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Abstract:

In efforts that define the importance of each residue and that identify key regions of the molecule,

an alanine scan of the ramoplanin A2 aglycon, a potent antibiotic that inhibits bacterial cell wall biosynthesis,
is detailed. As a consequence of both its increased stability (lactam vs lactone) and its “relative” ease of
synthesis, the alanine scan was conducted on [Dap?Jramoplanin A2 aglycon, which possesses antimicrobial
activity equal to or slightly more potent than that of ramoplanin A2 or its aglycon. Thus, 14 key analogues
of the ramoplanin A2 aglycon, representing a scan of residues 3—13, 15, and 17, were prepared enlisting
a convergent solution-phase total synthesis that consolidated the effort to a manageable level. The
antimicrobial activity of the resulting library of analogues provides insight into the importance and potential
role of each residue of this complex glycopeptide antibiotic.

Introduction

Because of the overuse of broad spectrum antibiotics in
medicine and agriculture, the increasing frequency of bacterial

resistance to existing drugs presents a serious threat to public

health! Such growing concerns have increased with the recent
reports of the emergence of multi-drug-resistant organisms
including methicillin-resistanBtaphylococcus aure MRSA)

or methicillin-resistant enterococci that exhibit a reduced
vancomycin susceptibility As a result, it has become increas-
ingly important to identify new antibiotics that can replace
vancomycin as the antibiotic of last resort for such resistant
bacterial infections.

Ramoplanin is a lipoglycodepsipeptide first isolated from the
fermentation broths oActinoplanessp. ATCC 33076 in 1984
(Figure 1)2 The ramoplanin complex, which consists of three
closely related compounds-3,* was found to be 210 times
more active than vancomycin against Gram-positive bacteria "
(500 strains) and maintains full activity against vancomycin-
resistant enterococci (VRE) (minimum inhibitory concentrations,
MIC = 0.5ug/mL) and all known strains of MRSAAlthough
the mechanism of action of ramoplanin is not yet fully defined,

(1) Walsh, C. T.Nature200Q 406, 775.

(2) (a) Pearson, HNature 2002 418 469. (b) Review: von Nussbaum, F.;
Brands, M.; Hinzen, B.; Weigand, S.; bigh, D. Angew. Chem., Int. Ed.
2006 45, 5072.

(3) (a) Cavalleri, B.; Pagani, H.; Volpe, G.; Selva, E.; Parenti].FAntibiot.
1984 37, 309. (b) Pallanza, R.; Berti, M.; Scotti, R.; Randisi, E.; Arioli,
V. J. Antibiot. 1984 37, 318.

(4) (a) Ciabatti, R.; Kettenring, J. K.; Winters, G.; Tuan, G.; Zerilli, L.;
Cavalleri, B.J. Antibiot.1989 42, 254. (b) Kettenring, J. K.; Ciabatti, R.;
Winters, G.; Tamborini, G.; Cavalleri, BJ. Antibiot. 1989 42, 268.
Reviews: (c) Walker, S.; Chen, L.; Hu, Y.; Rew, Y.; Shin, D.; Boger, D.
L. Chem. Re. 2005 105, 449. (d) Parenti, F.; Ciabatti, R.; Cavalleri, B.;
Kettenring, JDrugs Exp. Clin. Resl99Q 16, 451. (e) McCafferty, D. G.;
Cudic, P.; Frankel, B. A.; Barkallah, S.; Kruger, R. G.; Li, Blopolymers
2002 66, 261.

(5) (a) Review: Espersen, Eurr. Opin. Anti-Infect. Imest. Drugs1999 1,
78. (b) Montecalvo, M. AJ. Antimicrob. Chemothe2003 51 (Suppl.
S3), iii31.
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Figure 1. Structure of the ramoplanins.

it is a promising drug candidate for vancomycin-resistant
bacterial infections since it is known to function in a unique
mannei® Both antibiotics inhibit bacterial cell wall biosynthesis,
but vancomycin prevents cell wall cross-linking by primarily
inhibiting the late stage transpeptidase-catalyzed step by binding
to its substrate>-Ala-D-Ala at the terminus of peptidoglycan
precursorg, whereas ramoplanin inhibits the earlier stage
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intracellular glycosyltransferase (MurG) and the more accessible D-Hpg’

D-| Hpg
extracellular transglycosylase (PBP1b)-catalyzed steps by bind- _aThr b-orn*
ing their substrates Lipids | and Il, thereby precluding maturation N
of the bacterial cell walt:#8 Consequently, no cross-resistance EL jy ijN

NH
has yet been observed. Currently, ramoplanin is in phase llI o
clinical trials for topical, nasal, and Gl infectioR§ However, L Hog"”
the therapeutic applications of ramoplanin are limited because o OH ©\
of its poor pharmacokinetics: it is not orally absorbed and it is Hv?\ . Q(H Hvﬁ\ ]v\
not stable in plasma because of rapid hydrolysis of the labile 5 ﬂ 5 H H D-Ala™
lactone. HN D_sﬂu G|y14 }———\
Ramoplanin A+A3 consists of a 49-membered ring com- JNH C. HN\[rNH

p-End'® OH Hpg OH ng NH End'®

of ramoplanin with existing antibiotics, including vancomycin, H
cit®

Hz

posed of 17 amino acids including 12 unnatural amino acids
and seven possessing theonfiguration. The initial structure

of ramoplanin was disclosed in 1989, and the three compounds g1
that make up the ramoplanin complex differ only in the lipid
side chains attached to the Asnl N-termifu@riginally, the | Enduracidin A Enduradidin B

two double bonds in the three different acyl groups were frigyre 2. Structure of the enduracidins.

assigned the ciscis stereochemistrd? and this has since been

corrected to be cistrans!® The C-terminal 3-chloro-4-hydrox-

yphenylglycine (Chp) forms a lactone bond with the hydroxy by the same mechanism as the ramoplddir§igure 2). The
group of3-hydroxyasparagine (HASh In 1991, the structure  enduracidins and ramoplanins share a high degree of structural
of ramoplanose4) was disclosed by Williams and co-workers,  gimjjarity, including two antiparallg-strands and a conserved
and its composition was identical to ramoplanin A2 except for b-HpgP-aThré region thought to be important for Lipid I and Il

er)ecognltlon and binding. Moreover, many of the remaining

residues in the enduracidins and ramoplanins are identical
f(Hpgll Gly'4, p-Ala'®) or represent conservative structural

