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Absbwcl: Comparison of tk DNA cleawge activity qf man-designed bleomycins demonstraIes thaw bknnycins are 
small ensymes comprised pf a catalytic site and a binding site. Tk linkr moie(v is shown to k sign#icanl for DNA 
binding, and inversion qf its staem’kmislry rmdts in a dram& &crease in tk DNA-cleaving @ciency. One sf tk 
wun-designed BLMs shows excellent cytotoxicity against LIZlO. 

The bleomycins (BLMs) are a family of glycopeptide antitumor antibiotics isolated from cultures of 
Streptomyces verticillus by Umezawa et al. in 1966, and ate presently used for the clinical treatment of 
Hodgkin’s lymphoma, carcinomas of the skin, head, and neck, and tumors of the testis.1 The drug, a 
combmation of an unusual hexapeptide and a disaccharide,~ cleaves DNA preferentialiy at G-C (5’4’) and G-T 
(5’4’) sequences in the presence of oxygen and ferrous ion. 3 The molecule can be regarded as an integrated 
entity made of components endowed with the following functions; i) iron binding and dioxygen activation by the 
amine-pyrimidine-imidaxole region, ii) stabilization of the iron-oxygen complex and contribution to membrane 
transport by the disaccharide, iii) interaction with certain nucleotide sequences by the bithiazole-terminal amine 
region, and iv) holding of each part of the molecule at an appropriate distance and in a suitable orientation by the 
linker group (FQure 1). 

It is intriguing that BLM binds to DNA specifically and breaks it. Mixuno first referred to BLM as “a 
minimum sixed naturally occurring molecule showing miniium sized enzyme function.& Indeed, BLM appears 
to be analogous to an enzyme in that the metal-oxygen moiety corresponds to the catalytic site of enzymes and the 
bithiaxole can be regarded as the substrate binding site. Although BLM (a hexapeptide-disaccharide) is much 
smaller than real enzyme (e.g., Eco RI endonuclease contains 276 amino acids), it is comparable, in sire, to the 
cleft of the active site of enzyme (i. e., Eco RI recognizes DNA by six amino acid residues).db Therefore, the 
structu.m of BLM may provide a model system for the active site of DNA-cleaving enzymes, such as nuclease or 
restriction enzymes. We considered that this enxymic chamcter of BLM could be most reasonably investigated by 
a synthetic model approach. Previously we have demonstrated that a synthetic model for the iron-binding site of 
BLM having a Cmethoxypyridine and a tert-butyl substituent, namely PYML-6 (Figme 2), was able to activate 
molecular oxygen as efficiently as BLM.5 This iinding allowed us to design DNA-cleaving molecules based on 
PYML-6. We reported a G-specific nucleotide cleavage by the first man-designed BLM, PYML(6>bleomycin 
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(Figure 2). in which the bithiauoIe-mrmiwl amine fragment was CoupIed to PYML-6.6 Mcae recently. we have 
prepamd the second mandesigmd BLM, PYML(6)-(4R-APA- (Figme 2). which annains distamycm 
as the A,T-qecific DNA afRuity site and predominantly cleaves A, T rich regions of DNA.7 This is in 
acWdlWewiththelusultsofDWauspionm@I wo& on AT-spe&c DNAcIeaving molee&s au&tingofa 
distamycin and an EDTA-R(B) group.8 

Snuemmlly, PYML.(6)-bleomycin aal PYML@)@?-APA)distamycin difIerna only in the DNA binding 
site but also in the linker moiety. Whereas PYML(6)-bleomycin contains (2&3S,4R)-4 -amino-3-hydroxy-2- 
methylpentanoic acid (AHM, pigun 3), the same linker as found in natural BLM, PYML(6)-(4R-APA)- 
distamycin contains a simplified (R)-4-aminopentanoic acid (4R-APA, Figure 3). It should be noted that 
Umezawa et 03. have made an impormnt observation that the anti-HeLa and DNA-cleavage activities of BLM 
&pendctmsIdemblyontbestasoobarniptryandthesuuctmeofthelinkermoiety.~.~ Inparticular;the4&APA 
derivaGve of BLM showed exe&m DNA-cleaving activity, superior to that of natural BLM T&u&ore, it might 
he poaaible to control the DNA-cleavage activity ofmandesigned BLMs by varying the linker moiety as well as 
theDNAbindingsite. Iaardertoclarify~relntiverolesdthelinLermoietyandthedistrunycinmoitty.~ 
have AOW designed PYML(6)-(AHM)-distamycin and PYML(6)-(4SAPA)distamy~in (Figure 2). containing 
AHM and (S)-4-amhropentanoic acid (4S-APA, Figure 3), the antipode of 4R-APA, respectively. Herein 
mported am the synthesis and the DNA cleavage experiments of these molecules. 

4R-APA 4S-jQpA 

Figure3. Theliiaminoacids. 

SpthesisuftbeLiakwAaduoAcidr. AHMisanov&minoacidfoundin3LMandcharactMized 
by the 4R-amino, 3Shydroxy1, and 2.5methyl arrangement on the three consecutive carbons 2-4. Effiit 
constNuionoftheses temocentersisthemajorconcern inthesynthesisofAHM. Inthefiisynthesisof~ 
Yoshioka et al. prepared all possible ste- of AHM for the purpose of structure elucidadon.~I A 
synthesis of opticany active AHM was carried out by Hecht et al. by a multistep proeedum starting from L- 
rhamnose.12 Previously we achieved a short and smreoselective synthesis of AHM by the Masamune- 
Mukaiyama aldol strategy.‘3 Mom recently, Bock ct al. reported an alternate synthesis by the Evans acyIation 
methodology using chii 0xazoIidhmne and (Boc-BAia)20.14 This proWlme still had several inamvemences, 
i. e., i) unnatural D-valine is required for the Evans’ oxaa&dinone to attain the desired (2S)-stabochmristry of 
the~ii)halfofthe~~consti~taf(Boc-~Ala)2oisaeitherutilizcdnnrrecycled,andiii)aawrtra 
mdtlCtiongtepislequiredC4lmpamdwiththealQlstrrtcgy. 

f3ereinwercporttheplEeparatioaofAHMbyaniinpaovedproeedurtbasedontheE~s-Mukaiyamaaldol 
strategy whereby the above drawbacks were overcome (Scheme 1). Thus, chiral N-acylouazoIidinone 1, 
prepared from L-vdinc, was kxmve3ted into the corresponding boron enolate and reacted with (R)-2-[(Sert- 
butoxycarbonyl)amino]propaual2 to afford aldol adduct 3 with the desired absolute smmo&emistry as the sole 
pmductin81%yield. Other~we~neitberisolatednordetecmdby400MHztHNMB. Tmaunent 
of aldol adduct 3 with methylmagoesium iodide gave methyl ester 4 (82% yield), suitably protected for further 
elabomdon. 
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Syn&ds of PYML(6)-(AHA+iist4w~yci~ PYML(6)-(AHh+distamycin was p~parcd by taking 
advantage of the previous syntheses of fragments and intumediates for man-designed BLW. The distamycin 
moiety 5 has abeady been prepared for the synthesis of PYML(6)-(4&APA)distamycin and its Boc protective 
group was Icmoved with WA (Scheme 2).7 The methoxypyridioe-rert-butoxyhistidk-AHM frasment 7 has 
previously been synthesized during the preparation of PYML+(6)-bleomycin.6 The coupling of amine 6 and acid 
7 was canicd out by the DPPA procedu& furnishing bii(Nps) derivative 8 in 58% overall yield. The final 
&prote&on of 8 was accomplished by careful treatment with 5% TPA in CH2Cl2, and PYML(6)-(AHM)- 
distamycin was obtainedin 69% yield. 

