements of chromophdtethe benzoxazine moiety
and the nine-membered enediyne moiety, play crucial roles in
effecting the biological activity of C-1027. Sugiura et al.

(12) Structure of neocarzinostatin holoprotein: (a) Kim, K.; Kwon, B.; Myers,

A. G.; Rees, D. CSciencel993 262 1042. (b) Tanaka T,; leama M.;

Fujita, K.; Imajo, S.; Ishiguro, MJ. Chem. Soc., Chem. Comm|1|§93

1205. (c) Takashima, H.; Yoshida, T.; Ishino, T.; Hasuda, K.; Ohkubo, T.;

Kobayashi, Y.J. Biol. Chem 2005 280, 11340. Structure of neocarzi-

nostatin apoprotein: (d) Teplyakov, A.; Obmolova, G.; Wilson, K

Kumomizu, K.Eur. J. Biochem1993 213 737. Structure of kedarcidin

apoprotein: (e) Constantine, K. L.; Colson, K. L.; Wittekind, M.; Friedrichs,

M. S.; Zein, N.; Tuttle, J.; Langley, D. R.; Leet, J. E.; Schroeder, D. R.;

Lam, K. S.; Farmer, B. T., Il; Metzler, W. J.; Bruccoleri, R. E.; Mueller,

L. Biochemistry1994 33, 11438.

The dissociation constanKg) of the apoprotein for the aromatized

chromophore was determined to be 6.88 10-° M. Otani, T.J. Antibiot

1993 46, 791.

14) For recent reviews on chromoprotein antibiotics and other enediyne natural

products, see: (a) Xi, Z.; Goldberg, |I. H. l8omprehensgie Natural

Products ChemistryBarton, D. H. R., Nakanishi, K. Eds.; Elsevier: 1999;

Vol 7, p 553. (b) Galm, U.; Hager, M. H.; Van Lanen, S. G.; Ju, J.; Thorson,

J. S.; Shen, BChem. Re. 2005 105, 739.

For reviews on the syntheses of enediyne compounds, see: (a) Nicolaou,

K. C.; Dai, W.-M. Angew. Chem., Int. Ed. Engl991, 30, 1387. (b)

Danishefsky, S. J.; Shair, M. D. Org. Chem1996 61, 16. (c) Brickner,

R.; Suffert, J.Synlett1999 657.

(16) (a) Darby, N.; Kim, C. U.; Salam, J. A.; Shelton, K. W.; Takada, S.;
Masamune, SJ. Chem. Soc., Chem. Commu®71, 1516. (b) Jones, R.
R.; Bergman, R. GJ. Am. Chem. S0d.972 94, 660. (c) Lockhart, T. P;
Comita, P. B.; Bergman, R. G. Am. Chem. So0d 981, 103, 4082.

(17) (a) Yoshida, K.; Minami, Y.; Otani, T.; Tada, Y.; Hirama, Metrahedron
Lett 1994 35, 5253. (b) lida, K.; Hirama, MJ. Am. Chem. Sod 995
117, 8875.

(18) (a) Logan, C. F.; Chen, Rl. Am. Chem. Socl996 118 2113. (b)
Schottelius, M. J.; Chen, B. Am. Chem. Sod 996 118 4896.

(19) For a review on benzynes, see: Wenk, H. H.; Winkler, M.; Sander, W.
Angew. Chem., Int. EQ003 42, 502.

(13)

(15)
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Figure 3. Structures of the hydrolyzed aromatized chromophéjeatd
the benzoxazine moietyr).

