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Abstract: Full details of the total syntheses of luzopeptifr @ and quinoxapeptin AC, C,-symmetric cyclic
depsidecapeptides bearing two pendant heterocyclic chromophores, are disclosed and serve to establish the

quinoxapeptin relative and absolute configuration.

Key elements of the approach include the late-stage

introduction of the chromophore and penultimateitp acylation permitting the divergent synthesis of the
luzopeptins, quinoxapeptins, and structural analogues from a common advanced intermediate. Symmetrical
pentadepsipeptide coupling and macrocyclization of the 32-membered ring conducted at the single secondary
amide site provided the common cyclic decadepsipeptide. The convergent preparation of the required
pentadepsipeptide with installation of the labile ester in the final coupling was achieved under surprisingly
effective racemization-free conditions. The quinoxapeptins were shown to bind to DNA by high-affinity
bisintercalation analogous to sandramycin and the luzopeptins. Significant similarities in the DNA binding of
sandramycin and luzopeptin A were observed, and these compounds proved distinguishable from the
quinoxapeptins, indicating that the structural alterations in the chromophore impact the affinity and selectivity
more than the changes in the decadepsipeptide. The luzopeptins proved to be more potent cytotoxic agents
than the corresponding quinoxapeptin, but the quinoxapeptins proved to be more potent inhibitors of HIV-1
reverse transcriptase. In addition, a well-defined potency order was observed in the cytotoxic assays (A

> C) in which the distinctions were extraordinarily large, with the removal of eathlp acyl substituent
resulting in a 106-1000-fold reduction in potency. An equally well-defined but reverse potency order was
observed in HIV-1 reverse transcriptase inhibition¥@ > A). Thus, the non-naturally occurring synthetic
precursor6 (quinoxapeptin C) was found to exhibit the most potent HIV-1 reverse transcriptase inhibition in
the series and to lack a dose-limiting in vitro cytotoxic activity, making it the most attractive member of the

series examined.

The luzopeptinsi—3) and quinoxapeptingl-6) are closely
related members of a growing class of naturally occurfag

symmetric cyclic decadepsipeptides which also include quinal-

dopeptin and sandramyci®)t—* that bind to DNA by bisin-
tercalation (Figure 1). The luzopeptins were first isolated from
Actinomadura luzonensfsand their structures were established
through the single-crystal X-ray structure determination of
luzopeptin A by Clard§ and recently confirmed by total
synthesis. In addition to their potent cytotoxic activity (A B

> C) and antitumor activity;#-10 the luzopeptins have been
shown to inhibit HIV reverse transcriptase (€B > A).411
Quinoxapeptins A and B, which were isolated more recently
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from a norcardioform actinomycete of indeterminant morphol-
ogy obtained from a bark disc &etula papyrifera? were first
identified at Merck while screening for HIV reverse transcriptase
(RT) inhibition. Both the luzopeptins and quinoxapeptins were
shown to inhibit single and double mutants responsible for the
emerging clinical resistance to RT inhibitors, and luzopeptin C
was found to be capable of suppressing HIV replication in
infected MT-4 cells at noncytotoxic concentratid#d2 At the

time of their disclosure, only the two-dimensional structure of
the quinoxapeptins had been established. Because of their close
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0 Me 5, )m intermediate. Key elements of the synthesis include late-stage
: NJK/N introduction of the chromophore and late-stagétp acylation,
Me symmetrical pentadepsipeptide coupling, and macrocyclization
7, sandramycin of the 32-membered decadepsipeptide conducted at the single
Figure 1. Structures of the luzopeptins, quinoxapeptins, and sandra- secondary amide site. The convergent assemblage of the
mycin. pentadepsipeptide with installment of the potentially labile ester

linkage in the final coupling reaction is achieved surprisingly
structural relationship, the relative and absolute configuration effectively under racemization-free conditions (Figure 1).
of the quinoxapeptin cyclic decadepsipeptide could be safely The quinoxapeptins were shown to bind to DNA by high-
assumed to be the same as those of the luzopeptins (establishegfffinity bisintercalation analogous to sandramycin and the
by X-ray), but that of the.-Htp acyl substituent was unknown.  |uzopeptins. Significant similarities in the DNA binding selec-
Thus, the total synthesis of the quinoxapeptins confirmed the tivity of sandramycin and luzopeptin A were observed, and these
relative and absolute configuration of the cyclic decadepsipep- compounds proved distinguishable from the quinoxapeptins,
tide and established that of the 2-methylcyclopropanecarboxylic indicating that the structural alterations in the chromophore
acid L-Htp acyl substituent. impact the selectivity more than the changes in the deca-

Despite the potent biological activity of these natural products, depsipeptide.
there have been only a limited number of reported efforts toward  Comparisons of the biological activities of the natural
the synthesi$~16 of members of this family of DNA bisinter-  products and key analogues revealed important trends including
calators®481719 Herein, we provide the full detall®f the total the observation thas, which has not yet been identified as a
synthesis of luzopeptin AC, quinoxapeptin A and B, and  natural product and was dubbed quinoxapeptin C in analogy
several key analogues from a common intermediate which with luzopeptin C, exhibits the most potent HIV-1 RT inhibition
unambiguously establish the relative and absolute stereochemin the series and lacks a dose-limiting in vitro cytotoxic activity,
istry of the quinoxapeptin acyl substituent, 2-methylcyclopro- making it the most attractive member of the series examined to
panecarboxylic acid, of the-(49-hydroxy-2,3,4,5-tetrahydro-  date.
pyridazine-3-carboxylic acid {Htp) subunit. Since the luzopeptins Pentadepsipeptide SynthesisThe N-methyl3-hydroxyvali-
and quinoxapeptins contain the identical cyclic decadepsipeptidenol required for incorporation into the pentadepsipepfidevas
core while differing only in the structure of the pendant prepared as summarized in Scheme 1. Sharpless epoxidation
chromophore and in the acyl substituent of thEltp subunit, of 3-methyl-2-buten-Il-ol with.-(+)-DIPT provided known (3)-
(13) Olsen. R. K.. Apparao, S.- Bhat, K. 0. Org. Chem1986 51, epoxide8.2° Treament of8 with methyl isocyanate gave the

3079. corresponding carbama®e(94%). Subsequent base-catalyzed
(1r4\1)f]t|ughes, P.; Clardy, JH %rg. Chem1989 54, 3260. Greck, C.; epoxide opening generatdd), which smoothly rearranged to
Bischoff, L.; Genet, J. PTetrahedron: Asymmetry995 6, 1989. i >9L5- ;
(15) Ciufolini, M. A.; Swaminathan, S etrahedron Lett1989 30, 3027. the (Tc.)re stablg Cyc'!c ca;rbamaltaa( 25é]é)cun2der tger]re%(g_lon
Ciufolini, M. A.; Xi, N. J. Chem. SocChem. Commurl994 1867. Xi, conditions (5.0 equiv of NaH, THF, 25C, 24-72 h,
N.; Ciufolini, M. A. Tetrahedron Lett1995 36, 6595. Ciufolini, M.; Xi, 85%) 2! Protection of the primary alcohol as its THP ether (99%)

N. J: Org. Chem1997 62, 2320. Xi, N.; Alemany, L. B.; Ciufolini, M. A. was followed by hydrolysis of the carbamate (KOH, (£H

J. '(Al"g') gggg}': g?%.g;ggcéé(’lgoi Org. Chem1998 63, 6421. OH),—H,0, 150°C, 25 h, 92-94%) to provide the desired

(17) Fox, K. R.; Davies, H.; Adams, G. R.; Portugal, J.; Waring,JM. amine13. Coupling of13 with BOC-Gly-Sar-OH mediated by

Nucleic Acids Res1988 16, 2489. Fox, K. R.; Woolley, CBiochem. EDCI-HOAt?? and subsequent acid-catalyzed removal of the
Pharmacol.199Q 39, 941.
(18) Searle, M. S.; Hall, J. G.; Wakelin, L. P. Biochem. J1988 256, (20) Gao, Y.; Hanson, R. M.; Klunder, J. M.; Ko, S. Y.; Masamune, H.;
271. Searle, M. S.; Hall, J. G.; Denny, W. A.; Wakelin, L. P.Bochem. Sharpless, K. BJ. Am. Chem. S0d.987, 109, 5765.
J. 1989 259, 433. (21) Roush, W. R.; Adam, M. AJ. Org. Chem1985 50, 3752. The
(19) Zhang, X.; Patel, D. Biochemistry1l991, 30, 4026. Leroy, J. L.; crystallinity of 11 provided the opportunity to ensure pure material free of

Gao, X.; Misra, V.; Gueron, M.; Patel, D. Biochemistryl992 31, 1407. the isomerl0 was utilized.