Scheme 2 

5 

Me0 TFA-CH2C12 (1 : 1) 

7 

I 
6 

DPPA, EtaN, DMF 
rF t$HR 

TFA-CH2C12 c 8 R=t+s(58%) 

(1 : 20) 
PYML(6)-(AHM)-distamycin R = H (69%) 
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Synthesis of PYML(6)-(4S-APA)-distamycin. Except for several modifications the synthetic 
strategy for PYML(6)-(4&APA) was basically the same as that for PYML(6)-(4R-APA)distamycin’ 
(Scheme 3). Thus, No-benzyloxycarbonyl-cryrhro-B-hydroxy-L-histidine 95h was ,trezted with 2,4- 
dinitrofluorobenzene to give Dnp derivative 10 in 76% yield Treatment of ethyl (S)-4-[(tert- 
butoxycarbonyl)amino@mmmoate 117.10 with TFA gave amine 12. which was coupkd with acid 10 by the 
EDCI pro&u& to give peptide l3. The Dnp protective gtoup of W was removed with bmuc.aptopropionic 
acid at pH-8 and compound 14 was obtaitmd in 68% yield based on 11. Subsequent introducdon of a fert-butyl 
group with isobutene (8096 yield) and deprokction of the 2 group with formic acid and Pd-b&k (quantitative) 
afforded amine 16. CoupIing of the amine 16 with acid 17.k facilitated by the DPPA method,15 afforded 
uipeptide 18 in 81% yieId, and subsequent aWine hydrolysis gave fragment 19 in 69% yiehi. ‘Ihe distamycin 
amine 21 was quantitatively prepamd from the Boc derivative 207 by treatment with TFA. The DPPA procedure 
was again applied to the condensation of acid 19 with amine 21 to at&d bis(Nps) derivative 22 in 62% yield 
The deprotection of 22 was accompIished with 5% TFA in CH2Cl2 to give PYML(6)-(AT-APA)-distamycin in 
73% yield 

Scheme 3 

Dpph Et,N 62% 
c2n 

H ’ t t t 
I 

Enrymic Character of Man-Designed Bleomycino: DNA Cleavage by PYML-6-Fe(II) and 
PYML(6)-(AHhf)-distamycir-Fe(Z1) 

Man-designed BLMs prepated as above were shown to possess the fundamentaI properties of an enzyme 
able to catalyze oxidative degmdauon of DNA. Sequence specific nuckotide cleavage was examined by using 5’- 
end 32p-labeltd G4 phage DNA fragment (100 base pairs) which contains a relatively high mn of the base 
A and T. Fii of aI& the DNA cleavage properdes of P-6, the metal m of our man-designed BLMs. wem 
exam&d. PYML&Fe(II) at 500 @I to I mM concentration was required for efficient DNA ckavage and the 
cleavage mode was found to be non-specitk (Figure 4). In contrast, PYML(6)-(AHM)-distamycin-Fe(B) was 
shown to cleave DNA at 5 j&l concentration in the prcscna of 02 and dithiothmitol (1 mM) and A. T rich 
regions were found to be prefetentiaUy cleaved (Figure 5, lanes 3 and 6). However, peplomycin, a naturaI BLM 
derivative, cleaved DNA with G-specificity (hums 4 and 5). This hmmascd efficiency (about 100 to 200 times) 
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Figum 4. Auaad@mm ofckavage 
of 3’-end labekd G4 phage DNA hgment 
(1OObasepairs) byPYML@eo in the 
pmsence of oxygen and did&k&o1 (5 
mM). Lanel. intactDNA; lane2,the 
Maxam- seqenckglcsctim ofA+ 
G; lane3, PYML-6at 1mM; laue4, 
PYML-6at5oocIM. 

FigomS. ~of&av~ofP-end(lanes l- 
4)and3’cod&nes5_8)&MedCJ4$ageDNAfmgment(100 
~paWbjr~W~ylCiB-FC@)intk 
pmsenceof~ygcslaad~~lmM). hnesland8. 
intactDN&lanes2and7,thelMaaam~~ 
reacrhofA+~,lanes3and6.~6)-(~ycin- 
Fe(T9at5$wanes4nnd5,pepkmycin-~at5~ 

inDNAckavageisweUamhwd byconsidaiqtbatthedistamycinmoktyactuaUyaaitri~totbe~ve 
intenrcti~~~DNA,~tbeiroa~to.~viciaitydtkeclaavagesioe. Tbelowefhkncytmdthelack 
of base q&f&y in DNA ckavage by PYhiL-6 alone am explained reasonably by the reaction initiated by 
random collision. Tfie A,T-speciEc cleavage by PYhfL(6)-@HM)-dismmycin Mica&s that the distamycin 
moiety is responsibk fcr the DNA-afIinity and ‘the base sequence xzogaition. Thus, the mokcnk PYML(6)- 
(AHM)-distamycin can be mgatdcd as an assemh da catalytic site (PYML-6 mokty) and a binding site (the 
distamycinmoiety). Inthissanse,wrmPn-desigaadBLMolso~asaslnaflriEedsed~m~ 
exhibiting the enzymic ftmctkn of DNA degradation. A histogram t&en fmm the automd&mm (Fii 6) 
showedasymmetckckavagepattemonoppohstmnds,SkatingthatPYh@6)-(~~ts 
withtheminorgrooveofDNA. TlreDNAcleavrge~mdBartrmrdrownk~~5md6wae 
vhtually identi& to hse of PYML@+(4R-APA) pmviously ltpaatd, qgestkg that the 2-methyl 
and 3-hydroxyl groups of the AHM moiety do .not contribute to the DNA base interaction or ~xxx@h~y 
PYMa(~(~~amyciaclesrly~~~~04dre~t~yrnivel%(m)colnples 
pxwmably the iMc-pelwide specks, at g1 = 2.2S0, gz = 2171, and @ = 1.93% (Fii 7). similnr to dwm of 
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RN (gl = 2.254, p = 2.171, and g3 = 1.937) and PYML(q)-bkdnycin (gt = 2.249, gz = 2.173. and 0 = 
1.939).6 

It was gratifying to &xi that PYML.@-(AHM)distamychl showed patent ~titumor activity. Jn particulrr, 
its ICN value against ~1210 WBS 5.7 p&d whereas ~IKHC of BLM aad dktamycin fragment 6 m ,833 BW 

and 35.6 &mI, rwpectively Vttbk 1). 

Figure 6. Histogram ofckavagc sites by PYML- Figme7. ESR spccwum of PYML@ 
(6>(AHMjdistam~~ for G4 phagc DNA (AHhQdistamycin-Feo+H- compkx at 77 K. 
fragment (loo base pairs). 

