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Abstract Bacitracin is a metal-dependent dodecapeptide

antipeptide produced by Bacillus species. Microcalorimetry

was used to study the antimicrobial activity of bacitracin and

bacitracin–metal ion complexation inhibited on Staphylo-

coccus aureus at 37�C. The affinity of metal ions binding to

bacitracin was investigated by isothermal titration calorim-

etry and was as follows: Cu(II) C Ni(II) [ Co(II) [
Zn(II) C Mn(II). The metal ion binding affinity is not

relative to the antimicrobial activity of bacitracin–metal

complexation. Atomic force microscopic images revealed

that the surface of S. aureus treated by bacitracin–Zn(II) was

rather rough compared to that treated by bacitracin only. The

central cell surface displayed small depressed grooves

around the septal annulus at the onset of division. Bacitracin

mainly inhibited the splitting system within the thick cross

walls as seen by transmission electron microscopy (TEM).

The inhibition mechanism of bacitracin may be relative to

the assistance of Zn(II) coordination with the cell surface as

seen by TEM. We can put forward that the activity of baci-

tracin only inhibited growth and division initially from the

synthesis of the cell wall, especially the cell wall of the septal

annulus. The divalent metal ions function to increase the

adsorption of bacitracin onto the cell surface.
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Introduction

Bacitracin, a metal-dependent dodecapeptide produced by

Bacillus subtilis and Bacillus licheniformis (Toscano and

Storm 1982), was first discovered in 1943 from a bacterial

culture isolated from a wound of a 7-year-old American

girl (Ming and Epperson 2002). Commercial bacitracin

preparations are comprised of a mixture of many closely

related analogues, named bacitracin A–I, of which baci-

tracin A represents the major component with the highest

activity (Konigsberg and Craig 1962; Hirotsu et al. 1978).

It is also known that bacitracins A and B account for 95%

of the biological activity of the mixtures (Tsuji and Rob-

ertson 1975). Bacitracin A, a dodecapeptide, contains a

heptapeptide cyclic structure and a thiazoline ring formed

between the L-cysteine and L-isoleucine located at the N-

terminal end of the acylic peptide side chain (Konz et al.

1997). Bacitracin has activity primarily against gram-

positive cocci and bacilli, including Staphylococcus,

Streptococcus and Clostridium difficile, as well as some

archaea such as Methanobacterium, Mathanococcus and

Halococcus (Storm 1974). It has a medical application in

the treatment of gastrointestinal infections, such as antibi-

otic-associated colitis and diarrhea caused by C.difficile
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(Chang et al. 1980). It is widely utilized as an animal feed

supplement to improve animal body weight and to prevent

diseases in agriculture (Nagaraja and Chengappa 1998;

Abdulrahim et al. 1999). Consequently, bacitracin is

important to the pharmaceutical and livestock industries

throughout the world.

The mode of bacitracin action entails forming a complex

with the lipid C55-isoprenyl pyrophosphate (IPP), which is

mediated by divalent metal ions. This trapping of IPP

prevents the dephosphorylation of IPP and therefore

interrupts the synthesis of cell walls (Stone and Strominger

1971). Divalent metal ions such as Co(II), Mn (II), Zn(II)

and Cu(II) are essential for the antimicrobial activity of

bacitracin (Sin et al. 2005; Froyshov 1984). Although

bacterial resistance toward virtually all antibiotics on the

market has become a threatening health issue in recent

years (Monroe and Polk 2000), bacterial resistance toward

bacitracin is still limited despite its wide use in the past

several decades (Podlesek et al. 1995; Harel et al. 1999).

Thus, it can serve as a potential lead for the design of

potent antibiotic metallopeptides and analogues, with lim-

ited potential to evoke bacterial resistance for combating

bacterial infection.