Luzopeptin A-C and Quinoxapeptin AC

THP group providedL6 (72% overall from13). Oxidation of
the primary alcohol ofl6 to the carboxylic acid was most
reliably achieved with Ru@-NalO, (87%Y2 and was followed

by BOC/FMOC exchange of the amine protecting group to
provide 18 (79% from17).24

Esterification of18 with the fully functionalized dipeptide
19%6incorporating an acyclic precursor to thédtp subunit was
achieved with DCE-DMAP (3 equiv/2 equiv, CHCl,, —20 to
0°C, 17 h, 73%372%in a surprisingly effective reaction. It was
found that addition of increasing amounts of DMAP not only
suppresses the racemization of Mwenethyl+-5-hydroxyvaline
residue but also improves the overall reaction conversion (Table
1 in Scheme 1). Alternative coupling methods provided
significantly lower conversions, and near complete racemization
was observed when the reaction was run in the absence of
DMAP.

To accurately quantify the extent of racemization, carboxylic
acid 18 was prepared by an altenative route to ensure its
enantiomeric purity. Thus, benzylation b7 (2 equiv of BnBr,

1.2 equiv of NaHCG@, DMF, 23 °C, 20 h, 84%) allowed for
purificaton of the corresponding benzyl ester on a semiprepara-
tive Diacel Chiracel OD column in order to remove any minor
enantiomer and provide§-23 in enantiomerically pure form
(eq 1)2% Hydrogenolysis 0523 (10% Pd-C, CH;OH, 23°C,

OH ChIe®D Me
e BOCHN\)L

. OH
BOCHN\)L /ﬁr N )
Me O COR Me O COR
BnBr, NaHCO;, 84% g g Z gn (04:5) e PA-C, 100% fg R- 5” (>99:1)

1 h, quantitative) regeneratek¥’ free from any contaminate
enantiomer, which was converted8as previously described.
When this material was used in the esterification reaction,
pentadepsipetid20 was obtained as a single isomer without
any detectable diastereomeric contaminants, thereby obviating
the need for chiral chromatography purification, and diastereo-
merically pure material was used in the subsequent 3teps.
With the 20 in hand, we examined the-Htp ring-forming
reaction which involves BOC deprotection, acetal cleavage, and
imine cyclization (Scheme 2). Thus, treatmeni6fwith TFA—
H,0 (9/1, 23°C, 2 h, 86%}°1¢ provided24 in excellent yield
and was accompanied by complete TBS deprotection. Likewise,
20 was smoothly converted t85 under identical conditions
(TFA—H20 9/1, 23°C, 2.5 h, 68%). Importantly, bot®?4 and
25 proved stable to standard isolation, purification (§j@nd
characterization techniques.

(22) EDCI = 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride; HOAt= 1-hydroxy-7-azabenzotriazole; DGE1,3-dicyclohexyl-
carbodiimide; DMAP= 4-dimethylaminopyridine; HOB% 1-hydoxyben-
zotriazole; SES= 2-(trimethylsilyl)ethylsulfonyl.

(23) Carlsen, P. H. J.; Katsuki, T.; Martin, V. S.; Sharpless, KJB.
Org. Chem.1981, 46, 3936. A related sequence enlisting KMn&s the
oxidant on a luzopeptin dipeptide has been repértand failed to provide
17 in our preliminary efforts.

(24) Carpino, L. A.; Han, G. YJ. Org. Chem1972 22, 3404.

(25) Hassner, A.; Alexanian, Vletrahedron Lett1978 19, 4475.

(26) Analysis of the starting ester revealed thatexisted as a mixture
(94:6) of enatiomers. The majdg)¢enantiomer 023 was chromatographi-
cally purified on a semipreparative Diacel Chiracel OD columng(f 2
x 25 cm, 15%i-PrOH-hexane, 7.0 mL/min flow rate). The relative ratio
of enatiomers was determined on an analytical Chiracel OD column (10
um, 0.46x 25 cm, 10%-PrOH-hexane, 1.0 mL/min flow rate). The efluent
was monitored at 235 nm, and the enantiomers eluted with a retention time
of 9.98 (majorS-23) and 11.48 min (minoR-23), respectively ¢ = 1.15).

(27) The epimers o020 were chromatographically separated, and their
relative ratio was determined on a semipreparative Diacel Chiracel OD
column (10um, 2 x 25 cm, 50%-PrOH—hexane, 7.0 mL/min flow rate).
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Cyclic Decadepsipeptide Formation and Completion of the
Total Synthesis of Luzopeptin A-C. Linear decadepsipeptide

formation was accomplished by independent deprotection of the

amine and carboxylic acid @0. Selective removal of the benzyl
ester 0f20 (Hz, 10% Pd-C, 76-78%) conducted at 1012 °C

in order to minimize the slow but competitive loss of the FMOC
protecting group provided?2, while FMOC deprotection 020
(EpNH—CH3CN, ca. 100%) supplied the complementary
coupling partne1. Coupling of21 and 22 was mediated by
EDCI-HOAt (CH.Cl,, 0 °C, 2 h, 64%), providing26, and
proceeded smoothly in the absence of added bases (Scheme 3).

Addition of basesi¢(PrLNEt or symcollidine) and the use of

DMF as a solvent substantially lowered the overall conversion
and may reflect the substrate and product sensitivity to

p-elimination or retro-aldol reactions. The FMOC group and
the benzyl ester were cleaved in a single operation by transfer

hydrogenolysis (25% aqueous HegNH4, 10% Pd-C, EtOH-
H,0, 98%%° to give crude amino aci®7 which was im-

The effluent was monitored at 265 nm, and the diastereomers eluted with
a retention time of 26.320) and 32.3 min€pi-20), respectively ¢ = 1.23).

(28) Characterization of these three products may be found in the
Supporting Information.
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mediately subjected to macrocyclization (EDGOAt 5.0 subsequent mild basic hydrolysis of the phenolic acetates
equiv/5.5 equiv, CKCl,, 0 °C, 2 h, 63% overall fron23), provided luzopeptin A (50%) and smaller amounts of luzopeptin
providing the 32-membered cyclic decadepsipepf8eThis B (20%) identical in all respects to natural mateti&k3

closure was unusually good given the large ring size being Total Synthesis of Quinoxapeptin A-C and Establishment
formed, and alternative reagents including DPPA (0%) and of the Absolute Stereochemistry.Since the absolute stereo-
HATU—HOAL (ca. 20%) were less effective at promoting the chemistry of the.-Htp acyl substituent was unknown, comple-
macrocyclization. The well-definédH NMR spectrum indicated  tion of the total syhthesis of quinoxapeptin A required incor-
that28 adopts a single symmetrical rigid solution conformation poration of quinoxaline chromopho83 and subsequent acylation
and that the material was free of contaminate diastereomers.with both (§9-34 and R,R)-34.34 Comparison of the spectro-
Attempts at installing the twe-Htp units by treatment 028 scopic data with those reported for authentic material would
with TFA—H,0 mixtures met with limited success. While some establish the absolute stereochemistry. Thus, treatmeB® of
of the desired diol (1242%Y2 could be generated, its formation ~ with anhydrous HF provide80 which was immediately coupled
was accompanied by variable amounts of the mono-TBS productwith 6-methoxyquinoxaline-2-carboxylic aci@3)3° to provide
(10—-28%Y8 and an elimination product (35%Y? derived 6 (65% overall from29), which was named quinoxapeptin C