Lx-l >loo 
SC-6 77.8 

L1210 5.7 
EL4 26.4 

P388Dl 29.2 
IMC Ca 26.7 
M&IA 13.6 

EhrlichCa. 35.0 

12.5 >lOO 
8.0 >loo 

83.3 35.6 
4.1 >loo 
0.8 >loo 

15.2 >I00 
14.3 >lOo 
5.9 >lOO 

SZ&fZcaace of the Stenoehemistry of the Linker MoZety: DNA CZeavage by PYML(6)-(IS- 
APA)-dislomycir-Fc(II) 

Whucas DNA cleavage by PYML(6)-(AHAQdistmnycin WPB found to be mostly the same as that by the 
previously synthesized PYML(~)-(~R-APA>~~s~s~~&, a drastic influence due to a change in the 
stuwchemisbry of the lin& moiety was observed in tBe cue of PYML(6)-(4s-AFA)distamyck Figure 8 
shows the cicavqc ofC34 pItage DNA fragment (le0 base pairs] Sy PYML(6)-(4S-AFAj-&tam~-~ (5 
~lanes4red5)inthe~of02~~~(1mM)caaaprredwirh~dPYMLC6)-(~-kPA)- 
di!staqcin-R~(5liM,~3aud6). Tlxc~acynsobtBeau~ lew&dtilattbc 
cIcavagc activity of FYML(6)-(4.S-APA)-distamycia is rc!nddJly less than that of PYML(6)-(4fuPA)- 
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distamycinbya~oaaboutlO,whcEeraborhsbowedvirtusllythesamecluvage~ Thus,theDNA 
. ckavingpowerwasshowntobemducedbyinveithrgthestereochulustry afthclinhramilKbzid. 

12345676 

Figure 8. Autcradiogram of cleavage of s’-end (lanes 1 - 4) and f’cnd (lane 5 - 8) labeled G4 phage DNA 
fragments (108 hase pairs) by PYML(6)-(4R-APA)distamycin-Fe(H) and PYML(6)-(4S-APA)-distamycin- 
Fe(U) in the presence of oxygen and dithiothmitol(1 mM). Lanes 1 and 8, intact DNA, lanes 2 and 7, the 
Maxam-Gilbert sequencing reaction of A + G, lanes 3 and 6, PYML(6)-(4R-APA)distamycin-Fe(U) at 5 uhf; 
lanes 4 and 5, PYML(6>(4SAPA)-distamycin at 5 t&I. 

It appeared surprising that the stereochemical inversion of a single asymmetric center in a large molecule 
such as the man-designed BLM nsulted in a dmmatic decmase in DNA cleavage activity. In otder to explain this 
phenomenon, we carried out a simulation study of the structme of the complexes of DNA and man-designed 
BLMs based on theX-ray structum of the distamycin-DNA complex (see EXPEWMENTALsECrIoN). Figum 
9 shows stereo pair computer drawings of the energy-minimized structums of the complexes of double helical 
DNA d(CGCAAATTITECG GCGTlTAAAAACGC) (which represents the actual A,T-rich cleaved sites 
shown in Figures 5 and 8) and PYML,(6)-(AHM)-distamycin (A), PYML(6)-(4R-APA)distamycin (B), and 
PYML(6)-(4S-APA)-distamycin (C). The iron-oxygen site, the linker moiety, and a part of the distamycin 
moiety am displayed. It appears that the base sequence specificity in DNA big is determined solely by the 
distamycin moiety which lies in the minor groove, anchored to an AA’lT region. The linker, tethered to the 
distamycin moiety, appears to conttibute to the &livery of ,the metal-oxygen moiety to the site of DNA cleavage. 
This intern&on with DNA seems to he less favored in the case of PYML(a)-(4SAPA)distamycin because of the 
sterlc repulsion between the C5-methyl group of the M-APA linker and the nucleic acid, and also because the 
iron-oxygen site is placed slightly further from the DNA, resulting in the lowered cleavage power. The 4R- 
amino, 3S-hydroxyl, and Z-methyl groups of AHM and 4R-APA am located outside the minor groove and 
hence there is no steric repulsion between these groups and the DNA. In fact, the energy of the whole system of 
DNA-drug complex &teased in the order 4s-APA > AHM > 4R-APA, consistent with the experimental results. 
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Figure 9. Energy-minimized structures of the complexes of double helical d(CGCAAATITITGCG- 
GCGTITAAAAACGC) and PYML(6)-(AHM)-distamycin (A). PYML(6)-(4R-APA)-distamycin (B), and 
PYML(6)-(4SAPA)-distamycin (C). 
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Discussion 
Since we have previously demonstrated the catalytic activation of molecular oxygen by the PYML-6-Fe0 

complex.5 the P-6 site should be mcognized as the tx&&ic site of man-designed BLM. Whereas 500 to 
loo0 uM of PYML-6 was required for DNA cleavage, PYML(6)-(AHM)-distamycin and PYML(6)-(4&APA)- 
distamycin cleaved DNA at 5 pM concentmtion. Thus, intmduction of the distamycin moiety to PYML-6 was 
shown to amplify the latter’s DNA-cleaving power by 200 times. In addition, the DNA affinity site also 
furnished base sequence specificity to the DNA cleavage, i. c., PYML(6)bleomycin cleaved DNA with G- 
specficity and PYML(6)-(AHM)-distamycin or PYML(6)-(eR-APA)-distantycin cleaved DNA with A,T- 
specificity. Themfore, the distamycin site is indeed the binding site for the specific base tecognition having 
selective affhlity. 

The present study also demonstrated the signifiiance of the stereochemistry of tbe linker moiety as shown 
by the loweted efficiency in the DNA cleavage by PYML(6)-(4&APA)-distamycin. This is in acco&u~ with 
Umexawa’s finding that the modification of the linker moiety of BLM gteatly influences the DNA cleavage 
activity.9 This is comparable to the enzymatic discrimination of stemochemistty. That is, PYML(6)-(As-APA> 
distamycin-DNA is a worse-matched pair, whereas PYML(6)-(4R-APA)-distamycin or PYML(B)-(AHM)- 
distamycin forms a better-matched pair with DNA as indicated by the computer simulation study. 

BLM and PYML(6)-bleomycin, both possessing the bithiaxole moiety, caused pinpoint cleavage of DNA 
probably due to the action of iron-hound oxygen species, i. e.. Fe(m)-GzH- or Fe(V)=G. In contrast, PYML(6)- 
(AHM)distamycin, PYML(6)-(4R-APA)distamycin, and PYML(6~(4$APA>tamycin cleaved several bases 
both up- and down-stream from the place where the iron center is ptesumed to be located. Presumably this was 
because not only iron-bound oxygen, but also diffusible oxygen species generated and liberated from the bon 
site attacked the DNA. ESR measurement revealed that PYML(6)-(AHM)-distamycin produces the same iron- 
bound oxygen species as BLM or PYML(6)-bleomycin. suggesting the possibility that the observed DNA- 
cleavage mode is a superimposition of many pinpoint cuttings by iron-bound oxygen due to varied potential 
binding of the distamycin domain within the AT-rich region. However, it is mote likely that the diffusible 
oxygen is the major DNA-attacking species, because the computer simulation suggests that the iron-bound 
oxygen can hardly teach the deoxyribose to be cleaved. On the other hand, it is thought that the metal-oxygen 
region of BLM is placed a short distance from the deoxyribose ring next to the mcognixed guanine.1’ 

The DNA binding mode of the bithiazole-based DNA cleaver seems intrinsically different from that of 
distamycin derivatives. The whole molecule of BLM. spanning from the pytimidine region to the bithiazole 
terminus, appears to be responsible for the specific recognition of DNA. In fact, Hecht demonstrated that even 
the pyrimidine region contributes remarkably to control of the site of cleavage.l* On the other hand, it seems that 
the distamycin moiety alone dominates the site of DNA biding, and that DNA cleavage takes place near the iron 
which is tethered to the distamycin moiety by the linker. 

In conclusion, we have demonstrated the enzyme-like character of man-designed BLMs and disclosed an 
important role of the linker amino acid in placing the metal center in a good orientation relative to the DNA 
binding moiety. Patticularly interesting was the finding that our man-&signed BLM, namely PYML(6)-(AHM)- 
distamycin, was shown to he mom potent than natural BLM in cytotoxicity against L1210. The present results 
set the stage for the design of new man-designed BLM with tailored specifiity in anticancer action. 

