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Abstract

Bacitracin is a widely used metallopeptide antibiotic produced®asillus subtilis and Bacillus licheniformis with a potent bactericidal
activity directed primarily against Gram-positive organisms. This antibiotic requires a divalent metal ion such’as zn for its biological
activity, and has been reported to bind several other transition metal ions, includfig Mrf* , C8" , Ni ,%nd Cu . Despite the widespread
use of bacitracin since its discovery in the early 1940s, the structure—activity relationship of this drug has not been established and the
coordination chemistry of its metal complexes was not fully determined until recently. This antibiotic has been suggested to influence cell
functioning through more than one route. Since bacterial resistance against bacitracin is still rare despite several decades of widesprea
use, this antibiotic can serve as an ideal lead for the design of potent peptidyl antibiotics lacking bacterial resistance. In this review, the
results of physical (including NMR, EPR, and EXAFS) and molecular biological studies regarding the synthesis and structure of
bacitracin, the coordination chemistry of its metal derivatives, the mechanism of its antibiotic actions, its influence on membrane function,
and its structure and function relationship are discusséd.2002 Elsevier Science Inc. All rights reserved.
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1. Introduction tive cocci and bacilli, includingStaphylococcus, Strep-

tococcus, and Clostridium difficile as well as some Ar-

Peptide antibiotics form a unique group of ‘bio-active
molecules’ [1-5]. Many peptide antibiotics have novel

chaebacteria sudWdettranobacterium, Mathanococcus,
atalococcus [7—13] and the oyster-infectinBerkinsus

structural motifs, such as cyclic structures, contain un- marinus [14]. This antibiotic has also been shown to

common amino acids, especiallyform amino acids, and
are often further modified (such as [alactam antibiotics)

exhibit an interesting metal-dependent, particularly Cu
ion, inhibition toward the growth of the mddurospora

and conjugated with sugars, lipids, and other molecules. crassa [15,16]. It is one ingredient in several commercially

Depending on their amino acid components and their
conjugates, the mechanisms of their actions may vary
dramatically [6]. Examples of peptide antibiotics include
some well known or commonly used drugs [7], such as
polymyxin, amphomycin, actinomycin, gramicidin, van-
comycin, penicillin, cephalosporin, and bacitracin.
Bacitracin was first discovered in 1943 and named after
a culture of bacillus and the last name of a 7-year-old
American girl, Margaret Tracey, from whose wounds the
Bacillus was isolated [8,9]. It is a potent peptide antibiotic
of narrow spectrum directed primarily against Gram-posi-

available topical ‘triple antibiotic’ ointments (along with
neomycin and polymyxin B) such as Polysporin and
Neosporin that are used to prevent infections in minor
cuts and burns [17]. Although this antibiotic has been
generally considered safe for topical use, it has recently
been found in a few cases to generate delayed hyper-
sensitivity, acute IgE-mediated allergic reactions, and even
life-threatening anaphylaxis [18—22]. Bacitracin is not
administered systemically as it is nephrotoxic (toxic to
kidney cells), and is used only as a last resort. It is
considered safe when taken orally as the gastrointestinal

tract does not absorb significant amounts of the drug
[10,17] (however, the absorption was found significant in
rainbow trout [23]). Bacitracin has thus been used for the
treatment of gastrointestinal infections (such as antibiotic-
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associated colitis and diarrhea causedydifficile [24— agueous solutions of bacitracin are relatively stable while
26] and was found to be as effective as vancomycin [27]), solutions above pH 9 degrade rapidly at room temperature.
vancomycin-resistantnterococcus faecium [28] (how- Soon after its discovery, the mixture of crude bacitracin

ever, a recent study shows its inefficiency [29]), and was separated into several components by the use of the
intestinal infections byEntamoeba histolytica [30]. It has counter current distribution (CCD) technique [40—42]. In
been widely utilized as an animal feed additive to improve the 1970s, HPLC began to replace the old CCD method for
animal body weight and to prevent diseases in farm bacitracin purification [43]. As a result, the ‘pure CCD
animals [31-33]. Consequently, bacitracin is important in fractions’ of the minor bacitracin components B, C, D, E,
both the pharmaceutical and livestock industries and is and F were all shown to be mixtures of two or more
produced in large quantities throughout the world. different peptides. Eventually, over 30 different minor
Bacitracin has been known to bind divalent metal ions components were separated from the crude mixture and
since the early stage of its study [34]. In the past several analyzed by the use of fast atom bombardment tandem
years, the metal binding property of different congeners of mass spectrometry and electrospray ionization mass spec-
bacitracin has also been studied with potentiometric and trometry to establish their structures [44—49]. A recent
spectroscopic techniques. The structures of bacitracin andcapillary chromatographic study further isolated bacitracin
its metal complexes have emerged by the use of severalinto more than 50 peaks [50]! Several different nomencla-
physical methods, including NMR, EPR, UV/VIS spec- tures have been used to classify the bacitracin congeners.
troscopy, mass spectroscopy, X-ray crystallography, andIn this review we follow the nomenclature by lkai et al.
EXAFS. As the antibiotic activities of bacitracin and its [48].
several congeners have been obtained, the relationship Bacitracins B , B , and B have the same sequence as
between the structure and function of this peptide anti- bacitracin A , except that lle-1, lle-5, and lle-8, respective-
biotic and the role of metal ion in this antibiotic have ly, are substituted by a Val (Fig. 1). Similarly, substitution
emerged. Bacterial resistance against antibiotics has be-of Val for lle at positions 1, 5, and 8 with different
come a threatening health issue in recent years. However,combinations affords bacitracins D and E (Fig. 1; Table 1).
bacterial resistance of bacitracin is still scarce despite its In addition to these congeners, a few modified bacitracin
wide use in the past several decades. Thus, it can serve agerivatives have also been prepared chemically or isolated
a potential lead for design of potent antibiotic metallopep- from the crude mixture [51-54]. For example, the bio-
tides and analogues devoid of bacterial resistance forlogically inactive bacitracin F can be obtained by air
combating bacterial infection. oxidation of bacitracin A in slightly alkaline aqueous
solutions, in which the aminomethylene-thiazoline moiety
is converted into a keto-thiazole moiety (Fig. 1) [51,52].
Similarly, oxidation of bacitracins B and D produces the

2. Bacitracin congeners and biosynthesis of bacitracin corresponding keto-thiazole-containing bacitracins H and |

(Fig. 1; Table 1). Desamido bacitracin is prepared by

Bacitracin is produced as a mixture of closely related hydrolyzing *Asn  in 0.1 N NaOH. Bacitracin F and

congeners byBacillus subtilis or Bacillus licheniformis desamido bacitracin A have been characterized with UV/
[35—-39] (Fig. 1). Bacitracin is very soluble in water, VIS [51], NMR (see next section), and electrospray
methanol, and dimethyl sulfoxide, soluble in ethanol, and ionization mass spectroscopy [53]. Bacityacin A is pre-
slightly soluble in acetone, benzene and ether, and is pared by acid isomerization.eflehemino group in
almost insoluble in chloroform [10]. Acidic and neutral 3% acetic acid solution [55] to give-aflo-lle* N-

R—L-Leu3—D-Glu*—L-X5—L-Lys®—D-Orn’—L-Y8—D-Phe®—L-His°—D-Asp’ 1—L-A‘sn12
|
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Fig. 1. Schematic structure of bacitracin congeners. The thiazoline ring at the N-terminus in bacitracin is formed by the condensation of ttgga@apbony

of L-lle* or L-Val" with the methylthiol group of-Cys®. The amino acid sequences and N-terminal structures of bacitracins A, B, and D are shown in Table
1. Bacitracin E contains VAl , VAl , and®R ; bacitracin H :%lle ,%le , and R,; H :™al lle ,apd R;; H lle $Val , apd R ; 1 3 Val®, lle , and,R ; P : lle ,
val®, and R ; and J : vdl , vdl , and R . The activities of the latter minor congeners have not been extensively investigated.
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Table 1

Bacitracin congenefs and antibiotic activities (Act.)

Congener MW X ¥ R Act. Act. Act. Acf, Act.
A, 1422.7 L-lle L-lle R, 0.39 3.13 6.25 le-7 79
A, 1422.7 L-lle L-lle R, - - - - 23
B, 1408.7 L-lle L-lle R, 0.78 12.5 25 2e-7 -
B, 1408.7 LVal L-lle R, 0.78 12.5 25 2e-7 -
B, 1408.7 L-lle L-Val R, 0.78 6.25 25 2e-7 -
D, 1394.6 L-Val L-lle R, 3.13 25 >25 - -
D, 1394.6 L-lle LVal R, 313 25 >25 - -
D, 1394.6 L-Val L-Val R, 1.56 12.5 >25 - -

F 1419.6 L-lle L-lle R, >25 >25 >25 5e-5 -
Desamidd 1423.6 L-lle L-lle R - - - Te-4 -

fie

?See Fig. 1 for X , ¥, and R substitutions within the bacitracin molecule. The amino acid sequences and N-terminal structures of bacitracins E, H, and |
are described in Fig. 1 caption.