from the loss of one of the-Htp hydroxyl groups. However, in analogy with the luzopeptins (Scheme 4). Quinoxapeptin C
this could be avoided by running the reaction under anhydrous (6) was acylated with $9-34 (80%) and RR)-34 (74%),
conditions. Thus, treatment &8 with TFA—CHCI; in the providing 4 and 35, respectively. From each of the acylation

presence of anisole (1/1/0.47G for 2 h, 0 to 23°C, 1 h, 68%) reactions a small amount of the mono-acylated pro86¢18%)
cleanly provided the fully functionalized cyclic decadepsipeptide or 37 (16%) was isolated. Comparison of the spectroscopic data
29incorporating the.-Htp subunits without competitive OTBS  established tha# derived from §S)-34 was identical to the
cleavage. The alternative order of first closing thidtp subunit spectroscopic data for quinoxapeptid?4and could be distin-
and then conducting the macrocyclization was also briefly guished fronB5 derived from R,R)-34. Although the'H NMR
examined in order to establish whether this more conforma- spectra o# and35were nearly identical, the assignment rested
tionally restricted substrate might close more readily. Thus, on the distinguishable chemical shifts of the cyclopropane (
simultaneous benzyl ester and FMOC deprotection26f 0.94/0.62 versus 0.87/0.72) and the Ghprotons § 4.02 versus
treatment of the resulting7 with 10% HO—TFA to promote 3.98). The rigid conformation of the cyclic decadepsipeptide
L-Htp ring closure, and subsequent macrocyclization effected places the-Htp acyl substituent above the Glycenter, thereby
by treatment with EDC+HOAL provided a mixture oR9 and perturbing the chemical shift of the cyclopropane protons and
the corresponding mono OTBS derivative (ca. 1:1) in variable of one of the two Glyo-protons. In addition, chemical shifts
conversions (2655%). Although this was not carefully exam-  for the Ser/Gly amide protons were also found to differ slightly
ined, this did not appear to present any advantage over the(é 9.00/8.95 versus 8.97/8.86). Acetylation38, bearing the
approach detailed in Scheme 3. (S9-2-methylcyclopropanecarboxylic acid substituent, with
Completion of the synthesis required SES deprotection Ac,O (62%) provided quinoxapeptin B)which was identical
followed by incorporation of the appropriate chromophore. to the natural materidf confirming the absolute stereochemistry
Removal of the NSES group proved challenging, and treatmentassignment of the cyclic decadepsipeptide and.thi#p acyl
of 28 or 29 with BusNF or CsFC under a variety of conditions  substituent. The bisacets38 was also prepared by acetylation
(=BOC;0)? led to deprotection of the OTBS groups without of 6 (Ac,0, 84%) to provide a direct comparison analogue to
removal of the NSES. Under more forcing conditions, depro- luzopeptin A differing only in the chromophore, and it may
tection attempts led to substrate degradation, presumably as aonstitute an as yet unidentified member of the quinoxapeptin
result of the basic nature of the reagents. In our search for anfamily of natural products.
alternative and acidic set of conditions for NSES cleavage, we DNA Binding Studies. Structural studies of luzopeptintAt®
found thatN-SES-Phe-OCkicould be deprotected upon treat- and sandramycihave confirmed their bisintercalation inter-
ment with anhydrous HF (neat, @, 1 h, 65%), while 70% action with duplex DNA spanning two base pairs and shown
HF—pyridine complex (25% in THF, or neat, 0 to 2@) was that it requires two amide bond trans-to-cis isomerizations to
ineffective (eq 2). Gratifyingly, exposure @9 to anhydrous allow the chromophores to adopt the appropriate distance and
parallel orientation for binding. Both have been shown to bind

@/\»\NHSES HF-CH,Cly-anisole @/\»ﬁ”“z @ to DNA with extremely high affinities (10M~1), and their

COCHs 0°C, 65% CO,CHg binding significantly retards the mobility of DNA under non-
denaturing electrophoretic conditions. The high affinity of

HF (neat, 2-3 mL, 100uL of anisole/5-10 mg, 0°C, 1-1.5 sandramycin and a series of synthetic analogues has been

h) led to deprotection of both NSES and OTBS groups, demonstrated by surface plasmon resonance studies to be derived
prowdmg 30 Wh|0h300U|d be convefrted to the corresponcilng from the stability of the adduct formed between the duplex and
NBOC derivative 81, 33, equiv of BOGO, 170 equiv 0 - - - -
NaHCGQ;, THF, 23°C, 48 h, 69%) for identification purposes. alté?f ’trf}ffgg%v‘ggﬁ,fgg,ﬁi‘s°c{£§" §bf§$,g§fd to the hydrolysis conditions
Alternatively, coupling of30 with 3-hydroxy-6-methoxyquino- (34) Arai, 1.; Mori, A.; Yamamoto, H.J. Am. Chem. Sod.985 107,

line-2-carboxylic aciél32 (80% overall from 29) without 8254. Mori, A.; Arai, |.; Yamamoto, HTetrahedronl1986 42, 6447. The

. . . acid chlorides were prepared from the corresponding carboxylic acids (0.9
dehberat_e protection of. the chromopl)hore phtlenol provided equiv of (COCI), catalytic DMF, CHCly, 0 °C for 10-15 min, 25°C for
luzopeptin C 8) identical in all respects'd NMR, 13C NMR, 1-2 h) and used directly. For the carboxylic acid precursorR@R-34:
IR, MS, [a]p) with natural material:®> Peracetylation and  [a]*% —74.4 € 0.29, EtOH), lit. ] —71.9 € 1.00, EtOH). For the
carboxylic acid precursor t0§2S-34: [a]%% +75.6 € 0.25, EtOH). The

(29) Anwer, M. K.; Spatola, A. FSynthesisl98Q 929. 13C NMR of 4 and 5 proved diagnostic of atrans versus cis-2-
(30) Weinreb, S. M.; Demko, D. M.; Lessen, T. Aetrahedron Lett. methylcyclopropanecarboxylic acid estéri8 versus 12 for Chj, limiting
1986 27, 2099. the possibilities to R,2R-34 or 1S52S-34.

(31) Prepared from methyl 2-benzyloxy-6-methoxyquinoline-2-carboxy- (35) Dumaitre, B. A.; Dodic, N.; Daugan, A. C. M.; Pianetti, P. M. C.
late?2 by sequential treatment with,H10% Pd-C, EtOH, 23°C, 3 h (97%) PCT Int. Appl. WO9401408Chem. Abstr1995 122 31342e. A detailed
and LiOH, THF/CHOH/H,O 3/1/1, 23°C, 10 h (70%). procedure for the preparation @33 is provided in the Supporting

(32) Boger, D. L.; Chen, J.-Hl. Org. Chem1995 60, 7369. Information.



Luzopeptin A-C and Quinoxapeptin AC
DNA  Quinoxapeptin A DNA  Quinoxapeptin B

718 9 101 12]

12 3 4 5 6]

DNA
7 |8
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9 10 11 12|

DNA  Quinoxapeptin C
1 |2 3 4 5 ﬁl

Figure 2. Agarose gel electrophoresis. (A) Lanes 1 and 7, untreated
supercoiled®X174 DNA, 95% form | and 5% form lII; lanes-26,
guinoxapeptin A-treatedbX174 DNA; lanes 8-12, quinoxapeptin
B-treated®X174 DNA. The [agent]-to-[base pair] ratios were 0.022

(lanes 2 and 8), 0.033 (lanes 3 and 9), 0.044 (lanes 4 and 10), 0.11
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Table 2. Comparison of DNA Binding Properties

compound Kg, M1 (102 (—)-unwinding (+)-winding?
sandramycin 3.4 (10) 0.022 0.044
luzopeptin A 1.38 (5) 0.0440.11 0.22
luzopeptin B 0.0440.11 0.22
luzopeptin C 0.022 0.0440.11
guinoxapeptin A 1.51 (4) 0.0440.11 0.22
guinoxapeptin B 1.04 (4) 0.0440.11 0.22
quinoxapeptin C 0.43 (3.5) 0.033 0.04a.11
quin diacetat88 0.044-0.11 >0.22
37 0.22 (3.5) 0.0440.11 >0.22
35 0.044-0.11 >0.22

a Apparent binding constant, calf thymus DNA. The base pair/agent
ratio at saturated high-affinity binding is given in parenthe8égent/
base pair ratio required to unwind negatively supercobedl 74 DNA
(form I to form Il gel mobility, 1% agarose gelj.Agent/base pair ratio
required to induce complete rewinding or postive supercoiling of
®X174 DNA (form Il to form | gel mobility, 1% agarose gel).

base pair ratios of 0.044 for sandramycin, 0.68411 for
luzopeptin C and quinoxapeptin C, and 0.22 for luzopeptins A
and B and quinoxapeptins A and B. These results suggest that
sandramycin, luzopeptin C, and quinoxapeptin C bind to DNA
with either a higher unwinding angle, a greater stability, or a
slower off-rate than the other luzopeptins and quinoxapeptins,
demonstrating that a small change in the structure has a
significant effect on the DNA binding characteristics.