EXPERIMENTAL SECTION 

Melting points were measured on a Yanagimoto micro melting point apparatus and were uncorrected. 
Gptical rotations wem measured on a JASCG DIP 140 instrument. tH NMR (400 MHz) spectra were recorded 
on a JEGL GX-400 spectrometer. Abbreviations are as follows; s (singlet), d (doublet), t (triplet), q (quartet), m 
(multiplet), and br (broad). IR spectra were recorded on a PERKIN-ELMER 1600 series FI’IR spectrometer. 
Fast atom bombardment mass spectra (FABMS) and high resolution mass spectra (HRMS) were recorded on a 
JEGL JMS DX-300 spectrometer and a JEGL JMS AH-100 specttometer. X-band ESR spectra were measuted at 
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77K with a JES-FE-3X m. E. Merck silica gel (6&W254 a 68PF-254 silauiaed) was used for 
prepa&veTLC. Rmgeutsaodsolventswempuri&lbys&ndardpmcedmW 

(5)-3-[(25~~~)-4-[N-(~rt-Butaxyc~rbyl)~~~o]-3~hydr~y-2-metby~penta~yl~-4- 
i8opro~yI-1,3-oxazotUie-2snc (3). A 1.0 M sol&m of dibutylboryl triflam in CH2C12 (6.5 mL, 6.5 
mmol) and triethylaudne (1.2 u& 8.3 mmol) were sddid to a solution of (5)~4-isopropyl-3-propionyl-1,3- 
oxaxolkk-2-one (a)‘9 (l.lOg. 5.95 mmal) in EQO (23 mL) under argon at -78’C. The sohuion was aRowed to 
warm to room temperature, s&red fa 1.5 hr, and again cooled to -78’C. A solution of (R)-2-[M-(terz- 
butoxycarbonyBamitto~ (2)‘s (1.03 g, 5.95 mmol) in CHzClz (6 mL) was added dmpwise over 10 min. 
Aftnthesduti~wss~at-78pCfa3omin,thenrtlwm~~ forL5hr,pH7phoaphatebuffer(30 
mL),MeoH(4omL),and3oRbII2o2(6.5mL)wereadd#latooC. After1hratWC!,theorganicsolveruswere 
evapemtedaodthe mmaiuingaqueourphasewasexuacted5timeswithEt2o. nteEQoextractswemauu~ 
washedwithbrk,driedoverNa2sos,andconcentratedinvacuo. ‘Iheresiduewaspmifiedbychmmamgmphy 
onsikagel(elutedwithhexane:AcOEt=5:2 -_) 1 : 1) to give 3 as a colorless foam (1.72 g, 81%): Rf0.18 
(hexane : AcOEt = 2 : 1); [a]$J) = +63.2’ (c = 1.03, CHCl3); JR (KBr) 3443,2974,2879, 1778, 1694. 1514, 
1456, 1386, 1301, 1206, 1105. 1055, 1022 cm-‘; ‘H NMR (CD30D) S 0.87 (3H. d, J = 7.0 Hx, (C&)2CH), 
0.93 (3H. d, J = 7.0 Hz, (C&)20, 1.11 (3H, d, J = 6.6 Hz, W3CH), 1.23 (3H, d, J = 7.0 Hx, CIf3CH), 
1.43 (9H, s, (CHQ3C). 2.31 (N-L dqq, J = 3.7, 7.0, 7.0 Hz, (CH3)2Cff), 3.58 (HI, m, CHWf), 3.71 (lH, 
dd, J = 6.2, 6.6 Hz, CHCIfCH), 3.92 (lH, dq, J = 6.6, 6.6 Hz, CH3CH), 4.26-4.38 (W, m. CHCHW2). 
4.41-4.52 (lH, m, CHCWCH2); FABMS m/z 359 (MH+); HRMS (FAB) cakd for C!I~H~JN& (MH+): 
359.21824, found: 359.21852. 

Methyl (2S,3S,4R)-4-[N-(tert-Butoxycarbonyl)amino]-3-hydroxy-2-methylpentanoate 
(4). A 0.93 M solution of methylmagnesium iodide in Et@ (2.3 mL, 2.1 mmol) was added to anhydtous MeOH 
(9.4 mL). The resulting mixture was added to an ice-cooled solution of aldol adduct 3 (687 mg, 1.92 mmol) in 
anhydrous MeOH (9.4 mL) by cannula. After the tea&on mixture was stirred for 10 mitt, it was quenched by 
addition of pH 7 phosphate buffer (9.4 mL). The organic solvents of the mixture were removed by evaporation. 
The remaining aqueous solution was acidified to pH 3 with 1N HCl and extracted 3 times with AcOEt. The 
AcOEt extracts wem combined, washed with brine, dried over NazS04, and concentrated in vacua. The residue 
was purified by chromatography on silica gel (eluted with hexane : AcOEt = 5 : 2 -D 1 : 1) to give 4 as a 
colorless, amorphous material (411 mg, 82%): Rf 0.27 (hexane : AcOEt = 2 : 1); [a]$.0 = +8.3” (c = 1.00. 
CHC13); JR (KBr) 3414, 3372.2983, 1723, 1686, 1529, 1365. 1253, 1176 cm-l; tH NMR (CDCl3) 8 1.18 
(3H, d, J = 6.6 Hz, CIf3CHNH). 1.26 (3H, d. J = 7.0 Hz, CW3CHCO). 1.44 (9H, s, (cH3)3C), 2.66 (H-J, dq, 
J = 5.5.7.0 Hz, CHWICO), 3.09 (HI, br s, OH), 3.63-3.79 (2H. m. CH3WNH and CHCIfCH), 3.71 (3H, 
s, CO2C!Z3), 4.55-4.70 (lH, br m. OCONII); FABMS m/z 262 (MH+); HRMS (FAB) calcd for CrzHzaNOs 
(MH+): 262.16547, found: 262.16480. 