® Minimal growth inhibitory concentration (MICpg/ml) versusMicrococcus luteus ATCC 9341 [48].

°MIC (ng/ml) versusStaphylococcus aureus IFO 12732 [48].

“MIC (png/ml) versusBacillus cereus ATCC 11778 [48].

°MIC (M) (not completely purified) versuMicrococcus lysodeikticus [124].

" Commercial bacitracin (mixture) has 58.6 U/mg of activity [48].

¢ The antibiotic activities (U/mg) reported by Craig et al. [55] were for partially purified bacitracin samples. A significant amoynt of A was still prese
in the A, sample. Therefore, the actual activity fop, A should be significantly less.

" Desamido bacitracin has the same structure as bacitracin A with an Asp substituted Tor Asn . It has a negligible biological activity [124].

terminus (Fig. 1), and was referred to as a ‘low potency’
bacitracin. This isomer has virtually identical H NMR and
mass spectra as bacitracin A [53]. Bacitracins B account
for ~30% of the mass of the crude bacitracin mixture,
while bacitracins D—I are only found in trace amounts. It is
also known that bacitracins A and B account f85% of

the biological activity of the crude bacitracin mixture [56].
A summary of the primary structures and the antibiotic
activities of the congeners is shown in Table 1.

The biosyntheses of many peptides and polyketides and
their hybrid conjugates follows a non-ribosomal pathway
catalyzed by large clusters of peptide and ketide synthet-
ases and peptide/ketide ‘hybrid’ synthetases, respectively
[57-62]. The genes of the synthetases/synthases of pep-
tides and polyketides from a few microorganisms have
recently been analyzed and cloned and the synthetase
further studied [63—70], including the synthetase of baci-
tracin [71-83]. For example, the cyclic heptapeptide
microcystin, a protein phosphatase inhibitor and a hepato-
toxin produced by cyanobacteria, is synthesized by a
synthetase complex encoded by a gene cluster with three
open reading frames and some common conserved amino
acid sequence motifs with other peptide synthetases such
as an ATP-binding domain [65]. Another cyanobacterial
hepatotoxin cylindrospermopsin and the antitumor drug
bleomycin (a natural peptide-ketide hybrid) fro8rep-
tomyces have been verified to be produced by synthetase
clusters comprised of polyketide synthase and peptide
synthetase modules [66,84,85]. The studies of several
peptide and polyketide synthetases and their hybrids,
including crystallographic studies of the adenylation do-
main and an NMR study of a peptidyl carrier domain
[86—88], have greatly enhanced our understanding of the
structure and mechanism of this superfamily of ‘mega

enzymes’ and have also allowed us to gain further insight

into the action of bacitracin synthetase. Since these and

other synthetase complexes possess enzymatic activities

toward the syntheses of secondary metabolites [65-67],

they thus are potential targets for drug discovery in the
production of potential bio-active peptides and polyketides

as well as their hybrids [89,90].

Like those structurally diverse peptides and polyketides,

bacitracin congeners are also non-ribosomal products of a

large peptide synthetase complex [71-83]. The structure
and mechanism of bacitracin synthetase resemble those of
other peptide and polyketide synthetases, which are com-
prised of a multi-domain modular structure for the
catalysis of the initiation of the synthesis via ATP-activat-
ing formation of thioester linkage to the enzyme, elonga-
tion mediated by condensation of the thioester-linked
amino acid and/or peptide on the peptide carrier domain
following a mechanism not yet fully understood, and
termination of the peptide or polyketide chain by a
thioesterase domain via transfer of the final product to a
serine in the thioesterase followed by hydrolysis [90,91].
The reactant amino acids or carboxylates are specifically
recognized and covalently linked to the different domains
before being transferred to an intermediate peptide or
polyketide chain. Changing of the stereochemistry is

carried out by epimerization domains in the enzyme

complex.

Bacitracin synthetase has been known to comprise of a
complex modular structure as in the case of other peptide/
polyketide synthetases since early studies of this enzyme

[71-80]. This enzyme catalyzes an ATP-dependent syn-

thesis of bacitracin, starting from the N-terminus based on

the observation of a few N-terminal peptidyl intermediates
such as lle-Cys, lle—Cys—Leu, lle—Cys—Leu—Glu, and



L.-J. Ming, J.D. Epperson / Journal of Inorganic Biochemistry 91 (2002) 46-58

several other N-lle-containing peptides [92]. The role of
ATP has been suggested to be involved in the formation of
the labile aminoacyl adenosine intermediates. As in the
case of other non-ribosomal peptide/polyketide biosynth-
eses, the synthesis of bacitracin has been suggested to
involve thioester-linkages based on the observation of
covalent peptide-enzyme complexes [92]. The thiazoline
ring in bacitracin has been suggested to be synthesized at
the stage of lle—Cys formation on the basis of the detection
of the oxidized thiazole product of the Ille—Cys inter-
mediate [93,94]. The thiazoline ring and analogous
thiazole ring are found in a humber of peptide antibiotics
and siderophores such as bleomycin, which are synthesized
with a similar mechanism [84,95,96]. An early study
revealed that the activity of bacitracin synthetase is affect-
ed by the divalent metal ions Mg , Mh , Fe , and
Co’™ (zZn’™ was not checked) as well as bacitracin [97],
suggesting that bacitracin and metal ions may exhibit
feedback control of the synthetase.

The bacitracin synthetase opron contains the genes
bacA, bacB, and bacC, which have been recently cloned
and determined to encode three products: BA1 of 598 kDa,
BA2 of 297 kDa, and BA3 of 723 kDa [83]. BA1 contains
five modules to incorporate the first five amino acids, an
epimerization domain attached to the fourth module for the
inclusion of p-Asp4, and a cyclization domain for the
formation of the thiazoline ring between tle and Cys ;
BA2 is comprised of two modules and an epimerization
domain forp-Orn® incorporation; and BA2 contains five
modules for the addition of Ife —AsA  with two epimeri-
zation domains and the thioesterase domain, consistent
with previous studies [71-80]. A disruption of thmacB
gene results in a bacitracin-deficient mutant, confirming
the involvement of this gene in bacitracin synthesis [83].
Moreover, the expression of a foreign bacitracin synthetase
in a hostB. subtilis results in the production of bacitracin
at high level, confirming the functional role of bacitracin
synthetase and its association with bacitracin self-resist-
ance genes [98].

49

allowing the separation of the crude bacitracin into ten
components which included bacitracins A, B, C, D, E, F,
and G named after the order of separation. Bacitracin F
was observed to contain an unusual chromophore with a
broad absorption at 288 nm, which was eventually iden
tified as a thiazole ring [51,52].
Evidence for a cyclic heptapeptide structure in bacitracin
A was provided at the early stage in the structural study of
bacitracin [100-102]. Following this lead, several partial
structures of this peptide were published [103—-105]. The
development of liquid chromatographic techniques has
allowed the isolation of pure components [43—-45], and
their structures determined with mass spectroscopic meth
ods [44-48]. The first ‘accepted structure’ for bacitracin
A was proposed in the mid-1960s-P@§kars after
its discovery and approval as a certifiable antibiotic.
Bacitracin A has been determined to be a cyclic
dodecapeptide by means of chemical, spectroscopic, and
crystallographic techniques. It contains an unusual
thiazoline ring formed by the condensation of the lle
carboxyl group with the —SH and,—~NH groups bf Cys , a
cyclic heptapeptide structure formed via an amide linkage
between the side cedii, of Lys® and the C-terminus
of ‘Asn , and feamino acids includingo-Glu®, b-
‘OmPhe’, andp-Asp'’. These unusual structural
features may protect this peptide from degradation by
proteases [107]. Bacitracin A was chemically synthesized
in 1996 which confirmed the structure of this antibiotic
peptide produced by microorganism [108], and opened the
door to preparation of other isomers/analogues and con-
geners of this antibiotic for further investigation of its

structure—activity relationship and rational design of pep-

tide antibiotics for combating bacterial infections.
The first H NMR spectrum for bacitracin A was
obtained in 1972 (cf. Fig. 2) [109]. Several more NMR
studies quickly followed, including a tritium exchange
study [110f, a H NMR relaxation study [111], ahd a C
NMR study [112]. The full assignment of the H NMR

signals of bacitracin was not achieved, however, until the

early 1990s by the use of modern 2D NMR techniques
[113,114]. The results from the 2D NMR studies indicated

3. Structure of bacitracins

that the ‘tail’ of the bacitracin peptide (fte to Glu , Fig. 1)

bends toward the seven-membered ring, placing the

Since the discovery of bacitracin in 1943 by Meleney

and Johnson, researchers have been trying to establish the

structure of this natural product [8,9]. However, pure
components such as the most potent bacitracin A could
not be completely purified for structural analysis. The
bacitracin mixture was first separated into three com-
ponents by the use of the CCD technique [40], which were
determined to contain lle, Leu, Glu, Lys, Orn, Phe, His,
and Cys by means of amino acid analysis using starch
column chromatography. The presencepsdmino acids
was also noted at that time and the presence of a thiazoline
ring in bacitracin A was postulated [99]. The CCD
technique was further improved in the early 1950s [41,42],

thiazoline ring'Glu , antf’ His in close proximity to form

a potential metal binding site in solution. The amino acids
side chains of Phe ahd lle are close’to Leu on the basis
of nuclear Overhauser effect (NOE) measurements.