(lanes 5 and 11), and 0.22 (lanes 6 and 12). (B) Lanes 1 and 7, untreated Further evidence of the effect of small perturbations in the

supercoiled®X174 DNA, 95% form | and 5% form II; lanes-26,
guinoxapeptin C-treate®X174 DNA; lanes 8-12, RR-quinoxapeptin
A analogue 85)-treated® X174 DNA. The [agent]-to-[base pair] ratios

depsipeptide structure on DNA binding is seen with quinox-
apeptin diacetat®8, the quinoxapeptin A monoester containing
the R|R-stereochemistry in the cyclopropane rirgy), and the

were 0.022 (lane 2 and 8), 0.033 (lanes 3 and 9), 0.044 (lanes 4 andcorresponding diesteB5. Each of these unnatural agents

10), 0.11 (lanes 5 and 11), and 0.22 (lanes 6 and 12).

the agent, with dissociation rate constants on the order of 10
s (tyz = 19 h)4

unwoundd®X174 DNA at agent/base pair ratios of 0.64@.11
but failed to show any rewinding at agent/base pair ratios of
0.22. This suggests that the unnatural agents bind with a smaller

The sequence Se|ectivity of Sandramycin and a series OfUnWinding angle, with lower Stabl“ty, or with faster off-rates
synthetic analogues has been studied by fluorescence and surfacd®an the natural products.

plasmon resonance binding studies. Using both techniques,

sandramycin was shown to display a preference fqusine—
pyrimidine sequences, with the highest affinity forGATG.

DNA Binding Affinity. Apparent absolute binding constants
and apparent binding site sizes were obtained by measurement
of fluorescence quenching upon titration with calf thymus (CT)

This sequence has a narrow minor groove and the lowestDNA. The excitation and emission spectra for the luzopeptins
stability, and it allows the formation of H-bonds between two and the quinoxapeptins were determined in aqueous buffer (Tris-
glycine amides (NH) and thymidine C2 carbonyls which were HCI, pH 7.4, 75 mM NacCl). The quinoxapeptins, which have

detected in the NMR-derived structures. However, the differ- the quinoxaline chromophore, exhibited intense fluorescence in
ences in sequence selectivity are relatively small, and attemptssolution with enhanced excitation (360 nm) and emission (460
to footprint both the luzopeptins and sandramycin have met with nm) maxima when compared with the luzopeptins (excitation
limited succes$:” Details of the sequence selectivites of the 340 nm, emission 520 nm) and sandramycin (excitation 360
luzopeptins remain unexplored, while studies of the DNA nm, emission 530 nm) at similar concentrations. This greatly
binding interactions of the quinoxapeptins have not been facilitated the measurement of fluorescence quenching in this

disclosed.

Bifunctional Intercalation. Confirmation that the luzopeptins
and quinoxapeptins bind to DNA with intercalation was derived
from their ability to induce the unwinding of negatively
supercoiled DNA. This was established by their ability to

series and allowed measurements to be carried out at initial agent
concentrations of 210 M. For the titration, small aliquots of
CT-DNA (320 uM in base pairs) were added to 2 mL of a
solution of the agent (1@M) in Tris—HCI (pH 7.4), 75 mM
NaCl buffer. Additions were carried out at 15-min intervals to

gradually decrease the agarose gel electrophoresis mobility ofallow equilibration. The titration was deconvoluted by Scatchard

supercoiled®X174 (unwinding) at increasing concentrations
followed by a return to normal mobility (rewinding) at even

analysis using the equatiag/c = Kn — Kry,, wherery is the
number of agent molecules bound per DNA nucleotide phos-

higher agent concentrations. Similar types of changes have beerphatecis the free drug concentratio,is the apparent binding

reported for sandramycinand luzopeptin A. Under the

constant, andn is the number of agent binding sites per

conditions employed, both sandramycin and luzopeptin C nucleotide phosphate. A plot ofy/c versusr, gives the

completely unwoundbX174 DNA at a 0.022 agent/base pair

association constant (slope) and the apparent binding site size

ratio (Figure 2 and Table 2), and quinoxapeptin C unwound (x-intercept) for the agents (see Table 2).

®X174 DNA at a 0.033 agent/base pair ratio. Luzopeptins A
and B and quinoxapeptins A and B completely unwodrXiL74
DNA at an even higher agent/base pair ratio, 0-049011.

Analogous to previous studies, luzopeptif was found to
exhibit a high affinity for duplex DNA (1.4« 10’ M~1) with a
saturating stoichiometry of 1:5 agent/base pairs, and this affinity

Complete rewinding of the supercoiled DNA occurred at agent/ is slightly less than that observed for sandramycin. Quinox-
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Table 3. Comparative Oligonucleotide Binding Properties

5-GCATGC 53-GCGCGC 5GCTAGC 53-GCCGGC
sandramrnycin Kg (10 M1 23.0 14.5 8.5 8.5
AG"® (kcal mof?) -11.4 -11.1 -10.8 -10.8
luzopeptin A Kg (10 M1 28.4 12.7 10.3 14.3
AG° (kcal mol™) —-11.5 —11.0 —10.9 —-11.1
guinoxapeptin A Kg (10 M1 1.65 1.00 2.70 1.02
AG® (kcal mol) -9.8 -95 -10.1 -95
quinoxapeptin C Kg (10' M™Y) 1.12 0.68 1.95 1.00
AG® (kcal mol) -9.6 -9.3 -9.9 -95
apeptin A, constituting only a change of chromophore, has @ <)
approximately the same affinity for duplex DNA as luzopeptin ) 1907
A. Removal of the cyclopropyl esters to generate quinoxapeptin -~ = so 80+
B (minus one cyclopropyl ester) and quinoxapeptin C (minus g E
both esters) causes an incremental decrease in affinity (A, 1.51 2 ] g 7
x 100 ML B, 1.04x 10’ M~% C, 0.43x 107 M~%). This is in 3 o ¢ a0
contrast to the luzopeptins, which have been demonstrated to 20 £ 204
increase in DNA binding affinity with removal of the acetate
esters In our studies, solubility of luzopeptin B and C prevented o — T T T RS S A A
confirmation of this result. The lower DNA binding affinity of o ° ! [DﬁAy[Dfug] ‘s d) ° 2 ?DNA](;[DNQ]
quinoxapeptin C for duplex DNA, which was also consistently 5 127
observed in the oligonucleotide studies (see below), suggests o 10
that the enhanced ability of this agent to unwind supercoiled g4
DNA arises from something other than a greater binding affinity. rwc 27 -
DNA Binding Selectivity. Preliminary studies of the DNA  (x16% , ] P
binding selectivity of luzopeptin A and quinoxapeptins A and ®109 4+ .
C were conducted by measuring their absolute binding constants i ¢ . 2+ .
with the deoxynucleotides BI(GCXXGC), where XX= AT, S — Y S —
GC’ TA' and CG (Tab|e 3) For eaCh agent the Characteristic 0.1 0.15 0.2 0.25'0043 0.35 0.4 0.45 0.160.180420.220.2[40.260.28 0.30.32
fluorescence excitation and emission spectra were recorded in *