departuresy(-Sei? vs p-aThr'?, Dpg® vs Hpd®, Hpg'” vs Chi’,

at Hpgd'! and the stereochemistry of the acyl side chais,{
trans vs cis,cis7-methyloctadi-2,4-enoic acid}. Kurz and
Guba subsequently corrected the olefin stereochemistry o
ramoplanin A2 as cistrans by 2D NMR in 1998° They also
established the Hfigand Hpgd absolute stereochemistry and and ThE vs HAsr?). Even some of the significant departures
found that the solution conformation consists of two antiparallel (Cit® vs Phé andp-End®® vs b-Orn'9) represent changes that
B-strands (HAsAD-Hpg’ andp-Ormi-Gly4) stabilized by six maintain the stereochemical and potential functional features
transannular H-bonds and a cluster of hydrophobic aromatic side(P-End'®vs p-Orn') of the ramoplanins. Recently, Marazzi and
chains p-Hpg?, Phé, and Chp") providing a U-shape topology ~ co-workers disclosed a solution-phase conformation of the
to the 3-sheet with a reversg-turn @Thre-Phé) at one end enduracidins determined by NMR exhibiting only subtle struc-
and a more flexible connecting loop (L&Chp!?) at the other tural differences between the enduracidins and ramoplaains.
end in the solution structure. The enduracidins do not contain a di- or trisaccharide at‘Hpg
Enduracidin A and B are additional members of the ramopla- and the lipid side chains are longer than those found in the
nin family that have been employed as feed additives and areramoplanins. Enduracidin includes an additional basic residue
known to inhibit Gram-positive bacterial cell wall biosynthéais gt Ends (vs Leu®) and an acidic residue at Asfvs Asrt) that
— are proximal and engaged in a transannular salt bridge, as well
(6) (a) Somner, E. A.; Reynolds, P. Bntimicrob. Agents Chemothet99Q . . Rk . . .
34, 413. (b) Review: Reynolds, P. E.; Somner, E.xugs Exp. Clin. as a flexible side chain at the €itwhich is exposed to the
Res.1990 i%%ﬁﬁéfﬁfg%r{"zzag'ing'.e"ES’?E?’M?:;c.'?ﬁnyQé’,'ﬁs.‘; gr'aﬁé;tr%?nhl’ solvent (HO/DMSO-ds, 4:1), whereas ramoplanin incorporates
A.; Helm, J.; Yao, N.; Goldman, R.; Walker, 3. Am. Chem. So200Q a hydrophobic side chain at Phdéorming a well-packed

122 3540. (e) Lo, M.-C.; Helm, J. S.; Sarngadharan, G.; Pelczer, |.; Walker, . . L .
S.J.Am. Chem. So@001 123 8640. (f) Helm, J. S.: Chen, L. Walker, ~hydrophobic core along with other aromatic side chainblpg?,

S.J. Am. Chem. So@002 124, 13970. (g) Hu, Y.; Helm, J. S.; Chen, L,; ini i i i
N o e R T A os 195 8738, Chpt’) and the lipid side chaif? The net result is that the

(7) Reviews: (a) Barna, J. C. J.; Williams, D. Ainnu. Re. Microbiol. 1984 characteristic ramoplanin hydrophobic core is disrupted within
gg' ﬁ’g'z_(b) Williams, D. H.; Bardsley, Bangew. Chem., Int. E1999 the enduracidins. The significance of this difference is yet to

(8) (a) Cudic, P.; Kranz, J. K.; Behenna, D. C.; Kruger, R. G.; Tadesse, H.; be defined, and it is not reflected in different transglycosylase
Wand, A. J.; Veklich, Y. I.; Weisel, J. W.; McCafferty, D. ®roc. Natl. e e . C12f . LT
Acad. Sci. U.S.A2002 99, 7384 (b) Cudic, P.; Behenna, D. C.; Kranz, J.  inhibition kinetics!4" Although less well characterized, jani-

K.; Kruger, R. G.; Wand, A. J.; Veklich, Y. I.; Weisel, J. W.; McCafferty, i i H
DG Chemn. Bio2002 9. 897 emycin represents an additional member of the ramoplanin

(9) Jones, R. N.; Barry, A. LDiagn. Microbiol. Infect. Dis.1989 12, 279. family.14

(10) Kurz, M.; Guba, WBiochemistryLl996 35, 12570. ] , ,

(11) Skelton, N. J.; Harding, M. M.; Mortishire-Smith, R. J.; Rahman, S. K.; In 2002, we reported the first total synthesis of the ramoplanin
\{\QQ%@ZZD H.; Rance, M. J.; Ruddock, J. G. Am. Chem. Sod 991, A2 and ramoplanose aglycorb)( confirming the assigned

(12) (a) Higashide, E.; Hatano, K.; Shibata, M.; Nakazawa].Kntibiot.1968
21, 126. (b) Asai, M.; Muroi, M.; Sugita, N.; Kawashima, H.; Mizuno, K;

Miyake, A. J. Antibiot. 1968 21, 138. (c) Tsuchiya, K.; Takeuchi, . (13) Castiglione, F.; Marazzi, A.; Meli, M.; Colombo, ®lagn. Reson. Chem.
Antibiot. 1968 21, 426. (d) Hori, M.; Iwasaki, H.; Horii, S.; Yoshida, I.; 2005 43, 603.

Hongo, T.Chem. Pharm. Bull1973 21, 1175. (e) lwasaki, H.; Horii, S; (14) (a) Meyers, E.; Weisenborn, F. L.; Pansy, F. E.; Slusarchyk, D. S.; von
Asai, M.; Mizuno, K.; Ueyanagi, J.; Miyake, AChem. Pharm. Bull1973 Saltza, M. H.; Rathnum, M. L.; Parker, W. 1I. Antibiot.197Q 23, 502.

21, 1184. (f) Fang, X.; Tiyanont, K.; Zhang, Y.; Wanner, J.; Boger, D.; (b) Linnett, P. E.; Strominger, J. [Antimicrob. Agents Chemother973
Walker, S.Mol. BioSyst.2006 2, 69. 4, 231.
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structure!® Three key subunits composed ofHpgi-Phé
(subunit A), Led>Asnt (subunit B), ana-Ornt%-Gly4 (subunit

In 1998, Brdz et al. reported the first direct evidence that
ramoplanin binds to a substrate involved in peptidoglycan

C) were synthesized, sequentially coupled, and cyclized in a biosynthesig! In 2000, Walker and co-workers showed that
solution-phase approach to the 49-membered macrocyclic coreramoplanin inhibits the transglycosylation step of peptidoglycan
of ramoplanin. Two macrocyclization sites, PlreOrnt® and biosynthesis by binding to Lipid A9 Shortly following that,
Gly4-Leuts, were examined that maximize the convergency of insights into the interaction between ramoplanin A2 and a
the synthesis, minimize the use of protecting groups, prevent peptidoglycan precursor (Park’s nucleotide) were disclosed by
late stage opportunities for racemization of carboxylate-activated McCafferty et al. using NMR studies suggesting that the
phenylglycine-derived residues, and benefit fronpsheet  octapeptide sequencep-tHpg®-p-Ornt9),82 which is highly
preorganization of an acyclic substrate for ring closre. conserved among ramoplanins and enduracidins, constitutes the