A few other congeners have also been identified and
characterized with NMR techniques. For example, bacitra-
cin F shows dramatic changes of the signals upon oxida-
tion of the original thiazoline ring into a thiazole ring
(labeled signals of bacitracin A in Fig. 2A) [53,115], and

desamido-bacitracin can be conclusively identified by the

disappearance of the two characteristic gmido-NH signals
of A8n at 7.55 and 6.90 ppm (marked signals in Fig. 2B)
[53,115].
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Fig. 2. Proton NMR spectrum (250 MHz) of (A) bacitracin Al in D O at pH meter-reading 5.4 and (B) the down-field region of the spectrum of bacitracin
A, in H,O at pH 5.0. The oxidation of the thiazoline ring causes a dramatic change of the signals due to the first two amino acids (marked signals in
spectrum A). The arrows in spectrum B indicate the solvent exchangeable signals'6f Asn  side-chaip CONH protons in bagitracin A , which disappear
upon hydrolysis of Astf into As  [53].

and the carboxylate groups ot Asp afhd Glu in metal ion

Although the * H NMR and mass spectra of the, A
was also proposed on the basis of an afdlysis of C NMR

congener are identical to those of the A congener,'the H
NMR spectra of the Co complexes of these two con- spectra of the peptide upon its binding With Cu  and
geners are quite different which reflects their different “Mn  in the pH range of 6—8 [122]. The thiazoline ring
metal binding properties and coordination chemistry (Sec- was suggested to bindfo Mn ~&tH.ater studies

tion 7). [123-125] indicated that divalent metal ions such a&"zn
were bound to bacitracin through theN of the imidazole

ring of His™, the sulfur atom of the thiazoline ring, and the
Glu* carboxylate. No evidence for the binding of ASp

was found, and the participation of thelle terminal amino
group was not conclusive.

Bacitracin has been known to bind several divalent A few metal complexes of bacitracin have been studied
metal ions to form 1:1 complexes [34]. An order for metal with other physical methods. MA -, €6 -, and Tu -
binding affinity of divalent metal ions has been established bacitracins were studied by means of EPR spectroscopy
as Cd">Ni*">Co*"'~Zn*">Mn*" [116]. The biological ~ [126]. The Mrf" complex does not bind to the drug at pH
activity of this peptide antibiotic has also been determined 5.2, and the C& complex exhibits only broad EPR
to be associated with divalent metal ions [15,16,117-119]. features at 77 K attributable to the fast relaxiBg2/3

4. Metal binding and coordination chemistry

Bacitracin was first suggested to bind metal via its 'Ris
imidazole and the thiazoline ring, but not the carboxyl
groups. The thiazoline ring nitrogen or sulfur and the
amino group of llé were also suggested to be involved in
metal binding based in part on a proton release titration
[120].

The involvement of Hi¥ imidazole and thiazoline
nitrogen or sulfur in metal binding was also determined by
the use of' H NMR and optical rotary dispersion spec-
trometry [121]. The histidine was determined to bind to the
metal via its imidazolee-nitrogen based on the equal
downfield shifts noted for the 2-CH and 4-CH imidazole
ring protons upon ZA~ binding. Again, there was no
evidence for or against the participation of other groups in
metal binding. The involvement of Hi% imidazole ring

*Co center. The" Cu

-bacitracin complex at pH 5.2
affords a slightly rhombic EPR spectrum with large copper
hyperfine coupling constakts=&34 MHz and a clear
nitrogen superhyperfine coupling, consistent with a tetra-
gonally distorted geometry with two coordinated nitrogens

and two coordinated oxygens [127]. From which, a dis-

torted octahedral coordination was concluded with His ,
“Glu ,"Asp , and the thiazoline ring nitrogen atom bound
to the metal ion. A possible coordination of the metal to
the sulfur of the thiazoline ring can be ruled out since this
coordination would afford much smglland A values
[127]. A recently EXAFS study of Zn-bacitracin suggested
that the first coordination sphere of the metal is comprised
of three N-containing ligands and one O-containing ligand,
which have been assigned to the N-terminal amino group,



the imidazole of Hi&® , the thiazoline nitrogen, and the
carboxylate of GI&i [128]. The Ife -NK amino group was
suggested to be close to the metal; however, whether or not
it was coordinated to the metal could not be concluded.
Sulfur binding to the metal was ruled out in this study, and

has also been excluded in a later ab initio study of undecaprenyl-P-P-MurNac-pentapeptide

chemical shift effects of thé H NMR features [129].

5. Cdl wall synthesis and the mechanisms of
bacitracin action and resistance
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UDP-MurNac-pentapeptide
undecaprenyl-P
C UMP phosphate <\
bacitracin
C UDP-GlcNac inhibition ——
UDP undecaprenyl-P-P
undecaprenyl-P-P-(MurNac-pentapeptide)-GlcNac

The bacterial cell wall is a good target for therapeutic
agents. Gram-positive bacteria typically have thick cell

\> — — peptidoglycan synthesis J

walls composed of a unique polysaccharide called peptido- Fig. 3. The pathway of the biosynthesis of cell wall and bacitracin

glycan (as much as 90%; butl0% in Gram-negative

inhibition of this process. The structure of the fundamental unit of the

bacteria) that is not present in eukaryotic cells [130]. peptidoglycan layer consists of GIcNAc and MurNAc linked bp-d.,4-
Therefore, the inhibition of the biosynthesis of the peptido- glycosidic bond. The amino acids may vary in Gram-positive bacteria,

glycan layer should in principle affect only the bacterial

e.g. thepo-Glu can be replaced by &GIn or ap-Glu—Gly, and tha-Lys
can be replaced by meso- or-diaminopimelic acidi-ornithine,L-o,a-

cells, and not the animal cells. This is the basis for the diaminobytyric acid,.-homoserine-Glu, or t-Ala. The GlcNAc-Mur-

selective toxicity against microorganisms by those drugs Nac disaccharides are usually cross-linked to other disaccharide units via
that inhibit the synthesis of the bacterial cell wall, such as their peptide side chains, usually betweehys® ando-Ala®. During the

bacitracin [131] and the3-lactam antibiotics (penicillins
and cephalosporins). The influence of bacitracin on cel

last stage of peptidoglycan synthesis, undecaprenyl pyrophosphate is
| released and eventually hydrolyzed by a pyrophosphatase. The tight
binding of bacitracin with undecaprenyl pyrophosphate prevents the

wall synthesis was established by early studies, including recycling of this sugar carrier, thus inhibiting cell wall synthesis.

accumulation of cell-wall intermediates, inhibition of
amino acids incorporation into cell wall, and cell lysis
[132-134].

The peptidoglycan layer is constructed from repeating
disaccharide units oN-acetylglucosamine (GIcNAc) and
peptidyl N-acetylmuramic acid (MurNAc) connected by
B-1,4-glycosidic bonds [130,135]. The peptide includes
L-Ala, p-Glu, L-Lys, and one or twmo-Ala are attached to
MurNAc via an O-lactyl group at the carbon-3-hydroxyl
position. During the peptidoglycan synthesis (Fig. 3), the
UDP-MurNAc-pentapeptide conjugate is attached to the
luminal side of the endoplasmic reticulum (ER) membrane
via undecaprenyl (or bactoprenyl) monophosphate. Addi-
tion of GIcNAc via a B-1,4-glycosidic bond forms a
disaccharide complex, 3-1,4-GIcNAc-(3-pentapeptidyl-
MurNAC)-O-PO, -O-PO, -O-undecaprenyl. At last, the
disaccharide is released from the long-chain undecaprenol
and incorporated into the peptidoglycan layer bg-4,4-

Metallobacitracin has been shown to bind very tightly to
the long-chain C -isoprenol (i.e. undecaprenyl) pyrophos-
phate, with a formation constai, ef1.05x10° M~ for
the®o complex [137,138]. Since the hydrolysis of the
long-chain undecaprenyl pyrophosphate into monophos-
phate is considered an essential step in peptidoglycan
synthesis, the above observation thus suggests that metal-
lobacitracin may interfere with cell wall synthesis by tight
binding to undecaprenyl pyrophosphate which prevents its
hydrolysis (Fig. 3). As a result, undecaprenyl monophos-
phate becomes much less available for binding to the
UDP-MurNAc-pentapeptide complex to initiate the second
stage of the peptidoglycan biosynthesis. Hence, the bio-
synthesis of the bacterial cell wall is inhibited. This
mechanism has also been suggested to inhibit the synthesi

of the peptidylglycan-like pseudomurein Methanobac-

glycosidic bond. Cross-strand linking between the side terium spp. [12].

chain —NH, of LyS withp-Ala* (while o-Ala® is lost
during the cross link) also occurs at this stage and imparts
strength and rigidity to the cell wall. The peptidylsugar-
carrying molecule is released at the last stage as unde-
caprenyl pyrophosphate, which is dephosphorylated to
regenerate its monophosphate form by a membrane-bound
pyrophosphatase. The monophosphate form then binds to
another UDP-MurNAc-pentapeptide to begin a new cycle
of peptidoglycan biosynthesis. This biosynthetic pathway
is analogous to that of glycoproteins in eukaryotes wherein
the undecaprenol analogue, dolichol phosphate instead
serves as the sugar-carrying molecule [135,136].