Microbial cell envelopes, which form part of the

boundary between the external and the intracellular envi-

ronment, have several important functions, such as

determining cell shape, growth and division; enabling cells

to resist turgor pressure; acting as molecular sieves; and

mediating molecular recognition and cellular interactions

(Touhami et al. 2006). An important component of micro-

bial surface structures is formed by extracellular polymeric

substances, such as peptidoglycan, O-acetylation and tei-

choic acid, which plays a critical role in collective motility

(Rogers et al. 1980). Atomic force microscopy (AFM) has

provided new opportunities for viewing and manipulating

microbial surfaces in their native environments (Dufrêne

2004a, b). AFM visualization is accomplished by measuring

the interacting repulsive or attractive forces between the tip

and the surface of the specimen of a very small, sharp-

tipped probe located at the free end of a cantilever (Braga

and Ricci 1998, 2000, 2002). Several AFM experiments

were carried out to directly observe the morphological

alterations of targeting bacterial cells when exposed to

antibiotics. Chaw et al. (2005) showed the potential of AFM

as a tool to measure the intermolecular forces in biofilm

structures and to study the effect of silver ions on sessile

Staphylococcus epidermidis cell viability and stability.

Braga et al. (1997) also investigated the exposure of

Staphylococcus aureus and Escherichia coli strains to cef-

odizime, cefotaxime and ceftriaxone with AFM and

discovered that the mechanism of the three cephalosporins

differed between S. aureus and E coli. Braga and Ricci

(2002) showed with the aid of AFM that erythromycin A (a

14-membered ring) and rokitamycin (a 16-membered ring)

differed in the manner in which the morphology of Strep-

tococcus pyogenes (M phenotype) was influenced.

Although bacitracin inhibition of bacteria has been

investigated from the molecular aspect (Storm and Strom-

inger 1973), the precise constant and stoichiometry of the

mixture of bacitracin binding to divalent transition ions

have not been reported and the effects on cell envelopes and

division have not been visually assessed by AFM and

transmission electron microscopy (TEM). In this work,

microcalorimetry was employed to assess the improvement

of Zn(II), Mn(II), Cu(II), Ni(II) and Co(II) on the antimi-

crobial activity of bacitracin. The method of isothermal

titration calorimetry (ITC) was used to investigate the

affinity of divalent transition ions with bacitracin without

separated bacitracin mixture. We also utilized AFM com-

plemented with thin-section TEM to investigate the changes

in the S. aureus cell wall before and after treatment by

bacitracin, bacitracin–Zn(II) complexation and Zn(II),

which was just a model to explain the mechanism of metal

ions participating in the antimicrobial activity of bacitracin.

These studies can provide a more comprehensive under-

standing of bacitracin effects on gram-positive bacteria.

Materials and Methods

Bacterial Cultures

S. aureus (CCTCC AB910393), used as target bacterium to

investigate the biological activity of bacitracin, was sup-

plied by the China Center for Type Culture Collection of

Wuhan University (Wuhan, P.R. China). S. aureus was

cultured using standard procedures in Luria-Bertani (LB)

broth. Cells were harvested by centrifugation, washed three

times with deionized water and resuspended to a concen-

tration of 108 ml-1.

Microcalorimetric Studies of Bacitracin Inhibition

of S. aureus Growth

The LKB 2277 Bioactivity Monitor (Thermometric, Jar-

falla, Sweden) was used to measure S. aureus metabolism

in the presence and absence of bacitracin ([99%; Sino-

American Biotechnology, Shanghai, China), bacitracin–

metal ion complexation and metal ions. The baseline sta-

bility of the instrument was ± 0.2 lW/24 h. The flow-stop

microcalorimetric method, according to Suurkuusk and

Wadso (1982) and Xie et al. (1988), was utilized. Briefly,

the cell suspension containing S. aureus (1 9 106 CFU)

and appropriate inhibitors (bacitracin, bacitracin-Zn[II]

mixture and Zn[II] solutions) was pumped into the flow

cell by the aid of an LKB-2132 pump at a flow rate of
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50 ml h-1. When the flow-measuring cell of the instrument

was full, the pump was stopped and the thermogenic

curves, correlating with S. aureus metabolism (heat pro-

duction) at 37�C, were electronically recorded.

ITC Study

All titration experiments were conducted using an ITC

instrument (VP-ITC; MicroCal, Northampton, MA, USA).