10 mM Tris—HCI, 75 mM NaCl (pH 7.4) buffer. The addition Figure 3. (a) Fluorescence quenching of luzopeptin A (excitation at
of the deoxyoligonucleotides caused a marked guenching of 338 N and emission at 530 nm in 10 mM Tris-HCl (pH 7.4) and 75
fluorescencé/ Ofgthe agents, with quenching rangir?g from 58 to mM NaCl buffer solution) with increasing6l(GCGCGC) concentra-

L - . tions. (b) Scatchard plot of fluorescence quenching of luzopeptin A
96%. To minimize fluorescence decrease due to dissolution or ... 5-d(GCGCGC) (nonlinear fit). (c) Fluorescence quenching of

photobleaching, the solutions were stirred in 4-mL cuvettes in g inoxapeptin A (excitation at 360 nm and emission at 460 nm in 10
the dark with the minimum exposure to the excitation beam mm Tris-HCI (pH 7.4) and 75 mM NaCl buffer solution) with
necessary to obtain a reading. The titrations were carried outincreasing 5d(GCATGC), concentrations. (d) Scatchard plot of
with a 15-min equilibration time after deoxynucleotide addition. fluorescence quenching of luzopeptin A withd§GCATGC), (non-
Scatchard plots of luzopeptin A binding to the deoxyoligo- linear fit).

nucleotides exhibited a downward convex curvature which, as

in the case of sandramycin, we have interpreted to indicate asych that both a linear, single-site analysis and a Feldman two-
high-affinity bisintercalation and a lower affinity binding site analysis both gave almost identical values for the high-
potentially involving monointercalation. Using the model de-  affinity binding constant. An example of the analysis using the
scribed by Feldmaii which assumes one ligand with two |atter approach is given in Figure 3. Interestingly, quinoxapeptin
binding sites, we were able to deconvolute the curves accordingA has a significantly lower binding constant for the deoxyoli-

to the equation gonucleotides than luzopeptin A. Comparisons between the
N binding constants of quinoxapeptin A and quinoxapeptin C
ry/C = "1(Ky(ny — ry) + Ky(n, —rp) + remain qualitatively similar to those observed with duplex CT-

2 DNA in that the latter compound consistently displays a lower
\/(Kl(nl — 1) = Koy — 1)) + 4K Koy, DNA binding affinity than the former. Both were substantially

less effective than luzopeptin A and sandramycin. In addition,
the binding constants for quinoxapeptin A and C proved to be
remarkably similar across the oligonucleotide series and, unlike
those of luzopeptin A, showed a small preference for two of

whereK; andK; represent the association constants for high-
and low-affinity binding, anch; andn, represent the number
of bound agents per duplex for the separate binding events. A

typical plot for luzopeptin A is shown in Figure 3. Similar to . . . i o
sandramycin, luzopeptin A shows a marked affinity for 5 tSP?_eAﬁ_e?Ou ii%eg.ligtlhn?gﬁ;ltznbéng}v Al\t%s Iég_hél); nglerrn%fgll?lty 0

GCATGC compared with the three other deoxyoligonucleotides. but the differences are relatively small. Notably, it is now the

The distinctions are small but indicate a preference, like . . <o 5TA vs 5-AT that binds most tightly, and these

sandrgmy.cm, fqr the EAT intercalation site. There is little, if differences stem from alterations in the chromophore.

any, (_jlscnmlnapon by this agent for th? other Fhree sequences. Consequently, while there are substantial similarities in DNA

bi %glno?a?r(]aptlrll_ A anld ?lémox_?ﬁepgn tChdn;fenladt '? thbe':h binding properties of the agents in this class, bisintercalation
Inding o the oligonucieotides. The scatchard piots for bot spanning two base pairs, there are also significant differences

agents were only very slightly curved and approached linearity in the stability, affinity, and selectivity of binding. These

(36) Feldman, H. AAnal. Biochem1972 48, 317. differences, which are derived from relatively small structural




Luzopeptin A-C and Quinoxapeptin AC

Table 4. Biological Activity

HIV-1 RT? L1210 HCT116
compound (uM) (nM) (nM)
1  luzopeptin A 6 0.008 0.3
2 luzopeptin B 3 30 30
3 luzopeptin C 0.4 >100 >100
4 quinoxapeptin A 0.6 0.3 1
5 quinoxapeptin B 0.9 2 7
6  quinoxapeptin C 0.3 >100 >100
35 0.7 2 6
37 0.9 >100 >100
38 0.8 7 nd
sandramycin 2 0.001 0.007

2HIV-l reverse transcriptase inhibitioAL1210 mouse leukemia
cytotoxic assay Human colon carcinoma assa&yNot determined.
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(4R)-4-(Hydroxymethyl)-3,5,5-trimethyl-2-oxazolidinone (11)A
stirred suspension of NaH (2.24 g, 97.5 mmol, 5.9 equiv) in THF (40
mL) at 25°C was treated dropwise with a solution ®{2.63 g, 16.5
mmol, 1 equiv) in THF (15 mL) and stirred for 36 h. The mixture was
quenched dropwise with saturated aqueous,sG!H20 mL) and
extracted with CHCI, (4 x 60 mL). The combined organic phases
were dried (NaS@), filtered, and concentrated. Flash chromatography
(SiO,, 66% EtOAc-hexane) provided a mixture>@0:1) of isomers
(1.63 g, 10.3 mmol, 62%, typically 62-85%) which was further purified
by recrystallization (EtOAe hexane).

(4R)-3,5,5-Trimethyl-4-1(tetrahydro-2H-pyran-2-yl)oxy]methyl]-
2-oxazolidinone (12).A solution of11 (4.40 g, 27.6 mmol, 1 equiv)
and 3,4-dihydro-Bl-pyran (3.3 mL, 36 mmol, 1.3 equiv) in GBI,

(75 mL) at 25°C was treated with pyridiniurp-toluenesulfonate (PPTs,
350 mg, 1.39 mmol, 0.05 equiv) and stirred for 24 h. The solution was
poured into half-saturated aqueous NaCl (100 mL) and extracted with
CH.CI; (4 x 75 mL). The combined organic phase was dried (MgSO

changes, may account for the well-defined trends observed infiltered, and concentrated. Flash chromatography {%0% EtOAc-

their biological properties discussed below.
Biological Properties. The biological comparisons conducted

hexane) provided.2 (6.55 g, 27.0 mmol, 99%).
(2R,2R9-3-Methyl-2-(N-methylamino)-1-[(tetrahydro-2H-pyran-

with the synthetic samples are summarized in Table 4. The 2'-yl)oxy]-3-butanol (13).A solution 0f12(6.50 g, 26.7 mmol, 1 equiv)
luzopeptins proved to be more potent cytotoxic agents than theand potassium hydroxide (7.50 g, 133 mmol, 5 equiv) in a mixture of
corresponding quinoxapeptin, but the quinoxapeptins proved to ethylene glycol and kO (4:1, 55 mL) was warmed at reflux in a 150
be more potent inhibitors of HIV-1 reverse transcriptase. The °C bath for 20 h. The cooled solution was poured into half-saturated

quinoxapeptin derivativ85 possessing the unnaturdt,R)-2-

methylcyclopropanecarboxylic acid substituent proved to be only

slightly less potent than natural quinoxapeptin A {n both

the HIV-RT and cytotoxic assays. In addition, the quinoxapep-

aqueous NaCl (100 mL) and extracted with & (4 x 100 mL).
The combined organic phase was dried (MggJiltered, and
concentrated. Flash chromatography (&% EEN—EtOAc) provided
13 (5.47 g, 25.1 mmol, 94%).