From the studies discussed above, it can be expected
that a malfunctioning of the synthesis of undecaprenyl
phosphate in bacteria may result in higher bacitracin
susceptibility as recently observed [139] since the re-
cycling of the sugar-carrying phosphate can be easily
blocked with a much lower concentration of bacitracin. A
later study found that bacitracin can also inhibit the
transfer of GIcNAc from UDP-GIcNAc to isoprenyl-pyro-
phosphate-GIcNAc to vyield isoprenyl-pyrophosphate-
(GlcNAc) in yeast [140], thus also inhibiting the sub-
sequent transfer of (GIcNAc) to proteins. A previous
study revealed that bacitracin could inhibit the formation
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of dolichyl-pyrophosphate-GIcNAc, but with little influ-

ence on the formation of the dolichyl pyrophosphate-
(GlIcNAc), and the dolichyl phosphates of mannose and
Glc [141,142]. This study suggested that bacitracin may
inhibit the enzyme involved in the synthesis of dolichyl-

pyrophosphate-GIcNAc rather than a direct binding to the
pyrophosphates. A recent revisit of this inhibition has

is found in bacitracin upon its binding to the proteases.

Bacitracin binds to savinase with a 2:2 ratio, in which each
bacitracin binds to the catalytic site of one savinase and to
the substrate binding site of another savinasae with the
active sites of the two protease molecules facing each
other. The structure of the protease molecules and their
active sites are not affected by bacitracin binding. The

resulted an opposite result in which bacitracin was found p-Glu* side chain of bacitracin is H-bonded to savinase via

to stimulate the formation of dolichyl-pyrophosphate-
GIcNAc, but to inhibit the formation of dolichyl
pyrophosphate-(GIcNAg) [143]. Further investigations
seem required to clarify this controversy in order to
provide further insight into bacitracin action and polypre-
nyl biosynthetic pathway.

A recent study found that those antibiotics that inhibit
the late stages of peptidoglycan biosynthesis cause a
surprising side-effect by inducing vancomycin resistance in
Enterococcus faecium [144]. It was found that exposure to
bacitracin led to the synthesis of the lactate-containing
UDP-MurNAc-pentadepsipeptide precursor that is required
for vancomycin resistance. Bacitracin thus can serve as a
model system for the understanding of ‘induced drug
resistance’. The resistance of a few exopolysaccharide-
secreting Gram-negative bacteriganthomonas campes-
tris, Sphingomonas strains S-88 and NW11, ands
cherichia coli K-12, toward bacitracin is found to be
simply due to a termination of the synthesis of the
exopolysaccharide [145].

The transport of a wide range of molecules and ions,
such as amino acids, oligopeptides, sugars, fatty acids, and
macromolecules, across cell membrane is associated with
an ATP-binding cassette (ABC) transporter [146,147],
which is also involved in multi-drug resistance in cancer
cells and microorganisms [148-150]. An ABC transporter
system has been revealed to be involved in bacitracin
resistance [151,152] and collateral detergent sensitivity
[153] which has been determined to be composed of two
hydrophobic proteins, a diffusion channel and an ATP-
binding moiety. Moreover, amplification of the bacA gene
has been concluded to result in bacitracin resistande. in
coli [154]. Mutations on thdacA gene were also found to
increase bacitracin susceptibility and change in virulence
in Sreptococcus pneumoniae and S, aureus [155]. Despite
the above observations and extensive use since its discov-
ery, bacitracin in general has not raised significant resist-
ance.

. N Hof#His and O H and the main chain NH G Ser  of
the catalytic triad, and the oxy-anion hole-forming side

chain of A3n . On one bacitracin moledahe’ fits
into the substrate binding site of savinase which is
significantly different from the other bacitracin molecule,

where tlePhe side chain is not located in the substrate-

binding site. Instead;’His forms a weak H-bond with
13%er . These crystal structures show that bacitracin mole-

cule is quite flexible and can easily adopt different

configurations upon interacting with biomolecules. To

date, no crystal structures of bacitracin and its metal
complexes have been published.

Bacitracin is known in general to inhibit proteases as in
the crystallographic study described above and in several
other cases [158—-164], which is not related to their metal-

binding properties. This antibiotic also inhibits metallopep-
tidases, presumably owing to its metal binding capability
[165-167]. Bacitracin was reported to be an inhibitor of a

metallo-insulinase [168]. However, a later study revealed

that the most potent fractions in the bacitracin mixture for

insulinase inhibition have no antibiotic activity and have
molecular mass about twice that of bacitracin A [169].
Whether this inhibitor is a derivative of bacitracin or a
compound unrelated to bacitracin awaits further structural
characterization. The protease-binding property of bacitra-
cin allows the use of this antibiotic for protease purifica-
tion by means of bacitracin-affinity chromatography [170—
172].
In addition to binding to proteases, bacitracin can also
interact with membrane-bound proteins which has signifi-
cant influence on the function of cell membrane. Bacitracin

is known to strongly inhibit the membrane-bound gluco-
syltransferase system [173], and can inhibit protein disul-

fide isomerase (PDI) [174—176]. The inhibition of PDI on

cell membrane by bacitracin can have a profound influence

on cell function, including inhibition of platelet activation
by standard agonists (but not platelet activation by peptide

activators) [177], drug sensitivity of B-CLL cells [178],

inhibition of HIV infection [179], inhibition of the reduc-
tion of activation of diphtheria toxin [176], inhibition of

6. Interactions with proteins and effects on cell
membrane function

assembly of fibronectin and its inherent PDI activity [180],
and selective inhibition of31 and 7 integrin-mediated

adherence of lymphoid cells to collagen, fibronectin, and/

A few crystal structures have been resolved for bacitra-
cin A, upon its binding to the serine proteases thermitase
and savinase [156,157]. The groups involved in metal
binding, including the thiazoline ring, Glu , and Hfs , are
well separated in these structures. Consequently, ho metal

or laminin [181]. Whether or not these PDI inhibition
activities are metal-dependent has not been investigated in
the above studies.

The interaction of bacitracin with cell membrane can
have a profound effect and change the morphology,
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structure, and permeability of cell membranes and proto-
plasts [134,182—-186] as well as artificial lipid vesicles or
liposomes [187], which have been determined to be metal-
dependent. Bacitracin noticeably increases the toxic effect
of several divalent metal ions of the bacitracin-producing
Bacillus and the mold\N. crassa which has been suggested
to be attributed to the increase in metal uptake due to this
antibiotic [16,188]. This antibiotic can also inhibit the
binding of ***l-w,-macroglobulin to plasma membrane
[189] and was found to inhibit the insulin imprinting of p[pm
Tetrahymena [190].

Some early studies showed that metallobacitracin canFig. 4. "H NMR spectrum (250 MHz at ambient temperature) of the
bind to a few isoprenyl phosphates and perphOSphateSC_OH complex of bacitracin_mixture a_t p_H 5.4. The hyperfine-shifted

. e signals have been fully assigned as indicated. The peak at 11.7 ppm

[]_':!"137’138]’ WhICh reflects the rr_lemb_rarje-blndlng capa- corresponds to the Valy protons of bacitracin B in the mixture (cf. Fig.
bility of this antibiotic. The small dissociation constafy 6).
of 3.7x10°° M for bacitracin binding to cells or proto-
plasts of Micrococcus [185] is consistent with the mag-
nitude of the binding of this antibiotic to oligoisoprenyl A structural model of C&" -bacitracin A in mildly
pyrophosphate in vitro [137,138]. Bacitracin also exhibits a acidic aqueous solution was built by the use of the proton—
cation-dependent inhibition of nitrendipine binding to rat Co®* distancesr(,_,,) obtained fromT, values ¢r,_,,)
brain and cardiac membranes to different extents,{3¥C as restraints (Fig. 5) [192-195]. The structure indicates
400 and 460Qug/ml, respectively), suggesting that brain that the ‘tail’ of the bacitracin peptide (e to Glu ) wraps
and cardiac dihydropyridine-binding sites are either differ- around the C& ion with only a single group, the
ent or situated in different membrane environments [191]. imidazole ring of His®, bridging the metal ion to the
cyclic heptapeptide moiety. The metal-binding ligands
include the Hi$° imidazole, the Gfu carboxylate, and the
thiazoline ring nitrogen with five or six coordination
spheresn solution under the experimental conditions. This