In a typical experiment, bacitracin solution (3 mM) was

placed in the 1.413 cm3 sample cell of the calorimeter

and divalent transition ion solutions were loaded into the

injection syringe. These concentrations were chosen to

obtain a complete binding isotherm, which requires the

concentration in the injection syringe to be approximately

10 times the concentration of binding sites in the cell. The

bacitracin solution and the divalent transition ion solu-

tions, prepared in acetic acid/sodium acetate buffer (pH

5.0), were degassed for 5 min under vacuum with a

Thermo-Vac accessory (MicroCal) prior to performing an

experiment. Typically, 10-ll injections, with a duration of

20 s, were made every 300 s. The sample cell was stirred

with the flat tip of the syringe, rotating at 300 rpm.

Bacitracin was titrated into the sample cell as a sequence

of 28 injections. The time delay (to allow equilibration)

between successive injections was 3 min. The heat of

dilution of ion solutions (determined by injecting the

divalent transition ion solution in the buffer-filled cell)

was also measured. The measured dilution enthalpy of

divalent transition ions was almost constant over the

titrations.

Preparation of Bacterial Samples for Morphological

Studies

S. aureus cells, cultured in nutrient-rich LB broth, were

obtained from the prelogarithmic growth phase cultures.

Samples were prepared according to Verbelen et al. (2006)

and Meincken et al. (2005). Briefly, a 5.0-ml cell culture

(1 9 106 CFU) was mixed with bacitracin (40 lg ml-1),

Zn(II) (20 lg ml-1) or a bacitracin (40 lg ml-1)–Zn(II)

(20 lg ml-1) mixture; shaken well; and then left undis-

turbed for 3 h. The cell culture was then centrifuged down

to a pellet and washed twice with Tris-HCl buffer (pH 7.0)

to remove the excess compounds.

Imaging Cells

AFM measurements were performed in the air using the

PicoScan System (Molecular Imaging, Tempe, AZ, USA).

AFM tips (type II MAC tips, Molecular Imaging), coated

with a magnetically conductive material, were employed

with a lower spring constant range (1.2–5.5 N/m) than

common tapping mode models. A topographical image and

a phase image were obtained simultaneously in every sin-

gle scan. Bacterial suspensions (10 ll) were dropped on a

2 9 2 cm2 mica surface and then air-dried for AFM

imaging.

To determine the effect of the antibiotic on the cell

envelope and to ensure that the imaged damage was really

due to the antibiotic, AFM imaging was done on both

single-cell and multiple-cell samples. Analysis was also

done with duplicate cultures for each antibiotic

preparation.

TEM Experiments

Cell cultures for TEM were prepared by standard proce-

dures for fixing and embedding biological samples

(Bechtel and Bulla 1976; Beveridge et al. 1993). Samples

were cut with a diamond knife into 50–60 nm thick slices,

deposited on bare 200 mesh copper grids and stained with 2

wt% uranyl acetate followed by 2 wt% lead citrate, each

for 5 min. Finally, grids with sections were washed twice

with ultrapure water. Grids were dried overnight in a des-

iccator and examined using TEM (JEM-100CXII; JEOL,

Tokyo, Japan) at 100 kV accelerating potential.

Results

Microcalorimetric Study of S. aureus Inhibition by

Bacitracin

Typical thermogenic curves of S. aureus growing in a

closed system are shown in Fig. 1. We observed the two

typical peaks in the P-t curve, which may result from the
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Fig. 1 Thermal curves of S. aureus growth induced by bacitracin. A–
G, [bacitracin]: 0, 1, 3, 5, 7, 9, 11 lg ml-1. The first peak of the

growth rate constant (k) is shown in Table 1
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two different metabolic ‘‘modes’’ of S. aureus (O’Neill

et al. 2003; Zhu et al. 2006). The presence or absence of

O2 may be one of the important influences in the growth of

bacteria, and it can influence the flux through different

metabolic pathways. Under the conditions of the stop-flow

microcalorimetric method, the reactor volume is only

0.6 ml and only the dissolved oxygen in the cell culture can

be used by S. aureus. Initially, the aerobic metabolism of S.

aureus dominates until the available oxygen is consumed;

then, after a switch, a predominantly anaerobic metabolism

occurs. This explains the observation of the typical peaks

in the thermogenic curves (Fig. 1).

As described previously (Xie et al. 1988), the bacterial

growth and heat generation in the logarithmic growth phase

are exponential and can be calculated as follows:

Pt ¼ P0 exp ktð Þ ð1Þ

or

lnPt ¼ lnP0 þ kt ð2Þ

where k represents the growth rate constant and P0 and Pt

are the bacterial growth of heat generation at the time t = 0

and t = t, respectively. The thermal curves of the loga-

rithmic growth phase can be applied by Eqs. 1 and 2.