Macrocyclization at the PReo-Orn'O site additionally benefits ~ substrate recognition domain. Contemporary with these studies,
from closure at the corner of@turn incorporating @-aminel” inhibition kinetic studie® and NMR titration experiments
while the alternative closure at the GhLeuls site represents performed by Walker and co-workers suggest that the inhibitory
a nonhindered glycine site incapable of racemization. Additional SPe€cies binds with a stoichiometry of 2:1 ramoplanin/Lipid I,
keys to the success of the approach were the choice of a send in a second NMR study, Lo et al. observed that ramoplanin
protecting group for Orhand Ori® and Fmoc protection for A2_ exists as a mixture (_)f monomer and dimer in meth&ﬁpl.
Asnt furnishing orthogonal protecting groups to Boc, Cbz, and This Iat_ter series of studies led Walker to_propose that Lipid Il
benzyl ester deprotections yet capable of sequential and selectivé@y Pind in a cleft formed by the dimerization of two
removal in the presence of the unstable depsipeptide ester bond/@moplanin molecules and defined the dimer interface region
Deliberate final stage incorporation of the Agipid side chain ~ aSP-Orm'®Hpg'*.

provided late stage access to all three ramoplanins as well as Herein, we report an alanine scan of ramoplanin A2 aglycon
side chain analogues of the aglycons. As such, the total synthesi@nd the resulting antimicrobial properties of the derivatives in
of the two minor components of the ramoplanin complex (Al efforts to define the importance of the individual residues and

and A3) was achieved, confirming a reassigned—tians to identify key regions of the molecuf@ As a consequence of
stereochemistry for the lipid side chais. its “relative” ease of synthesis and its resulting stability (lactam

This approach has since been extended to the synthesis of 3 Iactlong), 'Lhze al?nlne scanh_vvr?s conducted on_th_ezlg_aﬁ)
two key analogues of ramoplanin containing an amide linkage ramop’anin aglycon & which possesses antimicro &
in place of the labile ester between H&Asand Chp” in which activity egual to or sllghtly more potent than the authentic
HAsr? was replaced with-2,3-diaminopropionic acid (Dap) Li:;ﬁﬁr;maAg Czilyg?r: eltsslzlj e(z_lgjgefg'Nsrgzbli/’?ttif;E)gZ d
or L-2,4-diaminobutyric acid (Dab The two derivatives are | . Lo .
both much more stgble and éynth)getically more accessible thanﬂpll(eemzr:;?g iggnvergent solution-phase total synthesis of the
the natural ramoplanin aglycon. In a subsequent mechanistic y gues.
analysis of these analogues, both amide linkage substitutionschemistry
as well as removal of the lipid chain did not affect Lipid Il _ ) _
binding, indicating that the residue 2 modifications and the acyl ~ Following the completion of the total synthesis of the natural
side chain do not play an important role in substrate recognition Product aglycon$:® and the identification of an active and
and binding® However, the antimicrobial activities of the Dab ~ Stable amide (vs depsipeptide ester) template, fr@poplanin
analogue and compounds containing truncated side chains weré*2 aglycon}® we initiated and herein report an alanine scan of
not comparable to those of ramoplanin or the Dapalogue.  the ramoplanin A2 aglycon enlisting [Dgamoplanin A2 as
The ring-expanded 50-membered Bamalogue, but not the the template. These efforts include a full alanine scan of the

49-membered Dépanalogue, was found to aggregate exten- SUPUNitA 6-HpgPhé) and C 6-Orn'®-Gly™), which contain
sively in agueous buffer where its increased conformational the putative substrate recognition domaiHpg®-p-Orn'?)

ibili i ; d by McCafferty et dlathe dimer interface regiomg¢
flexibility perhaps permits the-strands in the molecule to ~ PTOPOS€ : A
associate in an intermolecular manner (aggregatfwhereas Om'®Hpg') defined by Walker et af andp-Ormf* andp-Orr,

the lipid side chain presumably helps ramoplanin localize to which have been established to be important to the biological
the bacterial cell membrari properties of ramoplanifi$.150.1°Selective semisynthetic modi-

fications ofp-Orr* or b-Ornt® are notorious for their low yields

or poor selectivity. Consequently, the identification of the
modified site is difficult and the results derived from their
examination have not been entirely conclusivé. Therefore,

the site-specific incorporation af-Ala* and p-Alal® by the
synthetic methods detailed herein unambiguously addresses
these issues. In addition and to more clearly elucidate the role
of the chlorine substitution at Chfpa Hpd”’ as well as an A
analogue were prepared.

(15) (a) Jiang, W.; Wanner, J.; Lee, R. J.; Bounaud, P.-Y.; Boger, D. Am.
Chem. So2002 124, 5288. (b) Jiang, W.; Wanner, J.; Lee, R. J.; Bounaud,
P.-Y.; Boger, D. LJ. Am. Chem. So2003 125 1877. (c) Review: Boger,

D. L. Med. Res. Re 2001, 21, 356—-381.

(16) (a) Nonpolar solvents (Gigl,, CHCL, EtOAc) should be used to take
advantage of th@-sheet preorganization. However, the linear substrates
typically proved insoluble in such solvents. Consequently, variable amounts
of DMF are added until the substrates were dissolved. (b) Maplestone, R.
A.; Cox, J. P. L.; Williams, D. HFEBS Lett.1993 326 95.

(17) (a) Rich, D. H.; Bhatnagar, P.; Mathiaparanam, P.; Grant, J. A.; Tam, J. P.
J. Org. Chem1978 43, 296. (b) Brady, S. F.; Varga, S. L.; Freidinger, R.
M.; Schwenk, D. A.; Mendlowski, M.; Holly, F. W.; Veber, D. B. Org.

Chem.1979 44, 3101.

(18) shin, D.; Rew, Y.; Boger, D. LProc. Natl. Acad. Sci. U.S.2004 101,
11977.

(19) Rew, Y.; Shin, D.; Hwang, I.; Boger, D. . Am. Chem. So@004 126,
1041

(21) (a) Brdz, H.; Bierbaum, G.; Leopold, K.; Reynolds, P. E.; Sahl, H.-G.
Antimicrob. Agents Chemothet998 42, 154. (b) Briz, H.; Josten, M.;
Wiedemann, |.; Schneider, U.; Gotz, F.; Bierbaum, G.; Sahl, HMGI.
Microbiol. 1998 30, 317.

(22) Chen, Y.; Bilban, M.; Foster, C. A.; Boger, D. . Am. Chem. So2002
124, 5431.

