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Antibacterial Targets: Overview
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Bacterial Cell Wall: Gram Positive & Gram Negative Architecture
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Bacterial Cell Wall: Gram Positive & Gram Negative Architecture
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Bacterial Cell Wall: Peptidoglycan
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(a) Structure of peptidoglycan in gram-positive bacteria backbone

Cell wall composition:
Gram + : 95% peptidoglycan
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Bacterial Cell Wall: Peptidoglycan
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Bacterial Cell Wall: Peptidoglycan Biosynthesis
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Bacterial Cell Wall:

Peptidoglycan Biosynthesis — MurA and Fosfomycin
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* naturally occuring PEP analog (Streptomyces)

* broad spectrum antibiotic used against
gastrointestinal infections (Shiga-like toxin-
producing E. coli, STEC) and bacterial infections of
the urinary tract.

* enters bacterial cells by active transport.

* resistance by uptake impairment and enzymatic
modification.



Bacterial Cell Wall: Peptidoglycan Biosynthesis — MurB
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Bacterial Cell Wall:

Peptidoglycan Biosynthesis — MurC, MurD, MurE, MurF
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — MurD & MurkE
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — MurF
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — MurD, Murkg, MurF

VMurk

MurD: UDP-N-acetylmuramoyl-L-alanine D-glutamate ligase; 47 kDa (437 aa)

MurE: UDP-N-acetylmuramoyl-L-alanyl-D-glutamate meso-diaminopimelate ligase; 52 kDa (497 aa)
MurF: UDP-N-acetylmuramoyl-L-alanyl-D-glutamyl-meso-diaminopimelate D-alanyl-D-alanine ligase;
46 kDa (452 aa)




Bacterial Cell Wall: Peptidoglycan Biosynthesis — Inhibitors of MurA - F

Enzyme Inhibitor Extent of inhibition Reference
MurA Fosfomycin ICe =8.8 uM Baum ef al. (2001)
Cyclic disulphide ICe=0.2 uM Baum et al. (2001)
Purine analogue ICs, =0.9 uM Baum ef al. (2001)
Pyrazolopyrimidine ICe=0.3 uM Baum et al. (2001)
MurB 4-Thiazolidinones ICsos 7.7-28.4 uM Andres et al. (2000)
MurC Phosphinate IC5 =49 pM Reck et al. (2001)
L-Alanine analogues:
B-Alanine Ke=110mM Emanuele ef al. (1996)
B-CN-L-Alanine Ks=3.3mM Emanuele ef al. (1996)
L-Vinylglycine Kis=5.8 mM Emanuele ef al. (1996)
B-Chloro-L-alanine 32.8% Gubler et al. (1998)
L-Cysteine 19% Liger et al. (1995)
p-Chloro-L-alanine 76% Liger et al. (1995)
p-Cyano-L-alanine 88% Liger et al. (1995)
p-Fluoro-L-alanine 94% Liger et al. (1995)
MurD Phosphinate I1Cso =680 nM Tanner et al. (1996)
Phosphinate ICs < 1 NM Gegnas ef al. (1998)
D-Glutamic acid analogues:
DL-Homocysteic acid 58% Pratviel-Sosa et al. (1994)
D-erythro-3-Methylglutamic acid A7% Pratviel-Sosa ef al. (1994)
D-erythro-4-Methylglutamic acid 26% Pratviel-Sosa el al. (1994)
MurE Phosphinate ICeo=1.1 uM Zeng et al. (1998)
Azpm® analogues:
(25,3R,6S)-3-Fluoro-Azpm IC=2.3mM Auger ef al. (1996)
N-Hydroxy-Azpm ICep =0.56 mM Auger et al. (1996)
MurF Aminoalkyl phosphinates:
N-Acyl phosphinate K;=700 uM Miller et al. (1998)
N-Glutaryl phosphinate Ki=200 uM Miller et al. (1998)
Pseudo-tetrapeptide phosphinate Ki=200 uM Miller et al. (1998)
ATP analogue Kis=33.6 UM Anderson et al. (1996)

a. Agzpm, meso-diaminopimelic acid.

(El Zoeiby et al., Mol. Microbiol. 2003, 47, 1)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Lipid Attachment
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — Translocation
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Mechanism of lipid Il translocation
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — Polymerization
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — Antibiotics
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Bacterial Cell Wall:

Peptidoglycan Biosynthesis — MraY as a Target
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — MraY as a Target
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — MraY & MurG as Targets

Structural information and inhibition data for Mra¥ + MurG screen isolates

BMS No. Structure Fw MW 1Csy (uM) MIC (pg/mL) CCsp (uM)
BMS-185937 584.1 584.1 16.2 >[28 166
BMS-187979 714.1 676.0 7.1 16 18.4
BMS-190134 1006.2 940.2 17.5 =128 108.6
BMS-304245 2883 288.3 25.5 64 54.0

1Csys reported are from the MraY + MurG membrane plate assay described under Materials and methods. Minimum inhibitory concentration
(MIC) values are against Staphylococcus anreus (A15090) as determined by the same method described in [25]. The cell eytotoxicity values at 500
(CCsp) represent cytotoxicity against HEp-2 cells as measured in [23].

(Zawadzke et al., Anal. Biochem. 2003, 314, 243)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Lantibiotics & Lipid Il

Nisin is produced by Lactococcus lactis and is used as a

Mersacidin (from Bacillus sp.) and other type B
lantibiotics bind to lipid Il involving both Glc-
NAc and Mur-NAc and prevent incorporation into
peptidoglycan.

Mersacidin is active against MRSA (methicillin-
resistant S. aureus; G+) and is currently in
preclinical development.

food preservative.

Lantibiotics: lanthionine-containing antibiotics
CHs

I
HoC CH, CH—3S8——CH>

S

-NH-CH-CO- -NH-CH-CO-  -NH-CH-CO- -NH-CH-CO-

Ala-S-Ala: Lanthionine Abu-S-Ala: Methyllanthionine
“HN___CO- N CO-
¢ [
Il _C.
CHp H™ “CHs
Dha: Dehydroalanine Dhb: Dehydrobutyrine




Bacterial Cell Wall: Peptidoglycan Biosynthesis — Lantibiotics & Lipid Il

Nisin is produced by Lactococcus lactis and is used as a
food preservative.