N-BOC-Gly-Sar-L-Me-Valinol(f-OH) (16). A solution of BOCGly-

tins displayed activity trends analogous to those observed with 55,0 04, 562 mg, 2.28 mmol, 1.1 equiv}3 (450 mg, 2.07 mmol
the luzopeptins, with the important exception that the RT 1 equiv), and 2,6-lutidine (0.27 mL, 2.3 mmol, 1.1 equiv) in CH—

inhibition was more potent and the cytotoxic activity less potent,

enhancing the selective RT inhibition observed with the

DMF (4:1, 10 mL) at 0°C was sequentially treated with HOAt (310
mg, 2.28 mmol, 1.1 equiv) and EDCI (593 mg, 3.11 mmol, 1.5 equiv).

quinoxapeptins. The comparison of the quinoxapeptin diacetateThe solution was stirred at @C for 15 min, warmed to 28C, and

derivative38 with luzopeptin A Q) is instructive in this regard,
where 38 was nearly 10-fold more potent against HIV-1 RT

and 1000 times less potent in the L1210 cytotoxic assay. The

HIV-1 RT inhibition follows the trend of quinoxapeptin €
A analogous to the luzopeptin € B > A potency, with the

stirred for an additional 24 h. The solution was diluted with;CH
(30 mL), washed with saturated aqueous NaH@@Dx 20 mL), 1 M
aqueous HCI (2« 20 mL), and saturated aqueous NaCbk(50 mL),
dried (MgSQ), filtered, and concentrated to provide crutig (843
mg) which was used directly in the next reaction without purification.
A solution of 15 (843 mg) in CHOH (4 mL) at 25°C was treated

L-Htp-free alcohols being the most active agents in eac_h Series.yith TsOHH,0 (36 mg, 0.19 12 mmol, 0.1 equiv) and stirred for 2.5
The reverse potency order was observed in the cytotoxic assay,. The solution was concentrated, and flash chromatographys,(SiO

with quinoxapeptin A= C and luzopeptin A~ B > C, with

5—10% CHOH—-CHCI, gradient) provided.6 (538 mg, 1.49 mmol,

theL-Htp-free alcohols being inactive. The distinctions here were 72% overall from13).

extraordinarily large given the small structural differences with
the removal of each-Htp acyl substituent resulting in a 100-

N-BOC-Gly-Sar-L-Me-Val(f-OH)-OH (17). From 16. A hetero-
geneous solution 016 (3.30 g, 9.14 mmol, 1 equiv) in CE&HCHs-

1000-fold reduction in potency. From comparisons that also CN—Hz0 (2:2:3, 92 mL) at 25C was treated with Nal©(5.87 g,

include the more potent sandramycii@) (which lacks a
comparable.-Htp substituent altogether, it appears as if sub-

stituents at this location diminish the cytotoxic potency and the
presence of a free alcohol greatly reduces the potency. Thus

the synthetic precursd (quinoxapeptin C), which has not yet

27.4 mmol, 3 equiv) and Ru&HO (36 mg, 0.27 mmol, 0.03 equiv)
and stirred for 24 h. The solution was poured into half-saturated aqueous
NaHCG; (60 mL) and washed with Ci&l, (2 x 50 mL). The aqueous
phase was diluted with EtOAc (50 mL) and acidified to pH 2 with
'concentrated HCI. The mixture was extracted with EtOAcx(3.00

mL). The combined organic phase was dried (MgS@ltered, and

been disclosed as a natural product, exhibits the most potentconcentrated to providé7 (3.00 g, 8.00 mmol, 88%).

HIV-1 RT inhibition in the series and lacks a dose-limiting in
vitro cytotoxic activity, making it the most attractive member
of the series examined.

Experimental Sectior”

(29)-1-[(N-Methylcarbamoyl)oxy]-3-methyl-2,3-epoxybutane (9).
A solution of8 (4.65 g, 45.5 mmol, 1 equiv) and 4Bt (12.6 mL, 91.0
mmol, 2 equiv) in CHCI, at 25°C was treated dropwise with methyl
isocyanate (4.0 mL, 68.4 mmol, 1.5 equiv) and stirred for 2 h. The
solution was quenched with,B (5 mL), poured into saturated aqueous
NH4CI (50 mL), and extracted with GJ€l, (3 x 50 mL). The combined
organic phase was dried (Mg9Qfiltered, and concentrated. Flash
chromatography (Si§) 5% EtOAc-CH,Cl,) provided9 (6.77 g, 42.6
mmol, 94%).

(37) Full characterization data are provided in the Supporting Information.

From 23. A suspension of 23 (200 mg, 0.430 mmol) and 10%-Bd
(20 mg) in CHOH (20 mL) was stirred at 23C under H for 1 h.
Filtration and concentration in vacuo gave the aSid7 (176 mg,
quantitative).

N-BOC-Gly-Sar-L-Me-Val(f-OH)-OBn (23). A solution of 17
(3.00 g, 8.00 mmol) and BnBr (1.90 mL, 16.0 mmol) in DMF at’Z5
was treated with NaHC£X806 mg, 9.60 mmol). After 20 h, the solution
was poured into KD (100 mL) and extracted with EtOAc (& 100
mL). The combined organic phase was washed with saturated aqueous
NaCl (100 mL), dried (MgS@), filtered, and concentrated. Flash
chromatography (SiQ EtOAc) provided23 (3.11 g, 6.69 mmol, 84%).

The major §-enantiomer oR3 was chromatographically separated
on a semipreparative Diacel Chiracel OD column gh0, 2 x 25 cm,
15% i-PrOH—hexane; 7.0 mL/min flow rate). The relative ratio of
enantiomers was determined on an analytical Chiracel OD column (10
um, 0.46x 25 cm, 10%i-PrOH-hexane, 1.0 mL/min flow rate). The
effluent was monitored at 235 nm, and the enantiomers eluted with a
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retention time of 9.98 (majo623) and 11.48 min (minomR-23),
respectively ¢ = 1.15).

N-FMOC-Gly-Sar-L-Me-Val(f-OH)-OH (18). A sample ofL7 (90
mg, 0.24 mmol) was treated with 4.0 M HCl in dioxane (2.0 mL), and
the solution was stirred at 25C for 30 min. The solution was
concentrated to provide a yellow solid. The solid was stirred with
anhydrous ED for 2 min, and the solvent was removed in vacuo. This
was repeated twice more. The solid was dissolved in 10% aqueous
N&aCO; (0.76 mL), cooled to O°C, and treated with a solution of
FMOC-CI (65 mg, 0.25 mmol, 1.05 equiv) in dioxane (0.65 mL). After
5 min, the solution was warmed to 2& and stirred for 8 h. The
solution was poured into # (10 mL) and washed with ED (3 x 5
mL). The aqueous phase was acidified to pH 1 with concentrated HCI
and extracted with CHGI(5 x 10 mL). The combined organic phase
was washed with saturated aqueous NaCl (10 mL), driedS®a,
filtered, and concentrated to provid8 (95 mg, 0.19 mmol, 79%).

Benzyl 2-N?-BOC-N!-[N-SESb-Ser(N-FMOC-Gly-Sar-L-Me-
Val(f-OH))]-hydrazinol-3-(tert-butyldimethylsilyloxy)-4-(1,3-dioxan-
2-yl)-(2S,39)-butanoate (20).A solution 0f18 (385 mg, 0.774 mmol)
and 19 (300 mg, 0.387 mmol) in CkCl, (2.3 mL) was dried over
molecular sieves (4 A) for 2 h. The solution was transferred to a reaction
vessel, and CkCl, (1.5 mL) was added. The solution was cooled to
—25 °C, and DMAP (94.4 mg, 0.773 mmol) was added. After the
complete dissolution of DMAP, DCC (1.16 mL, 1.0 M in @&l,) was
added. After 1 h, the reaction was warmed t&M@and stirred for 17
h. The reaction mixture was diluted with EtOAc (3.6 mL), the
precipitate was removed by filtration, and the solution was concentrated.
Flash chromatography (Si075% EtOAc-hexane) provided a colorless
foam (354 mg, 73%). The obtained product constituted a mixture of
the desired compoun@0 (major component, 88100%) and the
epimerized producepi20 (minor component, ©12%).

The epimers oR0 were chromatographically separated, and their
relative ratio was determined on a semipreparative Diacel Chiracel OD
column (10um, 2 x 25 cm, 50%i-PrOH-hexane, 7.0 mL/min flow
rate). The effluent was monitored at 265 nm, and the diastereomers
eluted with a retention time of 26.32@) and 32.3 min €pi20),
respectively ¢ = 1.23).