(20) Cheﬁ, L.; Yuan, Y.; Helm, J. S.; Hu, Y.; Rew, Y.; Shin, D.; Boger, D. L,;
Walker, S.J. Am. Chem. So@004 126, 7462.
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[L—Dapzlrarnoplanin A2 aglycon (6) Scheme 1. 23 Alanine-Substituted Subunit A Analogues and
@ Synthesis of [Ala®] Subunit A (10)

30H
Hpg’ b-Hpg
aThrB Hpg® D- aThr D-Orn

Alanine-substitued subunit A analogues:

7: Boc-D-Hpg®-D-Orn*(SES)-p-aThr’-Hpg®-b-Hpg’-aThré-Phe®-OBn

8. Boc-D-Ala®-D-Orn*(SES)-D-aThr®-Hpg®-D-Hpg’-aThre-Phe®-OBn (407 mg)
9. Boc-D-Hpg®-p-Ala*-D-aThrd-Hpg®-b-Hpg’-aThri-Phe®-0Bn (197 mg)
10: Boc-D-Hpg®-D-Orn*(SES)-p-Ala’-Hpg®-p-Hpg’-aThré-Phe®-OBn (70 mg)
11: Boc-D-Hpg®-D-Orn*(SES)-D-aThr®-Ala®-p-Hpg’-aThr-Phe®-OBn (463 mg)

1o 12: Boc-D-Hpg®-D-Orn*(SES)-p-aThr3-Hpg8-p-Ala’-aThr8-Phe®-0Bn (373 mg)
Phe 13: Boc-D-Hpg®-D-Orn*(SES)-D-aThr-HpgP-p-Hpg’-Ala®-Phe®-OBn (362 mg)
OH OH vﬁ\ r‘H Q\ 14: Boc-D-Hpg®-D-Orn*(SES)-D-aThr-HpgP-p-Hpg’-aThr-Ala®-0Bn (175 mg)
H /\ﬂ Boc-D-Hpg-OH Boc-L-Hpg-OH Boc-L-aThr-OH
D- A|a16 Chp + + +
o 12 . 4 \7/ HCI-H-D-Orn(SES)-OBn HCl-H-D-Hpg-OBn HCI*H-L-Phe-OBn
‘}0"‘ D-aThr Gly Leu™ o404 | EDCI, HOAt 93% lEDCI,HOAt 90% lEDCI,HOAt
Hpg™! OH Hpg OH OH NaHCO; OH NaHCO, NaHCO;

I © . OH
H * M
COR N._COR R-N N._-CO2Bn
Boc— N H z
S

OH
D- Hpg D-Hpg® Boc— N/\n/ o
s D-aThr® o
aThr D-Om*

f\/ SESHN
&, N\ N Hy, PAIC H, PA/C  OH HCI-EtOAc, NaHCO5
H R=Bn R=Bn R = Boc
N Asn' R=H R=H R=H
O OH H-p-Ala%-OBn \—l—‘
- SESHN =~ NHFmoc 72%] DEPBT, NaHCO, OH | DEPBT, NaHCO3, 83%
BnO (6] BnO NH ©
Q\j Dapz (0]
Oj Boc— N/Y COZR R- N\)L /\H/N\)J\ co.Bn
., 2
Eﬁoc O\ Q © Aon
7 H,, Pd/C -EtOAc, NaHCO;
N OH SESHN™ HCI-EtOAc, NaHCO
N\/R\ oBn : H ¢l Chp R=Bn R = Boc
n < 16
N/\[( D-Ala R=H OH R=H
0,
NHSES
ot @
= final coupling site (o] <z o
AN
Figure 3. Structure of [Dafiramoplanin A2 aglycon) and the three H/\“/ Y "N” "COzBn
key subunits A-C. o] on
. . HCl-dioxane
The synthesis and assembly of three key subunits were 10, R = Boc
OH 10a, R = H-HCI

facilitated by the convergent nature of the solution-phase
approach (Figure 3). For example, each change within the A 10: Boc-D-Hpg®--Om*(SES)-p-Ala®-Hpg®-D-Hpg’-aThr®-Phe®-OBn
subunit utilized the common [D&B and C subunits for
completion of the synthesis, and this expedited the parallel
synthesis of the library. Similarly, each of the subunits A, B,
and C was also assembled in a convergent fashion (e.¢¢, Ala
through Al were prepared by coupling the modified tripeptide

mmon Hp&Ph r ide), and thi nsoli h - . .
\t/fl)oarlkcct)o a ?nanggealjéelte?/gfp:eddeu)ciigdttrlesccgmz?e;z:egfttﬁe Benzyl ester hydrogenolysis followed by coupllng with H-F’rpg
syntheses and number of new intermediates. Thus, each residuB” Hpg'-aTh®-Phé-OBn gave the heptapeptided (48%). |
analogue required at most five coupling reactions to assembles'm'lar fashion, the remainder of the alanine- substltuted A
the linear peptide, a macrocyclization, the side chain introduction subunits was prepared (Supporting Information).

- : : . Synthesis of the C Subunit Ala Derivatives: Pentapeptide
(two steps), and a final global deprotection (nine operations total) 10 14 , e
enlisting unmodified subunits used in the synthesis of fpap D-Orn. -Gly™. The preparation of the pentapeptitis: Wh'Ch,
ramoplanin A2 aglycon. contains the entire dimer interface doméimand the synthetic

Synthesis of the A Subunit Ala Derivatives: Heptapeptide ~ a/anine-substituted C - subunitd&-19) is summarized in
p-Hpg3-Phe’. The seven synthetic targets of the alanine- Scheme 2 along with dletalls sz_the key [Ath derivative.
substituted subunit A8—14) and details of the preparation of ~CUPIing of HCHH-L-Hpg'-0-aThr'>OBn with Boco-Ala-OH
the [Alaf] analogue 10) are summarized in Scheme?i provided the tripeptide in 99% yield. Benzyl ester deprotection

’ i i — 3. 14_ i
Following the approach defined for synthesis of authentic and CO‘JP"”Q with He Hpgl Gly OBn gave pgntapept@kﬁ
(90% yield). The synthesis of remaining alanine-substituted C
(23) EDCI = 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, ~ Subunits proceeded similarly (Supporting Information). Since

HOAt = 1-hydroxy-7-azabenzotriazole, DEPB¥ 3-(diethoxyphospho- ; ; ; ; ; i
ryloxy)-1,2,3-benzotriazin-43)-one, SES- 2- -trimethylsilylethanesulfonyl, residue 14 is glycme, its replacement with an alanine was not

BCB = B-bromocatecholborane. conducted.

subunit A (7), we assembled heptapeptidsl4, which contain
all but Orn© of the putative Hp&Ornt? recognition domain,
from the p-Hpgi-p-aThr® tripeptide and Hp§Phé tetrapep-
tide15 In turn, the tripeptide folO was obtained by the coupling
of BocD-Hpg-p-Orm(SES)-OH and Hb-Ala-OBn (72%).
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Scheme 2. 23 Alanine-Substituted Subunit C Analogues and
Synthesis of [Alal?] Subunit C (16)