determined the high-resolution NMR structure of the complex 24 h‘ 1
between the aromatized chromophd&end double-stranded | '
DNAZ20 and proposed that the enediyne portior & positioned
in the minor groove of the DNA and the benzoxazine moiety is 0 2 4 6 8 10 12
oriented parallel to the DNA bases. The importance of the
benzoxazine moiety (Figure 3) was shown by Dedon that its
removal froml (seeB)®results in loss of DNA binding affinity
by ~400-fold2* Chromophorel interacts with DNA in a highly 4.7 e C-1027
sequence-selective manner. Fheenzyne biradica, generated ———— C-1027 (D,0)
through the rearrangement, abstracts hydrogens of the DNA 46"
backbone sugar accessible in the minor groove. This ultimately
leads to oxidative cleavage of the double-stranded BRA.
Goldberg reported that the double-strand lesions are specific to
certain five-nucleotide sequences, such as CTTTT/AAAAG,
ATAAT/ATTAT, CTTTA/TAAAG, CTCTT/AAGAG, and
espeC|aIIy GTTAT/ATAAC (cuttlng sites are underhne?é)
C-1027 is remarkable because the apoprotein stabilizes the
radical-generating chromophore by tight binding, and yet the
chromophore can be released to react upon reaching its target
DNA in the cell nucleus. While the reactivity of the chro- 42
mophore by itself in organic solvent or toward DNA is relatively
well studied, the ways in which apoprotein modulates the highly
reactive chromophore in biological settings is not well under- 4.1
stood.
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Considering thatl constantly generatéseven when bound time (h)

; ; ; Figure 4. Time course of C-1027 chromophorB content when C-1027
to the apoprotein, hydrogen abstraction from the apoprotein by was incubated at 37C in phosphate buffer (pH 6.8). (A) HPLC profiles of

1 might be expected to lead to its facile decomposition before the contents of C-1027 [Cosmosil 5C18-MS (2.5 mmi50 mm): eluent,
reaching its biological target. The NMR structure of the complex 50% MeCN/20 mM phosphate buffer (pH 6.8); flow rate, 0.2 mL/min;

formed betweers and the apoprotein suggests that the radical detection, 350 nm; temperature, 4C]. (B) Plots of time against
o-orbitals at C3 and C6 o would be positioned perpendicular Ehgﬂgggfzf)gef”&;?;g C-1027 in kD buffer (black circles), and in

to the proximal hydrogens (\H#Pro76 and td.1-Gly96) such a

that the hydrogen abstraction is unfavorable (Figuré By DNA.2 Thus, the apoprotein appears to function both as a
positioning thep-benzyne radical with low accessibility to  stabilizer and as an effective carriéThese features make it a
hydrogen sources, the apoprotein kinetically stabilizes the favorable drug delivery system (DDS).

enediyne moiety, thereby preventing the chromophqretein Despite these potentially ideal properties as a DDS for a
complex from self-decomposition. Once encapsulated stably in reactive antitumor agent, C-1027 is known to undergo agfing.
the apoprotein, the highly reactidecan be transported by the  The apoprotein is presumably not able to completely inhibit
apoprotein through the cells to its target, double-stranded the radical-mediated reactions &fand C-1027 slowly decom-