Hinge 15
Mersacidin (from Bacillus sp.) and other type B MeOH/H;0 DPC s L2a L2b
lantibiotics bind to lipid Il involving both Glc- Fic. 6. Solution NMR structures of mersacidin in various sam-
NAc and Mur-NAc and prevent incorporation into ple conditions. Only heavy atoms are shown for clarity. Backbone and

side chains are shown in blue and green, respectively; sulfur atoms of
the lanthionine rings are shown in yellow. MeOH/H,0, free mersacidin
in methanol/water mixture; DPC, .4, DPC micelle-bound form; L2a

Mersacidin is active ag ainst MRSA (methicillin- and L2b, the two conformations of the lipid II-bound form differing only

peptidoglycan.

) . . in the glycine-rich loop (see text for detail).
resistant S. aureus; G+) and is currently in
preclinical development. (Hsu et al., JBC 2003, 278, 13110)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Lantibiotics & Lipid Il

Nisin is produced by Lactococcus lactis and is used as a
food preservative.

ComMPANY | ProDUCTS | Rscmss‘ HEALTH INFo | 155U

Haome : Health Info : Reference Library . Ingredients ; MNisin

Nisin

Misin is a natural antimicrobial agent used as a preservative in heat processed and low pH foods.
to the uses of foods additives permitted under Federal Law), a nisin preparation is a concentrate
Healih Info naturally oceurring milk bacteria Streptococcus lactis. This bacterium contains nisin, a group of
with antibiotic activity. The chemical nisin cannot be synthesized artificially, so the nisin-produci

How is it made?

Technical specifications for Misaplin-brand nisin (manufactured by Aplin & Barrett) indicate that t
nisin is concentrated, separated, and spray-dried befare milling into fine particles and standardiz
composition is nisin (2.5%), sodium chloride (greater than 50%) denatured milk solids (23.5%), §

Is it safe?

Misin is listed as a "natural presenative” in chemical dictionaries. In addition, Aplin & Barrett list
replacement of chemical preservatives." Nisin was awarded the Generally Regarded as Safe (GR
approved as a natural food preservative in the United States. It is also approved as a natural food
Food and Agriculture Organization®™Yorld Health Organization and the European Union. The MNisa




Bacterial Cell Wall: Peptidoglycan Biosynthesis — Nisin Biosynthesis

Lantibiotics are produced
ribosomally as inactive
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translational modification.
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — Nisin & Type A Lantibiotics

Nisin and type A lantibiotics kill bacteria by lipid ll-targeted pore formation and permeabilization of
the membrane.

Nisin

Lipid II

Cytosol
Figure 4| Model for the target-directed pore-formation mechanism of nisin. First, nisin reaches the bacterial plasma
membrane (a), where it binds to Lipid |l via two of its amino-terminal rings (b). This is then followed by pore formation (c),
which involves a stable transmembrane orientation of nisin. During or after assembly of four 1:1 (nisin: Lipid Il) complexes,
four additional nisin molecules are recruited to form the pore complex (d).

(Breukink & De Kruijff, Nature Rev. Drug Discov. 2006, in press)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Bacitracin
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Bacitracin (isolated first 1945 from B. subtilis) is a
nonribosomally produced cyclic decapeptide that
sequesters the C55 undecaprenyl pyrophosphate
membrane anchor, likely by binding in a cation-
dependent fashion to the PP group.

Bacitracin is used as a topical antibiotic for skin and
eye infections and via intramuscular injection for
severe staphylococcal (G+) pneumonia in children.



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Ramoplanin

D;gng | D;:pg—' Ramoplanin (isolated first 1984
D-allo-Thr® o N-lipo-L-Asn!  from Actinoplanes actinomycetes)
L-allo-Thr® L-Hpg® HeN R is a nonribosomally produced
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D-Orn 0 N A N‘;)LN’YNY)LN - ol L-Chp'’ controversial (MurG has been
o & H o &2 H 2 H p-aAla'® proposed as a target before it was
) @ Q Gly' Y known that MurG is located at the
NH; L-Leu'® cytosolic membrane side).
L-Hpg'' O L—%pg‘s lts main target is lipid II. (Walker et
%QZ\ al., Chem. Rev. 2005, 105, 449)
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| 3: Ramoplanose Ramoplanin Mersacidin
0 . . Ramoplanose
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OH

resistant enterococci (VRE).



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Ramoplanin Synthesis
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® Rigid B-Sheet conformation stabilized by intramolecular
H-bonding and a cluster of aromatic side chains

® Macrolactamizations that may benefit from p-sheet
preorganization of substrates
(a) Cyclization at L-Phe®-D-Orn'?:
- closure at the corner of p-turn with a D-amine
(b) Cyclization at Gly"-Leu'®:
- No racemization with glycine activation

(Boger et al., 2002; reviewed in Walker et al., Chem. Rev. 2005, 105, 449)



Bacterial Cell Wall:

Peptidoglycan Biosynthesis — Ramoplanin Synthesis
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R“NH 0 Fmoc-L-Asn(Trt)-OH
EDCI, HOAt
B"ONNHT . o
O OH ’

NHFmoc
NHTrt
NHTrt
piperidine, 99%
54 R =Fmoc
55 R=H OTBS Boc-L -Chp(TBS) OH (57)

EDCI DMAP
BnO 0 0 °C 87%
Boc— N COQ f HFmoc |
NHTrt NHTrt

LiOH 60, R =Me

58, R=Boc O
95% 61 R=H BB . 3¢ R=h

81%1EDCI HOAt OR!