bis(Nps)-PYML(6)-(AHM)-distamycin (8). Trifluoroacetic acid (1.0 mL, 13 mmol) was added 
dropwise to an ice-cooled solution of carbamate 57 (58.8 mg, 8.9htlO-2 mmd) in CH2Cl2 (1.0 mL) over 5 mitt 
under argon. After being stirred at O’C for 30 min and then at room temperature for 2 hr, the solution was 
concentrated in vacua. The &due was dried over KOH in vacua to give amine TFA salt 6 as a pale brown 
amorphous material. Acid 76c (68.4 mg, 7.49x10-2 mmol). EON (44 mL, 0.31 mmol) and DPPAt5 (24 mL, 
0.11 mmol) were successively added to an ice-cooled solution of the amine TFA salt 6 in DMF (4.0 mL) under 
argon. The solution was allowed to warm to room temperature, stirred for 2 days, and concentrated in vacua. 
The residue was pmiiied by gel tiltration on Sephadex LH-20 (eluted with MeOH) followed by pmparative TLC 
on silica gel (developed with CHCl3 : MeOH : EON = 16 : 4 : 1) to give 8 as a yellow, amorphous material (63.0 
mg, 58%): Rf 0.21 (CHU3 : MeOH : EnN = 16 : 4 : 1); [a]$.0 = +21.1° (c = 0.45, MeOH); JR (KBr) 3422, 
1654, 1524, 1339 cm-l; rH NMR @MS@4) 6 LOO (3H. d. J = 6.8 Hx, cH3CJ-J). 1.01 (3H, d, J = 6.2 Hz, 
CH3CH). 1.04 (9H, s. (CH3)3C!). 1.63 (2H, m, CH2CJf2CH2). 1.68 (2H. m, CH2cH2CH2). 2.14-2.21 (lH, 
br m, CH3cHCO). 2.19 (6H, s, N(CW3)2), 2.23 (2H, t, J = 7.7 Hz, CHZCDNH or CW!N(CH3h), 2.30 (2H, 
t, J = 6.6 Hz, WzCONH or WZN(CH~)Z), 3.00-3.11 (2H, m, CONHCJf2). 3.14-3.23 (2H, m, 
CONHCH2). 3.42-3.75 (4H, m, WzCHCONH2, CH2CHCONH2, and CH3WNH), 3.80 (6H, s, PyOCH3 
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and/or NW3), 3.82 and 3.84 (each 3H, s, PyOUf3 and/a NCHQ, 4.40-4.62 @I-I, br m, PyCH2). 4.62-4.73 
(lH, m, CONHCJfCONH), 4X-4.98 (1H. br, CHCJICH), 4.94 (lH, d, J = 5.9 Hz, WJm). 5.13-5.22 (lH, 
br d, NHNps), 6.83 (lH, d, J = 1.8 Hz, Pyrrok). 6.88 (lH, d, J = 1.8 Hz, Pyrrok), 6.96-7.02 (lH, br s), 
7.03 (lH, d, J = 1.8 Hz, Pyrrok), 7.13-7.25 (HI, br), 7.15 (HI, a, J = 1.8 Hz. Pynok), 7.18 (lH, d, J = 1.5 
Hz, Pyrrok), 7.22 (lH, d, J = 1.5 Hz. Pynok), 7.29-7.42 (4H, m, Nps), 7.42-7.60 (W, br), 7.60-7:78 (2H, 
br), 7.69 (lH, m. Nps). 7.78-8.02 (W. br), 8.02-8.13 (3H, m), 8.25 (2H. dd, J = 1.2, 8.4 Hz, Nps), 9.03 
(lH, br m, PyC0NJ-Z). 9.80 (HI, I, C!ONf#), 9.89 (1H. s, CONJI), 9.90 (HI, s. CONW; FABM8 m/z 1449 
(MH+), 1450 (MH+*l); HRM8 (PAB) calcd for c66H86N19015s2 (MI-I+): 1448.59922, foundz 1448.60126. 

PYML(6)-(AHM)-distamycir. TriE uoroacetic acid (0.29 mL, 3.9 mmol) was added dropwisc to an 
ice-cooled solution of 8 (29.3 mg, 0.0202 mmol) and skatole (58.6 mg, 0.447 mmol) in CH2Q2 (5.9 mL) over 
3 min under argon. The solution was stitmd for 2.5 hr at room temperature, treated with RQN (0.82 mL. 5.9 
mmol) with ice cooling, and concentrated in vacua. The residue was purified by repeated gel fiitration on 
Sephadcx LH-20 (eluted with MeOH) followed by mwxsc phase pmparative TLC (developal with 4% NH&Ac : 
MeOH = 3.5 : 6.5). The resulting colorless powder was further purified with Ambcrlitc XAD-2 (30 mL), 
washed with water (100 mL) and elutcd with MeOH to give PYML(6)-(AHM)-distamycin as a colorless 
amorphous material (15.9 mg, 69%): Rf 0.67 (n&OH : AcOH : Py : IIZO = 15 : 3 : 10 : 12); [a]$*0 = +15.4” 
(c = 0.60, MeOH); IR (KBr) 3422, 1676, 1654, 1648, 1204, 1132 cm-t; *H NMR (CD3OD) 6 1.13 and 1.14 
(total 9H, each s, (W3)3C), 1.17 (3H, d, J = 7.0 Hz, CW3CH), 1.23 (3H, d, J = 6.6 Hz. CIf3CH), 1.85 and 
1.99 (each 2H, m, CH2CH2CH2). 2.28-2.43 (3H, m, CH2CONH and CH3CHCO). 2.86-2.94 (lH, m, 
CHZCHCONH~), 2.91 (6H, s, N(w3)2), 3.02 (lH, dd, J = 6.0. 13.0 Hz, CH~CHCONHZ), 3.12-3.27 (4H. 
m. CONHCH2 and/or CHZN(CH3)2), 3.41 (2H, t, J = 6.6 Hz, CONHCH2 or CHzN(CH3)2), 3.56-3.69 (lH, 
m. CH2CHCONH2). 3.85, 3.88, 3.89, and 3.90 (each 3H, s, PyOCH3 and NCH3x3). 3.93-4.14 (lH, br m, 
CHjCHNH), 3.95-4.05 (2H, m, PyCXz), 4.70 (lH, d, J = 8.8 Hz, CONHCHCONH), 4.92-5.08 (lH, br m. 
CHCHCH), 5.11 (Hi, d, J = 8.8 Hz, CHIm), 6.81 (lH, d, J = 1.8 Hz, Pynole), 6.88 (lH, d, J = 1.8 Hz, 
Pyrrole), 6.90 (lH, d, J = 1.8 Hz, Pyrrole), 7.04 (lH, d, J = 2.2 Hz, Py), 7.16 (lH, d, J = 1.8 Hz, Pyrrole), 
7.18 (lH, distorted d), 7.24 (lH, distorted d), 7.34 (lH, d, J = 2.6 Hz), 7.48-7.58 (1H. br m), 8.07-8.20 
(lH, br); FABMS m/z 1141 (M+), 1143 (MH++l); HEMS (FAB) calcd for C54HgoNt70tl (MH+): 
1142.62231, found: 1142.62048. 

Na-(BenzyloxycarbonyI)-Nim-(2,4-dinitrophenyl)-er~~~r~-~-hydroxy-L-histidine (10). 
Sodium bicarbonate (780 mg, 9.29 mmol) and a solution of 2.4dinitrofluorobenzene (640 mg, 3.44 mmol) in 
MeOH (20 mL) were added successively to a solution of W-(benzyloxycarbonyl)-eryt/u@-hydroxy-I.-histidinc 
(9)4b in water (13 mL). The mixture was stirred in the dark at room temperature for 16 hr and conccntratcd in 
vacua. The residue was partitioned between water and AcOEt. The aqueous layer was acidified to pH 3 with 1N 
HCl. ‘Ihe yellow precipitate deposited was collected by filtration, dried in vacua, and crystallized f’tom MeOH - 
Et20 to give 10 as a pale-yellow pow&r (1.23 g, 76%): mp 110.5-l 13.5”C (dec); [a]$-0 = +23.1’ (c = 0.36, 
MeOH); IR (KBr) 3401, 3115, 2927, 1712. 1610, 1542, 1454, 1344, 1252, 1083, 1056 cm-l; ‘H NMR 
(DMSC-d6) 6 4.47 (lH, ddd, J = 5.5, 8.8 Hz, NHCHCOm), 4.92 (lH, dd, J = 5.1, 5.5 Hz, CHIm), 5.03 (2I-I. 
s, PhCHz), 5.67 (lH, br d, J = 5.1 Hz, OH), 7.25 (lH, d, J = 8.8 Hz, OCONH), 7.27-7.38 (6H, m, Ph and 
Im), 7.94 (1H. d. J = 8.8 Hz, Drip), 8.03 (lH, d. J = 1.1 Hz, Im), 8.66 (lH, dd. J = 2.6, 8.8 Hz, Drip), 8.94 
(1H. d. J = 2.6 Hz, Drip); FABMS m/z 472 @III+); Anal calcd for CzoHi709Ns. C50.96, H3.64. N14.86. 
found C50.49, H3.71. N14.90. 