Therefore, from the curve of lnPt vs. t, we get the meta-

bolic rate constant (k) of the bacteria induced by the

different inhibitors, which can quantify the inhibitors’

activity on the bacterial growth.

To describe the activity of bacitracin, its mixture with

Zn(II) and Zn(II) on S. aureus, the inhibitory ratio (I/%)

can be defined as follows:

I ¼ k0 � kc

k0

� �
� 100% ð3Þ

where k0 is the growth rate constant of the control and kc is

the growth rate constant for S. aureus in the presence of an

inhibitor with a concentration of C. Through the relation-

ship of I vs. C, we get the half-inhibitory concentration

(IC50) for an inhibitor. The metabolic power–time curves

of bacteria grown in the presence of bacitracin were

obtained by microcalorimetric measurement, as shown in

Fig. 1. From Fig. 1 we can see that the first maximal peak

of heat power was decreased and the logarithmic growth

phase of the time was increased when bacitracin increased

(data shown in Table 1). According to this, we get the

growth rate constant (k) of S. aureus induced by inhibitors.

The growth rate constant (k), calculated from Eqs. 1 and 2,

of the cultures treated with bacitracin decreased with

increase bacitracin concentration and largely decreased

with the additional Zn(II). However, the growth rate of S.

aureus was stimulated by Zn(II) alone at low concentra-

tions but inhibited at high concentration. The IC50 of

bacitracin was calculated as 9.5 lg ml-1, and the

decreased to low values corresponded to the values with

additional Zn(II) (Table 1). It has been reported that bac-

itracin requires the presence of divalent ions such as Zn(II),

Mn(II), Cu(II), Ni(II) and Co(II) to increase its activity

inhibited on bacteria (Stone and Strominger 1971).

In the fixed concentration of bacitracin at 3 lg ml-1, the

growth rate constant (k) of S. aureus markedly decreased in

the presence of divalent metal ions, as shown in Fig. 2.

Bacterial growth was not inhibited by metal ions at con-

centrations of 0–10 lg ml-1 (Zhao et al. 2000), which

indicates that the activity of bacitracin on bacteria can be

improved with the assistance of divalent metal ions. Mn(II)

can largely decrease the growth rate constant (k) of S.

aureus at low concentrations, but Cu(II), Ni(II), Co(II) and

Zn(II) gradually inhibited S. aureus growth with increasing

concentrations.

Kinetic Parameters of Bacitracin Interaction with Metal

Ions by ITC

ITC is one of the most sensitive techniques that permit the

direct measurement of thermodynamic changes in the

course of binding between biomacromolecules and ligands

Table 1 Growth rate constant of S. aureus induced by bacitracin and Zn(II)

[Zn2?] (lg ml-1) [Bacitracin] (lg ml-1)

0 1 3 5 7 9 11 13

0 0.02847 0.02676 0.02239 0.02057 0.01736 0.01085 0.00937 0.00527

2 0.03022 0.02485 0.02201 0.01655 0.0138 0.00760 0.00530

6 0.03197 0.02222 0.01403 0.00694 0.00605 0.00500

10 0.03284 0.02295 0.01154 0.00660 0.00520

20 0.03317 0.0215 0.01011 0.00500

30 0.02907 0.01791 0.00730

50 0.02643 0.01493

70 0.02605 0.00995

100 0.02584
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as well as kinetic aspects of complexation in biological

systems. Since almost all chemical reactions involve heat

change, ITC can be used for almost all chemical reaction

systems, especially those that have no observable change

by other probes during the reactions, such as protease and

peptidase catalyst hydrolytic reactions, in which no obvi-

ously spectroscopic properties or pH changes occur. The

binding model for a single set of sites was used to fit the

incremental heat of the ith injection [DQi] of the total heat,

Qt, to the total titrant concentration, Lt, according to the

following equations:

Qt ¼ nCtDH0
bVð1þ Lt=ðnCtÞ þ 1=ðnKACtÞ � f½1

þ Lt=nCt þ 1=ðnKACtÞ�2 � 4Lt=nCtg1=2Þ=2 ð4Þ

DQi ¼ QðiÞ þ dVi

�
f2V ½QðiÞ þ Qði�1Þ�g � Qði�1Þ ð5Þ

where dVi is the volume of the titrant injected into the

protein solution. The thermodynamic parameters DGb and

DSb were calculated using the basic equation:

DG0
b ¼ �nRT ln Kb ¼ DHb � TDSb ð6Þ

where n is the number of binding sites of bacitracin, T is

the experimental temperature and R = 8.314 J mol-1 K-1.