( ) Cl
B
R20 O
e IT
Boc—N N\HLN
H H

NHTrt
TBS, R2=
H, R?= Bn
= R2 = H

NHFmoc
NHTrt

.
Bu,NF-EtOAc, 95% g";' ':1
H,, PdIC, 94% | o4 R

(Boger et al., 2002; reviewed in Walker et al.,
Chem. Rev. 2005, 105, 449)



Bacterial Cell Wall:

Peptidoglycan Biosynthesis — Ramoplanin Synthesis

Boc-L-Hpg-OH
+
HCI*H-D-aThr-OBn
sz%l DEPBT, NaHCO5
\/OH

R N\)L ‘”“co Bn

@ HCI-EtOAc
I: 65, R =Boc
OH

66, R = H-HCI

SESNH.__~_
EDCI, HOAt : H :
NaHCOs, 90% Boc—N/\[rN\;)LNACO -
H o) : H

Boc-D-Orn(SES)-OH

HCI-EtOAc

:71 R' =Bn, R? = Boc
73, R' = Bn, R? = H+HCI

Boc-L-Hpg-OH
+
HCI+*H-Gly-OBn

82%1 DEPBT, NaHCO,

y 0
R_NJ\H/‘cogan

HCI-EtOAc
I: 39. R = Boc

y?g%&?&w

(A) s3 + e (B)

50 68% DEPBT, NaHCO,

NHFmoc

SESHN
OH 70 R=H-Hcl | BnoL
o \OH 74
Boc—NH
o 1)BCB
50 82%
H,, Pd/C, 98% ° | 2)72, EDCI, HOAt
[: 67, R=Bn (C)
OH 68, R=H TrtHN
90%, EDCIlHOAt, NaHCO, “’NHFmoc
~_-OH N JJ\/N
7: NHTrt
‘_H o A H SESHN
co Bn
Boc—NH j’\
N N
o o \)L Y \)k
H,, Pd/C, 92%
71, R'= Bn R? = Boc
L 72 rR'=H, R2= Boc NHSES

(Boger et al.,

2002; reviewed in Walker et al.,

Chem. Rev. 2005, 105, 449)

1) BCB
2) H,, Pd/C
3) EDCI, HOAt (89%)

54-72%

etc.



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Ramoplanin Derivatives

ramoplanin A1, A2, and A3 aglycons (5a-c) tetrahydroramoplanin A1-A3 (12) and their aglycons

TMSI (or TMSCI-Nal) 20—

or 2.5% HCI-BuOH 30% (ref. 167)

(ref. 112,167) 80-90% | 2. Pd-C
HOAc

DMgi_ 75°C
NH HF, anisole, 0 °C | 52% (ref. 166) _
}’ 2 Acyl chain replacement
N-N OH o (Scheme 13, ref. 111)
Ly

[Orn*,0r°-C(=NH)NH,] HoN o

ramoplanin A2 (26)  -PraNEt, DMF, 39% OH 0 O P e
(ref. 30) )I\/N Iy H
N
Acz0, pyr : H

[Om*Om'"-COCH;] =——— NHz 194 Et,N-H,0
ramoplanin A2 (28) ~ CHsCN-DMF, 11% 0750 5 — %5 acyclo ramoplanins

(ref. 30) "'-' 25°C, 1h (ester hydroysis)
26% (ref. 149)

[Om?-Ala] and [Orn®-Ala] _Boc-Ala-OSu. >90% (ref. 109)

ramoplanin A2 (24 and 25 I acycloramoplanin A2 (6)
P ( ) N \)l\ \(N/ N\)J\ N/\rr N \)L acycloramoplanin A2 aglycon (7)

(ref 93)

[Orn®,0m%-CH,CH,CHMe,]_CHO~~~ OHC\/L NH; @

ramoplanin A2 (27) NaBHSCN 15% (ref. 148) HF (deglycosidation)
(ref. 30) o SESCI, EtzN, DMF, -20 °C
OH
HO OOH [Orn‘,Orn1O-SES]ramopIanin A2 aglycon (20%) (22)
Hﬁg‘@k—?’ [Orn'°-SES]ramoplanin A2 aglycon (17%) (23)
HO

(Walker et al., Chem. Rev. 2005, 105, 449)



Bacterial Cell Wall:

Peptidoglycan Biosynthesis — Lipid II-Targeted Comp.

Antibiotic

Nisin

Mutacin

Mersacidin

Ramoplanin

Mannopeptimycin

(AC98-6446)

Katanosin B

Plusbacin A,

Important strains MIC (mg 1Y)
Staphylococcus aureus 1.5-83.6
Enterococcus faecalis/faecium 8.4-33.4
Vancomycin-resistant Enterococci 1.5-16

(VRE)

Streptococcus pneumoniae 0.03-0.25

S. aureus 0.1-18.1

E. faecalis/faecium 1.6-25.6
VRE 6.4

S. pneumoniae 0.03-6.4

S. aureus 0.78-32

E. faecalis/faecium 32-64

e Not published
S. pneumoniae 2-4

S. aureus 0.03-1.5

E. faecalis/faecium 0.06-1

VRE ]

S. pneumoniae 0.03-0.12

S. aureus 0.03-0.06

E. faecalis/faecium 0.06-0.25
VRE 0.06-0.12

S. pneumoniae <0.008

S. aureus 0.39

E. faecalis/faecium 0.78

VRE 0.78

S. pneumoniae Not published
S. aureus 0.78-1.56

E. faecalis/faecium 313

VRE 1.56-3.13

S. pneumoniae

(Breukink & De Kruijff, Nature Rev. Drug Discov. 2006, in press)

Development stage

Preclinical

Preclinical

Preclinical

Phase lll

Preclinical

Preclinical

Preclinical



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Glycopeptides

Vancomycin Teicoplanin

Vancomycin (isolated first ~1954 from Amycolatopsis actinomycetes) and teicoplanin (isolated first
~1978 from Actinomplanes actinomycetes) are nonribosomally produced cyclic peptides that contain
biphenyl and biphenylether moieties produced by oxidative crosslinking.

In clinical use as injectable antibiotics for serious G+ infections (Staphylococcus, Enterococcus,
Streptococcus), specifically methicillin-resistant S. aureus (MRSA).

Do not penetrate the pores of the G- outer cell membrane.

Since 1986: vancomycin-resistant enterococci (VRE).



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Glycopeptides

D-Ala
D-Alla
m-D;'f\F’
Y'D'G|| u
L-Ala

HO- O
Hor 20 Yo
HO 0

The glycopeptides block transglycosylation by binding to the D-Ala-D-Ala dipeptide module in lipid Il or
the growing peptidoglycan at the cell membrane surface.