(20) (a) Okuno, Y.; lwashita, T.; Otani, T.; Sugiura,¥.Am. Chem. S0¢996 (25) (a) S.-Tsuchiya, K.; Arita, M.; Hori, M.; Otani, T. Antibiot 1994 47,
118 4729. (b) Okuno, Y.; lwashita, T.; Sugiura, ¥. Am. Chem. Soc. 787. (b) Cobuzzi, R. J., Jr.; Kotsopoulos, S. K.; Otani, T.; Beerman, T. A.
200Q 122, 6848. Biochemistryl995 34, 583.
(21) Yu, L.; Mah, S.; Otani, T.; Dedon, B. Am. Chem. Sod.995 117, 8877. (26) Applications of neocarzinostatin apoprotein as DDS, see: (a) Urbaniak,
(22) For ESR studies of the C-1027-mediated DNA cleavage, see: (a) Usuki, M. D.; Bingham, J. P.; Hartley, J. A.; Woolfson, D. N.; Caddick,JS.
T.; Inoue, M.; Akiyama, K.; Hirama, MChem. Lett2002 1148. (b) Usuki, Med. Chem2004 47, 4710. (b) Heyd, B.; Pecorari, F.; Collinet, B.; Adjadj,
T.; Inoue, M.; Akiyama, K.; Hirama, MBioorg. Med. Chem2005 13, E.; Desmadril, M.; Minard, PBiochemistry2003 42, 5674. (c) Caddick,
5218. S.; Muskett, F. W.; Stoneman, R. G.; Woolfson, D.NNAm. Chem. Soc.
(23) (a) Xu, Y.; Zhen, Y.; Goldberg, |. HBiochemistry1994 33, 5947. (b) 2006 128 4204.
Xu, Y.; Zhen X.; Zhen Y.; Goldberg, I. HBiochemistryl995 34, 12451. (27) Hirama, M.; Akiyama, K.; Tanaka, T.; Noda, T.; lida, K.; Sato, |.; Hanaishi,
(24) Suglura et al. suggested an alternative mechanism of stabilization of the R.; Fukuda-Ishisaka, S.; Ishiguro, M.; Otani, T.; Leet, JJEAmM. Chem.
C-1027 apoprotein. See ref 20b. Soc 200Q 122, 720.
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Figure 5. Mass spectroscopy data of the peptide fragn@nt
poses, losing its potent bioactivit§282° In this paper, we ¢ 5+ apoprotein
elucidated a detailed self-decomposition mechanism of C-1027 47 ¢ 5
and discuss a dually protective function of the apoprotein. The . o
mechanistic insights thus obtained furthermore allowed us to ¢ o o o o e o ® o °
design and prepare a kinetically stabilized analogue of C-1027 48 )
by engineering a mutant apoprotein more resistant toward e
radical-mediated reactiod8Direct comparison of the stability 45
and the in vitro antitumor activity of the natural and the analogue ‘co_s ‘““»\
showed that suppressing the self-decomposition pathway pro-  >_ .“\,\
vides a basis for enhanced properties for C-1027. = 4.4 o o
Results and Discussion “m:" M NG
Self-Decomposition Pathway of C-1027To study the ability 43 “‘?\\o
of the C-1027 apoprotein to protect chromophtreve have '
previously evaluated the stability of C-1027 using reverse-phase 42 [~
HPLC. C-1027 was incubated in neutral buffer at°&7, and
the same quantity of solution was injected into HPLC system | L l l l |
evely 2 h [ODS column; eluent, 50% acetonitrile in phosphate 41 0 4 8 12 16 20 24
buffer], wherel and5 were extracted from the protein complex. time (h)
AS Sh_own in Figure 4A, the amount of chromopharecreased Figure 6. Plots of time against the aromatized chromophéjeéncentra-
in a time-dependent mannér. tion in the presence (blue squares) and in the absence (blue triangles) of

The chromophore content over time was found to obey the apoprotein in kD buffer at 37°C.
pseudo-first-order kinetics (Figure 4B). To exclude the pos-
sibility that water was acting as hydrogen-donor, the C-1027 chromophore, observation that an unaccounted species arises
apoprotein was incubated in,O solution. The slope of the as a consequence of C-1027 decomposition prompted us to
graph is almost indistinguishable from that in®buffer. The further investigation. During the HPLC analysis of the C-1027
absence of kinetic isotope effects (KIE) demonstrates that decomposition, it came to our attention that, while the amount
solvent water is not involved in chromophore decomposition. of the aromatized chromophoBewas constant over time, the
These studies together support the hypothesis that the direcpeak height at 2 min in the HPLC profile increased in a time-
reaction ofl with the apoprotein in C-1027 results in the overall dependent fashion (Figure 4A, peak marked with *). Therefore,
decomposition of C-1027. The rate constant of the reackign (  we next examined more closely the end products of the C-1027
= 5.22 x 1076 s71) was determined by fitting the data to In- decomposition pathway. To isolate and characterize the un-
([1/[ 1o x 100)= —kyt. The half-life of1 (37 h) is significantly known species that give rise to the HPLC pe&k 600 mg of
longer in the apoprotein than in ethanol (0.8 h), indicating that the natural C-1027 was incubated in water at°@7for 72 h.
the apoprotein is inefficient as a hydrogen donor. These resultsMALDI-TOFMS analyses of the lyophilized residue showed a
illustrate the ability of the apoprotein to effectively stabilize new strong peak at 9086 Da as well as the apoprotein at 10489
the radical-generating enediyne portion of having low Da?” Radical-mediated cleavage of the apoprotein appears to
reactivity as a hydrogen donor to biradical occur upon incubation.