N-SESo-Ser(O-(N-FMOC-Gly-Sar-L-Me-Val(f-OH)))-L-Htp-

OBn (25). A solution of 20 (8 mg, 4.32 limol) in 90% aqueous
trifluoroacetic acid (0.5 mL) at 25C was stirred for 2.5 h. The solution
was concentrated, diluted with EtOAc (10 mL), and washed with
saturated aqueous NaHE@ mL). The combined organic phase was
dried (MgSQ), filtered, and concentrated. PTLC (SiQ0% CHOH—
CH,Cl,) provided25 (5.2 mg, 68%).

Benzyl 2{N2-BOC-N'-{N-SESb-Ser[(2-(N>-BOC-N*-(N-SESb-
Ser-(N-FMOC-Gly-Sar-L-Me-Val(f-OH)))-hydrazino)-3-(tert-
butyldimethylsilyloxy)-4-(1,3-dioxan-2-yl)-(2S,3S)-butanoyl)-Gly-
Sar-L-Me-Val(f-OH)]} -hydrazino} -3-(tert-butyldimethylsilyloxy)-
4-(1,3-dioxan-2-yl)-(2S,3S)-butanoate (26} solution of20(60.0 mg,
47.8umol) in degassed C4OH (6 mL) at 10-12 °C was treated with
10% Pd-C (60 mg) and stirred underHballoon) for 3 h. The solution

Boger et al.

(B-OH)]. (Serine Hydroxyl) Dilactone (28).A solution of 26 (35.5

mg, 16.3umol) in degassed EtOH (1.4 mL) at 2& was treated with
10% Pd-C (18 mg) and 25% aqueous H@XH, (142uL). After 4 h,
additional HCONH, (70 uL) was added, and the reaction was stirred
for an additional 2 h. The mixture was filtered and concentrated. The
residue was dissolved in EtOAc (30 mL) and washed with saturated
aqueous NaCl (% 3 mL). The aqueous layer was re-extracted with
EtOAc (2 x 20 mL). The combined organic phase was dried,fNa
SQOy), filtered, and concentrated in vacuo to yiedd (32.0 mg) which
was used directly in the next reaction without further purification.

A solution of EDCI (15.3 mg, 78.2mol) and HOAt (11.9 mg, 85.7
umol) in CH,CI, (9.5 mL) at 0°C was treated with a solution &7
(32.0 mg) in CHCI; (1.5 mL) dropwise ovel h (25uL/min), followed
by a CHCI; (2 x 0.5 mL) rinse dropwise over 20 min (./min).
The solution was stirred at 8C for 16 h. The solution was diluted
with CH,Cl, and successively washed with®and saturated aqueous
NaHCG;. The aqueous layer was re-extracted with EtOAc, and the
combined EtOAc phase was dried @S&)), filtered, and concentrated.
Flash chromatography (SiCEtOAc—hexane-CHzCN, 5:4:1) provided
28 (19.1 mg, 63% overall).

[N-SES®o-Ser+-Htp(OTBS)-Gly-Sar-L-Me-Val(#-OH)] . (Serine
Hydroxyl) Dilactone (29). A solution of 28 (8 mg, 4.32umol) and
anisole (120uL) in CHXCIl, (0.3 mL) at 0°C was treated with
trifluoroacetic acid (0.3 mL) and stirred for 2 h. The solution was
warmed to 25°C and stirred for an additional 1 h. The solution was
concentrated, diluted with EtOAc (2.5 mL), and washed with saturated
aqueous NaHC€(2 mL). After re-extraction with EtOAc (4« 2 mL),
the combined organic phase was dried £8&;), filtered, and concen-
trated. Flash chromatography (Si&tOAc—hexane-CHzCN, 5:4:1)
provided29 (4.4 mg, 68%).

[N-BOC-p-Ser+-Htp(OTBS)-Gly-Sar-L-Me-Val(f-OH)], (Serine
Hydroxyl) Dilactone (31). A Teflon vessel charged witB9 (2.1 mg,
1.4umol) and anisole (5 drops) was treated (condensed) witB 2L
of anhydrous HF at-78 °C. The solution was warmed to @ and
stirred for an additional 75 min. The HF was removed &COunder
a stream of Nfor 1 h. The residue was dissolved in®| filtered, and
concentrated in vacuo to provid® as a white residue. The residue
was suspended in THF (0.5 mL), treated with NaHG20 mg) and
BOC,O (10 mg), and stirred at 28C for 48 h. The solution was
concentrated, and PLTC providéd (1.1 mg, 0.96umol, 69%).

Luzopeptin C (3). In a Teflon vessel charged wi0 (2.0 mg, 1.3
umol) and anisole (10@L) was condensed-23 mL of anhydrous HF
at —78 °C. The solution was warmed to ©@C and stirred for an
additional 90 min. The HF was removed at®© under a stream of N
for 1 h. The residue was dissolved1 M aqueous HCI and lyophilized
to provide 30 as the HCI salt which was used directly in the next
reaction.

A solution of30in DMF (0.30 mL) at 0°C was treated sequentially
with NaHCG; (1.3 mg, 15«mol, 12 equiv), HOBt (1.1 mg, 7.g&mol,

6 equiv), and 6-methoxyquinoline-2-carboxylic ack2(1.4 mg, 6.5

was filtered, and the solvents were removed in vacuo. The residue was#Mol, 5 equiv). Once the solution was homogeneous, EDCI (1.3 mg,

dissolved in EtOAc (50 mL) and washed with 0.5% aqueous HCI (10
mL) and HO (10 mL), dried (NaSQy), filtered, and concentrated to
give crude acid21 (42.3 mg) which was used directly in the next
reaction without further purification.

A solution 0f20 (45.0 mg, 35.8&imol) in CH:CN (0.6 mL) at 25°C
was treated with ENH (0.3 mL) and stirred for 20 min. The solution
was diluted with CHCN (2 mL) and the solvents were removed in
vacuo to give22 which was used directly in the next reaction without
further purification.

A solution of acid21, amine22, EDCI (21.0 mg, 0.107 mmol), and
HOAL (14.90 mg, 0.107 mmol) in Ci€l, (0.5 mL) at 0°C was stirred

6.5 tmol, 5 equiv) was added. The solution was stirred & @or 1 h,
warmed to 25°C, and stirred for an additional 11 h. The solution was
concentrated in vacuo. PTLC (SiQL.0% CHOH—CHCI,) provided
luzopeptin C 8, 1.4 mg, 1.0umol, 80%).

Luzopeptin A (1) and Luzopeptin B (2). A solution of luzopeptin
C (3, 2.8 mg, 2.1umol) in Ac,O—pyridine (1:1, 24QuL) was stirred
at 25°C for 14 h. The solution was poured into saturated aqueous
NaHCG; (6 mL), extracted with CHGI(5 x 5 mL), dried (NaSQy),
filtered, and concentrated to provide the crude product (3.1 mg, 2.1
umol, 100%) as a crude yellow solid which was used directly in the
next reaction without further purification.

for 2 h. The solution was concentrated, and the residue was dissolved A solution of the product from above (3.1 mg, Zfnol) in THF—

in EtOAc (50 mL). The organic phase was washed with 2% aqueous
HCI (10 mL), 1% aqueous NaHG{10 mL), and saturated aqueous
NaCl (10 mL), dried (N&SQ,), filtered, and concentrated. Flash
chromatography (Si§ 90% EtOAc-hexane) provide@6 (50.3 mg,
64% overall).

[2-{N?-BOC-N*-(N-SESD-Ser)-hydrazina} -3-(tert-butyldimeth-
ylsilyloxy)-4-(1,3-dioxan-2-yl)-(25,3S)-butanoyl-Gly-Sar-L-Me-Val-

CHsOH (3:1, 0.80 mL) was treated with Ma0O; (0.05 M in water,
0.20 mL) for 2 h. The solution was poured into saturated aqueous
NaHCGQ; and extracted with CHGI(3 x 2 mL) and CHCN (3 x 2

mL). The combined organic phase was dried £), filtered, and
concentrated. PTLC (SiD8% CHOH—CHCI;) provided luzopeptin

A (1, 1.3 mg, 0.92umol, 48%) and luzopeptin B( 0.4 mg, 0.3umol,
14%).