(Kahne et al., Chem. Rev. 2005, 105, 425)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Vancomycin Synthesis

NO2
o HO,C.__NHBoc eo OAIIyI o F 0 Boc
NH2 NH
MeHN TMSEO:( 2 OH
0.N )

HO

>'=° N3

N HOC NHDdm 0

MeO HO2C o NHBoc
AA-7 260 AA-6 270 AA-5 A-4 AA-3 266 AA-2 267 AA-1
| I | 1. HOBt, EDC (72%)
2. LigCOg a) ?-asét:ﬁ?s
3 TFA 1. HOBt, EDC /
2. TFA; then TFAA l
(76%, 4 steps)
NO2
VOFs, BFgEt,0 F
AgBFa, TFA;
then NaHB(OAc)3 o
H
>95:5 ratio of “N «~NHTfa N
atropisomers N OBn HO
(65%) MeHN o]
(o]
NHDdm
OMe 277
MeO OMe
282 281
1. NaHCO4
2 AA-4, HOAt, HATU, collidine
3. HF=pyr
NO (77%)
2 OAllyl NO, OAllyl OPiv
L 1. Zn, HOAc
OMs 3 OMs 2 NaNO,, HsPO,, Ohs
CuzO
3 [F‘dCI;(dppf)]-GHQGIQ,
Na>COs; EtsN, HCOoH
then Tfz=NPh 4 PivCl
NHBoc MHBog —M = S, o NHTfa
ca. 5:1 ratio of 5 TFA; then TFAA "
atropisomers o
(79%) (68%)
MeHN MeHN
OMe
MeO MeO OMe
(P)-285
1. AlBrg; then EtSH b)
2 MeOH, 55 °C 955 ratio of
, >95:5 ratio o
(54%) atropisomers

(Evans et al., Angew. Chem. Int. Ed. 1998, 37, 2700)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Vancomycin Synthesis

1. AlBrg; then EtSH b)
2 MeOH, 55 °C 955 ratio of
. = W rato o
(54%) atropisomers
OAllyl OPiv

OMs

OAllyl NO;
OHF
OH | 1. BnBr, Cs2003
o . o S“NH, 2 LiSEt NHTfa
N N N 3. AllylBr, GszC03
H 5 H 4.LDA Q
5 LiOH
o (65%) MeHN
OH
NHDdm
on 287 " 285
BnO OBn (M)-
1. CsF  ca. 5:1 ratio of atropisomers
2. Zn, AcOH
3. HBF4, BuONO, CuCl, CuCl»
(62%)
OAllyl OH cl,
o 0 = 1. NaOy o o0 =
2 LiOOH
| OH 3 [Pd(PhaP)a], oH
H o] H (o] ?oc morpholine H o H o
N N NMe E—— N N N N, NHMe
N H ‘ 4.1 4-cyclohexadiene H H
o H o PUIC o )
o 5TFA 0
(24%)
NH,

NHDdm

BnO

(Evans et al., Angew. Chem. Int. Ed. 1998, 37, 2700)



Bacterial Cell Wall:

Peptidoglycan Biosynthesis — Vancomycin Synthesis

(Nicolaou et al., Angew. Chem. Int. Ed. 1999, 38, 240)

19: vancomycin aglycon

Q-

1. HFepyr
2 KyCO3
3. Raney Ni
4. LiOH

(65%)

1. TBSOTf
2 CH32N3z

3Chz-Cl
4. AlOgeKF

(36%)

AcO 0
c.i\cO

AllocO "OH

111

BFze0Et;

/H\\P;e (84%)

1: vancomycin

TBSO,,

OTBS
J\HN/Me

CI3CCN, DBU 1. BF3*OEt2
2. nBugSnH. [Pd(PhaP)4)
(70%)
AcO
AcO
OTBS
HO (o]
o cl,
(o] 0=
OTBS
o]



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Glycopeptides Resistance

D-Lac
D-Alla
m-D;'f\F’

Y'D'G||U
L-Ala

Resistance against glycopeptides develops by replacement of the terminal D-Ala by D-Lac which reduces
vancomycin binding affinity ~ 1000-fold (VanA, VanB).

(Kahne et al., Chem. Rev. 2005, 105, 425)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Glycopeptides Resistance

CH,OH

HO
NH» OH
OH
Me l 0
Me 0
(9]
0]

Cl

_wNHMe

5 : \'('JI
NHAG 0

H-Bond ] Reduced vancomycin binding to D-Ala-D-Lac

Increases K, 10-fold (1.5 kcal/mol) Is caused by loss of H-bond and repulsive
( K, (M) AG® (25 °C) lone-pair contributions.

{ 2,X=NH 44x10° 7.7 keal/mol
3,X=CH, 3.3x10* 6.2kcal/mol

{ 4 X=0 4.3x10% 3.6 kcal/mol
{ Destabilizing lone pair interaction ]

Decreases K, 100-fold (2.6 kcal/mol)

(McComas et al., JACS 2003, 125, 9314)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Vancomycin Reengineered

OH
O

=1

oNHMe

N
0 H
CONH-

Table 1. Binding and Antimicrobial Properties

N Ka (M) VanA,cMIC
compound 24 4 K2IK 4 (ug/mL)®
1. vancomycin 20x10° 1.8 x 102 1100 =500
(2000)¢
38, vancomycin aglycon 1.7 x 10° 1.2 x 10> 1400 =500
(640)¢
—5 48 x 103 52 x 10° _ 0.92 31 |
41 1.6 x 103 4.1 x 10 040 31

@ Acy-L-Lys-D-Ala-D-Ala. & Ac,-L-Lys-D-Ala-D-Lac. ¢ Enterococcus faeca-
lis (VanA, BM4166). ¢ Vancomycin and vancomycin aglycon exhibit MICs
of 1-2.5 ug/mL against wild-type E. faecalis. ¢ Taken from ref 25.