Although these prehmmary st.udles prowdgd the kinetic bq5|s The residue of C-1027 after 72 h incubation was purified
for the role of the apoprotein in preservation of the reactive using the ODS column (eluent, 26960% MeCN/1% AcONH

(28) Jones and co-workers reported the enediyne-mediated degradation of(pH 6'8))' From the various minor unidentified components,

goters aggo%egtigﬁ. E%)) :]Jones, cé %.; C\I/o_urrgjej GMW.l,D I||; Vgriggt. Jli M. we successfully isolated four major species: the aromatized
rg. Lett ) . ones, G. B.; Wright, J. M.; Plourde, G., Il.; ;

Pu?ohit, A.D.; Wyatt, J. K.; Hynd, G.; Fogad,gE.Am. Chem. So@00Q chromophores, the hYdmezed products (ca. 4% yield) and

122, 9871. (c) Jones, G. B.; Hynd, G.; Wright, J. M.; Purohit, A.; Plourde, 7 (ca. 5%), and peptide fragme8t(m/z 1444.7067, ca. 5%).

G. W.,, II; Huber, R. S.; Mathews, J. E.; Li, A.; Kilgore, M. W.; Bubley, . .
G. J.; Yancisin, M.; Brown, M. AJ. Org. Chemzogl 66, 3688. Y As shown in Figure 58 was revealed to be the Asp97-Gly110

(29) Thorson reported the self-resistance protein for calicheamicin and the peptide fragment with a carbamic acid N-termidgisyhich is
degradation mechanism of the protein by enediyne. Biggins, J. B; R .. . . L
Onwueme, K. C.; Thorson, J. Science2003 301, 1537. considered to originate from radical-mediated oxidative cleavage
(30) For a preliminary o fggialéggk'r T. Inoue, M.; Hirama, M.; Tanaka, - gt Gly9632 Furthermore, it was also found that the unaccounted
(31) Otani, T.; Minami, Y.; Sakawa, K.; Yoshida, &. Antibiot 1997, 44, 564. for HPLC peak (Figure 4A, peak with *) mainly consisted of

J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006 7899
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Figure 7. Proposed mechanism of self-decomposition of C-1027. The apoprotein is represented as a circle. Labels N and C shows the N- and C-terminus,

respectively.

6, 7, and peptidd. Taken together, the generation of compounds mixture of5 and the apoprotein under the same conditions failed

6—8 correlates with the consumption f
Spontaneous hydrolysis of the aromatized chromopBaoe
give 6 and 7 had not been reported previously. Sircand7

to generate the hydrolyzed compounds, indicating Bhaihds
the apoprotein tightly and as a result, is protected from
hydrolysis. It suggests th& and7 are not generated directly

were isolated from the C-1027 residues after the solution from the apoprotein-bound form df or 5, but are produced
incubation experiments, we wondered if the apoprotein was only after5 is released from the apoprotein upon its scission.

involved in their formation. Therefore, the stability Bfin the

These results are not only consistent with the three-dimensional

absence of or in the presence of the apoprotein was investigatedtructure (Figure 2), in which the benzoxazine is deeply buried

in separate experiments. Incubationsdby itself in the buffer
(pH 6.8) at 37°C for 72 h affordeds and7 in 54% and 25%
yield (based on recoveré), respectively. The rate of hydrolysis

within the binding cleft of the apoprotein, but also provide the
first evidence that the apoprotein kinetically prevents the
hydrolytic loss of the benzoxazine moiety from chromophore

of 5in the buffer was determined by HPLC analysis to be 4.60 1.

x 1076 s71, which coincides well with the rate of the decay of

Consideration of all the above data led us to propose a

1 (Figure 6). On the contrary, incubation of an equimolar mechanism of the self-decomposition of C-1027 as shown in

Figure 734 First, p-benzyne2, which is in equilibrium with

(32) Stable carbamic acids are not uncommon. For examples, see: (a) B’eite”'chromophorel, abstracts the hydrogen of Gly96 to generate

moser, R. A,; Linden, A.; Heimgartner, HHelvo. Chim. Acta2002 85,
990. (b) Neda, I.; Kaukorat, T.; Fisher, A. leur. J. Org. Chem2003
3784. (c) Hampe, E. M.; Rudkevich, D. Metrahedron2003 59, 9619.
(d) Lee, J. K.; Park, S. H.; Lee, E. Y.; Kim, Y. J.; Kyung, K. B.Agric.
Food Chem2004 52, 6680.