The observed enthalpy change (DHobsd) includes the con-

tribution from dilution of ions in the bacitracin solution and

interactions between metal ions and bacitracin. Because the

binding of bacitracin to divalent ions depends on the

solution pH and proton release (Scogin et al. 1980), we

chose the acetate buffer at pH 5.00 as the metal ion solution

in order to observe metal–bacitracin complex precipitation

(Seebauer et al. 1983).

A typical ITC profile for bacitracin binding to ions is

shown in Fig. 3. A monotonic decrease in the heat

evolved when amounts of bacitracin increased, which

suggested that bacitracin displayed only one type of

binding site. The binding isotherms were determined by

fitting the data to the single set of sites binding model,

which is consistent with the literature (Seebauer et al.

1983). The data for total heat released on each injection

gave the best least squares fit to Eq. 4. The values of Kb,

DHb and n for all ions studied were obtained from Eqs. 5

and 6 and are given in Table 2. It is shown that the

interaction between bacitracin and divalent metal ions

is exothermic, and the precise order for metal binding

affinity of divalent metal ions at pH 5.0 is Cu(II) C

Ni(II) [ Co(II) [ Zn(II) C Mn(II), which is consistent

with other established methods (Rao and Venkateswerlu

1989). Because the association constant of the manganese

complex is too small to complete metal complexation at

pH 5.0, a small amount of precipitate was observed at pH

7.1 (Scogin et al. 1980). From the ITC profile for Mn(II)

at pH 5.0, there was a line indicating that the manganese

was weakly bound to bacitracin. The kinetic parameters

of bacitracin binding to Mn(II) can be neglected. The ITC

profile for Cu(II) was different from that of other metal

ions. When the molar ratio of bactracin to Cu(II) was 2,

the heat changes of each titration drop suddenly

increased, which indicated that the binding of Cu(II) was

not simply to the glutamate carboxyl, the histidine imid-

azole and the thiazoline ring. There is a need for further

study into the mechanism.

Features of AFM Imaging

As shown in Fig. 4a and b, AFM images revealed that

the typical S. aureus had a relatively smooth surface

without any ruptures or large pores, mean size of

1.20 9 0.85 lm (Fig. 2a), which was consistent with

reports in the literature (Tollersrud et al. 2001). AFM

images of S. aureus showed no damage to the bacterial

cell surface (Fig. 4b) after cultures were treated by bac-

itracin at four times its IC50 (9.5 lg ml-1) for 3 h.

However, magnification of the bacterial surface shows an

increase in roughness from that of the untreated cell.

Some pore-like lesions with an average diameter of

60 nm were also observed in the treated samples com-

pared with the pore-like lesions of untreated cells with

20 nm diameter (Fig. 5a, b. The circles in the Fig. 5

indicated that some pores was noticed on cell surface

when treated by antibiotics.). S. aureus surface morpho-

logical changes, in the presence of the bacitracin–Zn(II)

mixture, were also observed. As shown in Figs. 4c and

5c, the phenomenon of generated division gap was

noticed on the extracellular cell wall; the inner changes

of S. aureus can be seen by TEM. When the cell was

treated with Zn(II) only, the surface were observed to be

smoother (value of roughness) (Fig. 5d); this could be the

metal ions interfering with the cell surface molecules.

0.010

0.015

0.020

 Cu
 Ni
 Co
 Mn
 Zn

K
c

[different ions Concentraion]
0 2 4 6 8 10

Fig. 2 Different divalent transition ions inhibited the growth rate

constant (k) of S. aureus. Bacitracin concentration was fixed at

3 lg ml-1
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Thin Section of TEM

To gain further insight into the action of bacitracin on the

S. aureus cell envelope, the effect of bacitracin and Zn(II)

was investigated using thin-section TEM. Various stages of

normal S. aureus cell morphology were observed by TEM.