(Crowley & Boger, JACS 2006, 128, 2885)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Glycopeptides

Table 2. MICs for a Series of Glycopeptides
Derivatives against Sensitive and Resistant Strains®

\\_ ;}—{\__,;‘.r’_ Cl
HO NH, OH /_< =

5 HO' HO NH HoOH
Lo ey
o— OOH

0 o
o cl
\[ S0 - \/l\»—o CI
HO, P <l OH
T 0 H C K (g &, . OH
. ' 9
Oy N R o N LJ‘ N
HN,_ H o H 0 H
HO o
NH
0L ZOH : 0 >~ o NHQ
H
HO W= oh
Vancomycin Damaged Vancomycin Chlorobiphenyl Damaged Chloro-
(R' = N-Me-D-Leu) (R'=Hj) Vancomycin biphenly Vancomycin
(X' =N-Me-D-Leu) (X' =H)
MIC (ug/ml)
sensitive resistant
glycopeptide E. faecium E. faecium
vancomycin 1 2048
chlorobiphenyl vancomycin 0.03 16
damaged vancomycin no activity no activity
damaged chlorobiphenyl 10 40
vancomycin

@ Compounds lacking the N-terminal methylleucine amino
acid were used to evaluate which component of the activity
derives from a peptide-binding-independent mechanism.

Second generation vancomycin
derivatives, such as
chlorobiphenyl vancomycin, can
overcome some vancomycin-
resistance mechanisms.

There is no evidence that these

derivatives can bind to the D-
Ala-D-Lac peptide.

(Kahne et al., Chem. Rev. 2005, 105, 425)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Glycopeptides

Model 1

Dimerization

D ala-D lac

Lipid Il

ol il

Model 2

o

e Transglycosylase

O © O O Immature Enzyme
L & & & Peptidoglycan
L &gl 1 I
) { ) i) {)
D [~ © —  Glycolipid
e Derivative
Membrane

Membrane
Anchoring

Direct Interaction
with the Enzyme

Figure 22. Two mechanisms of action for glycopeptides:
(a) inhibition of the transpeptidase step by binding to the
D-Ala-D-Ala terminus and (b) direct inhibition of the
transglycosylases.

The increased potency of chlorobiphenyl vancomycin and related derivatives may be
based on dimerization, or membrane anchoring, or direct inhibition of transglycosylase.

(Kahne et al., Chem. Rev. 2005, 105, 425)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Glycopeptides 2"d Gen.

Oritavancin Telavancin




Bacterial Cell Wall: Peptidoglycan Biosynthesis — Vancomycin Dimers

NH, &) HO OH

. OH H\/\
©F | HO\:% f#NHg “&{ NH,
NH (N) @

HO ©
® o)

o
o

Van Susceptible

Van Resistant

Covalently linked dimers have been
systematically prepared.

These compounds do exhibit greater target
affinity and antibacterial activity, and in some
cases recovered activity against vancomycin-
resistant bacteria

(Griffin et al., JACS 2003, 125, 6517)

C-C Linkage

C-N Linkage

C-V Linkage

C-R Linkage

N-N Linkage b

N-V Linkage

N-R Linkage

V-V Linkage

V-R Linkage

R-R Linkage

H o © ’
N~ H o} |
HKf ¢ .S NJ\Q\,NwN»—QNH
NH, lo) H

HN N H H |
) . H»\O\,N/\N% NoA~UNG
(o]

o



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Transglycosylation

COOH (& = = x:
H
"'M'O
OH E G H
NHAc
HO-73 = O
d Ho ?10 F.C OCFg4
HO § AcHN
NH
HN
o] OH
o} ) -
NH HN
HO o OH
o 0 CONH,
Moenomycin A (isolated first ~1965 from OH 4 0
Streptomyces ghanaensis), an antibiotic lipid- HO—‘P\'—O

saccharide that is used in veterinary medicine
(active only against G+ bacteria).

G
0
Inhibits directly the transglycosylase activity of /\/\/\/\/\)

penicillin-binding proteins (PBP1b and 1

transglycosylases in E. coli) by competing with 530153
the growing peptidoglycan chain and perhaps
with lipid 1l binding.

.\\\COzH

Moenomycin-like disaccharide inhibitor of TG.
(discovered out of a combinatorial library of ~
1300 compounds)

(Halliday et al., Biochem. Pharmacol. 2006, 71, 957) (Sofia et al., J. Med. Chem. 1999, 42, 3193)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Transglycosylation

Table 2 - Summary of inhibitors of the transglycosylation process

Compound Class Proposed mode of action S. aureus E. faecium E. faecals S. pneum
MSSA MRSA VISA VSE VRE VSE VRE PR
Vancomycin Glycopeptide Binds to lipid II 0.13-1.0 0.5-4.0 8.0 0.25-4.0 >128% 0.25-4.0 >128 0.25-2.0
Oritavancin Semi-synthetic Dimerization, hydrophobic 0.13-1.0 0.13-4.0 1.0-8.0 0.06-0.25 0.06-1.0* 0.06-0.25 0.06-1.0 0.002-0.06
glycopeptide anchoring and direct TG binding
Dalbavancin Semi-synthetic Dimerization, hydrophobic 0.03-0.5 0.06-1.0 2.0 0.06-0.13  0.5-128% 0.06-0.13  0.5-128% 0.008-0.13
glycopeptide anchoring and direct TG binding
Telavancin Semi-synthetic Multiple. Lipid II binding and 0.5 0.5-1.0 2.0 0.5 4-8* 0.5 4-8° -
glycopeptide membrane depolarisation
Ramoplanin Glycolipodepsi-peptide  Binds lipids I and II. Fibril 0.5-1.56 <2.0 = 0.1 <1.0 0.1 <1.0 <2.0
formation and TG inhibition
ACS8-6446 Cyclic glycopeptide Binds lipid II but not at 0.03-0.06 0.015-0.06  0.015-0.06  0.06-0.25 0.06-0.12 0.06-0.25 0.06-0.12 0.008
vancomycin region
Mersacidin Lantibiotic (type B) Binds to lipid II 12.5 12.5 - 25 25 - - -
Moenomycin A Natural product Direct TG enzyme binding 0.05 0.062 - =200 0.39-1.56  0.078 0.062 -
glycolipid
TS30153 (23) Disaccharide Direct TG enzyme binding 6.25 6.25 - 6.25 6.25-12.5 6.25 6.25-25.0 -
ACL 19273 Disaccharide Direct TG enzyme binding 1.0 4,0° - 4.0° 4.0° 4,0° 4,0 -

MIC’s are in pg/mL. MSSA/MRSA are methicillin-susceptible and methicillin-resistant S. aureus, respectively, and VISA is vancomycin intermediate-resistant S. aureus. S. pneum PR

resistant S. pneumoniae. VSE/VRE are vancomycin-susceptible/resistant enterococci. Telavancin figures are MICqp all others MIC range.