(33) (a) Garrison, W. MChem. Re. 1987 87, 381. (b) Davies, M. JArch.
Biochem. Biophysl996 336, 163. (c) Davies, M. J.; Dean, R. Radical-
Mediated Protein Oxidation: from Chemistry to Medicin®xford
University Press: Oxford, UK, 1997. (d) Stadtman, E. R.; Levine, R. L.
Amino Acids2003 25, 207. (e) Davies, M. Biochim. Biophys. Acta005
1703 93.
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the Gly radicaP® Next, peroxyradicald is formed through

(34) We note that there could be other minor degradation pathways in addition
to the major one in Figure 7. For instance, the generated Gly radical may
add back to the chromophore before reacting with oxygen, leading to
chromophore-protein adducts, or the phenyl radical suct8a®muld react
with molecular oxygen instead of hydrogen. However, attempts to detect
the protein adduct or the oxidized chromophore were unsuccessful.

(35) Stubbe, S.; van der Donk, W. &hem. Re. 1998 98, 705.
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Figure 8. Design of D-Gly C-1027. =
oxygen additior?® and this is followed by the peptide cleavage =
via dioxetane intermediatE); these steps explain the presence =
of 8 and11, both of which were detected by mass spectroscopy.
The apoprotein cleavage we propose is consistent with the spatial
proximity of the a-protons of Gly96 and the C6-hydrogen of
5, as determined by high-resolution NMR (Figure 2). This

protein scission liberates, whose ester linkage is hydrolyzed
at a similar rate to its generation; thus, the amour® ifmains 0 4 8 12 16 20 24
constant. time (h)
Intriguingly, what emerges from the present mechanistic Figure 9. Plots of time against chromophor#) (content of (A) natural
studies of the C-1027 decomposition is an additional role of C-1027 (black circles) and D-Gly C-1027 (red triangle) ipCHbuffer at
the apoprotein in protecting chromophofe it not only 3_7 °C, an_d (B)_natural C-1027 (black circles) and D-Gly C-1027 (red
N L . . triangles) in solid form at 37C.
kinetically stabilizes the nine-membered enediyne that reacts
with the DNA backbone sugar but also prevents hydrolysis of jmportantly, all deuterated amino acids, except Gly96 were
the benzoxazine that intercalates into the double-stranded DNA. distant from the reaction sitkand considered to be of no
Therefore, the apoprotein plays 2-fold protective functions as a consequence in further stability experiments. Isotopic incorpora-
carrier of1. Both of these functions are apparently required for tion of 78% was calculated from the relative integral volume
delivery of the unstablé to its target DNA sequences. of the cross-peaks of the glycineprotons on 2D NMR spectra.
Kinetically Stabilized Analogue of C-1027.0n the basis As shown in Figure 9A, we found that the recombinant D-Gly
of our earlier hypothesis that the formation of the Gly96 radical apoprotein possesses an improved chromophore-stabilizing
plays a major role in the self-decomposition of C-1027, it was activity. The KIE (u/ko) is determined to be 4.1; the chro-
envisioned that a simple substitution of Gly&6protons with mophore survives 4 times longer in the D-Gly apoprotein (
deuterium would stabilize C-1027 by virtue of KIE in the
hydrogen abstraction step (Figure38)'['he D-Gly analogue of (36) Isotope effects on the DNA cleavage by the enediynes have been reported.

K Neocarzinostatin: (a) Kappen, L. S.; Goldberg, I. H.; Wu, S. H.; Stubbe,
C-1027 (D-Gly C-1027) was expected to meet the requirements  j-"worth, L., Jr.; Kozarich, J. WI. Am. Chem. S0d99Q 112, 2797. (b)

that the modified apoprotein should increase the stability of Frank, B. L.; Worth, L., Jr.; Christner, D. F.; Kozarich, J. W.; Stubbe, J.;

R .. .. .. . Kappen, L. S.; Goldberg, I. HJ. Am. Chem. Socl991 113 2271.
while retaining the binding affinity between the apoprotein and Calicheamicin: (c) Hangeland, J. J.; De Voss, J. J.; Heath, J. A.; Townsend,
the chromophore. We have thus reported the preparationanda ~ €; A Ding. W Asheroft, J. S.; Ellestad, G. A. Am. Chem. S0d992
preliminary evaluation of the D-Gly C-102f.The D-Gly (37) Sakata, N.; lkeno, S.; Hori, M.; Hamada, M.; OtaniBlosci. Biotechnol.