These images also were correlated well with the AFM

images of S. aureus (compare Figs. 5 and 6). Selected

images that represent the damage induced by bacitracin are

shown in Fig. 4. Most notably, the treated cells show

slightly thicker cell walls with characteristic dark, granular

material concentrated in the center of the cells, believed to

be chromosome (Matias and Beveridge 2006). From the

microcalorimetric and AFM results, we hypothesize that

bacitracin only inhibited cell wall biosynthesis but could

not kill the bacteria. TEM imaging was, therefore, focused

on the division events of S. aureus. At division sites, the

staphylococcal wall forms in the middle of the cell,

forming a septum (Fig. 6b).

When S. aureus was treated by bacitracin and bacitracin–

Zn(II), most of the growing septum could not divide com-

pletely compared with the untreated cell (compare Figs. 7

and 8). The dark-stained septum of the bacteria treated by

the bacitracin–Zn(II) mixture is more visible than that of

cells treated by bacitracin only. Our results indicate that the

daughter cells were unable to separate from each other, even
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Fig. 3 Representative ITC data

for bacitracin interaction with

divalent metal ions. Raw data

fitted to single-site model,

obtained from injecting 10 ll of

divalent metal ions solution

(30 mM) into bacitracin solution

(3 mM) in 10 mM acetic acid/

sodium acetate buffer at 293 K

are given at top, with a

nonlinear least-squares fit of the

heat released as a function of

the ligand concentration (solid
squares) at bottom.

Thermodynamic parameters

obtained for different mutants

are given in Table 2

Table 2 Number of binding sites (n), binding constant (KITC), Gibbs energy (DGITC), enthalpy (DHITC) and entropy (DSITC) of the binding

process of different metal ions with bacitracin in aqueous buffered solutions of pH 5.0 at 25�C

Zn(II) Co(II) Cu(II) Ni(II)

n 1.00 ± 0.1 1.08 ± 0.12904 1.009 ± 0.045 0.5790 ± 0.02641

KITC (M
-1) 74.36 ± 2.432 214.0 ± 45.60 6,460 ± 2,698 1,381 ± 180.8

DGITC(kJ mol-1) -2.556 -3.181 -5.200 -4.285

DHITC(kJ mol-1) 2.586 ± 0.060 0.807 ± 0.16 0.962 ± 0.058 0.970 ± 0.061

DSITC (J mol-1 K-1) 17.24 13.37 20.66 17.62
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though the cell wall had formed (Fig. 7a, arrows). The

visualized S. aureus cells maintained their coccus-shaped

morphology in the presence of the bacitracin mixture and

showed little evidence of damaged cell membranes. In the

presence of Zn(II), the images of the bacteria were darker

than those of bacteria in the absence of Zn(II) (Fig. 7b),

probably due to adsorption of Zn(II) on the cell wall and

uptake into the cell. Many daughter cells remained attached.

Furthermore, it seemed that the cell walls were thicker than

those of untreated cells.

Fig. 4 Example of the common morphology of S. aureus without

exposure to compounds; no structural or morphological changes

appeared (a). Phase images of S. aureus exposure to bacitracin (b) or

bacitracin–Zn(II) (c). The S. aureus surface was smooth in larger area

in the phage image (b), but we can see the septal annulus on the

central cell surface compared with the untreated cell (c)

Fig. 5 High-magnification

images of S. aureus surface

ultrastructure (500 9 500 nm2).

a Native cells show normal

division gap on the surface. b
Although the gaps have been

enlarged by bacitracin treatment

(40 lg ml-1), the surface shows

some pores. c Activity of

bacitracin was enhanced when

the surface was treated with

bacitracin (40 lg ml-1)

complexed with Zn(II)

(20 lg ml-1). d Cell surface

treated with Zn(II)

(20 lg ml-1) became smooth
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Discussion

Because of the significance of the cell wall to bacterial

survival, many experimental and theoretical studies have

addressed the cell wall as a drug barrier. Drug-resistant

gram-positive bacteria have already been identified as

causing major public health problems (Lyon and Skurray

1987). It has been shown that bacitracin can inhibit cell

wall biosynthesis in bacteria by forming a complex with

IPP and divalent metal ions. Interaction between bacitracin

and this functional phospholipid prevents the enzymatic

dephosphorylation of the lipid, a step required in the bio-

synthesis of cell walls (Storm and Strominger 1967, 1973).