# VanA-resistant species.
b Based on complete inhibition of bacterial growth for a broad range of Gram-positive organisms at single concentration on agar plate.

(Halliday et al., Biochem. Pharmacol. 2006, 71, 957)



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Transpeptidation

Peptidoglycan crosslinking:




Bacterial Cell Wall: Peptidoglycan Biosynthesis — B-Lactam Antibiotics

Peptidoglycan crosslinking: B-Lactam antibiotics are suicide substrates
of PG transpeptidases:

H
Riywy
I NJ/ Penicillin
o .
o/ O

OH \((O-EO OIOH ? >$’NH (@)
HOOC HOOC
HzN@\OJy\NH D-Ala HN A\_

’,.‘\ HO B-Lactamases can reduce the efficacy of B-lactam

ﬁ\ antibiotics, leading to drug resistance.
-Ala
NHAC NHAc



Bacterial Cell Wall: Peptidoglycan Biosynthesis — B-Lactam Antibiotics

Penicillins (Penams)

1
}UCHS

COO

ﬁ Oxacephems
R— C—NH ¢ o
l
N
F R,
ole)

Clavulanate

0 _
CHz —OH
| )=CH/
N-e_
Coo

5

Cephalosporins (Cephems)

Carbapenems
R1,

df—N // Re

COO

Monobactams
T

6 5 2 8 .
I .\>9 ‘
/ N 8§, N / =
9) 4 3 o) 5 %
Penam \ / Cephem
S
2

Iy,

0]

Carbapenem

Penem Class




B-Lactam Antibiotics Biosynthesis

L-c-aminoadipate

W HN  SH
T\/\coon
OOH OOH

pebAB l ACV SYNTHETASE

LLD-ACV H’Nmn):/“
OOH o
o

pebC 1 IPN SYNTHASE

O0H N
[e] co

cefD l IPN EPIMERASE

HOOC. b i S
PenN \I/\/\ﬂ’ j/—_—( :E
NH N:
2 [¢]

COOH

cefEF | DAOC SYNTHASE/
(in S. clavuligerus) cefE

L-cysteine

HOOC. P
DAQC \(\/\g’ ) 111\

OO0H

cefEF l DAC SYNTHASE

(in S. clavuligerus) cefF
HoOC. 2 H ]
Ty ):(I,JVQ..
0
0

cmcH l DAC-CARBAMOYL
TRANSFERASE

OCDAGC HOOC_ P H S.
H

cmel cmelJ 1OCDAC HYDROXYLASE

H oH
HOOC. o N s
HOCDAC Y
NH, o N A \_-OCONH,
o

COOH

cmecl ecmeJ | OCDAC METHYL
TRANSFERASE

Y

HOOC. D CH s
m NI/]»\/OCONH,
<}

O0H

Cephamycin C

L-valine

g

penDE

DAC HYDROXYLASE

ACYL-CoA:
IPN ACYLTRANSFERASE

Q.

Y I

COOH

Penicillin V

ACETYL CoA:DAC
ACETYLTRANSFERASE

Table 3 Ranking of major -
lactam producers and world

Cephalosporin C

Penicillins(1995)

Cephalosporins (1999)

bulk production volumes®. 6-
APA 6-aminopenicillanic acid,
7-ACA T-aminocephalosporanic

1
2
3
acid, 7-ADCA 7-aminodeace- 4.
5

toxycephalosporanic acid

[=

. Gist-Brocades

. Antibioticos SpA
. Biochemie

North China Pharma Works
. Glaxo/SmithKline

. Bristol-Myers Squibb

World bulk production volumes (metric tons)

Penicillins
6-APA
7-ADCA

Intermediates

[ R SNSRI S I

. Antibioticos SpA

. Biochemie/Hoechst

. Glaxo/Wellcome

. Fujisawa

. Cheil Jedang (Korea)
. Bristol-Myers Squibb

Cephalosporin C
7-ACA

~4,300
~2,140




Bacterial Cell Wall: Peptidoglycan Biosynthesis — Natural Penicillins (PCN)

H o H
Lot s CHy
RCONH =
CH,
ot .
i COOH
Generic Name R { N-Acyl side chain ) ¢ PCN G (IV/IM; $12/day)
« PCNV (Oral; $0.50/day)
* Active against Streptococcus,
Penicillin & CHgCHy- peptostreptococcus, Bacillus anthracis,
Actinomycosis, Corynebacterium,
Penicillin F CH3CH,CH=CHCH, - Listeria, Neisseria & Treponema.
* Used for common oral infections.
Dihydropenicillin F CH3(0H2)4-
Penicillin K CHy(CH,) ¢~
Penicillin X p—OH-CﬁHq-CHZ—
Penicillin V CEHSOCHZ'
Penicillin N HO,C-CH(NH, ) (CH,) -
(D)
Isopenicillin N HOZC-CH(NHZ)(CHQ)a-
(L)

KPN HO-( CH2 )3-




Bacterial Cell Wall: Peptidoglycan Biosynthesis — Semisynthetic Penicillins

Aminopenicillins

- Ampicillin (1V; $2/day) e

«  Ampicillin/sulbactam (Unasyn; IV; $30/day) bl S CHy
- Amoxicillin (Oral; $0.30/day). ! ];,L’\XCH
«  Amoxicillin/clavulanate (Augmentin; $7/day) Ampicillin® G g
«  Sulbactam and clavulanic acid are B-lactamase inhibitors

\ e . : NH
and increase activity against lactamase-producing “H
organisms. N S CHs
+ Extended antimicrobial spectrum. 0 m
HO g N~ "cH;

— Gram negatives: E. coli, Proteus, Salmonella, Amoxicillin® : oon
Haemophilus, M. catarrhalis, Klebsiella, Neisseria,
Enterobacter, Bactoroides.