The paramagnetic G6 complexes of several bacitracin NMR study indicates that the metal coordination in
congeners have recently been studied by means of 1D andsolution may be different from the tetrahedral geometry
2D NMR techniques, including nuclear relaxation, chemi- observed in the recent EXAFS study in the solid state
cal exchange techniques (i.e. difference spectra and[128]. Although CG™ and ZA" complexes are considered
EXSY) and a unique exchange-based (bond) correlationisostructural and Co  can be substituted for’Zn in
spectroscopy (exCOSY) [53,115]. Paramagnetic metal biomolecules without affecting the structure and activity in
complexes are characteristic in showing far-shifted fast- almost all cases, whether or not Co -bacitracin retains the
relaxing NMR signals in a large spectral window which same coordination chemistry as Zn -bacitracin awaits
can be assigned to protons near the metal, resulting fromfurther study of the structure of the latter complex.
both contact and dipolar shift mechanisms [192—-195]. In  The side chains of Pfle and ile in €o -bacitracin are
the exCOSY spectra, only the peaks that undergo chemicalfound to be close to each other and may form a flexible
exchange with the irradiated hyperfine shifted signal are hydrophobic pocket [115], rendering it possible for the

140
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7. Insight into structure-antibiotic relationship

detected. Thus, the clarity of an exCOSY spectrum is
dramatically improved relative to a ‘regular’ COSY spec-
trum, which allows conclusive assignment of the hyper-

complex to bind with the hydrocarbon chain of isoprenyl
pyrophosphates. This structure is quite different from that
of the metal-free bacitracin determined previously by the

use of NMR in which the side chain of L2u was found to

be close to those of Ife and Phe in one case at pH 3.2
'H NMR signals in a large spectral window-200 ppm, [113] and backbone Léu proton was found to be close to
Fig. 4). The hyperfine-shifted H NMR signals of €o - those of Hi$° , and Astf in another case at pH 4.85 [114],
bacitracin A have been completely assigned (as labeled insuggesting that a rearrangement of the hydrophobic moi-
Fig. 4) which shows that the peptide binds to°Co  via the eties in bacitracin has occurred upon metal binding. These
His™ imidazole ring N , the thiazoline nitrogen, and the results suggest that it is important to study the metal-bound
Glu* carboxylate to form a labile complex in aqueous form of metal-dependent biomolecules because of the
solutions at pH 5.4 [115]. The N-terminal amino group potential structural difference between the metal-free and
does not bind to Co" under the experimental conditions. metal-bound forms. Significant metal-induced structural
In addition, there is no evidence to support the binding of change of antibiotic was also noticed from previous NMR
the Asp’ carboxylate in contrast to the conclusion from [196] and crystallographic [197] studies of another metal-
the EPR study discussed above [126]. binding antibiotic streptonigrin. Nevertheless, this anti-

fine-shifted signals to be accomplished [53,115]. Thé'Co
complexes exhibit many well resolved isotropically shifted
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Fig. 5. Stereo views of C6 -bacitracin,A complex in, H O at pH 5.0 produced by the use of relaxation time-generated distance constraints. The model
shows that Phe and fie are close to each oth&.§ A). A H-bond may be formed between the amino group of lle and the carbonyl of Asn .

biotic is found in all the NMR studies to adopt a different spectra from those of the active ones. For
configuration with the ‘tail’ of the first five amino acids example, the protons due to Glu are not observed in
folded to close proximity with the cyclic peptide structure. Co’"-bacitracin A and both Gfu and the thiazole ring are

The studies of Cb  binding properties of several not detected in the C6 complex of bacitracin F (spectra
different bacitracin congeners indicate that the antimicro- C and D, Fig. 6), which reflects that these groups are not
bial activities of these congeners correlate directly with involved if'Co  binding. This observation indicates that
their metal binding mode [115]. The isotropically shifted an appropriate metal binding, which involvés Glu and the
'H NMR spectral features of the high-potent bacitracin thiazoline ring, is important for this peptide antibiotic to
congeners, including bacitracins ;A , ;B , and, B , are function properly. It is also interesting to note that the
virtually identical (spectra A and B, Fig. 6) [115]. Since inversion of the stereochemistry of only one amino acid
the isotropically shifted H NMR signals can be attributed -11¢* to p-allo-lle') in bacitracin A that is not directly

to the coordinated ligands and protons in close proximity
to the metal, the observation indicates that the metal
binding environments of these different metallobacitracin
congeners are virtually identical. On the other hand, the
bacitracin congeners with low antibiotic activities show

involved in metal binding can bring about such a signifi-
cant change in the metal binding site and a dramatic
decrease in the antibiotic activity.
Metallobacitracin is known to bind long-chain isoprenol
pyrophosphates which serves as the inhibition mechanism

for bacterial cell wall synthesis as described in Section 5.
The zinc form of this metalloantibiotic has also been
determined to bind to phosphat&k £483 M~ ') and
pyrophosphate (10,400 M ) as well as a few of their
derivatives of long-chain alcohols, including isopentenyl
pyrophosphate (8090 M ), farnesyl phosphate (5590
M), farnesyl pyrophosphate (8:@1L0° M™*), and C55-
isoprenyl pyrophosphate (1.88.0° M™* with Co*" -
bacitacin) [11,137,138]. However, structural information
about these ternary complex has never been presented. The
binding of several metal complexes of bacitracin with
pyrophosphate follows the order Zn> Cd®* >Mg*" >
Ni*">Co*" >Hg"*" >Cu*" > metal-free form [11]. The
reason why the order does not follow the spectrochemical
series for ligand-binding, particularly Gl , awaits future
Fig. 6. Hyperfine-shifted H NMR spectra (250 MHz at 298 K) of the ~€Xploration. The results corroborate a proposed mechanism
Co’* complexes of (A) bacitracin A, (B) bacitracin,B , and (C) for the action of this antibiotic, in which the binding of
bacitracin A in B, O at pH meter-reading 5.4, and (D) bacitracin F at pH metallobacitracin to undecaprenyl pyrophosphate inhibits
meter reading 7.5 in which only HiS _signals are observed. Bacitragin B tha gynthesis of cell wall as well as tiéglycosylation
shows identical hyperfine-shifted features as bacitragin A . The asterisked . .
signals in A are attributable to Glu which are not detected if'Co - process of Iumlnal'profcelns [13:!']' Whether or not the
different metallobacitracins can bind other phosphate and

bacitracin A, (C). The arrow in C indicates trace amount of A that et ; Hate
cannot be fully separated from,A . pyrophosphate-containing biomolecules and exhibit influ-

A

70 60 50 40 30 20 10 0 ppm
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ence on a broad range of biological processes involving UV/VIS
bioenergetics and some other metabolic pathways awaits

future exploration.

ultraviolet and visible absorption spectroscopy
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diverse structures and functions that are associated with

their significantly different molecular mechanisms of ac-
tion, including inhibition of the synthesis of DNA, protein,
and cell wall of microorganisms, and disruption of micro-
bial m.embra.ne integrity [1-5]. Due to the emergence of [1] J.-M. Schroder, Biochem. Pharmacol. 57 (1999) 121-134.
ba‘?te”a' re.S|'sta'mce towards many of the Commqn'Y prg- [2] R.E. Hancock, D.S. Chapple, Antimicrob. Agents Chemother. 43
scribed antibiotics, the development of new antibiotics is (1999) 1317-1323.
urgent. A recent publication indicates that the emergence [3] J.K. Spitznagel, Mol. Biotechnol. 10 (1998) 237-245.
of resistance against antibiotic peptides is less than against [4] D. Barra, M. Simmaco, H.G. Boman, FEBS Lett. 430 (1998)
conventional antibiotics [198]. Bacitracin thus can serve as 130-134.

totype for the better understanding of the structure [5] R.E. Hancock, Lancet 349 (1997) 418—422.
a pro yP . ” o g. [6] D.G. McCafferty, P. Cudic, M.K. Yu, D.C. Behenna, R. Kruger,
and function relationship of antibiotic peptide and as a lead Curr. Opin. Chem. Biol. 3 (1999) 672—680.
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and polyketide synthetases [63—83] afford us the tools for Chapter 47.

ti f diff t i tid d | [8] F.L. Meleney, B.A. Johnson, Am. J. Med. 7 (1949) 794—806.

preparation of difierent congeners ol peptide and poly- ) g o  johnson, H. Anker, F.L. Meleney, Science 102 (1945) 376—
ketide as well as their hybrids which may serve as 377.
antibiotics for combating bacterial infections. Moreover, [10] G.A. Brewer, K. Florey, Anal. Profiles Drug Subst. 9 (1980) 1-69.
the success of chemical synthesis of bacitracin [108] also[11] W.A. Toscano, D.R. Storm, Pharmacol. Ther. 16 (1982) 199-210.
provides us with the means for this challenging task. In 12 ‘2"45 ;‘?g‘mesv J. Winter, O. Kandler, Arch. Microbiol. 123 (1979)
rece;nt years, several families of metallopeptld.es have beerhg] M.F. Mescher, J.L. Strominger,
designed as model systems for the exploration of metal- (1974) 945-954.
loprotein structure and function [199-201]. Understanding [14] M. Faisal, J.F. La Peyre, E. Elsayed, D.C. Wright, J. Aqu. Anim.
of the structure and function relationship of the antibiotic Heal. 11 (1999) 130-138.
peptide metallobacitracin may also point a new direction [15] G- Venkateswerlu, J. Biosci. 3 (1981) 1-5.

for th fi | desi f tall tid tential [16] S. Rao, G. Venkateswerlu, Curr. Microbiol. 19 (1989) 253—-258.
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[19] J.A. Saryan, T.C. Dammin, A.E. Bouras, Am. J. Emerg. Med. 16
(1998) 512-513.