Scheme 3. 28 Modified Subunit B and Its Analogues

Modified subunit B analogues:

20: Fmoc-Asn1(Trt)-(Boc—Leu15-|}Ala16-Chp17)Dap2-OBn

21: Fmoc-Asn'(Trt)-(Boc-Ala'®-D-Ala'®-Chp'7)Dap?-OBn (85 mg)
22: Fmoc-Asn'(Trt)-(Boc-Leu'®-p-Ala'®-Ala'’)Dap?-OBn (130 mg)
23: Fmoc-Asn'(Trt)-(Boc-Leu'5-D-Ala'®-Hpg'7)Dap?-OBn (79 mg)

Boc—L—ljpg—OH EDCI, HOAt
H NaHCO3, 10%
CO,R =Pa 1T goc-
T HCI-H-Hpg'7-0Bn°°° ™

HCI*H-Gly-OBn N
R Me Ha, Pd/C[:R Bn

Alanine-substitued subunit C analogues:

15: Boc-D-Or'(SES)-Hpg''-p-aThr'2-Hpg'3-Gly'4-OBn

16: Boc-p-Ala'%-Hpg''-p-aThr'2-Hpg'3-Gly'4-0OBn (152 mg)
17: Boc-D-Om'(SES)-Ala''-p-aThr'2-Hpg'3-Gly'4-0Bn (87 mg)
18: Boc-D-Or'(SES)-Hpg''-p-Ala'2-Hpg™®-Gly™-0Bn (100 mg)
19: Boc-D-Om'(SES)-Hpg''-p-aThr'2-Ala'3-Gly'4-OBn (114 mg)

Boc-L-Hpg-OH
HCI-H-D-;Thr-OBn
82%1 DEPBT, NaHCO3
\/OH

RN\)]\/\OBn

7

Boc—N
82%1DEPBT, NaHCO3 H

Lo
R—N\:)J\”Acoan

’

LIOH
95%

ol %?j

Fmoc-Dap?-OBn
DEPBT, NaHCO,

0y
HCI-EtOAC 100%

|: R = Boc
R = H-HCI

HCI-EtOAc

[: R =Boc
R = HHCI

+ \/OH
EDCI, HOAt
0,
NaHCO3, 99% Boc— N/Y \)L /\COZ
Boc-D-Ala'"-OH RO
H,, Pd/C BuyNF, i-PrOH \I NHFmoc
R =Bn
- Fmoc-Asn(Trt)-OH
OH R=H EDCI, HOAt, 61% NHTrt
90%, EDCIlHOAt, NaHCO, 23, R=Bn
H,, Pd/C
23a,R=H
\/OH [o)

23: Fmoc-Asn'(Trt)-(Boc-Leu'5-p-Ala'®-Hpg'?)-Dap2-OBn

potentially generating mixtures with a contaminate dechlorinated
side product if not closely monitored. In an effort to take
advantage of this observation and to reduce the number of
synthetic steps for the preparation28a, direct dechlorination

of the [Da]B subunit20 or [Dapramoplanin A2 aglycon itself
under various conditions was examined. However, the rate of
dechlorination was too slow, and the approach proved to be
impractical.

Synthesis of [Dag,Ala™ramoplanin A2 Aglycon. The
convergent strategy developed for the total synthesis of the
ramoplanin and [Daframoplanin A2 aglycons was utilized for
the preparation of the alanine-substituted [Begmoplanin A2
aglycon analogue¥. For example, assemblage of the alanine-
substituted subunit A analogue{14) required coupling with
the common unmodified B and C subunits and maximized the
convergent nature of the synthesis. Representative of the final
stages of the analogue preparations, the synthesis ofap
AlaZ]ramoplanin A2 aglycon begins with the treatmen8afith

16, R = Bn
Ho PIC L 165 R =H
[Ala'%] subunit C, 16: Boc-p-Ala'®-Hpg'!-D-aThr'?-Hpg'*-Gly'4-OBn

Synthesis of the B Subunit Derivatives: Pentapeptide
[L-Dap?|B. Within the B subunit, residue 2 was fixed as the
simplified and stable D&pwhere the side chain linkage is
attached to the coupled and similarly unmodified A%h
Additionally, residue 16 already constitutes-#\la, and it was
not further modified. Rather, our interest focused onteas
well as Chp’, which was replaced with Hpdto directly assess
the role of the unusual chloride substituent as well as'’Ala
(Scheme 3). The modified pentapeptide sub28iincorporating
the Hpgd’ (or Alal’ for 22) residue and the D&mmide, was
obtained from an intermediate tripeptide, which in turn was

prepared by coupling Boc-Lé¥p-Alals-OH with HCI-H-Hpgl’-
OBn (EDCI, HOAt, NaHCQ, 20% DMF-CH,CI,, 0 °C, 20

h) followed by deprotection of the benzyl estern(H0% Pd/C,
MeOH, 25 °C, 20 min, 100%). Fmoc-D&NH,-HCI)-OBn
obtained from Fmoc-D&(Boc)-OH (HCEtOAc) was coupled
with this tripeptide using 3-(diethoxyphosphoryloxy)-1,2,3-
benzotriazin-4(Bl)-one (DEPBT3 (NaHCG;, DMF, 0 °C, 1

h, then 25°C, 52 h, 100%) to give a single diastereomer of the

4 N HCl—dioxane followed by coupling of resulting amine with
the B subunit carboxylic aci®0a to provide 8b without
competitiveS-elimination (Scheme 4). An excess 2dawas
employed to consume &g, which proved difficult to remove
from the product enlisting either an acid wash or chromatog-
raphy. Boc removal o8b under mild conditionsE-bromocat-
echolborane= BCB, CH;CN, 0°C, 3 h) that do not affect the
Asnt trityl group gave the corresponding amitfelhe resulting

corresponding tetrapeptide with no detectable racemization of amine was then coupled with the unmodified subunitl&g

the sensitive HpY residue. Fmoc removal (BNF, i-PrOH,
DMF, 25 °C, 1 h, sonication), coupling the free amine with
Fmoc-Asn(Trt)-OH (EDCI, HOAt, DMF, OC, 48 h, 61% for
two steps), and benzyl ester hydrogenolysis, (HD% Pd/C,
EtOH, 25°C, 45 min, 100%) provide®3a'® The original
pentapeptide subunit B and the simplified [Bigsubunit20

to yield 8c. Successive Boc removal, benzyl ester hydrogenoly-
sis, and macrocyclization provided the cyclic peptide cgule

in superb yield attributable to thé-sheet preorganization of
the cyclization substrate as well as closure ab-amine
terminust’ Fmoc removal under specially developed conditions
(8 equiv of BuNF, 10 equiv ofi-PrOH, DMF, 25°C, 1 h,

were found to be sensitive to the benzyl ester deprotection step,sonication), acyl side chain introduction, and final global
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Scheme 4. 28 Synthesis of [Dap?,Ala®Jramoplanin A2 Aglycon (8g)