« Used as first line therapy for acute otitis media and sinusitis.

COOH



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Semisynthetic Penicillins

Anti-staphylococcal penicillins

*  Methicillin, nafcillin, oxacillin, cloxacillin and OCHs
dicloxacillin. H
* Resist degradation by penicillinase. S
»  Useful for treating S. aureus. OCH0 OJ/:!'/
— No added benefit in treating Strep. species. COOH
«  Methicillin is rarely used due to toxicity. Methicillin

« Dicloxacillin ($0.9/day) - highest serum levels orally.
« Nafcillin ($15/day) - preferred parenteral drug.

Anti-pseudomonal penicillins

«  Ticarcillin, Piperacillin ($49/day), Mezlocillin.

»  Piperacillin/tazobactam (Zosyn; 1V; $53/day) N’w O © N CHg
— Tazobactam (B-lactamase inhibitor) ofgrw N h

«  Ticarcillin/clavulanate (Timentin; IV; $39/day) 0 H

+ Active against Pseudomonas, E. coli, Klebsiella,
Enterobacter, Serratia and Bacillus fragilis.

* Lower activity against gram positives

+  Often used with aminoglycosides when treating
pseudomonal infections.

Q
T
w

Piperacillin



Bacterial Cell Wall:

Peptidoglycan Biosynthesis — Cephalosporins
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Cephalosporin C HOEC-CH(NHZ)(CHZJ3- -0COCH, 5
Deacety]l- HOZC-CH(NHZ)(CH2}3- -0H 42
cephalosporin C
Deacetoxy- HOZC-CH(NHZ)(CH2)3— -H 52
cephajosporin C
A 16886 A HOZC—CH(NHZ)(CH2)3- -0C0NH2 93
C 43219 HOZC-CH(NHZ)(Csza- —SC(CH3}2CH(NH2)602H
68
F-1 HOEC-'CH(Nuza(cnz)a- -SCHy 66
N-Acetyl- HDZC'CH'(CHZ)a' -H 121
deacetoxy- I:IH—COCH
cephalosporin C 3
Compound a . (CH ) -H 75
b 0,¢ -OH

C

-0COCH,

Semisynthetic B-lactams derived from
chemical side chains added to 7-
aminocephalosporanic acid.

Generally more resistant to -
lactamases.

4 Generations developed so far.



Bacterial Cell Wall: Peptidoglycan Biosynthesis — Cephalosporins

1st Generation
» Cefazolin (Ancef; IV; $10/day), Cephalexin (Keflex;
Oral; $0.8/day)

«  Spectrum: Most gram positive cocci (Streptococcus,
S. aureus), E. coli, Proteus, Klebsiella.

* Used against S. aureus, for surgical prophylaxis.

2nd Generation
«  Cefuroxime (Ceftin; IV $8/day; Oral $14/day)

* Increased activity against Haemophilus influenzae,
Enterobacter, Neisseria, Proteus, E. coli, Klebsiella, M.
catarrhalis, B. fragilis.

* Not as effective against S. aureus as the 1t generation.

3'd Generation

«  Spectrum: gram negative > gram positive.

«  Ceftriaxone (Rocephin; IM/IV; $24/day), Cefotaxime
($12/day).

— Useful for meningitis.

— Ceftriaxone used for highly resistant and multi drug
resistant streptococcal pneumonia along with
vancomycin.

4th Generation
« Cefepime (IV; $22/day)
« Active against Streptococcus, Staphylococcus,

aerobic gram negatives (Enterobacter, E. coli,
Klebsiella, Proteus and Pseudomonas).
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — Carbapenems

Carbapenems

* Imipenem-Cilastatin ( Primaxin; IV; $85/day).

« Cilastatin = dehydropeptidase inhibitor that inhibits degradation into a

nephrotoxic metabolite.
«  Broadest spectrum B-lactams.

— Staphylococcus (not MRSA), Streptococcus (highly resistant),
Neisseria, Haemophilus, Proteus, Pseudomonas, Klebsiella,

Bacteroides, anaerobes

Table 1 - In vitro activities of carbapenems against selected key pathogens®

Dori Erta Imi Mero
E. coli, ESBL— <0.015/<0.015 <0.015/<0.015 0.12/0.25 <0.06/<0.06
E. coli, ESBL+ 0.03/0.06 0.03/0.05 0.25/0.5 <0.015/0.06
K. pneumoniae ESBL— 0.03/0.03 <0.015/0.03 <0.06/<0.06 <0.12/<0.12
K. pneumoniae ESBL+ 0.06/0.12 0.06/0.25 0.5/1 0.03/0.06
P. aeruginosa 0.25/0.5 4/16 12 0.25/1
H. influenzae 0.12/1 0.06/0.25 0.5/1 -
M. catarrhalis <0.015/0.03 <0.015/<0.015 0.06/0.12 <0.015/<0.015
S. pneumoniae (penS) <0.015/<0.015 <0.015/0.03 <0.06/<0.06 <0.015/<0.015
S. pyogenes (penS) <0.015/<0.015 <0.015/<0.015 <0.015/<0.015 <0.015/<0.015
S. aureus (MSSA) 0.06/0.06 0.25/0.25 <0.06/<0.06 0.06/0.25
S. aureus (MRSA) 14 2/16 0.12/2 1/8
E. faecalis 2/>32 8/>32 1/>8 8/16
B. fragillis 0.25/0.5 0.5/1 0.25/1 0.12/1
Prevotella spp. 0.12/0.25 0.25/1 0.25/1 0.12/0.25

2 Data represent MICs,/MICy values in pg/mL [28-35].
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — Monobactams

0w
Monobactams ""a@—&u\ ! W o
« Aztreonam (Azactam; IM/IV; $53/day) N I‘
. B-lactamase resistant. o o Aztreonam
« Narrow antibacterial spectrum. c"/‘\“'z

CH
— Aerobic gram negative rods 3

(Haemophilus influenzae, Neisseria

gonorrhea (penicillinase

producers), E. coli, Klebsiella, _Q\(u\ CH OCNH AMA-1080
Proteus, Pseudomonas. I:I

— Ineffective against gram positive
and anaerobic organisms. ch\u
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — p-Lactam Resistance

. B-lactamases — hydrolyze the -
lactam ring.