i i i i i i Biochem 1992 56, 1592.
apoprotein was obtained by .ISOtO.pIC Iabe,“ng of the baCtena"y (38) D-Gly apoprotein contains four extra vector-derived amino acids (Gly-
expressed C-1027 apoprotein using glycila€98% D) added Ser-His-Met) at the N-terminus. For the control experiment, we prepared
i11m37 ; ; ; _ the nonenriched recombinant apoproteinz10911), and confirmed that
mediums MUIt'ple deuteration of the recombinant D Gly the four additional amino acids in the recombinant protein do not affect

apoprotein was confirmed by its MALDI-TOFM$(z 10968)38 the chromophore-stabilizing ability. See Supporting Information.
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= 151 h) than in the natural apoproteirtg(= 37 h). This A
KIE is even larger than those seen in organic solvents<2.8 100 463
3.8)17a confirming the high site-specificity of the radical %0
abstraction. The kinetic significance of the Gly96 proton ?g
abstraction in these experiments again supported the conclusion 2 o
that consumption of occurs mainly through cycloaromatization & s H73 sas3
and not via the hydrolysis of the benzoxazine moiety. = ‘3‘2

The natural and the D-Gly C-1027 isoforms were also 20 849.3
incubated in solid form at 37C (Figure 9B). Although the 10 N
experimental errors are rather high, there is a clear difference 83 845 847 849 851 853
in the reaction rates, and the KlEy(kp) was calculated to be B Mass (m/z)
approximately 1.8. Intriguingly, both C-1027 isoforms have 100 546.3
shorter half-lives when solid than in buffer solution (natural 90
C-1027: 7 h; D-Gly C-1027: 12 h). The smaller KIE value in 80

the solid state than in solution suggests that hydrogen abstraction
of 1 at Gly96 is less selective in the former case. This can be
attributed to the protein conformation of the apoprotein being
different in the solid and in solution, and the effective

% Intensity
o
(=3

conformation to stabiliz& can only be realized by the hydration 10
of the apoprotein, although this hypothesis cannot be verified
. . 813 845 847 849 851 853
in the absence of structural data on the solid C-1027. Because Mass (m/z)
C-1027 displays its biological activities in water in physiological C 846.3
conditions, the higher chromophore-stabilizing ability in solution oo
is intrinsically important for its antitumor activity. 80
Isolation of the deuterated aromatized chromophéré;) 70

60
50
40

as a product of the self-decomposition of the D-Gly C-1027
incubated in solution was not successful previod8md thus

% Intensity

we were unable to directly correlate the KIE to the formation 30

of 5-d; as a product of deuterium abstraction from D-Gly96. 20

This is because the D-Gly C-1027 is too stable in solution to b A

supply a reasonable amount®tl; and any5-d; formed under bz 845 T e ( m/z)'“g 851 853

h nditions i ickly hydrolyzed (vi ra). Therefor

these co dd tions IS qu Ch y %?do yzed ( de sup aé efe 0 e('j Figure 10. ESI-TOFMS spectra of the aromatized chromophd&je (A)
we turne to_ana yze the selt- ecomPOS't'O”_ products OrMed simulated spectrum & (M/z 846.3 [M+H]*). (B) MS spectrum ob after
upon incubation of the D-Gly C-1027 in a solid format, which  solid natural C-1027 was incubated at %7 for 3 days. (C) MS spectra of
should generate sufficient amounts of the products. Thus, theS ands-di (mz847.3 [M+ H]") after solid D-Gly C-1027 was incubated
D-Gly C-1027 in a solid format was incubated at 37 for 5 at37°C for 5 days.

days. Almost all of1 was consumed as a result of self-  rapie 1. In Vitro Cytotoxicity (ICso, pM) of Various Agents against
decomposition, allowing the LC-ESI-TOFMS analyses of the Cancer Cell Lines

resultant compounds. Isotope incorporation of the aromatized ICso (pM)

chromophore was found to be 35% D from the isotope patterns  cgjine C-1027 D-Gly C-1027 taxol adriamycin
(Figure 10). Thls is lower tha.n.the maximal valug (78%), HH-7 61 56 7 2% 10 11 10°
concordant with the low selectivity df for D-Gly96 in the AZ521 11 15 6.1x 10° _

solid state. Nevertheless, the results confirmed that the abstrac- PANC1 19 27 - -