8a + 20a
99% DEPBT, NaHCO, o
THHN
oH |, 0 Oy
i\N )J\/ \n)\”)‘j,NH Fmoc
0
0 HN
o
BnO,C SESHN

8b j\/\ ; OH
N Cl

Boc—NH H

1) BCB
on 1% 2) 15a, EDCI, HOA

0
TrtHN
OH o] OH, o O NH
- H H )J\/H NH Fmoc
N N7 Y N
5 H 6 H £ & H
H

OH OH

1)BCB
77% | 2) Hp, PdIC
OH 3) EDCI, HOAt 0

— 8d, R' = Fmoc, R? = Trt, R® = SES
BuallF, FProH 8e,R' =H, R?=Trt, R® = SES

24,83% (2 steps) L g¢ R = side chain, R? = Trt, R® = SES
HF, 99% [, 8g, [Dap?,D-Ala®ramoplanin A2 aglycon

deprotection (HF, anisole, @, 90 min) yielded [Dafp-Ala3]-

ramoplanin A2 aglycongg).*® In a similar manner, each of the

less crisp spectra that might be attributable to a conformational
heterogeneity (line broadening).

A 48-Membered Ramoplanin A2 Aglycon AnalogueOne
of the more successful structural modifications of the ramoplanin
aglycon has been the replacementLaflAsr? with L-Dap,
simplifying the synthesis and removing the hydrolysis labile
depsipeptide ester. Surprisingly, the analogous replacement with
L-Dal?, which results in a ring expansion to a 50-membered
ring, resulted in & 100-fold loss in antimicrobial activity and
provided an analogue with a propensity for aggregation in
aqueous buffer. As a consequence, we now examined the ring-
contracted 48-membered analodifsg incorporating a-Orr?
in place ofL-HAsr? where the side chain also incorporates an
amine for lipid side chain attachment, removing the need for
Asn! (Scheme 5). The simplified B suburibawas prepared
and sequentially coupled with the authenticZsand C (53
subunits (Scheme 5). To our disappointment, all efforts to
promote the macrocyclization of the linear pep@efollowing
C- and N-terminus deprotection failed to provide the macro-
cyclic peptide25d. Presumably, the decreased flexibility2sc
resulting from deleting the one methylene is sufficient to
preclude macrocyclization. These observations along with the
behavior of the 50-membered [DA@moplanin A2 aglycon
underscore the special role residue 2 plays in conveying
antimicrobial activity to the compounds and highlight how
remarkable the stableDap? for L-HAsr? substitution is.

Antimicrobial Activity

The results of the antimicrobial assay of the analogues against
S. aureusalongside the ramoplanin complex (MK 0.19ug/
mL) and [Dag]ramoplanin A2 aglycon& MIC = 0.07 ug/
mL) are summarized in Figure 4. Analogous to observations
first reported for [Daframoplanin A2 aglycon®) upon its
initial disclosurel® it proved to be 2-3-fold more potent than
the natural ramoplanin complex and slightly more active than
the ramoplanin A2 aglyco#f:2° Perhaps the most important of
the comparisons to highlight first are the activities of the“Ala
and Ald° analogues probing the importance of ®amd Orn°
Semisynthetic modifications of these sites have indicated that
both contribute significantly to ramoplanin’s activity, but their
relative importance and potential role remained und&a/isb.19
Consistent with Walker’s observations with such semisynthetic
derivatives®' the Ala® analoguel6g(MIC = 38 ug/mL) proved
to be 540-fold less active th&i) whereas the Afsanalogueg
(MIC = 3.1 ug/mL) was 45-fold less potent. This clearly
indicates that Orf is essential to the activity of ramoplanin
and plays a much more fundamental role than“Qaithough
both Alal® and Al# are among the least effective of the Ala

ramoplanin A2 aglycon analogues was synthesized, and detailsanalogues examined.

of their synthesis and their intermediates are provided in the

Within the remainder of the putative Lipid Il binding domain

Supporting Information. The final products were purified by proposed by McCafferty et al. (Hpgrnt0),82 the additional
reverse-phase HPLC to provide homogeneous materials thatlargest impacts on activity were observed witkAla3 (vs
were used for characterization and the biological evaluation of b-Hpg?, MIC = 5.2 ug/mL), p-Ala’ (vs b-Hpg’, MIC = 3.7
the final products. However, it is notable that the final products ug/mL), and Al& (vs aThr8, MIC = 2.5ug/mL), representing

were obtained in purities ranging from 461% (av= 73%,
see Supporting Information) even before this final purification.

75-fold, 50-fold, and 35-fold losses in antimicrobial activity,
respectively. Thus, boti-Hpg® and p-Hpg’ proved more

The'H NMR spectroscopic properties of each of the analogues significant thanp-Orn*, and aThr® approaches this level of

did not reveal a loss of conformational rigidity that might

importance. Notably, the importancea@fhr® is unique among

contribute to a change or loss of antimicrobial activity, and only the threeaThr sites in ramoplanin, and each of the remaining

Ala8, Alal0, Alall, and most notably A exhibited slightly
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Scheme 5. 23 Attempted Synthesis of the 48-Membered

OH (o}
3
[D-Orn?ramoplanin A2 Aglycon (25g) pg D-Hpg Asn
O aThr’8 Hpg D aThr5 D-Orn* H2N
3 /

OH
3
Hpg? D-Hpg NH 1
aThr‘ Hpg6 DaThr5 DOrn"
Phe9

OH OH NH @\
- NAWN¢L I on
OH OH o O - D-Ala'® Chp17
H D-Ala'®
Hpg" oH Hpg" on
D-Om"’ D- aThI’12 y14 Leu15 o
0]
1 _
g't g® R = I R'= § — [L-Dap?ramoplanin A2 aglycon (6)

OH 25g = —

1

Authentic MIC Fold
residue (,g/mL)yab difference

H Q H ramoplanin complex 1-3 0.19 2.7
Boc—N N\HkN N\:/\/\NHFmOC 5, ramoplanin A2 aglycon 0.11 1.6
H o H 3 6, [Dap?Jramoplanin A2 aglycon 0.07 1