[20] S.I. Savitz, M.H. Savitz, H.B. Goldstein, C.T. Mouracade, S.

References

SW. Watson, J. Bacteriol. 120

9. Abbreviations

ABC ATP-binding cassette Malangone, Surg. Neurol. 50 (1998) 208—212.
CCD counter current distribution [21] F.L. Lin, D. Woodmansee, R. Patterson, J. Allergy Clin. Immunol.
COosy (bond) correlation spectroscopy 101 (1998) 136-137.
EPR electron paramagnetic resonance [22] E.D. Dyck, P.Vadas, Allergy 52 (1997) 870-881. _
ER endoplasmic reticulum [23] T. Hay, T.E. Horsberg, |. Nafstad, G.N. Berge, Pharmacol. Toxicol.
p o 64 (1989) 262—265.

EXAFS  extended X-ray absorption fine structure [24] TW. Chang, S.L. Gorbach, J.G. Bartlett, R. Saginur, Gastroenterolo-
exCOSY exchange-based COSY gy 78 (1980) 1584—-1586.
EXSY exchange spectroscopy [25] F.J. Tedesco, Digest. Dis. Sci. 25 (1980) 783-784.
GIcNAC N-acetylglucosamine [26] S.D. Miller, M. Blake, M. Miliotis, C. Still, A. Taubin, H.J.
HIV human immunodeficiency vir Koornhof, S. Afr. Med. J. 63 (1983) 936-939.

. RN y us . [27] M.N. Dudley, J.C. McLaughlin, G. Carrington, J. Frick, C.H.
MIC minimal growth inhibitory concentration Nightingale, R. Quintiliani, Arch. Intern. Med. 146 (1986) 1101—
MurNAc N-acetylmuramic acid 1104.
NMR nuclear magnetic resonance [28] C.A. O’'Donovan, P. Fan-Havard, F.T. Tecson-Tumang, S.M. Smith,
NOE nuclear Overhauser effect R.H. Eng, Diagn. Microbiol. Infect. Dis. 18 (1994) 105-109.
omn ornithine [29] K.E. Mondy, W. Shannon, L.M. Mundy, Clin. Infect. Dis. 33 (2001)

e 473-476.

PDI protein disulfide isomerase [30] B.J. Andrews, W.M.M.M. Nkya, B. Bjorvatn, J.R. Rgnnevig, Curr.
UDP puridine diphosphate Ther. Res. 56 (1995) 617-625.



56

[31] T.G. Nagaraja, M.M. Chengappa, J. Anim. Sci. 76 (1998) 287-298.

[32] S.M. Abdulrahim, M.S.Y. Haddadin, N.H.M. Odetallah, R.K. Robin-
son, Br. Poult. Sci. 40 (1999) 91-94.

[33] D.J. Hanson, Chem. Eng. News 63 (1985) 7-11.

[34] G.B. Selzer, Antibiot. Chemother. 6 (1956) 498-499.

[35] H.S. Anker, B.A. Johnson, J. Goldberg, F.L. Meleney, J. Bacteriol.
55 (1948) 249-255.

[36] T.E. Freaney, L.P. Allen, US Patent 2828246, March 25, 1958.

[37] J. Ziffer, US Patent 2813061, Nov. 12, 1957.

[38] O. Lubinski, Pol. Patent 61062, Dec. 28, 1966.

[39] M. Kurima, E. Shirodo, R. Kodaira, H. Ohsawa, Japan 74 46079,
Dec. 7, 1974.

[40] G.T. Barry, J.D. Gregoly, L.C. Craig, J. Biol. Chem. 175 (1948)
485-486.

[41] L.C. Craig, J.R. Weisiger, W. Hausmann, E.J. Harfenist, J. Biol.
Chem. 199 (1952) 259-266.

[42] G.G.F. Newton, E.P. Abraham, Biochem. J. 53 (1953) 597-604.

[43] K. Tsuji, J.H. Robertson, J.A. Bach, J. Chromatogr. 99 (1974)
597-608.

[44] R.G. Bell, J. Chromatogr. 590 (1992) 163-168.

[45] R.G. Bell, J. Pharm. Biomed. Anal. 9 (1991) 843-847.

[46] M.M. Siegel, J. Huang, B. Lin, R. Tsao, Biol. Mass Spectrom. 23
(1994) 196-204.

[47] M. Morris, Biol. Mass Spectrom. 23 (1994) 61-70.

[48] Y. Ikai, H. Oka, J. Hayakawa, M. Matsumoto, M. Saito, K. Harada,
T. Mayumi, M. Suzuki, J. Antibiot. 48 (1995) 233-242.

[49] V. Pavli, V. Kmetec, J. Pharmaceut. Biomed. Anal. 24 (2001)
977-982.

[50] JW. Kang, G. De Reymaeker, A. Van Schepdael, E. Roets, J.
Hoogmartens, Electrophoresis 22 (2001) 1356-1362.

[51] W. Konigsberg, L.C. Craig, J. Org. Chem. 27 (1962) 934—-938.

[52] Y. Hirotsu, Y. Nishiuchi, T. Shiba, Peptide Chem. 9 (1978) 171—
176.

[53] J.D. Epperson, Ph.D. Dissertation, University of South Florida,
1999.

[54] L.C. Craig, W. Konigsberg, J. Org. Chem. 22 (1957) 1345-1348.

[55] W. Konigsberg, R.J. Hill, L.C. Craig, J. Org. Chem. 26 (1961)
3867-3871.

[56] K. Tsuji, J.H. Robertson, J. Chromatogr. 112 (1975) 663—-672.

[57] T. Stachelhaus, A. Schneider, M.A. Marahiel, Biochem. Pharmacol.
52 (1996) 177-186.

[58] D. Konz, M.A. Marahiel, Chem. Biol. 6 (1999) R39-R48.

[59] B. Shen, Top. Curr. Chem. 209 (2000) 1-51.

[60] M.C. Moffitt, B.A. Neilan, FEMS Microbiol. Lett. 191 (2000)
159-167.

[61] T. Weber, M.A. Marahiel, Structure Fold. Des. 9 (2001) R3—-R9.

[62] C. Sanchez, L. Du, D.J. Edwards, M.D. Toney, B. Shen, Chem.
Biol. 8 (2001) 725-738.

[63] S. Pelzer, W. Reichert, M. Huppert, D. Heckmann, W. Wohlleben, J.
Biotechnol. 56 (1997) 115-128.

[64] M. Saito, K. Hori, T. Kurotsu, M. Kanda, Y. Saito, J. Biochem. 117
(1995) 276-282.

[65] T. Nishizawa, M. Asayama, K. Fujii, K. Harada, M. Shirai, J.
Biochem. 126 (1999) 520-529.

[66] M.A. Schembri, B.A. Neilan, C.P. Saint, Environ. Toxicol. 16
(2001) 413-421.

[67] G. Christiansen, E. Dittmann, L. Via Ordorika, R. Rippka, M.
Herdman, T. Borner, Arch. Microbiol. 176 (2001) 452—458.

[68] E. Dittmann, M. Erhard, M. Kaebernick, C. Scheler, B.A. Neilan, H.
von Dohren, T. Borner, Microbiology 147 (2001) 3113-3119.

[69] E. Dittmann, B.A. Neilan, T. Borner, Appl. Microbiol. Biotechnol.
57 (2001) 467—473.

[70] D. Tillett, E. Dittmann, M. Erhard, H. von Dohren, T. Borner, B.A.
Neilan, Chem. Biol. 7 (2000) 753-764.

[71] H. Rieder, G. Heinrich, E. Breuker, M.M. Simlot, P. Pfaender,
Methods Enzymol. 43 (1975) 548-559.

[72] P. Pfaender, D. Specht, G. Heinrich, E. Schwarz, E. Kuhn, M.M.
Simlot, FEBS Lett. 32 (1973) 100-104.