Luzopeptin A-C and Quinoxapeptin AC

Quinoxapeptin C (6).1n a Teflon vessel charged wift9 (10.2 mg,
6.8 umol) and anisole (100L) was condensed-23 mL of anhydrous
HF at —78 °C. The solution was warmed to @ and stirred for an
additional 90 min. The HF was removed at© under a stream of N
for 1 h. The residue was dissolved1 M aqueous HCI and lyophilized
to provide 30 as the HCI salt which was used directly in the next
reaction.

A solution of30in DMF (1.0 mL) at 0°C was treated with NaHCO
(8.6 mg, 102«mol, 15 equiv), HOBt (4.6 mg, 34smol, 5 equiv), and
6-methoxyquinoxaline-2-carboxylic aci@Z, 5.5 mg, 27«mol, 4 equiv).
Once the solution was homogeneous, EDCI (5.2 mgdl, 4 equiv)
was added. The solution was stirred &®for 1 h, warmed to 28C,
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mM Tris—HCI (pH 7.4), 75 mM NacCl. The reverse addition, of the
agent to the buffer, caused significant precipitation and gave lower
fluorescence intensities with a number of the agents. Type | calf thymus
DNA (Sigma) was dissolved in 10 mM TrHCI (pH 7.4), 75 mM
NaCl buffer to a concentration of 320M base pairs based on an
extinction coefficient of 12 824 M cm™* at 260 nm. The purity was
checked by assuring that the absorbance ratio at 260:280 nm was greater
than 1.8. The concentration of the self-complementary deoxyoligo-
nucleotides 5(GCATGC), 5-(GCGCGC), 5-(GCTAGC), 5-(GC-
CGGCY) (Genbase Inc., San Diego, CA) was established as previously
described, and these were diluted to 32M base pairs in 10 mM
Tris—HCI (pH 7.4), 75 mM NaCl aqueous buffer.

and stirred for an additional 5 h. The solution was poured into saturated ~ The agent (2@L, 1 mM in DMSO) was added to a clean, dry 4-mL

aqueous NaHC@(5 mL) and extracted with EtOAc (5% 5 mL). The
combined organic phase was dried §8@), filtered and concentrated.
PTLC (SIQ, 8% CHOH—CH.CI,) provided6 (5.8 mg, 4.4umol,
65%).

Quinoxapeptin A (4). A solution of (1S2S)-methylcyclopropane-
carboxylic acid (5.6 mg, 56mol) in CHClI, (40 uL) and DMF (0.0052
umol) at 0°C was treated with oxalyl chloride ¢d_, 67 umol), stirred
at 0°C for 20 min, warmed to 28C, and stirred for an additional 1.5
h. The solution was transferred dropwise-@ min) by syringe to a
solution of quinoxapeptin C6( 1.0 mg, 0.76umol) in pyridine (50
uL) at 0°C, and the resulting mixture was stirred for 1.5 h. The solution
was diluted with CHCI, (2 mL) and washed with saturated aqueous
NaHCGQ; (2 x 2 mL) and saturated aqueous NaClx12 mL). After
re-extraction of the aqueous layer with @, (4 x 2 mL), the organic
layers were combined, dried (b&0,), and concentrated. PTLC
(alumina, 10x 10 cm, 4% CHOH—CH_CI,) provided4 (0.9 mg, 0.61
umol, 80%) and the correspondir§jS-monoester36 (0.2 mg, 0.14
umol, 18%).

(1R,2R)-2-Methylcyclopropanecarboxylic Acid Diester of Quin-
oxapeptin C (35).A solution of (IR 2R)-methylcyclopropanecarboxylic
acid (8 mg, 8Qumol) in CH.CI, (40 uL) and DMF (0.0026zmol) at
0 °C was treated with oxalyl chloride (6., 67 umol), stirred at °C
for 10 min, warmed to 25C, and stirred for an additional 2 h. The
solution was transferred dropwise (5 min) by syringe to a solution of
quinoxapeptin C&, 0.6 mg, 0.46umol) in pyridine (20uL) at 0 °C,
and the resulting mixture was stirred for 1 h. The solution was diluted
with CH,Cl, (2 mL) and washed with saturated aqueous NaklCO
x 2 mL) and saturated aqueous NaClx12 mL). After re-extraction
of the above aqueous layer with @&, (4 x 2 mL), the organic layers
were combined, dried (N8Q,), filtered, and concentrated. PTLC
(alumina, 4% CHOH—CH,Cl,) provided35 (0.5 mg, 74%) and the
corresponding monoest8i (0.1 mg, 16%).

Quinoxapeptin B (5). A solution of 36 (0.4 mg, 0.76umol) in
Ac,O—pyridine (1:1, 48QuL) was stirred at 28C for 17 h. The solution
was diluted with CHCI, (3 mL), poured into saturated aqueous
NaHCGQ; (15 mL), extracted with CECl, (5 x 10 mL), dried (Na-
SQy), filtered, and concentrated. PTLC (alumina, 4% EtQEH,Cl,
eluent) provided (0.25 mg, 0.18&mol, 62%).

Quinoxapeptin Diacetate (38).A solution of quinoxapeptin C6&

1.0 mg, 0.7&mol) in Ac,O—pyridine (1:1, 24Q:L) was stirred at 25
°C for 15 h. The solution was diluted with GBI, (3 mL), poured into
saturated aqueous NaH@(Q@5 mL), extracted with CECl, (5 x 10
mL), dried (NaSQy), filtered, and concentrated. PTLC (Si®% CH-
OH—CH,CI,) provided38 (0.9 mg, 0.64umol, 84%).

DNA Binding Studies. The analogues were dissolved in DMSO to
a concentration of 1 mM. A final concentration in the cuvette of 10
uM was achieved by adding 20 to the cuvette, diluting with DMSO
to 40 uL, and then adding 1960L of aqueous buffer containing 10

quartz cuvette containing a Teflon-coated stirrer bar. A furthesl20
of DMSO was added, followed by 1960. of 10 mM Tris—HCI (pH
7.4), 75 mM NaCl aqueous buffer. After 5 min of stirring, an initial
fluorescence reading was taken with minimum exposure to the
excitation beam. At this point, aliquots of DNA solution%0 «L)
were added, and the solution was allowed to equilibrate for 15 min
before the subsequent readings were taken. The excitation and emission
wavelengths were 360 and 530 nm for sandramycin, 340 and 520 nm
for the luzopeptins, and 360 and 460 nm for the quinoxapeptins. The
results of the titrations were analyzed by Scatchard analysis. For CT-
DNA, the linear part of the Scatchard plot was used to determine high-
affinity binding constants. For the deoxynucleotides, a nonlinear fit of
the curve as described in the text was used to determine the high-
affinity binding constant.

DNA Unwinding. Due to the low solubility of the agents in water,
all agents were dissolved in DMSO as stock solutions, storeelat
°C in the dark, and diluted to working concentrations in DMSO prior
to addition to the DNA. A buffer solution containing 0.2& of
supercoiled®X174 RF1 DNA (1.0x 1078 M) in 9 uL of 50 mM
Tris—HCI buffer solution (pH 8.0) was treated withiL of agent in
DMSO. The control DNA was treated withyd. of DMSO. The agent-
to-base pair ratios were 0.011, 0.022, 0.033, 0.044, 0.11, and 0.22 for
sandramycin and 0.022, 0.033, 0.044, 0.11, and 0.22 for luzopeptin A,
B, and C and quinoxapeptin A, B, and C. The reactions were incubated
at 25°C for 1 h and quenched with AL of loading buffer (30%
aqueous glycerol, 0.25% bromophenol blue, 0.25% xylene cyanol FF).
Electrophoresis was conducted, on a 1% agarose gel at 50 V for 3 h.
The gel was stained with ethidium bromide and visualized using a UV
transilluminator, and the image was captured on an Eagle-Eye Il
(Stratagene, La Jolla, CA).
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