Cl Compound

o
252 OAOH 8g, [Dap?,p-Ala®Jramoplanin A2 aglycon p-Hpg® 5.2 74
9g, [Dap?,0-Ala*]ramoplanin A2 aglycon p-Orn* 3.1 44
o404 | DEPBT. 10g, [Dap?,p-Ala®jramoplanin A2 aglycon p-aThr® 0.16 2.3
OH NaHCO3 7a 11g, [Dap? AlafJramoplanin A2 aglycon Hpg® 0.9 13
NHEmoc 12g, [Dap?,p-Ala’Jramoplanin A2 aglycon D-Hpg’” 3.7 53
13g, [Dap? Ala®jramoplanin A2 aglycon aThr® 25 36
oH o OHO 0 14g, [Dap? Ala’Jramoplanin A2 aglycon Phe® 0.6 8.6
R N J\/N 16g, [Dap?,D-Ala'%ramoplanin A2 aglycon p-Orn'® 38 540
R H ” H H 17g, [Dap? Ala''Jramoplanin A2 aglycon Hpg'"! 2.5 36
i o 0 0 Y o NH 18g, [Dap?,D-Ala'?Jramoplanin A2 aglycon p-aThr'2 0.7 10
J/ 199, [Dap?,Ala’®Jramoplanin A2 aglycon Hpg'® 1.4 20
BnOC SESHN "'"Q—OH 21g, [Dap? Ala'*Jramoplanin A2 aglycon Leu'® 3.0 40
OH 0 NH 22g, [Dap? Ala'’Jramoplanin A2 aglycon Chp'” 0.3 4
260 o) I cl 23g, [Dap?,Hpg'’Jramoplanin A2 aglycon Chp'” 0.09 1.3
N a8 MIC values (ug/mL) were obtained using a standard microdilution assay.
H
Boc—NH The MIC is defined as the lowest antibiotic concentration that resulted in
o8% 1) BCB no visible growth after incubation at 37 °C for 24 h.
2) 15a, EDCI, HOAt b Bacterial strain S. aureus ATCC 25923.

central to this region had the least impact on ramoplanin’s

' Figure 4. Antimicrobial MIC values.
NHF moc
fold reductions in activity. Surprisingly, Afgvs Hpdf, MIC =
i\” )E J\/N 0.9ug/mL) as well aD-Ala® (vs p-aThr®, MIC = 0.16ug/mL)

,,,, j' properties, resulting in only 10-fold and 2-fold reductions in

COan OH SESHN antimicrobial activity. In fact, Hp§ proved to be the least
Boc—NH OH I important of the phenylglycines imbedded in the ramoplanin
N\)L structure and each of the Ala/Hpg substitutions elsewhere

resulted in>20-fold reductions in activity, and the Alanalogue

NHSES Q 2%¢ [Dap?, b-Ala®ramoplanin A2 aglycon still proved to be slightly

O+ DECB more active than the natural ramoplanin complex despite its
==2) Hp PaiC 2-fold reduction in activity versus.
3) EDCI, HOAL _ . I
The Al&® analogue (MIG= 0.6 ug/mL) with modification of

W i\N
almost certainly arises as a consequence of a key stabilizing
SESHN ""QOH binding interaction with the diphosphate central to the structure
o oH O OyNH v of Lipids I and 1188 it is surprising that the adjacent residue
H “ \)L \)L Phé, unlike Hpd?, would have such a modest effect. Nonethe-
less, it is consistent with the departure in structure observed
Y with the enduracidins which possess a solvent accessilfle Cit
NHSES 25d residue and suggests this may represent a useful modification
OH OH site for further functionalization or conjugation efforts.

m.,

NHF moc Phé resulted in a modest-8-fold reduction in antimicrobial

activity despite its role in capping the hydrophobic core and
)5\; )l\/N \ important location at the corner of @turn in ramoplanins
H structure adjacent -Ornt®10 Given that the Orff importance
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The Ala analogues spanning the dimerization domain defined interpreted this behavior to suggest that it is only the stereo-

by Walker et al. and observed in MeOH (Hpgsly'4),6¢which
resides adjacent to the key @fand transannular to the putative
Lipid Il recognition domain defined by McCafferty et &f,
proved especially interesting. Each of the Ala substitutions
resulted in @ 10-fold reduction in antimicrobial activity, with
that of Ala! (vs Hpdl, MIC = 2.5ug/mL) being the greatest
(35-fold), followed by Ald3 (vs Hpg®, MIC = 1.4 ug/mL, 20-
fold), andp-Alal? (vs p-aThrt?, MIC = 0.7 ug/mL, 10-fold).
In addition to illustrating a significant role that residues in this
potential dimerization domain may play in ramoplanin’s interac-
tion with its biological target(s), it also definesaThr!? as the
residue at which to probe such roles. In this regard, it is
interesting to note that the enduracidins incorporate $ef?
in place ofp-aThr'? and that the ramoplanin dimer structure
established by NMR places its residue 12 hydroxyls within 3.87
A of one another on the same face of the dimerization interface.
Clearly, this represents a unique residue whose functionalization
deliberate dimerization, or conjugation may be exploited to
probe mechanistic questions without perturbing the intrinsic
structure of the ramoplanin monomer or dimer.

Finally, the examination of several additional analogues
within the less well-defined Lé&Asn! segment, which adopts
a more flexible loop at one end of the ramoplanin structure and

contains depsipeptide ester as well as the lipid side chain, has

shed additional insights into its importance. Previously, we have
shown that the lipid side chain is essential for antimicrobial
activity (200-800-fold reductions}?2% but it does not impact
Lipid 1l binding presumably serving to deliver or anchor
ramoplanin to the bacterial cell wé&l Additionally, L.-Dap? (49-
membered ring), but natDal? (50-membered ring), effectively
replaces HAsh(49-membered ring) providing a stable amide
replacement for the labile depsipeptide esteéf.Herein, the
extensions of this work to an attempted replacement wifr?
resulting in a ring-contracted 48-membered macrocyclic amide
revealed that the macrocyclization ring closure failed to provide

the core structure. The ease of 49-membered ring macrocy-

clization, the failure of the corresponding (more rigid) 48-
membered ring closure, and the aggregation of the 50-membere
ring syster® suggest a significant structural role for this corner
of ramoplanin structure and highlight how special the properties
of [Dap?Jramoplanin A2 aglycon are. Additionally, we probed
the importance of the adjacent Chpesidue in this region. Its
replacement with Hplg representing the removal of the aromatic
chlorine substituent had virtually no impact on the antimicrobial
properties (MIC= 0.09ug/mL).24 Consistent with this lack of
functional role for the chlorine substituent, the enduracidins
incorporate Hp§ in their structure at this site. More signifi-
cantly, the Al&” replacement for CHp with 22g (MIC = 0.3
ug/mL) had a similar lack of effect in the antimicrobial activity
resulting in only a modest 4-fold reduction in antimicrobial
potency. Despite the apparent significance of the structural

change, this Ala modification at residue 17 was among those

that had the least effect of any of the Ala substitutions although
it was among the residues including Pltigat perturb the rigid
solution conformation characteristic of ramoplanin. We have

(24) In contrast, removal of the aromatic chlorines from vancomycin diminished
dimerization and altered its antimicrobial activity. See: (a) Harris, C. M.;
Kannan, R.; Kopecka, H.; Harris, T. M. Am. Chem. Sod985 107,
6652. (b) Gerhard, U.; Mackay, J. P.; Maplestone, R. A.; Williams, D. H.
J. Am. Chem. S0d.993 115 232.
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chemistry at this center that might be important for its
antimicrobial activity and that residues 16, constituting a
more flexible loop including ap-Ala'® at one end of the
antiparallels-sheet, do not directly interact with the biological
target Lipid | or Il and do not play a direct functional role.
However, Ph& and Chp’ do stabilize the intrinsic solution
structure of ramoplanin by forming a hydrophobic core buried
within the U-shaped conformation of the natural product and
may indirectly contribute to its properties. Significantly, the
results with Ald” indicate that this residue, and perhaps the
adjoining residue Al¥, represent prime sites for modification
or conjugation in efforts to probe ramoplanin’s mechanism of
action. Finally, it is similarly interesting and surprising that the
conservative Al replacement for Le\} at the end of this
region of the molecule resulted in a 40-fold loss in antimicrobial
activity.