L.-J. Ming, J.D. Epperson / Journal of Inorganic Biochemistry 91 (2002) 46-58

[73] H. Ishihara, K. Shimura, Biochim. Biophys. Acta 338 (1974) 588—
600.
[74] @. Frgyshov, S.G. Laland, Eur. J. Biochem. 42 (1974) 235-242.
[75] I. Roland, @. Frgyshov, S.G. Laland, FEBS Lett. 60 (1975) 305—
308.
[76] @. Frgyshov, FEBS Lett. 81 (1977) 315-318.
[77] I. Roland, @. Frayshov, S.G. Laland, FEBS Lett. 84 (1977) 22-24.
[78] @. Frayshov, A. Mathiesen, FEBS Lett. 106 (1979) 275-278.
[79] @. Frgyshov, A. Mathiesen, H.l. Haavik, J. Gen. Microbiol. 117
(1980) 163-167.
[80] I. Ogawa, H. Ishihara, K. Shimura, FEBS Lett. 124 (1981) 197-201.
[81] Z. Podlesek, M. Grabnar, J. Gen. Microbiol. 133 (1987) 3093-3097.
[82] H. Ishihara, N. Hara, T. lwabuchit, J. Bacteriol. 171 (1989) 1705—
1711.
[83] D. Konz, A. Klens, K. Schorgendorfer, M.A. Marahiel, Chem. Biol.
4 (1997) 927-937.
[84] L. Du, C. Sanchez, M. Chen, D.J. Edwards, B. Shen, Chem. Biol. 7
(2000) 623-642.
[85] B. Shen, L. Du, C. Sanchez, D.J. Edwards, M. Chen, J.M. Murrell,
J. Nat. Prod. 65 (2002) 422-431.
[86] E. Conti, N.P. Franks, P. Brick, Structure 4 (1996) 287-298.
[87] E. Conti, T. Stachelhaus, M.A. Marahiel, P. Brick, EMBO J. 16
(1997) 4174-4183.
[88] T. Weber, R. Baumgartner, C. Renner, M.A. Marahiel, T.A. Holak,
Structure 8 (2000) 407-418.
[89] H.D. Mootz, M.A. Marahiel, Curr. Opin. Biotechnol. 10 (1999)
341-348.
[90] M.A. Marahiel, Chem. Biol. 4 (1997) 561-567.
[91] T.A. Keating, C.T. Walsh, Curr. Opin. Chem. Biol. 3 (1999) 598—
606.
[92] @. Frgyshov, Eur. J. Biochem. 59 (1975) 201-206.
[93] H. Ishihara, K. Shimura, FEBS Lett. 99 (1979) 109-112.
[94] H. Ishihara, K. Shimura, FEBS Lett. 226 (1988) 319-323.
[95] I. Guilvout, O. Mercereau-Puijalon, S. Bonnefoy, A.P. Pugsley, E.
Carniel, J. Bacteriol. 175 (1993) 5488-5504.
[96] M.E. Tolmasky, L.A. Actis, J.H. Crosa, Infect. Immunol. 61 (1993)
3228-3233.
[97] @. Frayshov, A. Mathiesen, H.l. Haavik, J. Gen. Microbiol. 117
(1980) 163-167.
[98] K. Eppelmann, S. Doekel, M.A. Marahiel, J. Biol. Chem. 276
(2001) 34824-34831.
[99] G.G.F. Newton, E.P. Abraham, Biochem. J. 53 (1953) 604—-613.
[100] L.C. Craig, W. Hausmann, J.R. Weisiger, J. Biol. Chem. 199 (1952)
865-871.
[101] V.M. Ingram, J. Biol. Chem. 202 (1953) 293-301.
[102] J. Proath, Nature 172 (1953) 871-872.
[103] I.M. Lockhart, E.P. Abraham, Biochem. J. 58 (1954) 633-647.
[104] L.C. Craig, W. Hausmann, J.R. Weisiger, J. Am. Chem. Soc. 76
(1954) 2839-2841.
[105] J.R. Weisiger, W. Hausmann, L.C. Craig, J. Am. Chem. Soc. 77
(1955) 3123-3127.
[106] C. Ressler, D.K. Kashelikar, J. Am. Chem. Soc. 88 (1966) 2025—
2035.
[107] K.K. Makinen, Int. J. Protein Res. 4 (1972) 21-28.
[108] J. Lee, J.H. Griffin, J. Org. Chem. 61 (1996) 3983-3986.
[109] T.M. Chapman, M.R. Golden, Biochem. Biophys. Res. Commun.
46 (1972) 2040-2047.
[110] R.E. Galardy, M.P. Printz, L.C. Craig, Biochemistry 10 (1971)
2429-2436.
[111] H.B. Coates, K.A. McLaughlan, I.D. Campbell, C.E. McColl,
Biochim. Biophys. Acta 310 (1973) 1-10.
[112] W.F. Reynolds, I.R. Peat, M.H. Freedman, J.R. Lyerla, J. Am.
Chem. Soc. 95 (1973) 328-331.
[113] N. Kobayashi, T. Takenouchi, S. Endo, E. Munekata, FEBS Lett.
305 (1992) 105-109.
[114] M. Pons, M. Feliz, M.A. Molins, E. Giralt, Biopolymers 31 (1991)
605-612.