Ethyl (S).4-[[N~-(Benzyloxycsrbonyl)-crytlro-~-hydroxy-L-histidyl]amino]pentanoate 
(14). Trifluoroacetic acid (7.0 mL) was slowly added to an ice-cooled solution of ethyl (S)4-[N-(rerr- 
butoxycarbonyl)amino]pentanoa~ (1l)m (307 mg, 1.25 mmol) in U-WI2 (7.0 mL). After being stirmd at toom 
temperature for 1 hr, the solution was concentrated in vacua and the residue was thoroughly drkd to give amine 
TPA salt 12 as a pale brown wax. Acid 10 (589 mg, 1.25 mmol), Cmethylmorpholinc (Oil5 mL, 1.4 mmol), 
~~~116 (300 mg, 1.56 mmol), and HOBT*Hfl(211 mg, 1.38 mmol) were added successively to an ice-cookd 
solution of the amine TPA salt 12 obtained as above in DMF (7.4 mL) under argon. The solution was allowed to 
warm to room temperature, stirred in the dark for 14 hr. and concentrated in vacua. The residue was dissolved in 
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AcOEt, washed with 5% aqueous NaHSOa, iatmted NaHCOs. and hrlne. dried over NazSo4, and txmcentrated 
in VBCUO. Light sensitive l3 was used in the next step without further purification. Thus, 3-nlcrcaptopropionic 
acid (0.87 mL. 10 mmol) was added to a solution of crude 13 in TiiF (7.5 mL). The resulting solution was 
adjusted to pH 8 with saturated NaHCCh and stined at m temperature for 1 hr. After the completion of the 
&pro&don of the Dnp group was confirmed by TLC, saturated NaHCX& and water were added to the solution 
and the mixture was extracted with AcOEt. The AcOEt solution was washed with saturated NaHCfh, brine, 
dried over Na2SC4, and concentrated in vacua. The residue was purified by chmmatography on silica gel (eluted 
with CXQCl2 : MeOH = 15 : 1) to give 14 as a colorless foam (368 mg, 68%): Rf 0.27 (CH2Cl2 : MeOH = 10 : 
1); ( [a]$l.u = +7.5’ (c = 1.00, CHCl3); IR (KBr) 3303, 2974, 2477, 2429, 1732, 1691, 1639, 1536, 1455, 
1378, 1238,1187,1099, 1027 cm -1; 1H NMR (CD3OD) 6 1.07 (3H, d, J = 6.6 Hz, cH3CH). 1.23 (3H, t, J = 
7.1 Hz, W$Hz), 1.54-1.69 (lH, m, CHC!f2CH2), 1.69-1.81 (lH, m, CHCX2CH2). 2.19-2.40 (2H, m, 
CH2CH2CO). 3.81-3.95 (lH, br m, CIWH), 4.10 (2H, q. J = 7.1 Hz, CIWH2), 4.42 (H-I, d, J = 7.3 Hz, 
NHCHCONH), 4.90 (lH, d, J = 7.3 Hz, WIm), 5.01 (lH, d, J = 12.5 Hz, PhW2), 5.05 (lH, d, J = 12.5 
Hz, PhCH2), 7.00 (lH, br d, J = 1.1 Hz, Im), 7.24-7.36 (5H, m, Ph), 7.61 (lH, d, J = 1.1 Hz, Im); FABMS 
m/z 433 (MH+); HRMS (FAB) calcd for C2lH29N406 (MH+): 433.20873, found: 433.20994. 

Ethyl (S)-4-[[Nu-(Benzyloxycarbonyl)-c~thro-~-tert-butoxy-L-histidyl]aminolpentanoate 
(15). A solution of alcohol 14 (254 mg, 0.587 mmol) in CH2Cl2 (60 mL) in a sealable tube was cooled with dry 
ice-acetone under argon. Isobutene (ca 35 mL) and concentrated H2SO4 (0.35 mL) were added successively to 
the solution. The tube was scald allowed to warm to room temperature, and stirred for 3 days. The tube was 
again cooled witb dry ice-acetone and opened. After addition of EON (7.0 mL), the solution was stirred at mom 
temperature to mmove the excess isobutene. The resulting mixture was partitioned between AdlEt and saturated 
NaHC@. ‘Ihe organic layer was washed with brine, dried over NazSQq and concentrated in vacua. The msidue 
was purified by chromatography on silica gel (eluted with CHCl3 : MeOH = 20 : 1) to give 15 as a colorless wax 
(230 mg. 80%): Rf 0.45 (CH2Clz : MeOH = 10 : 1); [a]D21.0 = +39.3O (c = 0.95, CHCl3); IR (KBr) 3317, 
3090, 2979, 2479, 2427, 1736, 1643, 1544. 1456, 1368, 1296, 1277, 1182, 1047, 1024 cm-l; lH NMR 
(CD3OD) S 1.07 (3H, d, J = 6.6 Hz, w3CH), 1.10 (9H, s, (CH3)3C). 1.23 (3H, t, J = 7.1 Hz, m3CH2). 
1.64-1.84 (2H. m, CHCYf2CH2), 2.34 (lH, ddd. J = 7.3, 7.3, 16.5 Hz, CHWf2CO), 2.40 (1H. ddd, J = 
7.3.7.3, 16.5 Hz, CIWH2CO). 3.86 (lH, m. CH$Yf), 4.10 (2H, q, J = 7.1 Hz, CH$!&), 4.29 (lH, d, J = 
7.7 Hz. NHC!KONH), 4.88 (lH, d, J = 7.7 Hz, UfIm), 4.94 (1H. d, J = 12.8 Hz, WC&), 5.01 (lH, d, J = 
12.8 Hz, PhCW), 6.95 (IH, br d, J = 1.1 Hz, Im), 7.20-7.36 (5H, m, Ph), 7.58 (1H. d, J = 1.1 Hz, Im); 
FABMS m/z 489 (MI-I+), 490 (MH++l); HRMS (FAB) calcd for CzsH37N406 (MI-I+): 489.27133, found: 
489.27140. 

Ethyl (s)-4-[[Nu-[[6-[[N-[(S)-2-Carbamoyl-2-[N-[(~-nitrophenyl)tbio]amino]ethyl]-~- 
[(o-nitrophenyl)thiolamino]methyll-4-methoxy-2-pyridyl]carbonyl]-crytLro-~-ter~-butoxy-L- 
histidyllaminolpentanoate (18). Pd black (ca 60 mg) and 99% HCW (3.6 mL, 94 mmol) were added to a 
solution of Z-derivative 15 (192 mg, 0.394 mmol) in EtOH (15 mL) under argon. After the solution was stirmd 
for 1 hr at room temperatum, the catalyst was removed by filtration and the filtered catalyst was washed with 
EtOH. The EtOH solutions wem combined and concentrated in vacua, and the msidue was treated with 0.2N 
HCl(5.5 mL). Toluene and EtOH were added to the solution and the solvents were areouopically removed in 
vacua to give amine salt 16 as a colorless, amorphous material (quantitative). DPPAlS (0.10 mL, 0.47 mmol) 