* Penicillinase (first p-lactamase to
emerge)

« | Alteration of penicillin-binding

protein (PBP) affinity.

(Streptococcus, MRSA)

Peptidoglycan assembly in wild-type
Staphyloccocus aureus and in MRSA. >

(a) After membrane translocation, the cell wall
precursors are processed by membrane PBPs.
High molecular weight PBPs are bifunctional
enzymes that perform both the transglycosidase
and transpeptidase steps. Penicillin is a
mechanism-based inhibitor of the transpeptidase
domain of PBPs.

(b) MRSA carry an additional PBP called PBP2A,
which has very low affinity for most available (-
lactam drugs. Therefore, when B-lactams are
present, they block the normal PBPs, but not
PBP2A. PBP2A has only a transpeptidase
domain, and must ’hijack’ the transglycosydase
domain of normal PBP2 to be active.
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — B-Lactamases

Table 3 - Substrate preferences of various p-lactamases®

Molecular classes Functional Activity® Inhibition
(Ambler) group (Bush) — — - by clavulanate
Penicillin Cephaloridine Imipenem Faropenem
Serine B-lactamases
A 2a +++ =l - - ++
2b +++ ++ - - ++
2c ++ + - 2 +
2e ++ ++ - - ++
2f ++ + ++ 2 +
(@ 1 ++ +++ - - -
D 2d ++ + - Inhibitor +
Metallo p-lactamases
B 3 ++ ++ ++ ++ -

# Modified according to Refs. [40,88].
LR preferred substrate (highest V,,.x); ++, good substrate; +, hydrolyzed; +, barely hydrolyzed; —, stable;?, not known as not tested.



Bacterial Cell Wall: Peptidoglycan Biosynthesis — B-Lactamase Inhibitors
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Bacterial Cell Wall: Peptidoglycan Biosynthesis — B-Lactamase Inhibitors

TABLE 8. Protection of B-lactam antibiotics by clavulanic acid
(CA) in B-lactamase-producing S. aureus (methicillin susceptible)

MIC (pg/ml)
Antibiotic n Reference
B-Lactam B-Lactam/CA

Amoxicillin 29 8.0° 0.5/8.0¢ 11
Ampicillin 1 500 0.02/5.0 120
Mezlocillin 8 256 4.0/1.0 145
Cephaloridine 1 0.6 0.06/5.0 120
Ticarcillin 1 200 251.7 82

1 128 8.0/5.0 72
Piperacillin 1 >200 1.6/0.4 108

4 MIC for 90% inhibition.

Augmentin = amoxicillin/clavulanic acid
« first B-lactamase inhibitor approved
worldwide

* selected based on similar
pharmacokinetics of the two
components (similar t;,)

TABLE 9. Protection of amoxicillin (AMX) by clavulanic acid (CA) in B-lactamase-producing organisms

MICgy (pg/mi)*

Organism n
AMX AMX/CA
Bacteroides fragilis 28 33° 0.48/1.0°
Branhamella catarrhalis 35 2.0 0.125/0.062
53 8.0 0.25/ND<
Citrobacter diversus 8 128 2.0/8.0
Citrobacter freundii 12 >128 >128/8.0
Escherichia coli (R*) 100 >5.,000° 3.0/10°
21 >128 8.0/8.0
Enterobacter spp. 25 >128 >128/8.0
Haemophilus spp. 132 >32 2.011.0
15 150° 1.1/0.5°
Enterobacter aerogenes 45 315° 1.751.0°
Mycobacterium tuberculosis 13 >32 4.0/4.0
Neisseria gonorrhoeae 6 >40° 0.44/0.5°
Proteus spp. 23 433% 5.0/2.5°
Serratia spp. 20 >128 >128/8.0
Staphylococcus aureus 35 197% 1.1/0.5°

4 MIC for %% inhibition.



Bacterial Cell Membrane
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Bacterial Cell Membrane: Permeabilizing Antibiotics - Valinomycin

Valinomycin, Gramicidin S, Polymyxin B

 nonribosomal cationic peptides

* insert into bacterial membrane and cause permeabilization

* toxic side effects prevent systemic application; used as topical antibiotics

* Valinomycin carries K+ ions across the membrane
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* In hydrophobic conditions, the
methyl and isopropyl groups
face out rendering the
molecule hydrophobic
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* In hydrophilic conditions, the
carbonyl groups face
outwards. Molecule adopts a
hydrophilic conformation.

Valinomycin




Bacterial Cell Membrane: Permeabilizing Antibiotics - Gramicidin

Valinomycin, Gramicidin S, Polymyxin B

 nonribosomal cationic peptides

* insert into bacterial membrane and cause permeabilization

* toxic side effects prevent systemic application; used as topical antibiotics

« Gramicidin dimerizes reversibly and forms a membrane-spanning channel.

Gramicidin



Bacterial Cell Membrane: Permeabilizing Antibiotics - Polymyxin

Valinomycin, Gramicidin S, Polymyxin B

 nonribosomal cationic peptides

* insert into bacterial membrane and cause permeabilization

* toxic side effects prevent systemic application; used as topical antibiotics

* Polymyxin binds to the bacterial membrane and disrupts the phospholipid bilayer.
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Bacterial Cell Membrane: Permeabilizing Antibiotics — Lipopeptides

Daptomycin * used by i.v. route
* potent against most G+ bacteria including MRSA

« approved in the US in 2004

n\l_(\/\/\/\/lcHg

Daptomycin mechanism of action:
*Step 1, daptomycin binds to the cytoplasmic membrane in a calcium-

dependent manner;
*Step 2, daptomycin oligomerizes, disrupting the membrane
*Step 3, release of intracellular ions and rapid cell death.