More knowledge on the bacitracin influence on S. aureus

morphology is therefore important for the development of

analogous drugs.

Fig. 6 Sequence of S. aureus
division seen by thin-section

TEM. a The septum has just

been initiated and can be seen at

the periphery of the cell wall. b
Daughter cells are actively

splitting away from one another

so that only half of the septum

remains intact

Fig. 7 Effect of bacitracin

(40 lg ml-1) on the growth and

division of S. aureus.a The dark

midline of highly reactive dense

staining has been completed,

but the upper peripheral wall of

the septum has not appeared to

split. b Advanced stage of

septum splitting (arrow)

Fig. 8 Effect of bacitracin–

Zn(II) complex (a) and Zn(II)

(b) on the growth and division

of S. aureus.a The cell

periphery has been split and the

cell wall formed, but the cells

have not actually split away

from each other (Arrows point

to the dark midline region where

the new cell wall has been

completed.) b Cell wall

thickness is increased, and many

cells contact each other
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We have observed the whole process of S. aureus

growth in the absence and presence of bacitracin, the

mixture bacitracin–Zn(II) and Zn(II). The growth rate

constants were obtained based on Eqs. 1 and 2. The first

and second peaks suggested that S. aureus adopts aerobic

and anaerobic metabolism. The delayed time of the loga-

rithmic phase indicated that cell growth and division were

inhibited by bacitracin and the bacitracin–Zn(II) mixture,

respectively. The growth rate constant of S. aureus

decreased in the presence of bacitracin–Zn(II), which

suggested that Zn(II) cooperated with bacitracin to rein-

force the activity. However, the growth rate constant of S.

aureus increased at low concentration and was inhibited at

high concentration in the presence of Zn(II) only, which is

consistent with the phenomenon of low-dose stimulation

and high-dose inhibition, termed ‘‘hormesis’’ (the data are

shown in Table 1 when bacitracin is absent) (Calabrese and

Blain 2005). It was reported that bacitracin inhibited the

main gram-positive bacteria with the divalent ions partic-

ipating, such as Zn(II), Cu(II) and Mn(II) (Epperson and

Ming 2000). The results suggested that Zn(II) may not

coordinate with bacitracin but bind to the primary cell

surface to assist bacitracin because of Zn(II) being inclined

to coordinate with the NH2 terminus outside the peptido-

glycan layer.

The improving antimicrobial activity of bacitracin

required transition metal ions in low concentration, and

the growth rate constants of S. aureus decreased as the

metal ion concentration increased. When the metal ion

concentration was 10 lg ml-1, the antimicrobial activity

of bacitracin increased 30–56%. However, the activity of

bacitracin–Mn(II) was largely improved compared with

other metal ions. The biological activity of this antibiotic

is not relative to the association constant of metal ion

complexation. The association constant of Mn(II) com-

plexes is too small to determine at pH 5.0, even at pH 7.1

(Garbutt et al. 1961), which indicates that the Mn(II)

complexation with bacitracin is not necessary in the

activity. On the other hand, metal ions can coordinate

with cell wall molecules and increase the absorption of

bacitracin on the cell surface. The ITC profile for binding

to bacitracin is different from other metal ion binding

processes. The main reason is that Cu(II) not only bound

to the glutamate carboxyl, the histidine imidazole, the

aspartate b-carboxyl and the thiazoline nitrogen but also

influenced the three-dimensional conformation of baci-

tracin complexation.