and Et3N (0.17 mL, 1.2 mmol) wete successively added to an ice-cooled solution of the amine salt 16 and acid 
17k (226 mg, 0.394 mmol) in DMF (13.5 mL) under argon. The solution was allowed to warm to room 
temperature, stirred for 12 hr, and concentrated in vacua. The residue was partitioned between AcOEt and 
aqueous NaHCO3. The organic layer was washed with brine, dried over Na2S04, and concentrated in vacua. 
The residue was purified by chromatography on silica gel (eluted with CHC13 : MeOH = 25 : 1) followed by 
medium pressure liquid chromatography (Merck, LiChroprep Si60) to give 18 as a yellow, amorphous material 
(291 mg, 81%): Rf 0.27 (CHCl3 : MeOH = 20 : 1); [a]$0 = +47.2’ (c = 0.85, CHCl3); IR (RBr) 3320,2975, 
2931,1727, 1655, 1600,1566. 1509, 1448.1367, 1337.1305, 1187, 1097, 1048 cm-l; lH NMR (CD3OD) 6 
1.12 (3H, d, J = 7.0 Hz, W3CH), 1.14 (9H, s, (CX3)3C), 1.22 (3H, t, J = 7.0 Hz, C&3CH2), 1.70-1.82 
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(2H, m, CHC&CHz), 236 (IH, && J = 7.3,7.3, 16.5 Hz, CXQC!&CC& 2.42 (IH, d&& 3 = X3,7.3, 16.5 
Hz. CHzC&CO), 3.60-3.86 cgf, bz m, WzCHCONH2 a& cH$xcONHz), 3:82. (3mr, r, PyQC&k 3.98 
(la m CH3Cm. 4.09 (W, Q. J = 7.0 Hz. CH3C&)t4.4Q-4.65 (W, br m. PyC&), 4.70 (H& d, J = 7.3 
Hz, CONHCIYCONH), 5.ll(lH, br d, J = 7.3 Hz, U&II), 6.W7.12 (2H, br m. By and Jm), 7.26 (IH, d&I, 
J = 1.5.7.0, 8.4 Hz, Nps), 7.2%7.39 (2H, m, Nps), 7.45-7.76 (3H, br m), 7.91-8-14 (Hi, br), 799 (IH, Q 
J = 8.1 Hz, Nps), 8.21 (lH, dd, J = 1.5,8.4 Hz, Npr), 8.18 (lH, d, J = 81 a Npl); pABIdS m/z 911 
@4H+), 912 (MH++tk HRMS (FAR) cddtk CajHs~N~af)rtSa(‘MH+): 911318Q4, fimmk 911.31719. 

(~)-4-[[Na-[f6-[[N-~(S)-2~~~rb~~~E2-[1V-[(s-sitr~cny,l)tbi~~~a~~t)-~-~(e- 
sitrop~yl}thio~a~~no~~th~t~-~~they-L- 
bistidyI~mino&n&n& Aeid (19). 0.5N NaOH Cl.6 mL) was ad&d &pwise OVQ 10 min to an ice- 
cooled salotion of ester 18 (1% mg. 0.214 mmol) in MeOH (7.5 mL). After b&g &ned for 28 hr at &PC, 

thesolutianwasacidifWtopH6-7wi&citricaeidatthesame~m~. Tol~mdMeOHwescsddtdto 
thesoWionaadthesolventswereWxwqkauymmovedinurrcoo. TIen?siduewaspaifBdbyprpartinelLc 
(develapadwithcH~l~:MooIf=15:2)f~~~bygeltiIogtiononsephadexLH-2o(alu~*vitk~to 
give 19 as a yellow, N mat&al (130 mg, 69%): IWO.23 (m : UeQH = 10 : I); [orW.O = +35.4O 
(c = 0.93, MefX& JR (KBr) 3327,2974.2928,1654,1601,156& 15fX&l337,1305 cm-t; tH NMR (~OD) 
6 1.12 (3H, d, J = 7.0 Hz, CYf3CHA 1.14 (WI, s, (CIf3)3c), 1.70-1.82 (2H, m, C!HCff2CHz), 2.33 (IH, d&i, 
J = 7.7, 7.7, 16.5 Hz, CHzCHzco), 2.40 (lH, ddd, J = 7.7, 7.7, 165 Hz, C!H@X&!Q), 3.40-3.86 (3H, br 
m, WzCHCONHz and CH2CXCONH2), 3.83 (3H, (I, FyOCW3). 3.W (1H. m CHQ& 4.36-4.64 (2H. br 
m, PyCIfz), 4.70 (IH, d, J = 7.3 Hz, CONHC!KONH), 5.04-5.22 (1H. br. CHIm), 7.04 (lH, d, J = 2.2 HZ, 
Py), 7.08 (IH, s, Im). 7.27 (IH. ddd, J = 1.5,7.0,8.4 Hz, Np& 7.29-7.39 (2H. m, Nps), 7.46-7X2 (3H. br 
m), 7.93-8.15 (lH, br), 7.99 (lH, d, J = 8.1 Hz, Nps), 8.21 (19 dd, J = 1.5. 8.4 Hz, Nps), 8.28 (Hi, d, J = 
8.4 HG Nps); FABMS m/z 883 (MH+); HRMS (FAB) calcd for C3@.$7N@tt& (MH+): 883.28674, found: 
883.28822. 

bis(N~)-PYML(6)-(4S-APA)a~n (22). Trifluaoacetic acid (1.2 mL, 16 mmo~) was addGd 
dropwise to an ice~ooled sol&m of 2@ (77.4 mg, 0.118 mmol) in CHzclz (1.2 mL) over 5 min under w. 
Afterbeingstimdattheaame~~~for3ominandthenatroagn~penttmcful,5hr,~~was 
concentrated in vacua. The residue was dried over KOH in vacua to give amine TPA sdt 21 in I pale-brown, 

amorphous material. Acid 19 (95.0 mg, 0.108 mmol), EtsN (75 mL, 0.54 mmolj and DPPAU (37 mL, 0.17 
mmol) were added successively to an ice-cooled solution of the amine TFA s&t 21 in DMF (4.OmL) under 
argon. Thesolutionwasallowcdtowgnntarocna~~;JEimdfor2days,andeancentrpacxlinMcuo. 
The residue was purified by chromatography on silica gel (eluted with CHCI3 : MeOH = IO : 1 then CHCl3 : 
MeOH=3: 1)foUowedbyprepaEadveTLC(developedwithCHCl~:MeQH:E~N=l6:4:l)andgel 
fihnUion oa Sephadex LH-20 (eluted with MeOH) to give 22 as a yellow, amoqhous mat&d (94.8 mg, 62%): 
Rf0.32 (CHC13 : MeOH : EON = 25 : 5 : 1); [a]$3.0 = +26.3’ Cc = 0.99, MeOHk IR (KBr) 3298,2930,1648, 
1592, 1566. 1511, 1465, 1434, 1405, 1338, 1305. 1259, 1202 cm-t; tH NMR (DMSO-&) g 0.97 (3H, d, J = 

6.2 J-k W3cH), 1.05 (9H. s, (W3)3C), 1.46-1.73 W, m, CHzC~f2CH2x2 and CHW~CH~), 1.99-2.12 
@-k m, CHcXktCH2), 2.19 @I, s, N&X3)2), 2.23 @J-I, t, J = 7.0 HZ, CH&HZC&CO IX C!&N(CH3h), 
2.30 @H, t, J = 7.0 a, CWZCHZCR?CO or C&N(CH3)2), 3.06 (2H, m, CONHWz), 3.19 (2H, m, 
CONHCHZ), 3.57-3.90 (3H, br m, CX2CHCONH2 and CWZCHCONH2). 3.70 (1H. m, WCH), 3.80, 
3.81, 3.83, and 3.84 (each 3H, s, PyOW3 and NCIW3). 4.40-4.62 (2H, br m, PyCYf2), 4.584.68 (U-I, m, 
CONHCXCONH), 4.97 (IH. d, J = 5.5 Hz, W&m), 5.13-5.24 (IH, br m, NHNps), 6.83 (lH, d. J = 1.5 Hz. 
FWole), 6.87 (lH, & J = 1.5 Hz, Fyrrole), 7.00 (lH, br s), 7.04 (IH, d, J = 1.5 Hz, Pyrrole), 7.11-7.26 