i i _ HT-1376 62 52 - -

tion of deuterium from D-Gly96 by the chromophore occurred - 10 L 7% 16° 9.0 16°

as the major pathway. Our proposed self-decomposition pathway
was reinforced by the MALDI-TOFMS peaks of the peptide
fragments that corresponded to the oxidative cleavage of thejyst as efficiently as the natural apoprotein. Both of the C-1027
D-Gly C-1027 at the D-Gly96 residuen(z 9518). isoforms exhibited markedly greater potency (1000-fold) than
Biological Evaluation of the D-Gly C-1027.To evaluate if taxol and adriamycin.
the enhanced stability of the D-Gly C-1027 is reflected on the ~ We next tested if the stabilities of the C-1027 isoforms are
biological activity, we performed in vitro toxicity assays using correlated with changes in their cytotoxicity over time. First,
various cancer cell lines. Both the natural and the D-Gly C-1027 the isoforms were incubated at 3C for 24 or 48 h in pH 6.8
isoforms were shown to possess extreme in vitro toxicity toward buffer. Then, the in vitro cytotoxicity of the isoforms against
various cancer cell lines. The results are recorded in Table 1,human hepatocellular carcinoma JHH-7 was examined. As
alongside an lgy comparison of the clinically prescribed shown in Table 2, in a sharp contrast to a significant loss of
anticancer agents taxol and adriamycin. The multiple deuterationactivity observed for the natural C-1027 after 48 h of incubation
of the apoprotein apparently did not affect the cytotoxic activity (6.1to 176 pM), the D-Gly C-1027 maintained its activity £{4C
exerted by chromophorg. It indicates that, while the D-Gly =~ = 30 pM) albeit with a 3-fold decrease. The D-Gly C-1027
apoprotein encapsulates the reactive chromophore more stablclearly possesses a prolonged lifetime as an anticancer agent
than the natural H-Gly apoprotein, it releases the chromophorecompared to the natural C-1027. In conclusion, we have thus

7902 J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006
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ga%ezg- Cytottoi_('icity Df;\_t'a (lctl_so,c pM) for C-ﬁaﬁ 7an<f:}t D-IGly bati that are essential for its DNA cleaving activity: the enediyne

- against Human Hepatic Carcinoma -/ after Incubation H H ; H

at 37 °C in Phosphate Buffer (pH 6.8) moiety forthe_ hydrogen abstrgcnons and the benzoxazine moiety
for the DNA intercalation. Using the D-Gly C-1027, we show

ICsp (pM) that the kinetic stabilization of the reactive chromophore

fime C-1027 D-Gly-C-1027 provides an enhanced overall stability for the small moleeule
0 6.1 5.6 protein complex, thereby achieving more effective antitumor
ig 1%-‘(‘) ég-i activities compared to that of the natural C-1027. C-1027

represents a unique drug delivery system such that the protein

stably encapsulates a highly reactive small molecule yet is
demonstrated that simple design of the C-1027 apoprotein c@pable of unleashing it when the target DNA molecule is in
analogue that stabilizes the reactive chromophore achievesclose proximity. The mechanistic insights into the self-
enhanced stability for the overall small moleculgotein decomposition pathway for C-1027 described here should aid
complex and hence improved anticancer activity. Our findings OUr understanding on how the protein interacts with the reactive
may have implications for design of proteins that stably Small molecule to modulate its reactivity.
encapsulate highly reactive small molecules.

Acknowledgment. This work was supported by CREST,
Japan Science and Technology Corporation (JST). A fellowship
for T.U. from the Japan Society for the Promotion of Science

We have shown that the formation of the Gly96 radical and is gratefully acknowledged. We thank Dr. Kaori Sakurai
the subsequent oxidative peptide cleavage are the major pathwayHarvard University) for her helpful discussion and critical
for the self-decomposition of C-1027. Direct evidence that the comments.
chromophore triggers radical-mediated oxidative cleavage of the
iﬁiﬁftzqup;o:g:ﬂégg nﬁr;%gzzlr?, ognz\év::);fg Ia:toelg pfgdl:ﬁ;s a_nd analytical details. This material is available free of charge
apoprotein as a chromophore carrier is proposed. The apoproteirYIa the Intemnet at http://pubs.acs.org.
effectively stabilizes two functional units of the chromophore JA060724W

Conclusion

Supporting Information Available: Materials and methods,

J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006 7903