To further elucidate the S. aureus cell wall ultrastructure

affected by bacitracin, bacitracin–Zn(II) and Zn(II), we

used high-resolution AFM and TEM to image the bacterial

surface. In the presence of bacitracin (40 lg ml-1), cell

surfaces were obscured in AFM images. But the cell

division just developed in the cytoplasm could be seen by

TEM. Which revealed that bacitracin inhibited cell surface

division. Some pores were noticed from AFM images in

the presence of bacitracin–Zn(II) (bacitracin 40 lg ml-1,

Zn[II] 20 lg ml-1), which may have been caused by either

bacitracin aggregates or autolytic reactions (Matsuzaki

et al. 1994; Wu et al. 1999). The pores on the outer

membrane may in turn improve the uptake of bacitracin

into the highly sensitive inner membrane (self-promoted

uptake). As a result, cell division and growth were inhib-

ited and the separation could not be completed. The cell

autolysate, localized at the septum only, cannot function as

normal, and the splitting system was settled on the

‘‘pseudomulticellular bacteria’’ (Giesbrecht et al. 1976). In

S. aureus, cell autolysate can split the cross-wall into two

leaflets (MacKenzie et al. 2002), each leaflet forming one

hemisphere of the newly generated daughter cells (Fig. 5).

The compact peptidoglycan networks of bacteria have their

own cell wall hydrolases. In order to divide and separate,

the cells must clear certain parts of their highly regulated

walls (Giesbrecht et al. 1998). Cell division is preceded by

the formation of a cross-wall at the centripetal cell region

in staphylococci, which is invaginated into the plasma

membrane and tightly apposed the peripheral wall in the

cytoplasm. An important structural feature of the cross-

wall is the splitting system. The splitting system is thought

to be composed of periodically arranged tubular packets

(i.e., murosomes) (Paul et al. 1995; Giesbrecht et al. 1997).

When S. aureus was treated by the mixture of bacitracin

with Zn(II), the noticeable ultrastructure of bacteria was an

abnormally large splitting system within the thick cross-

walls (Fig. 7a). The capacity of bacitracin to inhibit cell

separation is probably based on its ability to reversibly

deactivate all autolytic wall enzymes (i.e., murosomes)

(Johansen and Gram 1996). The peptidoglycan layer is

constructed from repeating disaccharide units of N-acetyl-

glucosamine (GlcNAc) and peptidyl N-acetylmuramic acid

(MurNAc) connected by b-1,4-glycosidic bonds. Since the

hydrolysis of the long-chain undecaprenyl pyrophosphate

into monophosphate is considered to be an essential step in

peptidoglycan synthesis, the above observation suggests

that bacitracin’s binding to undecaprenyl pyrophosphate

may interfere with cell wall hydrolysis (Hammes and

Otto Kandler 1979; Podlesek et al. 2000). Furthermore,

these murosome-associated wall autolysins have been

identified as endo-b-N-acetylglucosaminidase and N-acet-

ylmuramyl-L-alanine amidase (Yamada et al. 1996). As a

result, bacitracin may affect the autolytic wall enzymes.

Another interesting phenomenon from TEM images is that

the different electron density of bacterial images suggests

that Zn(II) is taken up by S. aureus. As we know, the NH2-

terminal domains are displayed on the cell surface and the

COOH-terminal anchor structures are buried in the thick

peptidoglycan layer (Schneewind et al. 1995; Pancholi and
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Fischetti 1988). The main Zn(II) may coordinate with the

cell surface, and parts of them are absorbed by cells. Thus,

Zn(II) can not only stabilize the cell wall of macromole-

cules but also coordinate with the terminal peptides (Kotra

et al. 1999), which have been used in the synthesis of

nanoparticles (Zhou et al. 2007). When S. aureus was

treated with Zn(II) at low concentration, the surface was

smooth and cell numbers of the dividing states were

increased, which is consistent with the microcalorimetric

results.

In conclusion, we have investigated the antimicrobial

activity of bacitracin and bacitracin–metal ions inhibited on

S. aureus at 37�C. The affinity of metal ion binding to

bacitracin was investigated by ITC, which is not relative

with the antimicrobial activity of bacitracin–metal com-

plexation. AFM and TEM revealed that the splitting system

was largely delayed when S. aureus was treated with

bacitracin or bacitracin–Zn(II). The antimicrobial activity

of bacitracin only inhibited the growth and division ini-

tially from synthesis of the cell wall, especially the cell

wall of the septal annulus. The increased activity of baci-

tracin with metal ions resulted from not only bacitracin

being bound to metal ions but also the adsorption of bac-

itracin in the cell surface being bridged by divalent metal

ions. The divalent metal ions provide assistance between

bacitracin and the cell walls, while bacitracin inhibits the

growth and division of S. aureus.
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