L.-J. Ming, J.D. Epperson / Journal of Inorganic Biochemistry 91 (2002) 46-58 57

[115] J.D. Epperson, L.-J. Ming, Biochemistry 39 (2000) 4037-4045. [152] Z. Podlesek, B. Herzog, A. Comino, FEMS Microbiol. Lett. 157
[116] J.T. Garbutt, A.L. Morehouse, A.M. Hanson, J. Agric. Food Chem. (1997) 201-205.
9 (1961) 285-289. [153] Z. Podlesek, A. Comino, B. Herzog-Velikonja, M. Grabnar, FEMS
[117] E.D. Weinberg, Antibiotics Annual 1958/59, Medical Encyclo- Microbiol. Lett. 188 (2000) 103-106.
pedia, New York, 1959. [154] B.D. Cain, P.J. Norton, W. Eubanks, H.S. Nick, C.M. Allen, J.
[118] R.H. Adler, J.E. Snoke, J. Bacteriol. 83 (1962) 1315. Bacteriol. 175 (1993) 3784-3789.
[119] J.E. Snoke, N. Cornell, J. Bacteriol. 89 (1965) 415. [155] A.F. Chalker, K.A. Ingraham, R.D. Lunsford, A.P. Bryant, J.
[120] L.C. Craig, W.F. Phillips, M. Burachik, Biochemistry 8 (1969) Bryant, N.G. Wallis, J.P. Broskey, S.C. Pearson, D.J. Holmes,
2348-2356. Microbiology 146 (2000) 1547-1553.
[121] NW. Cornell, D.G. Guiney Jr., Biochem. Biophys. Res. Commun. [156] S. Pfeffer, W. Hohne, S. Branner, K. Wilson, C. Betzel, FEBS Lett.
40 (1970) 530-536. 285 (1991) 115-119.
[122] R.E. Wasylishen, M.R. Graham, Can. J. Biochem. 53 (1975) [157] S. Pfeffer-Hennig, Z. Dauter, M. Hennig, W. Hohne, K. Wilson, C.
1250-1254. Betzel, Adv. Exp. Med. Biol. 379 (1996) 29-41.
[123] D.A. Scogin, H.Il. Mosberg, D.R. Storm, R.B. Gennis, Biochemis- [158] S. Zorad, A. Alsasua, J.M. Saavedra, J. Neurosci. Methods 40
try 19 (1980) 3348-3352. (1991) 63-69.
[124] H.l. Mosberg, D.A. Scogin, D.R. Storm, R.B. Gennis, Biochemis- [159] R. Lucius, R. Mentlein, J. Biol. Chem. 266 (1991) 18907-18913.
try 19 (1980) 3353—-3357. [160] A. Mauborgne, S. Bourgoin, J.J. Benoliel, M. Hamon, F. Cesselin,
[125] D.A. Scogin, T.O. Baldwin, R.B. Gennis, Biochim. Biophys. Acta Neurosci. Lett. 123 (1991) 221-225.
742 (1983) 184-188. [161] Q.J. Wang, T.E. Adrian, Int. J. Pancreatol. 17 (1995) 261-269.
[126] E.G. Seebauer, E.P. Duliba, D.A. Scogin, R.B. Gennis, R.L. [162] K.K. Makinen, P.L. Makinen, W.J. Loesche, A. Syed, Arch.
Belford, J. Am. Chem. Soc. 105 (1983) 4926-4929. Biochem. Biophys. 316 (1995) 689-698.
[127] J. Peisach, W.E. Blumberg, Arch. Biochem. Biophys. 165 (1974) [163] T. Fujita, I. Kawahara, Y.-S. Quan, K. Hattori, K. Takenaka, S.
691-708. Muranishi, A. Yamamoto, Pharmacol. Res. 15 (1998) 1387-1392.
[128] F. Drablgs, D.G. Nicholson, M. Rgnning, Biochim. Biophys. Acta [164] H. Paradis, Y. Langelier, J. Michaud, P. Brazeau, P. Gaudreau, Int.
1431 (1999) 433-442. J. Pept. Protein Res. 37 (1991) 72-79.
[129] F. Drablgs, J. Comput. Chem. 21 (2000) 1-7. [165] B.D. Gehm, M.R. Rosner, Endocrinology 128 (1991) 1603-1610.
[130] M.T. Madigan, J.M. Martinko, J. Parker, in: Brock Biology of [166] D. Mantle, B. Lauffart, A. Gibson, Clin. Chim. Acta Int. J. Clin.
Microorganisms, 8th Edition, Prentice Hall, Upper Saddle River, Chem. 197 (1991) 35-45.
NJ, 1997, Chapter 3. [167] J. Janas, D. Sitkiewicz, K. Warnawin, R.M. Janas, J. Hypertens. 12
[131] D.R. Storm, Ann. NY Acad. Sci. 235 (1974) 387-398. (1994) 1155-1162.
[132] E.P. Abraham, G.G.F. Newton, in: G.EW. Wolstenholme, C.M. [168] H.K. Kole, D.R. Smith, J. Lenard, Arch. Biochem. Biophys. 297
O’Connor, CIBA Symposium on Amino Acids and Peptides with (1992) 199-204.
Anti-Metabolic Activity, Ciba, London, 1958, p. 205. [169] V. Medina, L. Kesner, A. Stracher, Biochem. Med. Metab. Biol. 49
[133] J.L. Smith, E.D. Weinberg, J. Gen. Microbiol. 28 (1962) 559—-569. (1993) 255-264.
[134] R. Hancock, P.C. Fitz-James, J. Bacteriol. 87 (1964) 1044-1050. [170] M. Faisal, D.Y. Schafhauser, K.A. Garreis, E. Elsayed, J.F. La
[135] NV. Bhagavan, Medical Biochemistry, 4th Edition, Harcourt, San Peyre, Comp. Biochem. Physiol. B Biochem. Mol. Biol. 123
Diego, 2001, Chapter 16. (1999) 417-426.
[136] FW. Hemming, Biochem. Cell Biol. 70 (1992) 377-381. [171] A. Markaryan, |. Morozova, H. Yu, P.E. Kolattukudy, Infect.
[137] D.R. Storm, J.L. Strominger, J. Biol. Chem. 248 (1973) 3940- Immunol. 62 (1994) 2149-2157.
3945. [172] JW. Irvine, G.H. Coombs, M.J. North, FEMS Microbiol. Lett. 110
[138] K.J. Stone, J.L. Strominger, Proc. Natl. Acad. Sci. USA 68 (1971) (1993) 113-119.
3223-3227. [173] A.C. Weissborn, M.K. Rumley, E.P. Kennedy, J. Biol. Chem. 266
[139] A.F. Chalker, K.A. Ingraham, R.D. Lunsford, A.P. Bryant, J. (1991) 8062-8067.
Bryant, N.G. Wallis, J.P. Broskey, S.C. Pearson, D.J. Holmes, [174] T. Mizunaga, Y. Katakura, T. Miura, Y. Maruyama, J. Biochem.
Microbiology 146 (2000) 1547-1553. 108 (1990) 846-851.
[140] F. Reuvers, P. Boer, E.P. Steyn-Parve, Biochem. Biophys. Res. [175] D.R. Clive, J.J. Greene, Exp. Cell Res. 214 (1994) 139-144.
Commun. 82 (1978) 800-804. [176] R. Mandel, H.J. Ryser, F. Ghani, M. Wu, D. Peak, Proc. Natl.
[141] K.J. Stone, J.L. Strominger, Proc. Natl. Acad. Sci. USA 69 (1972) Acad. Sci. USA 90 (1993) 4112-4116.
1287-1289. [177] DW. Essex, M. Li, A. Miller, R.D. Feinman, Biochemistry 40
[142] A. Herscovics, B. Bugge, RW. Jeanloz, FEBS Lett. 82 (1977) (2001) 6070-6075.
215-218. [178] M. Tager, H. Kroning, U. Thiel, S. Ansorge, Exp. Hematol. 25
[143] E.L. Kean, Z.L. Wei, Glycocon;j. J. 15 (1998) 405—-414. (1997) 601-607.
[144] N.E. Allen, J.N. Hobbs Jr., FEMS Microbiol. Lett. 132 (1995) [179] H.J.P. Ryser, E.M. Levy, R. Mandel, G.J. Disciullo, Proc. Natl.
107-114. Acad. Sci. USA 91 (1994) 4559-4563.
[145] T.J. Pollock, L. Thorne, M. Yamazaki, M.J. Mikolajczak, R.W. [180] B.S. Weston, N.A. Wahab, T. Roberts, R.M. Mason, Kidney Int. 60
Armentrout, J. Bacteriol. 176 (1994) 6229-6337. (2001) 1756-1764.
[146] K. Momma, M. Okamoto, Y. Mishima, S. Mori, W. Hashimoto, K. [181] Y. Mou, H. Ni, J.A. Wilkins, J. Immunol. 161 (1998) 6323-6329.
Murata, J. Bacteriol. 182 (2000) 3998-4004. [182] M. Rieber, T. Imaeda, |.M. Cesari, J. Gen. Microbiol. 55 (1969)
[147] Y. Mishima, K. Momma, W. Hashimoto, B. Mikami, K. Murata, 155-159.
FEMS Microbiol. Lett. 204 (2001) 215-221. [183] E.D. Weinberg, in: D. Gottlieb, P.D. Shaw (Eds.), Mechanism of
[148] N.T. Bech-Hansen, V. Till, J.E. Ling, J. Cell. Physiol. 88 (1976) Action and Biosynthesis of Antibiotics, Springer, Berlin, 1966, pp.
23-31. 90-101.
[149] M.M. Gottesman, |. Pastan, Annu. Rev. Biochem. 62 (1993) [184] P.R. Beining, C.L. Pinsley, E.D. Weinberg, Antimicrob. Agents
385-427. Chemother. (1966) 308—311.
[150] K.J. Linton, H.N. Cooper, I.S. Hunter, P.F. Leadlay, Mol. Mi- [185] D.R. Storm, J.L. Strominger, J. Biol. Chem. 249 (1974) 1823—
crobiol. 11 (1994) 777-785. 1827.
[151] Z. Podlesek, A. Comino, B. Herzog-Velikonja, D. Zgur-Bertok, R. [186] U.B. Sleytr, T.C. Oliver, K.J.I. Thorne, Biochim. Biophys. Acta

Komer, M. Grabnar, Mol. Microbiol. 16 (1995) 969-976. 419 (1976) 570-573.



58 L.-J. Ming, J.D. Epperson / Journal of Inorganic Biochemistry 91 (2002) 46-58

[187] N. Cornell, R.l. MacDonald, R.C. MacDonald, Fed. Proc. 33 [195] L.-J. Ming, in: L. Que (Ed.), Physical Methods in Bioinorganic
(1974) 1342. Chemistry, Spectroscopy and Magnetism, University Science

[188] H.l. Haavik, J. Gen. Microbol. 96 (1976) 393—399. Books, CA, 2000, Chapter 8.

[189] R.B. Dickson, M.C. Willingham, M. Gallo, I. Pastan, FEBS Lett. [196] X. Wei, L.-J. Ming, J. Chem. Soc. Dalton Trans. (1998) 2793—
126 (1981) 265-268. 2798.

[190] P. Kovacs, G. Csaba, Acta Protozool. 31 (1992) 241-246. [197] Y. Chiu, W.N. Lipscomb, J. Am. Chem. Soc. 97 (1975) 2525—

[191] J.D. Smith, G.T. Bolger, Can. J. Physiol. Pharmacol. 67 (1989) 2530.
1591-1595. [198] M. Zasloff, Nature 415 (2002) 389—-395.

[192] I. Bertini, C. Luchinat, NMR of Paramagnetic Molecules in [199] W.F. DeGrado, C.M. Summa, V. Pavone, F. Nastri, A. Lombardi,
Biological Systems, Benjamin/Cummings, Menlo Park, CA, 1986. Annu. Rev. Biochem. 68 (1999) 779-819.

[193] I. Bertini, C. Luchinat, Adv. Inorg. Biochem. 6 (1984) 71-111. [200] B. Imperiali, K.A. McDonnell, M. Shogren-Knaak, Top. Curr.

[194] G. La Mar, J.S. de Ropp, in: L.J. Berliner, J. Reuben (Eds.), NMR Chem. 202 (1999) 1-38.

of Paramagnetic Molecules, Plenum, New York, 1993, pp. 1-73. [201] G. Xing, V.J. DeRose, Curr. Opin. Chem. Biol. 5 (2001) 196—-200.



	Metal binding and structure-activity relationship of the metalloantibiotic peptide bacitraci
	Introduction
	Bacitracin congeners and biosynthesis of bacitracin
	Structure of bacitracins
	Metal binding and coordination chemistry
	Cell wall synthesis and the mechanisms of bacitracin action and resistance
	Interactions with proteins and effects on cell membrane function
	Insight into structure-antibiotic relationship
	Concluding remarks
	Abbreviations
	Acknowledgements
	References