'Discussion and Conclusions

A full alanine scan of [Dafiramoplanin aglycon &), a
hydrolytically stable and slightly more potent analogue of the
ramoplanin aglycon), was conducted, providing insights into
the importance and potential role of each residue. By far the
most important residue in ramoplanirmisOrn 19 Its replacement
with Alal® resulted in a>500-fold reduction in antimicrobial
activity consistent with its proposed integral role in Lipid Il
diphosphate binding. In contrast and more surprising to us, the
conserved Orhwas found to be substantially less important
than OrA%, suggesting its role in binding Lipid | or Il is not as
critical. Both these residues lie in the putative recognition and
binding domain proposed by McCafferty et®lTwo of the
remaining residues in this region (residuesl®) exhibit a larger
impact than Orf (p-Hpg® andb-Hpg’), a third is comparable
(aThr8), and three appear much less important. Significantly,
two of these §-aThr®, Hpdf) lie central to this putative Lipid
Il recognition domain, and it is difficult to rationalize such a
marginal impact central to a contiguous binding interface. An
alternative explanation that might account for this behavior is
hat Orrf may not be involved in Lipid | or Il substrate binding,

ut rather that it may interact with the membrane phosphates
and collaborate with the lipid side chain to deliver and anchor
ramoplanin to the bacterial cell wall. In the monomer solution
structure of ramoplanin, Lég Alal®, the lipid side chain, and
perhaps Hp¥/Gly“ form a hydrophobic face on one side of
the molecule adjacent to Ofrthat could serve as the membrane
binding domain (Figure 5). As such, the enduracidin’s incor-
poration of End® for ramoplanin’s Lel would represent
incorporation of an additional proximal membrane phosphate
binding residue spatially bracketing this hydrophobic face of
ramoplanin. The cluster of the remaining most prominent
residues including OFf (red, > 100-fold reduction) and-Hpg?,
p-Hpg’, aThr8, and Hpg! (orange, 106-25-fold reduction)
traverses the opposite end of ramoplanin at one corner of its
reverses-turn ataThr8-Phé, potentially representing an alterna-
tive recognition domain for Lipid Il. In the dimer structure, a
potential and similar discontiguous recognition motif is defined
by the red and orange residues, and“‘Osrfound proximal to
the same hydrophobic face and lipid side chain. Although now
speculative, such roles will become clearer upon examination
of the derivatives herein for Lipid | or Il binding in a
transglycosylation inhibition assay that can dissect such 8les.
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results in 206-800-fold reductions in antimicrobial activity but
has no effect on Lipid Il binding or transglycosylase inhibitfén.
This suggests that L&4HAsI? resides adjacent to a membrane
anchoring center where this region constitutes a “relatively”
flexible loop at one end of the otherwise rigid U-shaped
antiparallel3-sheet. As mentioned above, it is also possible that
the proximal OrA collaborates with this lipid side chain by
capping this membrane binding domain with a positively
charged amine that binds membrane phosphates. We have also
shown and continue to highlight herein that HAsnay be
effectively replaced with D&pproviding a hydrolytically stable
49-membered ring system in which an amide replaces the labile
depsipeptide ester. The HASf-carboxamide clearly does not
contribute to ramoplanin’s interaction with its biological target
(but may sterically hinder ester hydrolysis), and the Drigid
secondary trans amide bond assuredly mimics the analogous
trans ester conformation observed in the solution conformations
of ramoplanin and enduracidin. Although flexible, efforts to
expand®2%or contract the macrocycle by a single carbon atom
at this site have failed or resulted in nonfunctional compounds,
suggesting this region plays important conformationally related
roles helping to confine ramoplanin to productive conformations.
With the possible exception of L&Y the side chains of the
remainder of this “flexible” loop, Letr-p-Alal®-Chp'’, do not
appear to directly contribute to ramoplanin’s antimicrobial
activity. The surprisingly small impact of replacing Chpvith
Alal? (4-fold), the disparate Léd versus solubilizing End
residues found in the ramoplanins versus enduracidins, and the
conserved minimal side chain etAla'® suggest not only that
this “connecting” region of the molecule may represent a
membrane interacting region of the molecule, but also that it

e 5. (A) M 4 (®) d ution Struct . ani may be a good site for modification or conjugation studies.
e 5 3 oromer n (8) dimer oo, stuctures of SMOBA  Finally, the impact of nearly each residue is so significant
activity by alanine scan). that it is difficult to imagine deriving a simplified ramoplanin
by excision of a substantial portion of its structure (i.e.,
cyclization or alternative presentations of only the putative
recognition domain? The studies serve to define residues and
regions amenable to further funtionalizations for detailed
mechanistic studies in progress. Further insights into the
individual roles of each residue may be forthcoming from their
examination in assays establishing Lipid Il binding or transg-
lycosylation inhibition2°

Within the residue 11414 domain, all residues exhibit a
significant effect even though they lie outside McCafferty’s
putative Lipid Il recognition domain. The magnitude of their
impact (10-40-fold) suggests a prominent role in establishing
ramoplanin’s activity. Although there may be many explanations
for this behavior, this would be consistent with their stabilization
of the ramoplanin dimerization interface observed by Walker
et al®e 1t is noteworthy that the most significant of these residues
is Hpg!t, which also lies adjacent to the critical G%rand is Acknowledgment. We gratefully acknowledge the financial
the site of glycosylation. Given the impact of Hgt is possible support of the National Institutes of Health (CA41101) and the
that it plays a larger role in binding Lipid Il than present models Skaggs Institute for Chemical Biology. We especially wish to

suggest. thank Dr. Asad Chavoshi in Professor Ghadiri’'s Lab at the
One of the most interesting regions of the molecule spans Scripps Research Institute for conducting the HF deprotection
residues 152. Attached to residue 2 is A5rwhich is external reactions.

to the cyclic ring system and which is acylated with the
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