(lH, br), 7.15 (lH, d, J = 1.8 Hz, Pyrrole). 7.18 (lH, d, J = 1.5 Hz, Pyrrole), 7.23 (1H. d, J = 1.8 Hz, 
Pyrrole), 7.28-7.43 (4H, m, Nps), 7.55 (2H, br s), 7.61-7.90 (2H. br), 7.68 (IH, m, Nps), 7.79 (lH, t, J = 
5.5 Hz, CONH), 7.95-8.13 (3H. br m). 8.08 (IH, t, J = 5.5 Hz, CON!f), 8.25 @-I, d, J = 8.1 HZ, Nps), 
9.02-9.28 (lH, br, FyCONw), 9.82 (WI, s, C0NZ.I). 9.89 (Hi, s, CON&, 9.90 (lH, s, CONkI); FABMS m/z 
1418 (M+h 1419 @U-l+); HRMS (FAB) calcd for ~84N1@14!?2 (MH+): 1418.58865, found: 1418.59112. 



Man-designed blcomycins 1207 

PYhlE(6)-(4S-APA)-diatamyek Trifluoromtic acid (0.30 mL, 4.0 mmol) was added dropwise to 
an ice-cooled so1ution of bis(Nps)-derivative 22 (30.0 mg, 2.11 x lO* mmol) aud skatole (60.0 mg. 0.457 
mmol)inCHzC!iz(6.0mL)over3miuundaargon. ‘l%etu&tionwasstirredfor2hratroomtemperamm, 
treated with EnN (1.13 mL, 8.08 mmol) with ice cooling. and concentrated in v~cuo. The residue was puri6ed 
by repeated gel filtration on Seph&x LH-20 (&ted with MeoH) to give a pale-yellow, amorphous material, 
whichwss~chargadananAmbaliteIRA93(oH-form,15mL)endeluoedwithMeoHtogive~~ 
(4,MPA)distamycin as colorless powder (17.3 mg, 73%): Rf0.61 (n-PrGH : AcOH : Py : Hz0 = 15 : 3 : 10 : 
12); [a]D=o = +24.6” (c = 0.52, MeGH); IR (KBr) 3314,2926,1654, 1528.1466,1436,1406,1261,1202, 
1134 cm-l; lH NMR (CD3OD) d 1.09 (3H. d, J = 6.6 Iix, cH3CH). 1.15 (9H. s, (CJf3)3C), 1.66-1.80 (21-I. 
m, CHCH2CH2). 1.86 @-I, m. CH2CH2CH2). 1.98 (W, m, CH2CH2CH2), 2.23 (2H, t, J = 7.3 Hz, 
CHzCHzCHzCG), 2.28-2.43 (W, m. CHCH2CH2). 2.84-2.94 (1H. m. CH2CHCONH2). 2.88 (6H, s, 
N(CH3)2), 3.00 (1H. dd, J = 7.1, 13.0 Hz, C&CHCONH2), 3.13 (2H, t. J = 7.3 I-Ix, CGNHfX2 or 
CHzN(CH3)2), 3.23-3.34 (2H, m, CGNHCHZ or C.&N(CH3)2), 3.41 @I-I, t, J = 6.6 Ha, CONHCH2 or 

CH2N(CH&), 3.78-3.97 (2H, m, CH3CH and CHzCHCONHz), 3.87, 3.88, 3.89, and 3.90 (each 3H, s. 
PyGCZf3 and NCH3x3), 4.00 (W, s, PyC&$ 4.71 (lH, d, J = 7.3 I-Ix, CONI-KXCGNH), 5.14 (lH, d, J = 
7.3 I-Ix, CMm), 6.81 (D-I, d, J = 1.8 Ha, Pyrrole). 6.88 (U-I, d, J = 1.5 Ex, Pynole), 6.92 (lH, d, J = 1.5 I-Ix, 
Pynole), 7.06 (lH, d, J = 2.2 I-Ix, Py), 7.08 (1H. d, J = 1.1 Hz, Im), 7.156 (D-I, d, J = 1.8 I-Ix, Pyrrole), 
7.162 (lH, d, J = 1.8 I-Ix. Pyrrole), 7.17 (lH, d, J = 1.8 Hz, Pynole), 7.43 (lH, d, J = 2.2 Hz, Py), 7.65 (lH, 
d, J = 1.1 I-Ix, Im); FABMS m/z 1112 @I+), 1113 (MI-I+); HRMS (FAE) calcd for C53H78Nl7Glu &III+): 
1112.61174, found: 1112.60970. 

DNA deavage experiment. Nucleotidc sequence cleavage was investigated on the 5’- and 3’-end 
labeled strands of a 100 base pairs DNA restriction fragment (AluI-I&III) from the phage R199/G4ori. The 
reaction mixtures contained 10 mM Tris-HCl buffer @H 7.4), S- or 3’-end 3*P-labeled G4 phage DNA 
fragment, 1 ug carrier calf thymus DNA, 1 mM dithiothreitol, and 5 @I PYML(6)-linkerdistamycin (or natural 
BLM>iron complex. After the reaction solutions were incubated at 37’C for 10 mm, the DNA samples were 
subjected to elecuophoresis on a 10% polyacrylamide/7M mea slab gel. The automdiogram was scanned with a 
microrknsitometer. 

Computer simulation of the complex between double-stranded DNA and man-designed 
bleomycins. The threedimensional structure of the double stranded DNA was prepared based on the structure 
of B-DNA (CGCAAATTIGCG)z in the DNA-distamycin complex (Protein Data Bank ZDND).*l As the 
molecules of PYML(6)-linkerdistamycins were larger than disuuuycin, the DNA sequence was changed to 
CGCAAA’ITITGCG-GCGAAAATITCGC by inserting two A-T base pairs and optimizing by molecular 
mechanics calculation. Structures of PYML(6)-linkerdistamycins were prepared by model building using the 
crystal structure of P-3A-Cu(I9 complex, the biosynthetic intermediate of BLM.22 

Binding of PYhlL(6)-linker-distamycins to DNA was simulated by quenched molecular dynamics 
simulation as follows. (The same procedure was applied to all three compounds.) An initial model for the 
calculation was determined considering intetmolecular hydrogen bonds and the relative position of the active 
oxygen on PYML-Fe and the possible reaction site on DNA. Specific intermolecular hydrogen bonds observed 
in the DNA-distamycin complex were conserved in the model. In order to relax the model, the molecular 
dynamics trajectory was calculated at temperature 600 K for 25 ps allowing the PYML(6)-linker-distamycin 
molecule to move. Snapshots of the trajectory were stored every 0.5 ps and then optimized by molecular 
mechanics calculation allowing the whole model to move. A snapshot with the lowest energy was selected as the 
relevant structure of the complex. In order to take into account the highly solvated environment of DNA, the 
dielectric constant was set to the value for water (78.3) throughout these calculations. All molecular dynamics 
and molecular m&attics calcukdons were done with AMBER 3.OA.23 
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